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SUMMARY 

Fish populations are globally under threat, with the main cause for their 

depletion consisting of fisheries. On the level of the European Union (EU), the 

common fisheries policy has committed to restore fish populations and to 

reduce fisheries exploitation to rates considered sustainable. In light of this 

commitment, the alarm was raised in 2015 on the declines of European 

seabass, Dicentrarchus labrax L., a popular target species for both commercial 

and recreational fisheries. From 2015 onwards, emergency fisheries measures 

have been introduced to halt excessive fishing pressures. Slow growth, late 

reproductive maturity, aggregation at spawning areas and high residency add 

to seabass’s vulnerability for overexploitation and local depletion. 

The highly mobile European seabass is distributed across the continental shelf 

of the Northeast Atlantic and the Mediterranean Sea. In the Northeast Atlantic, 

seabass undertake seasonal migrations from summer feeding grounds along 

the coast and estuaries towards deeper offshore spawning grounds in colder 

months. Individual seabass can exhibit highly localized behaviour, residing in 

a specific location for a long period time (residency) and returning to that 

location after seasonal migrations (fidelity). An area with particularly limited 

knowledge on seabass movements and habitat use, is the North Sea. The 

objective of this PhD thesis has been to improve the understanding of the 

movement ecology of European seabass in the southern North Sea, in 

contribution to its conservation management.  

The main technique used for this dissertation is electronic tagging. Individual 

fish are captured, anaesthetised, and fitted with a tag. Since the tagging 

research involves important methodological considerations, we investigate 

and elaborate different technicalities in part I, prior to detailing their 

application in our studies on seabass ecology.  

The newly developed data storage tag (ADST) combines the features of an 

acoustic transmitter, emitting a signal that could be picked up by acoustic 

receivers, and of a data storage tag (DST), archiving depth and temperature 

sensor measurements on the tag itself. In chapter 2, we detail the use of the 

ADST on seabass, as well as Atlantic cod (Gadus morhua L.) and starry smooth-

hound (Mustelus asterias L.) in the southern North Sea. Using archived data 
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series, we reconstruct migration trajectories with a geolocation modelling 

approach. The inclusion of the acoustic detection information in the 

geolocation model improves the timing of the daily position estimates. The 

combination of acoustic and archival tagging technologies provides highly 

complementary data, which we apply to investigate seabass migrations in 

chapter 6. 

In chapter 3, we detail another technological advancement: a tripod frame 

developed to facilitate the deployment of acoustic receivers. The deployment 

and recovery protocol are proven to be practical and efficient in a field trial in 

sandy habitats in the North Sea. As the receiver is in a fixed position in the 

tripod frame, the frame provides more stability (less variation in t ilt) than a 

commonly used cabled deployment design. Compared to the cabled set-up, 

the tripod results in higher performance of the instrument, whereby the 

detection probability is higher at greater distance and under louder ambient 

noise. The tripod frame is part of different receiver arrays used for gathering 

acoustic detection data throughout this dissertation.  

Using the frame, we elaborate a new method to explicitly consider temporal 

resolution in detection range studies (Chapter 4). In acoustic telemetry studies, 

detection range is usually evaluated as the relationship between the 

probability of detecting an individual transmission and the distance between 

the transmitter and receiver. When investigating tagged fish presence within 

a time bin (e.g. per hour or day), few detections out of multiple transmissions 

suffice to establish presence. Using a cumulative probability calculation, we 

have developed and assessed a new method for evaluating detection range. 

The novel approach performs adequately in terms of accuracy and specificity, 

and demonstrates that a single transmission’s detectability differs distinctly 

from the probability of determining presence. Detection range assessment 

should therefore be an integral part of the study design, whereby the temporal 

resolution is taken into account. 

As the tripod frame (Chapter 3) provides a useful deployment mechanism, its 

application has been extended to include a C-POD, an instrument for passive 

acoustic monitoring of echolocating cetaceans. In chapter 5, we make use of 

the combined deployment of the two technologies to explore how these can 

be applied to study the dynamics of different species. We analyse patterns in 
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occupancy and co-occurrence of seabass, cod, harbour porpoise (Phocoena 

phocoena L.) and dolphins (which can’t be identified up to species level with a 

C-POD). By applying metrics and analysis types commonly used in co-

occurrence studies, we demonstrate the value of these long-term, high-

resolution data series, as different temporal resolutions can results in different 

outcomes. This study serves as a demonstrator application of how these multi-

sensor observations can benefit research on ecosystem dynamics. 

In part II of this PhD dissertation, we describe how electronic tags have been 

used to investigate the movement ecology of seabass in the southern North 

Sea on different spatiotemporal scales.  

The large-scale migrations of seabass are addressed in chapter 6. We combine 

data from mark-recapture, acoustic telemetry, DST and ADST, originating from 

tagging project in French, Dutch, English and Belgian waters of the North Sea. 

Using these data, we have identified different migration strategies, whereby 

seabass head south-westwards to the eastern and western English Channel, 

the Celtic Sea and the northern range of the Bay of Biscay. Additionally, many 

seabass stay in the North Sea, undertaking migrations within the North Sea, 

or staying put in a port area or the warmth of cooling water outlets. Fidelity to 

the North Sea is evidenced for approximately half of seabass with an electronic 

tag. Our results show that current seasonal fisheries closures are not aligned 

with the ecology of seabass in the North Sea, and demonstrate the importance 

of accounting for fine-scaled populations structuring in fisheries assessment. 

In chapter 7 we look into the habitat use of European seabass within the range 

of the Belgian part of the North Sea (BPNS) and the Scheldt Estuary, using 

acoustic telemetry. On this scale, the spatial connectivity of the area also varies 

among individual seabass. Seabass tagged in more offshore areas have been 

mainly detected at offshore receiver stations and have never been detected 

along the north-eastern coast or the Scheldt Estuary. This is in contrast with 

movement patterns from seabass tagged along the coast, who either stick to 

coastal areas or head offshore without having been detected along the south-

western coast. Looking into seabass habitat use at artificial substrates in the 

BPNS (port infrastructure, offshore wind farm, radar tower and offshore wreck), 

we see differential patterns in presence on a seasonal scale.  
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In chapter 8, we zoom in on patterns of seabass habitat use and connectivity 

within the port of Zeebrugge. Seabass residency and site fidelity manifests to 

the smaller spatial scale of the inner and outer harbour area, whereby we 

distinguish two groups using the habitats within the port differently. By linking 

these patterns in movement to the prevailing spatiotemporal fisheries 

measures, we have seen individual seabass to be differentially protected from 

fisheries. By setting out from individual fish’ vulnerability rather than from a 

fisheries’ need, this study highlights the importance of taking into account 

movement behaviour when evaluating fisheries management measures.  

As a third part of the PhD (Chapter 9), we investigate seabass fisheries policy. 

As it can be difficult to keep oversight of policy evolution, considering policy 

measures change on a yearly or more frequent basis, we make an overview of 

seabass fisheries policy on the EU-level from 2015 to 2022. In addition, we 

discuss the specific case of Belgium, where commercial seabass angling is at 

an administrative impasse due to indirect effects of a national fisheries policy 

system designed to accommodate demersal mixed fisheries. Key issues for 

both the EU and Belgian policy level relate to the opacity in decision-making 

procedures, the failure to apply the precautionary principle in its political 

definition, and the lack of the cultural framework of marine stewardship. 

Across the different aspects of this research, we highlight the importance of 

scale and dimension. The information potential of tagging data is maximised 

by applying novel technologies and sharing data, as well by analysing at 

different spatiotemporal scales with explicit consideration of the individual 

dimension. The studies on seabass movement ecology at different spatial 

scales have demonstrated high residency and site fidelity. Different migration 

strategies and localized behaviour in different areas imply that seabass are 

grouped to some extent, indicating fine-scaled population structuring. A direct 

recommendation for fisheries management is to extend the seasonal closure 

to May or June, at least for the North Sea seabass fisheries. Despite having 

found relevant findings for fisheries assessment and management, we have 

identified the issues on the policy level to be of a political nature, not as a lack 

of knowledge.  
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Finally, my experience of the PhD endeavour cannot be decoupled from my 

experiences with sexism throughout the PhD process. In the epilogue, I discuss 

how sexism and its intersections persist in (marine) science environments. The 

essay serves as a personal testimony and a plea for change.  
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SAMENVATTING 

Wereldwijd staan vispopulaties onder immense druk, waarbij visserij de 

belangrijkste oorzaak van de uitputting is. Op het niveau van de Europese Unie 

(EU) houdt het gemeenschappelijk visserijbeleid een engagement in om de 

vispopulaties te herstellen en de exploitatie van de visserij terug te leiden tot 

niveaus die als duurzaam worden beschouwd. In 2015 klonk het alarm over de 

achteruitgang van de Europese zeebaars, Dicentrarchus labrax L., een 

populaire doelsoort voor zowel de commerciële als de recreatieve visserij. 

Vanaf 2015 zijn er noodmaatregelen afgekondigd om de buitensporige 

visserijdruk een halt toe te roepen. Trage groei, late geslachtsrijpheid, 

aggregatie in paaigebieden en honkvastheid dragen bij tot de kwetsbaarheid 

van zeebaars voor overbevissing en lokale uitputting.  

De mobiele Europese zeebaars is verspreid over het continentaal plat van het 

noordoostelijke deel van de Atlantische Oceaan en de Middellandse Zee. In 

de Atlantische Oceaan onderneemt de zeebaars seizoensgebonden migraties. 

Zeebaars gaat van foerageergebieden langs de kust en estuaria in de zomer 

naar paaigebieden dieper in zee tijdens de koudere maanden. Individuele 

zeebaarzen kunnen een sterk gelokaliseerd gedrag vertonen. Zo kunnen ze 

gedurende lange tijd op een specifieke plaats verblijven (residentie) en na een 

seizoenstrek naar die plaats terugkeren (sitegetrouwheid). Een gebied met een 

beperkte kennis van het bewegingsgedrag en habitatgebruik van zeebaars, is 

de Noordzee. Dit doctoraatsonderzoek heeft het doel om de 

bewegingsecologie van de Europese zeebaars in de zuidelijke Noordzee beter 

te begrijpen in functie van het instandhoudingsbeheer van zeebaars.  

Als voornaamste methode maakt dit doctoraatsonderzoek gebruik van 

elektronische zenders. Een vis wordt gevangen, verdoofd en voorzien van een 

zender. Het zenderonderzoek gaat gepaard met belangrijke methodologische 

overwegingen. Daarom onderzoeken we in deel I verschillende technische 

aspecten van de techniek zelf, alvorens die toe te passen in studies op de 

bewegingsecologie van zeebaars.  

De recent ontwikkelde acoustic data storage tag (ADST) combineert twee 

technologieën. Enerzijds stuurt de zender een geluidssignaal uit dat door 

akoestische ontvangers kan worden opgepikt, en anderzijds slaat die 
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gegevens op (diepte- en temperatuurmetingen) op de zender zelf (data 

storage tag, DST). In hoofdstuk 2 duiden we hoe we de ADST gebruikt hebben 

bij zeebaars, Atlantische kabeljauw (Gadus morhua L.) en gevlekte gladde haai 

(Mustelus asterias L.) in de zuidelijke Noordzee. Aan de hand van de op zender 

opgeslagen metingen kunnen we migratietrajecten reconstrueren met een 

geolocatiemodel. Door de akoestische detectie-informatie op te nemen in het 

geolocatiemodel verbetert de temporele error van de geschatte trajecten. De 

twee zendertechnologieën leveren zeer complementaire gegevens op, die we 

in hoofdstuk 6 toepassen om zeebaarsmigraties te onderzoeken. 

In hoofdstuk 3 beschrijven we een andere technologische vooruitgang: een 

tripode die is ontwikkeld om de installatie van akoestische ontvangers op de 

zeebodem te faciliteren. Uit onze studie in de Noordzee is het protocol van 

installatie en recuperatie praktisch en efficiënt gebleken. Gezien de 

akoestische ontvanger gefixeerd is op de tripode, biedt deze methode meer 

stabiliteit (minder variatie in tilt) dan een ander gangbaar ontwerp met 

vasthechting aan een kabel. Vergeleken met de bekabelde opstelling levert de 

tripode een betere werking van het instrument op, waarbij de kans om een 

geluidssignaal te detecteren groter is. De tripode maakt deel uit van 

verschillende netwerken van ontvangers die in dit proefschrift gebruikt 

worden. 

Voor studies die het detectiebereik van een ontvanger onderzoeken hebben 

we een nieuwe methode uitgewerkt om expliciet rekening te houden met 

temporele resolutie (hoofdstuk 4). Bij akoestische telemetriestudies wordt het 

detectiebereik gewoonlijk geëvalueerd als de relatie tussen de 

waarschijnlijkheid van detectie van een individuele transmissie en de afstand 

tussen zender en ontvanger. Wanneer we echter de aanwezigheid van 

gemerkte vissen binnen de periode van een uur of dag onderzoeken, volstaat 

het om uit vele uitgezonden signalen er slechts een of enkele te detecteren. 

Aan de hand van een berekening van de cumulatieve kans hebben wij een 

nieuwe methode ontwikkeld en geëvalueerd voor het evalueren van het 

detectiebereik. Door deze nieuwe methode tonen we aan dat de detectiekans 

van een enkele transmissie verschilt van de kans om aanwezigheid vast te 

stellen. Studies naar het detectiebereik maken daarom best integraal 
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onderdeel uit van de onderzoeksopzet, waarbij rekening wordt gehouden met 

de temporele resolutie. 

In hoofdstuk 5 wordt de toepassing van de tripode (uit hoofdstuk 3) uitgebreid 

met een C-POD, een instrument voor het observeren van echolocatiesignalen 

van walvisachtigen. De combinatie van C-POD en akoestische ontvanger laat 

toe om de technologieën te combineren en verschillende soorten tegelijkertijd 

te bestuderen. We analyseren patronen in ruimtegebruik en co-incidentie van 

zeebaars, kabeljauw, bruinvis (Phocoena phocoena L.) en dolfijnen (die met 

een C-POD niet tot op soortniveau kunnen worden geïdentificeerd). Door 

analyses toe te passen die gewoonlijk worden gebruikt in studies naar co-

incidentie, illustreren we de waarde aan van deze tijdsreeksen met hoge 

resolutie en lange termijn. Analyses die gebruik maken van verschillende 

temporele resoluties kunnen zo tot verschillende uitkomsten leiden. Deze 

studie dient als een voorbeeld van hoe gelijktijdige observaties van meerdere 

sensoren onderzoek op een ecosysteemniveau kunnen vooruithelpen. 

In deel II van dit proefschrift gebruiken we elektronische zenders om de 

bewegingsecologie van zeebaars in de zuidelijke Noordzee op verschillende 

schalen van tijd en ruimte in kaart te brengen.  

De grootschalige migraties van zeebaars bekijken we in hoofdstuk 6. We 

combineren gegevens van projecten in Franse, Nederlandse, Engelse en 

Belgische wateren van de Noordzee, waarbij gebruik gemaakt wordt van 

merk-hervangst, akoestische telemetrie, DST en ADST. Aan de hand van deze 

gegevens stellen we verschillende migratiestrategieën vast, waarbij 

zeebaarzen zuidwestwaarts trekken naar het oostelijke en westelijke Engelse 

Kanaal, de Keltische Zee en het noordelijke deel van de Golf van Biskaje. Ook 

blijven veel zeebaarzen in de Noordzee, waarbij ze migreren binnen de 

Noordzee, of ze blijven in een havengebied of in de buurt van 

koelwateruitlaten. Voor ongeveer de helft van de zeebaarzen met een 

elektronische zender is getrouwheid aan de Noordzee aangetoond. Onze 

resultaten tonen aan dat de huidige seizoenale sluiting van de visserij niet in 

overeenstemming is met de ecologie van zeebaars in de Noordzee. Ook toont 

deze studie aan hoe belangrijk het is om bij de beoordeling van de 

visserijstocks rekening te houden met fijnschalige populatiestructuur.  



18 

 

In hoofdstuk 7 onderzoeken we het habitatgebruik van Europese zeebaars 

binnen het Belgische deel van de Noordzee (BDNZ) en het Schelde-estuarium, 

aan de hand van akoestische telemetrie. Ook op deze schaal varieert de 

connectiviteit in het gebied tussen individuele zeebaarzen. Zeebaarzen die 

vrijgelaten zijn op locaties dieper in zee (meer dan 6 nautische mijl van de 

kustlijn), zijn voornamelijk gedetecteerd op stations diep in zee en zijn nooit 

gedetecteerd langs de noordoostkust of het Schelde-estuarium. Dit staat in 

contrast met de bewegingspatronen van zeebaarzen gevangen langs de kust, 

die ofwel in de kustgebieden blijven, ofwel nooit langs de zuidwestkust zijn 

waargenomen. Wanneer we kijken naar het habitatgebruik van zeebaars op 

kunstmatige substraten in het BDNZ (haveninfrastructuur, windmolenpark, 

radartoren en wrak), zien we verschillende seizoenale patronen in 

habitatgebruik. 

In hoofdstuk 8 bekijken we patronen van habitatgebruik en connectiviteit van 

zeebaars op een nog kleinere ruimtelijke schaal, namelijk de haven van 

Zeebrugge. Twee groepen zeebaarzen vertonen residentie en sitegetrouwheid 

aan enerzijds de voorhaven en anderzijds de achterhaven, wat de 

fijnschaligheid van de populatiestructuur aantoont. Door de 

bewegingspatronen te koppelen aan de visserijmaatregelen van kracht, 

hebben we vastgesteld dat individuele zeebaarzen een verschillende 

bescherming genieten door de wetgeving.  

Als een derde onderdeel van het doctoraat (hoofdstuk 9) onderzoeken we het 

beleid van zeebaarsvisserij. Omdat het moeilijk kan zijn om zicht te houden op 

de evolutie van het beleid, aangezien beleidsmaatregelen jaarlijks of vaker 

veranderen, maken we een overzicht van het zeebaarsvisserijbeleid op EU-

niveau van 2015 tot 2022. Ook bespreken we het specifieke geval van België, 

waar de commerciële zeebaarsvisserij zich in een administratieve impasse 

bevindt als gevolg van de indirecte effecten van een nationaal visserijbeleid 

dat gericht is op gemengde demersale visserij. Kernproblemen op zowel het 

EU als het Belgische beleidsniveau zijn het gebrek aan transparantie van de 

besluitvormingsprocedures, het niet toepassen van het voorzorgsbeginsel in 

de politieke definitie, en het ontbreken van een cultuur die zorg voor de 

mariene omgeving centraal stelt. 
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Het in acht nemen van schaal en dimensie is essentieel gebleken voor 

verschillende onderdelen van dit onderzoek. Nieuwe technologieën en het 

delen van gegevens, maar ook analyses op verschillende spatio-temporele 

schalen en op het individuele niveau, vergroten het informatiepotentieel van 

elektronische zenders. Op verschillende ruimtelijke schalen vertoont zeebaars 

een hoge residentie en honkvastheid. Verschillende migratiestrategieën en 

gelokaliseerd gedrag in verschillende gebieden impliceren een fijnschalige 

populatiestructuur. Een directe aanbeveling voor het visserijbeheer houdt de 

verlenging van de seizoenale sluiting in tot en met mei of juni, ten minste voor 

de zeebaarsvisserij in de Noordzee. Hoewel het onderzoek relevante 

resultaten opleverde voor de beoordeling en het beheer van de visserij, zijn 

de problemen op het vlak van visserijmanagement van een inherent politieke 

aard, en niet het gevolg van een gebrek aan kennis. 

Tot slot kan mijn ervaring van het doctoraatsonderzoek niet worden 

losgekoppeld van mijn werkgerelateerde ervaringen met seksisme. In de 

epiloog bespreek ik hoe seksisme en intersecties blijven voortbestaan in 

(mariene) wetenschap. Het essay is een persoonlijke getuigenis en een 

pleidooi voor verandering. 
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CHAPTER 1   

INTRODUCTION 

ECOLOGICAL RESEARCH IN THE ANTHROPOCENE 

At the time of writing, global biodiversity is under threat. The rate of 

biodiversity loss is 100 to 1,000 times higher than what is considered natural, 

with human activities being the main cause of the acceleration. This rate of 

loss is detrimental to ecosystem resilience and is - in combination with the 

transgression of other planetary boundaries (Fig. 1.1) - shifting the Earth out 

of its stable Holocene state (Rockström et al. 2009). Aside from the loss of 

species diversity (through extinction), biodiversity loss also translates in a loss 

of functional diversity, which effects remain poorly understood on a global 

level (Folke et al. 2021). The impact of the infamous terrestrial bipeds doesn’t 

stop at the shoreline. Only 13.2% of the Ocean’s surface area can be 

considered as wilderness, i.e. with low (cumulative) impacts of human activities 

(Jones et al. 2018). Anthropogenic impacts on the Ocean and the life they 

harbour include warming, acidification and deoxygenation due to rising CO2 

levels (Kwiatkowski et al. 2020), chemical, plastic, noise and light pollution 

(Landrigan et al. 2020), habitat loss (Stamp et al. 2022) and depletion of 

biomass (Christensen et al. 2014). Coastal ecosystems in particular are heavily 

affected by human presence and activities (Jones et al. 2018, Li et al. 2018, He 

& Silliman 2019).  

Within the range of human activities in the marine environment, fisheries is 

considered to be the main cause of the depletion of fish populations (Pauly 

2018). Biomass of marine fish is estimated to have declined by 38% since 1970 

(Hutchings et al. 2010), with the predatory fish biomass ranging from one third 

(Christensen et al. 2014) to ten percent (Myers & Worm 2003) of its biomass 

levels of a century ago. Despite the international commitment to fish within 

sustainable limits by 2020 at the latest (United Nations 2015), overfishing is 

still increasing with 92.2% of fisheries considered to be fully exploited, 

overexploited or depleted (FAO 2022). Aside from pleas for systemic change 

to renounce capitalist exploitation of fish populations (Clausen & Clark 2005), 

the way forward is generally considered to be ecosystem-based management 
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(EBM) (UNEP 2011, EU 2013). Although many interpretations of EBM exist, the 

general concepts entail to consider the interconnectedness of different 

components and functions within an ecosystem, while taking into account the 

full social-ecological system (Fig. 1.2) (Curtin & Prellezo 2010, Langhans et al. 

2019). For marine fisheries, this means moving away from optimizing single 

species yield towards a more sustainable and equitable use of the ocean 

(Berkes 2012, Hornborg et al. 2019). One aspect considered key to tackling the 

multidimensionality of the EBM’s ‘wicked problem’ is movement ecology 

(Lowerre-Barbieri et al. 2019a).  

 

Figure 1.1. The model for a safe operating space for human activities, as developed by 

Rockström et al. (2009). The nine identified planetary boundaries serve as tipping 

points beyond which the Earth system could be pushed outside of the Holocene’s 

stable environmental state. In terms of biosphere integrity, the loss of genetic diversity 

is quantified as high-risk (red), which means it has crossed the safe operating space 

(green) as well as the zone of uncertainty (yellow). The loss of functional diversity has 

not yet been quantified on a global scale. Adopted from Folke et al. (2021). 



23 

 

MOVEMENT ECOLOGY & ELECTRONIC TAGGING 

Movement is one of the key mechanisms shaping biodiversity as it drives the 

distribution of species, individuals and genes in space and time (Jeltsch et al. 

2013). By changing its spatial location over time, movement allows an 

organism (whether moving solitary or collectively) to make use of patchy and 

seasonally variable resources and hence increase its fitness (Nathan et al. 2008, 

Lennox et al. 2019). To undertake different life-history stages, fish move in 

between distinct essential habitats used for feeding, spawning, nursery, shelter 

and migration (Secor 2015). The movement path of an individual is driven by 

four fundamental mechanisms: the internal state, the motion capacity and the 

navigation capacity of the individual, in addition to external factors of the 

abiotic and biotic environment (Fig. 1.3) (Nathan et al. 2008). These processes 

and their interactions act at multiple spatiotemporal scales (e.g. Lohmann et 

al. (2008) described animals using geomagnetic information for large-scale 

navigation and chemical cues for small-scale navigation). Likewise, 

anthropogenic activities impact movement processes at these different scales 

(e.g. a basin-wide increase of temperature versus local habitat alterations) 

(Nathan et al. 2008, Lowerre-Barbieri et al. 2019a). The field of movement 

ecology has vastly benefited from electronic tagging studies (Lennox et al. 

2017, Meyer 2017). Building on the principle of mark-recapture studies, a tag 

is attached – internally or externally – to an individual animal. The individual 

dimension (Villegas-Ríos et al. 2020) allows us to study habitat use and 

selection (Reubens et al. 2013b), spatial (Jacoby et al. 2012) and social 

networks (Winter et al. 2021a), migration routes and strategies (de Pontual et 

al. 2023), and importantly: the individual variability in all these aspects (Tyler 

& Rose 1994, Bolnick et al. 2011, Taylor et al. 2017). Individual fish move in 

ways that exceed simplistic explanations of habitat suitability (Petitgas et al. 

2006), whereby animal personalities shape species dynamics (Spiegel et al. 

2017, Villegas-Ríos et al. 2018). The findings from tagging research have 

contributed to conservation management in various ways (Lowerre-Barbieri et 

al. 2019b, Brownscombe et al. 2022), including to identify migration barriers 

(Verhelst et al. 2018b), to evaluate marine protected areas design (Lea et al. 

2016, Kendall et al. 2017) and to delineate stock structure (Brodie et al. 2018). 
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Table 1.1. Glossary of terms used throughout the dissertation.   

 

 

  

Movement reflects the change in the spatial location of an organism in time. 

Movement can be regarded as a dynamic interplay of an individual’s internal state, 

motion capacity and navigation capacity, in addition to the external (a)biotic factors 

influencing that movement (Nathan et al. 2008). 

Migration is a directional movement of individuals and groups between separate 

habitats, generally along a seasonal cycle (Dingle & Drake 2007, Secor 2015). 

Homing behaviour reflects an animal performing directed movements to a 

previous habitat (Secor 2015). 

Natal homing consists of the return of an individual to the area where it was born 

for the purpose of reproduction (Secor 2015). 

Residency reflects an individual occupying a specific area for a period of time 

largely uninterruptedly (Reubens et al. 2013b, Doyle et al. 2017). 

Site fidelity is defined as the return of an individual to a location where it 

previously resided after having left it for some defined period of time (Doyle et al. 

2017). 

A population is defined as a group of individuals of the same species that breed 

with each other, but that are reproductively isolated from other groups of the same 

species (Secor 2015). 

Connectivity can have different definitions, depending on the context and 

research field (Calabrese & Fagan 2004). Population connectivity is defined as the 

degree of demographic exchange between and within populations. Connectivity 

consists of a structural component, relating to the environment, and a functional 

component, relating to the organism (e.g. movement behaviour) (Drake et al. 2022). 

Whereas genetic connectivity quantifies the degree of gene flow within and among 

populations, ecological connectivity evaluates the exchange of individuals through 

recruitment (larval dispersal) and migration (Singleton & McRae 2013, Hawkins et 

al. 2016, Marandel et al. 2017). Low ecological connectivity can still maintain high 

genetic connectivity (e.g. interchange of few individuals can maintain panmixia) 

(Hawkins et al. 2016). When we use the term connectivity in this dissertation, we 

refer to ecological connectivity. 
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Table 1.1. (continued) Glossary of terms used throughout the dissertation.   

 

 

 

 

Figure 1.2. Visualisation of how movement ecology data can be taken into account on 

different levels of the management of fisheries and other human activities. Adopted 

from iTag (https://itagscience.com/movement-management/).  

 

Population structure refers to the spatial structure of populations. In genetics, this 

entails separations between or within populations based on differences in allele 

frequencies. In movement ecology, population structure is investigated from the 

viewpoint of ecological connectivity, thus investigating the spatial interchange of 

individuals. Individuals exhibiting highly localized behaviour, such as residency and 

site fidelity, demonstrate the complex, fine-scaled structuring of a population 

(Hawkins et al. 2016, O'Donnell et al. 2022). 

Stock is defined in EU policy as ‘a marine biological resource that occurs in a given 

management area’ (EU 2013). The word ‘stock’ has been contested for the implied 

bias whereby living organisms are considered as exploitable resources by default 

(Telesca 2017). Nonetheless, we chose to use the word throughout the dissertation 

to be consistent with existing literature. European seabass in the southern North 

Sea is part of the stock in the central and southern North Sea, Irish Sea, English 

Channel, Bristol Channel, and Celtic Sea (ICES divisions 4b-c, 7a,d-h), which is also 

referred to as the “northern stock” (ICES 2020b). 

https://itagscience.com/movement-management/
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Figure 1.3. Schematic of the movement ecology paradigm of Nathan et al. (2008) with 

mechanisms acting as drivers, constraints, motivations and feedbacks on the 

movement of individual animals. External factors (e.g. environmental conditions or 

food availability) drive an individual’s motivation and ability to move (why and when). 

An individual’s internal state (e.g. stored energy or physiology) determine the 

motivation to move. Navigation and motion capacities constrain an individual’s ability 

engage in a directed movement (where and how). The actual movement path (what) 

can then influence the individual’s environment and internal state. The functioning of 

these mechanisms can differ among life-history stages. In this dissertation we only 

investigate the movements of adult individuals. Adapted from Secor (2015). 

Range of technologies, range of scales 

A range of technologies enables researchers to investigate animal movement 

behaviour in different aquatic environments (Fig. 1.4) (Thorstad et al. 2013). In 

marine waters, the main technologies involve the tag logging or transmitting 

data. In acoustic telemetry, a tag transmits an acoustic signal that can be 

picked up by an acoustic receiver when the tagged animal is within the 

detection range of that receiver (Hussey et al. 2015). The transmitted signal 

contains the information of the unique ID of the tag, potentially supplemented 

with a sensor measurement (e.g. pressure, temperature, acceleration) 

(Brownscombe et al. 2019). Data loggers store sensor information in the tag 

memory. Access to the archival data requires the physical recovery of the tag 
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(Metcalfe & Arnold 1997) or the transmission of the information through 

satellites (Coyne & Godley 2005). Providing highly complementary 

information, acoustic and archival technologies were combined in one physical 

tag, the acoustic data storage tag (ADST) (Goossens et al. 2023).  

The different tagging technologies provide movement data at distinct 

spatiotemporal scales. Archival data series provide high resolution, continuous 

information on vertical space use (pressure sensor) (Heerah et al. 2017) and 

sensory experience (e.g. temperature sensor) (Righton et al. 2010). Using these 

data, trajectories can be reconstructed with geolocation modelling (Pedersen 

et al. 2008, Thygesen et al. 2009, Woillez et al. 2016), thus allowing to estimate 

horizontal position at a lower resolution (in relation to model error). Acoustic 

telemetry informs on presence when a tagged animal is in the vicinity of a 

receiver, but leaves you clueless on its position when it is outside of the 

receiver’s detection range. The detection range itself varies with environmental 

factors (Huveneers et al. 2016, Reubens et al. 2019a), as well as transmitter and 

receiver settings and technologies (Clements et al. 2005, Kessel et al. 2014, 

Kessel et al. 2015). The spatial resolution of acoustic detection data can be 

further optimized using position systems based on triangulation (Baktoft et al. 

2019). Spatial scale depends on the scope of the acoustic receiver array, which 

is enhanced by data sharing over (international) receiver networks (Abecasis 

et al. 2018, Ellis et al. 2019). Through the data management platform of the 

European Tracking Network (ETN; https://lifewatch.be/etn) (Fig. 1.5), a 

researcher can directly access the detections of their own tagged animals on 

other arrays (Reubens et al. 2019b). For both acoustic and archival tags, the 

temporal range and resolution depends on battery lifetime, which is limited 

by the size requirements for the tag in relation to the size of the studied animal 

(Hussey et al. 2015).  

Impact on the animal 

An important condition in tagging research is that the attachment or presence 

of a tag doesn’t impede the animal’s behaviour, physiology and survival 

(Alfonso et al. 2020). Tags can be attached externally (Verhelst et al. 2022) or 

injected (Walker et al. 2016), but here we focus on surgically implanting a tag 

into the coelomic cavity (Fig. 1.6) (Cooke et al. 2011b, Georgopoulou et al. 

2022). Different steps of the procedure - capture, anaesthesia, surgery and 

https://lifewatch.be/etn
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release - can cause severe stress for the animal (Jepsen et al. 2002, 

Georgopoulou et al. 2022). The impact of the procedure on the animal and its 

survival varies with a number of factors, including species, sex, season, tag type 

and tagging procedure (Cooke et al. 2011b, Huusko et al. 2016, Winter et al. 

2020). A common rule is that the tag’s weight should not exceed 2 % of the 

animal’s biomass (Jepsen et al. 2002), although heavier tags have been shown 

to innocuous in species-specific studies (Brown et al. 1999, Childs et al. 2011, 

Smircich & Kelly 2014). Therefore, we should always consider that the effect of 

tagging is non-trivial and can affect our understanding of wild behaviour 

(Cooke et al. 2011b, Georgopoulou et al. 2022).  

Innovations 

Tagging research has vastly progressed by virtue of technological 

advancements, such as battery miniaturization, new tag types, receiver 

deployment methods and the incorporation of different sensors (Lennox et al. 

2017, Crook et al. 2018, Weinz et al. 2020, Brownscombe et al. 2022). These 

innovations have enabled scientists to investigate animal behaviour and 

physiology across a wider scope in terms of geography, taxonomy and life-

history (Edwards et al. 2019, Matley et al. 2022a). In line with the evolution of 

acoustic telemetry research from project-specific receiver arrays to 

(international) cooperative networks (Abecasis et al. 2018, Ellis et al. 2019, 

Reubens et al. 2019b), the ‘open protocol’ providing the interoperability 

between different manufacturers of acoustic tags and receivers, promises to 

further enhance tagging research and potentially map unprecedented 

movements (Reubens et al. 2021). In the age of ecoinformatics (Michener & 

Jones 2012), movement ecologists now have access to analytical tools ranging 

from open software for the calculation of common movement metrics 

(Udyawer et al. 2018) to highly complex modelling approaches (Braun et al. 

2018, Whoriskey et al. 2019). Venturing into the world of ‘big data’, new 

challenges arise in terms of data storage needs and computational speed and 

power (Liu et al. 2019, Verhelst et al. 2023). Increasingly, tagging is used in 

combination with other methods (e.g. passive acoustic monitoring of 

cetaceans, Chapter 5) to maximize the information potential (Lowerre-Barbieri 

et al. 2019a, Matley et al. 2022b, Verhelst et al. 2023).   
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Figure 1.4. Different types of electronic tags. Still image adopted from European 

Tracking Network, ‘Telemetry – A window into the aquatic world’ 

(https://www.youtube.com/@europeantrackingnetwork). 

 

 

Figure 1.5. Data platform of European Tracking Network (ETN) with map of currently 

active (blue) and inactive (red) acoustic receiver arrays. Adopted from ETN: 

https://lifewatch.be/etn/. 

https://www.youtube.com/@europeantrackingnetwork
https://lifewatch.be/etn/
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Figure 1.6. Surgical implantation of a tag into the coelomic cavity of a European 

seabass. Source images: Verhaeghe (2020) (top) and Johan Reubens (bottom). 
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SEABASS BIOLOGY 

The main study species of this research is the European seabass, Dicentrarchus 

labrax L. 1758. In this section, we introduce the species and provide an 

overview of its general biology and movement patterns, as well as a brief 

introduction to the fisheries exploiting seabass as a resource. 

 

Figure 1.7. European seabass. Source image: Verhaeghe (2020). 

Phylogeny and morphology 

European seabass is one of the six species in the Moronidae family or 

temperate basses of the order Perciformes (Pickett & Pawson 1994). European 

seabass are fast-moving predators with a physical appearance to show for it 

(Fig. 1.7). These hunters have a streamlined body with spines in the anterior 

dorsal fin, the anal fin and on the operculum. The scaled skin varies in colour 

depending on the individual’s origin, but generally has shades from silver-

white or yellow on the ventral side to dark grey or blue on the dorsal side to 

blend in in its aquatic surroundings (Pickett & Pawson 1994). Sex is defined by 

genotype-environment interactions, whereby high temperatures during early 

development produces more males (Vandeputte et al. 2012). The maximum 

morphometric records reach a total length of 103 cm, a weight of 12 kg and 

an age of 30 years (Pickett & Pawson 1994, López et al. 2015, Froese & Pauly 

2022). In the Northeast Atlantic, first maturity occurs at a size ranging from 32 

to 36 cm total length (4 – 5 years old) for males, and from 40 to 45 cm total 
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length (5 – 8 years old) for females. Seabass mature earlier in the 

Mediterranean, at total lengths of 20 – 25 cm and 29 to 34.5 cm total length 

for males (2 years old) and females (3-4 years old) respectively (Pawson & 

Pickett 1996, López et al. 2015).  

 

 

Figure 1.8. Distribution of European seabass across the Mediterranean Sea and 

Northeast Atlantic Ocean. Source image: IUCN (https://www.iucnredlist.org/).  

https://www.iucnredlist.org/
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Distribution and population genetics 

European seabass are found in coastal waters, lagoons, estuaries and rivers 

from the Black and Mediterranean Sea to the Northeast Atlantic, tolerating a 

range of temperatures (2-32°C) and salinities (0-40 ppt) (López et al. 2015, 

Vandeputte et al. 2019). Their distribution ranges from the Black Sea to the 

Atlantic water of Morocco and Canary islands all the way north up to the coasts 

of Scotland and Scandinavia (Fig. 1.8) (Vázquez & Muñoz-Cueto 2014, López 

et al. 2015). Genetic studies show a clear distinction between the Atlantic and 

Mediterranean seabass populations. The Mediterranean lineage further 

differentiated in three groups in the Adriatic, the Eastern and Western 

Mediterranean (Souche et al. 2015). The Northeast Atlantic population is 

considered genetically homogenous, except for a subtle latitudinal gradient 

(Robinet et al. 2020), and some local differentiation found for seabass in Irish 

waters (Fritsch et al. 2007). In this dissertation, we focus on the population in 

the Northeast Atlantic. 

 

 

Figure 1.9. The migration triangle (Harden Jones, 1968), adapted to European seabass. 

Seabass have estuarine and coastal nursery and feeding areas, but head offshore to 

spawn. Adapted from Dambrine (2020); seabass image © Scandinavian Fishing Year 

Book. 
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Life cycle 

Along its life-history stages, seabass occupies different habitats, undertaking 

seasonal migrations as an adult (Fig. 1.9) (Vázquez & Muñoz-Cueto 2014, 

López et al. 2015). Eggs are assumed to be deposited in offshore spawning 

grounds in midwater (20 m depth to surface) (López et al. 2015). Three main 

spawning areas are in the Bay of Biscay (Rochebonne Plateau), the western 

and the eastern English Channel (Dambrine et al. 2021). Observations of eggs 

and ripe seabass indicate spawning also takes place in the southern North Sea 

(Schnitzler et al. 2011, Tulp et al. 2016, ICES 2020b). The distribution of eggs 

and hatched larvae is determined by spawning location and hydrodynamics. 

Strong westerly winds and resulting currents increase the potential to drift 

further, whereas warmer temperatures reduce the duration of the pelagic 

phase (Beraud et al. 2018). During these early life phases, seabass can cope 

well with food deprivation, but abundant food in nursery areas is required for 

individual survival and population recruitment (Dambrine et al. 2020). 

In the metamorphosis from post-larvae to juveniles (> 11 mm), seabass 

undertake active horizontal movements towards inshore waters (López et al. 

2015). Shallow areas in coastal lagoons and estuaries serve as nurseries for 

young seabass (Vázquez & Muñoz-Cueto 2014, Beraud et al. 2018). In the 

Northeast Atlantic, males mature earlier (32 - 36 cm, 4 – 5 years old) than 

females (40 – 45 cm, 5 – 8 years old) (Kennedy & Fitzmaurice 1972, Pawson & 

Pickett 1996, López et al. 2015). Adult seabass feed on the abundance of food 

in coastal and inshore waters, as well as around sand banks and ship wrecks, 

in the warmer time of the year from March – June to September – November 

(Cambiè et al. 2016). Seabass consume various prey species of crustaceans, 

polychaetes, bivalves, gastropods, cephalopods and fish (pelagic, demersal 

and benthic), with diet composition varying with age, season and location 

(Kennedy & Fitzmaurice 1972, Pickett & Pawson 1994, Rogdakis et al. 2010, 

Spitz et al. 2013, Cobain et al. 2019). 

For spawning, seabass turn to deeper, offshore waters where reproduction 

takes place between December and June, depending on the area (López et al. 

2015, Dambrine et al. 2021). These spawning migrations are related to 

temperature, as growth and gonad development are reduced in colder waters 

(minimum 9 °C for females) and the spawning period starts earlier in southern 
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waters (Jennings & Pawson 1992, Pickett & Pawson 1994, Pawson et al. 2007, 

López et al. 2015). Coastal and estuarine areas are abundant in food but are 

more variable in terms of temperature and salinity. Coping with this 

environmental variability is thought to be too energy-demanding during 

reproduction, causing seabass to move offshore for spawning (Dambrine et al. 

2021). However, environmental variables serve poorly to predict distribution 

across spawning areas, suggesting another mechanism related to the 

individual movement ecology is at play (de Pontual et al. 2019, Dambrine et 

al. 2021).  

Movement behaviour & tagging research 

Aside from laboratory experiments, individual seabass movements have been 

investigated with conventional tags in mark-recapture studies (Pawson et al. 

1987, Fritsch et al. 2007, Pawson et al. 2007), as well as electronic tagging using 

acoustic telemetry (Pita & Freire 2011, Doyle et al. 2017, Stamp et al. 2021), 

data storage tags (Quayle et al. 2009, de Pontual et al. 2019) and pop-off 

satellite tags (O'Neill et al. 2018). Some studies have evaluated the impact of 

tagging on European seabass. Based on the results of an experiment 

examining juvenile growth, tags should not exceed 2.2 – 2.5 % of body mass 

(Bégout Anras et al. 2003). In experimental set-ups in aquaculture settings, 

physiological stress indicators (cortisol, glucose and lactate levels in blood 

samples) were not significantly different between tagged and untagged 

individuals after 14 and 95 days (Alfonso et al. 2020, Georgopoulou et al. 

2022). Although mid-term (95 days) growth rate seemed unaffected, tagged 

fish did not eat for 2 to 4 days post-operatively due to acute surgery-induced 

stress (Alfonso et al. 2020). Significant differences were found in group-level 

swimming performance (group cohesion, polarization and exploratory 

tendency) 14 days after tagging (Georgopoulou et al. 2022), although this is 

not unusual in collective motion research in laboratory environments and have 

been attributed to collective personality variation (MacGregor & Ioannou 

2021). 

Seabass are fast swimmers capable of migrating hundreds of kilometres 

(López et al. 2015, de Pontual et al. 2019). The maximum depth has been 

observed to exceed 225 m (de Pontual et al. 2019). Different activity regimes 

have been drawn from patterns in vertical movement behaviour, including diel 
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and tidal cycles (Quayle et al. 2009, Heerah et al. 2017). Activity rhythms can 

be higher diurnally and nocturnally and can switch, depending on the 

individual and the season (Reebs 2002, Heerah et al. 2017). Seabass can be 

solitary, but they are also known to form shoals (Anras et al. 1997, Quayle et 

al. 2009). By swimming in a group, seabass adapt their swimming activity and 

patterns, whereby they can shift in diel activity rhythm (Anras et al. 1997, 

Bégout Anras et al. 2004). 

Individual seabass have been shown to be associated to specific locations 

through the behaviours of long-term residency and interannual fidelity. 

Residency reflects an animal staying or ‘residing’ in a limited area for a longer 

period of time (Reubens et al. 2013b). When an animal returns to a specific 

area, for example on a yearly basis, it exhibits site fidelity (Doyle et al. 2017). 

Tagging studies have revealed seabass residency and site fidelity to feeding 

(Pawson et al. 1987, Pawson et al. 2007, Pawson et al. 2008, Doyle et al. 2017, 

O'Neill et al. 2018, de Pontual et al. 2019, Stamp et al. 2021, de Pontual et al.  

2023) and spawning areas (de Pontual et al. 2019, Le Luherne et al. 2022, de 

Pontual et al. 2023). Environmental factors (e.g. temperature) are defining for 

habitat suitability – and thus the potential geographic distribution – of seabass 

as a species. However, environmental covariates serve poorly to explain the 

actual space use of individual seabass, indicating other factors are at play for 

seabass habitat selection (Dambrine et al. 2021).  

Seabass stock delineation and fisheries 

Northeast Atlantic seabass faced severe declines in the past decades due to 

intense fishing pressures. Slow growth, late reproductive maturity, 

aggregation at spawning areas and high residency add to seabass’s 

vulnerability for overexploitation and local depletion (i.e. when fisheries 

deplete or exhaust animals residing at a given location) (López et al. 2015, 

Doyle et al. 2017). The International Council for the Exploration of the Sea 

(ICES) delineates four stocks in the Northeast Atlantic: North Spain and 

Portugal (southern Bay of Biscay and Atlantic Iberian waters; ICES divisions 

8c,9b), Biscay (northern and central Bay of Biscay; 8ab), West coast Scotland 

and Ireland (West of Scotland, West of Ireland and eastern part of southwest 

of Ireland; 6a,7b,j) and the Northern stock (central and southern North Sea, 

Irish Sea, English Channel, Bristol Cannel and Celtic Sea ; 4b,c,  7a,d-h) (Fig. 
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1.10) (ICES 2012a). Spawning stock biomass estimates for 2022 are 17,174 

tonnes for the Bay of Biscay stock and 12,384 tonnes for the Northern stock 

(ICES 2022b, c). Biomass estimates are not available for the stocks in North 

Spain and Portugal, and West coast Scotland and Ireland, which ICES considers 

data limited (ICES 2020a, 2021).  

European seabass is a prized target species for both commercial and 

recreational fisheries. Seabass can be caught using different gears: demersal, 

midwater or pelagic trawls, fixed and drift nets, seines, and hook and line for 

angling (ICES 2022b, c). Recreational removals of seabass are estimated to be 

high (up to one quarter of the total catch of the Northern and Biscay stocks) 

(ICES 2022b, c). Estimation of recreational catches remains difficult due to the 

data poverty and diversity of recreational fisheries, but are set to improve with 

increasing research efforts and voluntary monitoring schemes (Hyder et al. 

2020, Verleye et al. 2022). At the time of writing, commercial landings of the 

Northern stock are mainly attributed the UK, followed by France, the 

Netherlands and Belgium (ICES 2022b). France is almost entirely responsible 

for catches of the Biscay stock (ICES 2022c), whereas the stock in North Spain 

and Portugal is targeted by Spanish and Portuguese fishers (ICES 2021). 

Fisheries targeting the West coast Scotland and Ireland stock are almost 

entirely recreational (ICES 2020a). The seasonal differences of seabass habitat 

use are also reflected in the seasonality of the fisheries. In the warmer months, 

seabass are targeted by inshore and coastal fisheries. Offshore spawning 

aggregations (December to May) in the English Channel, Bristol Channel and 

Bay of Biscay were increasingly targeted by pelagic trawlers from the 1980s 

onwards (Colman et al. 2008), but pelagic trawling on the Northern stock was 

banned from 2017 onwards (EU 2017b). Seabass fisheries measures on the EU 

level include commercial catch limitations, recreational bag limits and a 

seasonal closure (EU 2023). Additional national measures were taken, such as 

spatial closures in the assigned Bass Nursery Areas in the UK (Ministry of 

Agriculture Fisheries and Food & Welsh Office Agriculture Department 1990) 

and in the Port of Zeebrugge in Belgium (Flemish Government 2017). 

Evolutions of seabass stock status and fisheries policy were further detailed in 

chapter 9. 
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Figure 1.10. ICES stock divisions for European seabass in the Northeast Atlantic: 

southern Bay of Biscay and Atlantic Iberian waters (North Spain and Portugal; ICES 

divisions 8c,9b), northern and central Bay of Biscay (Biscay; 8ab), West of Scotland, West 

of Ireland and eastern part of southwest of Ireland (West coast Scotland and Ireland; 

6a,7b,j) and the central and southern North Sea, Irish Sea, English Channel, Bristol 

Cannel and Celtic Sea (Northern stock; 4b,c, 7a,d-h). The map shows the exclusive 

economic zones (EEZ), with the Belgian EEZ highlighted in pink. Shape files originated 

from ICES (https://gis.ices.dk) and Marine Regions (https://www.marineregions.org). 

https://gis.ices.dk/
https://www.marineregions.org/
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Seabass in the southern North Sea 

Not much is known about seabass in the North Sea. Over the past decades, 

seabass has expanded northwards, occurring as far north as Norwegian waters 

and the Baltic Sea (Hind 2006, Bagdonas et al. 2011). In the southern North 

Sea, seabass can be found in estuarine and inshore areas, such as the Thames 

Estuary, Scheldt Estuary, Eastern Scheldt and Wadden Sea, which are thought 

to be nursery and feeding grounds (Pawson et al. 1987, Schnitzler et al. 2011, 

Cardoso et al. 2015, Tulp et al. 2016). Applying mark-recapture, individual 

seabass tagged in summer feeding areas along the English coast in the North 

Sea were shown to migrate southward into the English Channel during 

spawning season (Pawson et al. 1987, Pawson et al. 2007). Information on 

potential seabass spawning within the North Sea is scarce, as there is no 

targeted spawning survey in the area. However, stage 1 eggs (lasting 24 hours) 

were observed in April and May 2011 along the English coast, around the 

Dogger bank and west of the Voordelta (area stretching 3 to 15 km seaward 

along the Dutch coast from Walcheren to the Maasvlakte) (Tulp et al. 2016). 

Spawning in the North Sea is hypothesized to be likely later in the spawning 

season (April – May) during warmer years, with higher settlement rates in 

North Sea coastal and estuarine areas (e.g. Wadden Sea and Thames) during 

warmer years with strong westerly winds (López et al. 2015, Beraud et al. 2018).  

Within Belgian waters, patterns of seabass presence are mainly known through 

fisheries practices. Anglers target seabass from vessels, as well as from the 

beach, where they are also caught by passive gears (Verleye et al. 2022). The 

periods of April – May and September – November are considered good to 

catch seabass offshore at sand banks and artificial structures (mainly 

shipwrecks), whereas seabass is more often caught from the beach during the 

summer months (Bral pers. comm.). Anglers report high catches of seabass 

along water inlets of sluices, where seabass is thought to predate on prey fish 

gushed with the incoming water (Deputter pers. comm.). This phenomenon 

was used by poachers, causing a restriction of seabass fishing in the ports of 

Oostende and Zeebrugge (Flemish Government 2017). A mark-recapture 

experiment in the port of Zeebrugge showed some seabass exhibit interannual 

fidelity to the port area (Delbare 2012). Monitoring of estuarine and riverine 

areas has shown seabass occurring as far inland as Hamme and Mechelen 

(Brosens et al. 2015). 
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OUTLINE OF THIS THESIS 

In this PhD thesis dissertation, we investigated the movement ecology of 

European seabass occurring in the southern North Sea, using electronic tags. 

To that extent, we first take a detour to the methodological technicalities of 

electronic tagging (Part I). The elaborated methodologies contribute to 

electronic tagging research as a whole, but were also required to investigate 

seabass movements at multiple spatiotemporal scales. We examine seabass 

movement behaviour and habitat use in specific areas in Belgian waters, but 

also their migration patterns in the southern North Sea and surrounding 

waters (Part II). Next to seabass ecology, we evaluate seabass fisheries policy 

to understand the lack of recovery of the Northeast Atlantic seabass 

population (Part III). 

Part I – ELECTRONIC TAGGING 

The main technique used for this research consisted of electronic tagging. In 

this part, we explain the concept and the applied technologies, where we 

elaborate how we contributed novel practical and analytical methodologies in 

chapters 2 to 5. 

Chapter 2: Acoustic and archival technologies join forces: A combination 

tag 

The acoustic data storage tag (ADST) combines the features of acoustic 

telemetry and archival tagging. Being the first to use this novel tag type, we 

describe the new technology and how we applied it to three species: European 

seabass, Atlantic cod and starry smooth-hound. A geolocation modelling 

approach was adapted to include the information of the tag’s acoustic 

detections. 

Chapter 3: Mooring scientific instruments on the seabed—Design, 

deployment protocol and performance of a recoverable frame for acoustic 

receivers 

Using acoustic telemetry in challenging marine environments requires 

practical deployment mechanisms. A tripod frame was developed for 

deploying acoustic receivers on the seabed. We tested the deployment and 
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recovery protocol in a field trial and compared the performance in terms of 

detection range with a commonly used cabled design. 

Chapter 4: Taking the time for range testing: an approach to account for 

temporal resolution in acoustic telemetry detection range assessments 

Understanding variability in detection range is crucial to adequately interpret 

acoustic telemetry data. A novel method for estimating detection probability 

was elaborated, whereby the temporal aspect of the presence of a tagged 

animal within a specific time bin is taken into account. 

Chapter 5: The importance of multi-sensor observations to advance 

species co-occurrence knowledge: a demonstrator application of acoustic 

technologies 

The technique of passive acoustic monitoring, enabling the observation of the 

presence of echolocating cetaceans, was combined with acoustic telemetry in 

one physical deployment set-up. We applied different analysis techniques to 

explore how the resulting long term data series could benefit research on 

species co-occurrence.  

Part II – MOVEMENTS OF EUROPEAN SEABASS FROM THE SOUTHERN 

NORTH SEA 

Using electronic tagging, the movement behaviour and migration patterns of 

European seabass were investigated at different spatiotemporal scales.  

Chapter 6: Elucidating the migrations of European seabass from the 

southern North Sea, using mark-recapture data, acoustic telemetry and 

data storage tags. 

To understand migration patterns of European seabass residing in the 

southern North Sea, we combined conventional and electronic tagging data 

from different projects (from Belgium, France, the UK and The Netherlands). 

We investigated large-scale migrations using seabass recapture positions, 

acoustic detections across international receiver networks and migration 

trajectories that were reconstructed with geolocation modelling. 
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Chapter 7: Using acoustic telemetry to investigate habitat use of European 

seabass in the southern North Sea  

We investigated patterns in space use over time and connectivity in the study 

area the Belgian part of the North Sea (BPNS) and the Scheldt Estuary. Seabass 

habitat use was further examined at four sites with artificial substrates (port 

infrastructure, offshore wind farm, radar tower and offshore wreck).  

Chapter 8: Not all are equal before the law – fisheries measures protect 

European seabass groups with distinct habitat use differently 

In a case study in a Belgian port area, seabass movements were investigated 

to understand habitat use and connectivity in the study area. The patterns in 

movement were directly linked to the prevailing spatiotemporal fisheries 

restrictions to estimate how individual seabass are protected from capture by 

fisheries policy measures. 

Part III – SEABASS FISHERIES POLICY 

Chapter 9: Lessons (still not) learned from a decade of European seabass 

fisheries policy 

In this chapter we investigate seabass fisheries policy. An overview of EU-level 

measures since emergency measures of 2015 was made, but we also zoomed 

in on the Belgian situation. We identify key issues that have contributed to the 

lack of a full recovery of the Northeast Atlantic seabass population. 

Part IIII – DISCUSSION 

Chapter 10: General discussion 

The lessons learned from this PhD research are summarized and 

contextualized in the broader framework of tagging research and seabass 

ecology, for which we provide future research recommendations. We translate 

the findings on seabass ecology and policy into management 

recommendations, and add some personal reflections on the positionality of 

scientists.  
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Part IIII – EPILOGUE 

Sexism and its intersections in (marine) science 

In a final essay, I discuss how I experienced and witnessed sexism and its 

intersections throughout the PhD project. This chapter serves as a personal 

testimony and a plea for change.  
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ABSTRACT 

1. Technological advances are key to maximize the information potential in 

electronic tagging studies. Acoustic tags inform on the location of tagged 

animals when they are in range of an acoustic receiver, whereas archival tags 

render continuous time series of logged sensor measurements, from which 

trajectories can be inferred. 

2. We applied a newly developed acoustic data storage tag (ADST) on 154 

animals of three fish species to investigate the potential of this combination 

tag. Fish trajectories were reconstructed from logged depth and temperature 

histories using an existing geolocation modelling approach, adapted to 

include a likelihood for acoustic detections. 

3. Out of 126 detected fish (accounting for over 700,000 detections) and 25 

tag recoveries, eight ADSTs rendered both acoustic and archival data. These 

combined data could validate that the original geolocation model performed 

https://doi.org/10.1111/2041-210X.14045
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adequately in locating the fish trajectories in space. The acoustic data 

improved the timing of the daily position estimates. 

4. Acoustic and archival tagging technologies provided highly complementary 

information on fish movement patterns and could partly overcome the 

limitations of either technique. Furthermore, the ongoing developments to 

acoustically transmit summary statistics of logged data would further increase 

the information potential of combination tags when tracking aquatic species.  

INTRODUCTION 

Electronic tagging enables the spatiotemporal analysis of aquatic animal 

movements and vastly contributes to our understanding of these animals’ 

behavioural and spatial ecology (Hussey et al. 2015, Lennox et al. 2017, 

Brownscombe et al. 2022). Over the past decade, technological advances have 

led to tag miniaturization and longer battery life, diverse attachment methods 

and increased data resolution (Hussey et al. 2015). Tags have been fitted with 

sensors (measuring e.g. pressure, acceleration, temperature and predation) to 

log or transmit information on behaviour, physiology and the physical 

environment (Brownscombe et al. 2019). These technological advances have 

allowed to address a wider range of questions on a greater diversity of species 

(Brownscombe et al. 2022). 

Two common electronic tagging technologies for aquatic animals are acoustic 

telemetry and archival tags. In acoustic telemetry, a tag transmits an acoustic 

signal, coded with a unique ID and optionally a sensor measurement. An 

acoustic receiver can detect this transmitted signal when the tagged individual 

is within the receiver’s detection range. Detection data are accessed through 

the receiver. Archival tags, on the other hand, store sensor measurements at a 

predefined time interval in the tag memory. These tags must therefore be 

recovered or send their information through satellites to access the logged 

data. The resulting time series can provide fine-scale information on vertical 

movement behaviour (Heerah et al. 2017), environmental preferences 

(Righton et al. 2010), and can be used to reconstruct migration trajectories 

with geolocation modelling (Pedersen et al. 2008, Woillez et al. 2016). 

Double-tagging, i.e. tagging an animal with two tags, has been used to benefit 

from specificities and complementarity of different tag types (Strøm et al. 
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2017, Gatti et al. 2021). Aside from providing complementary information on 

ecology and/or physiology, the combined use of distinct technologies allows 

to evaluate the interpretation of one technology’s results and ground-truth 

modelled outcomes (e.g. geolocation models, as reviewed by Gatti et al. 

(2021)). In addition, double-tagging enables to assess tag retention and effect 

(Brownscombe et al. 2019, Verhelst et al. 2022). Although limitedly studied 

(Verhelst et al. 2022), double-tagging comes with reasonable concern over an 

increased impact of the tagged fish’ welfare and movement behaviour. 

Combining technologies in one physical tag allows to avoid the longer 

handling time in a more complex procedure and the added effect of the 

second tag. In this study, we report on the first utilization of a novel type of 

electronic tag that combines the technologies of acoustic telemetry and 

archival tagging. 

MATERIALS AND METHODS 

Tag specifications 

We used the acoustic data storage tag (ADST) (Fig. 2.1), developed by 

Innovasea Ltd. (USA), in two sizes: ADST-V9TP (diameter 13 mm, length 65 

mm, weight in air 8.5 g, transmitting power output 151 dB) and ADST-V13TP 

(diameter 16 mm, length 75 mm, weight in air 14.2 g, transmitting power 

output 154 dB). The ADST was equipped with a pressure sensor (maximum 

depth 68 m, accuracy ± 1.0 m, resolution 0.3 m) and a temperature sensor 

(range -5 to 35 °C, accuracy ± 0.5 °C, resolution 0.15 °C). Tags were coloured 

brightly red and fitted with a sticker with contact details of the principal 

investigator and the mentioning of a reward (€25 or a T-shirt), to increase the 

probability of tag recoveries. The built-in floatation enabled tags to drift 

ashore when they got separated from the fish (e.g. due to predation, fishing 

or natural death).  

Sensor data were stored as continuous time series on the tag itself. Sensor 

information at the time of transmission was also transmitted acoustically (69 

kHz, MAP114, protocol A69-9006). When selecting the transmit ratio of 

temperature versus pressure measurements, we favoured depth use for its 

information potential on vertical movement behaviour. The transmitting and 

logging interval were selected in consideration of the study species, the study 
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objectives and the trade-off with battery lifetime (Table 2.1, more details in 

Supporting information). Tag settings had to be selected at the time of 

ordering the tags, as the programming of settings had to be performed by the 

manufacturer. Because the ADST lacked an internal clock, the time of 

activation of the tag (i.e. by removing a magnet) had to be registered to the 

second. Upon retrieval of an ADST, the physical tag was mailed to the 

manufacturer to download the data. 

 

 

Figure 2.1. Acoustic data storage tag (ADST), developed by Innovasea Ltd. (USA). 

 

Table 2.1. Tag settings applied for different species. Temperature (T) and pressure (P) 

sensor measurements were logged continuously at a fixed interval and were 

transmitted at a fixed ratio (more details in Supporting information).  

Species N Type 

Battery life 

(days) 

Logging interval  

T - P (s) 

Transmit 

ratio T:P 

European 

seabass 

27 ADST-V9TP 354 180 - 90  1:3 

40 ADST-V9TP 339 180 - 90  1:3 

19 ADST-V9TP 400 180 - 90  1:9  
23 ADST-V9TP 425 300 -90 1:9 

Atlantic cod 3 ADST-V9TP 339 180 - 90  1:3  
12 ADST-V9TP 350 180 - 90  1:3 

Starry  

smooth-hound 

30 ADST-V13TP 518 240 - 120 1:3 
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Tagging procedure 

From 2018 to 2021, we tagged three different fish species in the Belgian Part 

of the North Sea (BPNS), the Western Scheldt Estuary and the Eastern Scheldt 

in the Netherlands. We used the ADST-V13TP for 30 starry smooth-hound 

(Mustelus asterias Cloquet 1821) and the ADST-V9TP for 109 European 

seabass (Dicentrarchus labrax L. 1758), and 15 Atlantic cod (Gadus morhua L. 

1758). All fish were caught with rod and line. Immediately after capture, fish 

were unhooked and placed in a holding tank. Prior to the surgery, seabass and 

cod were anaesthetised with clove oil (0.05 mL per L of seawater), whereas 

starry smooth-hounds were held with the ventral side up to induce tonic 

immobility. The tag was surgically inserted in the abdominal cavity through an 

incision across the midventral line, which was closed by three stitches using 

non-absorbable mono-filament. A Pederson disc (9.5 mm diameter; Floy Tag 

& Mfg., Inc., USA) stating ‘REWARD: TAG INSIDE’ and individual reference 

number, was attached between the dorsal and caudal fin for the majority of 

seabass and cod. Before release, the tagged fish was placed in a tank for 5 – 

15 minutes to recover from the surgery. The animal tagging procedure was 

approved under the ethical certificates EC2017-080 (Belgium), 2016.D-

0041.004 and 2016.D-0041.008 (The Netherlands).  

Data management 

Acoustic detections could be registered on the permanent Belgian acoustic 

receiver network (Reubens et al. 2019b), with the detection range distance 

(where the probability of detecting a tagged animal within a day exceeded 0.5) 

averaging from 500 to 700 m (Goossens et al. 2022). The data management 

was facilitated through the European Tracking Network (ETN) database 

(https://lifewatch.be/etn) (Reubens et al. 2019b), archiving the data and 

metadata for both the acoustic and logged data.  

Analysis 

For the recovered tags, trajectories were reconstructed with geolocation 

modelling, using a hidden Markov model (HMM). The hidden state (daily fish 

position) was estimated with an observation model, relating sensor 

measurements to environmental reference fields, and a movement model, 

describing the time dynamics of the state sequence as a Brownian random 

walk model (Pedersen et al. 2008). Full details on the geolocation approach 

https://lifewatch.be/etn
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were outlined in previous publications (Woillez et al. 2016, de Pontual et al. 

2023), but we describe below how this HMM was adapted for the application 

on ADST data in our study area. 

The reference fields of bathymetry and temperature at depth for the 

observation model were drawn from the 3D Dutch continental shelf model in 

flexible mesh, 3D DCSM-FM (Zijl et al. 2021). Building on an existing HMM, we 

decided to maintain an approach with a regular grid, rather than using the 

original irregular grid of the 3D DCSM-FM output (Liu et al. 2017). The depth 

and temperature irregular grids were rasterized to a regular grid (48.8°N – 

53.0°N, 3.2° W - 5.0° E) with the field’s finest resolution of 0.5’ x 0.75’ (latitude 

x longitude). The original 3D DCSM-FM output for the English Channel 

offshore area was at a coarser resolution of 1’ x 1.5’. Pixels in this area were 

resampled to the values of the nearest neighbouring cell to retain the highest 

resolution in the main area of interest (southern North Sea). The raster fields 

were transformed to a metric grid of a resolution of 1 km x 1 km. The 

temperature likelihood was estimated using a multivariate normal probability 

density function at the different depth layers (0, 5, 10, 15, 20, 25, 30, 50 and 

100 m). This temperature likelihood was then multiplied by the depth 

likelihood (de Pontual et al. 2023). 

Using the acoustic detection data, we implemented a detection likelihood. This 

likelihood layer was calculated differently for days with and without acoustic 

detections. If a fish was detected, the likelihood was set to 1 for the grid cell 

with the receiver location and to 0 for the rest of the area. For days without 

detections, the grid cells with active receivers were assigned a detection 

likelihood of zero, with the rest of the field having an equal non-null value.  

For European seabass a behavioural switch was implemented (de Pontual et 

al. 2023) to discern two (daily) behavioural states: low versus high activity. As 

the behavioural pattern segmentation used here (Heerah et al. 2017) was 

developed specifically for seabass, we did not apply the behavioural switch for 

Atlantic cod and starry smooth-hound. Hence, the diffusion coefficient D (the 

mean daily distance covered by a fish, in km2/day) of the movement model 

was estimated with a maximum likelihood estimation for two behavioural 

states for seabass and for one state for the other species. From the daily 

posterior probability distributions of the observation and movement model 
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combined, we calculated the most probable sequence of positions (Viterbi 

track). 

Model performance was evaluated using the information on acoustic 

detections. We defined positional accuracy as the distance between the known 

receiver location and the trajectory as estimated by the geolocation model 

without including the acoustic detections (detailed explanation in Supporting 

information). Track sensitivity was defined as the distance between the entire 

trajectories reconstructed with and without implementing the detection 

likelihood. To account for potential errors in the timing of the estimated track, 

both metrics were calculated as timed (distance to the estimated position at 

the exact day) and non-timed (minimum distance to the estimated positions 

at all days). 

RESULTS 

Up until June 2022, 25 tags were retrieved (16.2%): four tagged seabass were 

caught with rods and 21 tags were found washed ashore. Plotting the depth 

and temperature histories of the tags, we could visually determine that two 

seabass and one cod died in the week after tagging; these datasets were 

omitted from the analysis. Two of the recovered tags experienced technical 

failures: an issue with the temperature sensor and another with the tag’s 

hardware. At the time of writing, three of the recovered tags still had to be 

processed by the manufacturer. The acoustic data storage tags (ADST) 

resulted in over 700,000 acoustic detections from 126 out of 154 tagged 

animals.  

Eight ADSTs provided both acoustic and archival data (Table 2.2). The 

complementarity of the two electronic tagging data types was visualized in 

figure 2.2. The cod remained in an offshore receiver array until it died, as 

verified by the 87 detected days, which was accurately estimated with the 

geolocation model (median timed positional accuracy 4.1 km). For the 

European seabass, the archived depth history showed a very shallow depth 

use (mostly the upper 5 m of the water column) during summer and a deeper 

occupancy during colder months, which would likely be interpreted as inshore 

feeding behaviour during summer and offshore excursions during winter (de 

Pontual et al. 2023). The acoustic data, however, showed that the seabass was 
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detected inside a port area (Zeebrugge) for 124 days throughout the year. For 

the example of the starry smooth-hound, the information of solely acoustic 

detections would have only indicated that the shark passed by the offshore 

wind farms nine months after release before returning to its area of release 

(Scheldt Estuary). The geolocation model unravelled the shark’s winter 

migration to the English Channel. Supplemented with the acoustic telemetry 

data (55 days detected), the trajectory was shown to be more offshore. The 

archival depth series showed the shark went deeper than 75.5 m, the factual 

maximum depth. The evaluation of the model with the information of acoustic 

detections produced median values of 21.4 km (maximum 134.7 km) for timed 

and 5.9 km (maximum 46.9 km) for non-timed positional accuracy, and 6.9 km 

(maximum 133.9 km) for timed and 1.5 km (maximum 59.3 km) for non-timed 

track sensitivity. The contrast between the timed and non-timed metrics 

indicated the inclusion of the information on acoustic detections vastly 

improved the timing of the reconstructed tracks. 

DISCUSSION 

The unique value of combination tags consisted of the possibility to 

understand residency and habitat use in a specific area with a receiver array, 

in addition to studying migration behaviour and trajectories during the period 

animals were not detected. As illustrated by the seabass in the port area, the 

bathymetry and temperature variability of (secluded) inshore areas might not 

reliably be accounted for in environmental reference fields. Acoustic data were 

vital to recognize fish presence in this specific habitat. The inclusion of acoustic 

data could thus overcome the limited performance of geolocation models in 

coastal areas (due to an insufficient resolution of environmental reference 

fields), where the deployment of acoustic arrays would be relatively 

convenient. The vast contribution of the archival component was illustrated in 

the starry smooth-hound example. A solely acoustic tag would have only 

informed on site fidelity and some residency in the estuary, whereas with the 

archival data we were able to reconstruct its southward migration trajectory. 

Acoustic detections informed on presence at specific locations, whereas the 

archival data contributed large-scale modelled trajectories on a low resolution 

and fine-scale information on behaviour and temperature experience on a 

high resolution. 
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Figure 2.2. Examples of tagging results for an Atlantic cod (left), European seabass 

(middle) and starry smooth-hound (right), shown with only the acoustic detection data 

(top), only the archival data (middle) and the combination of both in the ADST 

(bottom). White dots represent the locations of the active receivers with the locations 

of detections in blue (square: offshore wind farm; diamond: estuarine station; circle: 

harbour station). Archival depth and temperature histories were plotted over time and 

the modelled trajectories were visualized on the map in the timeline’s colouring. 

Combining acoustic and archival data, trajectories were estimated with the inclusion of 

acoustic detection data in the geolocation model.



54 

 

Table 2.2. Overview of tags resulting in both acoustic and archival data with the number of days of archived data and days detected per 

fish, in addition to the archived depth (m) and temperature (°C) measurements. Performance metrics were computed in km: timed (TPA) 

and non-timed positional accuracy (NPA), timed (TTS) and non-timed track sensitivity (NTS). Values were shown as median [range]. 

 

Table 2.2. (continued) 

Species TPA NPA TTS NTS 

European seabass 25.3 [2.5 - 37.2] 7.7 [0.3 - 7.5] 23.0 [0.1 - 37.6] 4.8 [0.1 - 29.6] 

Atlantic cod 4.1 [0.5 - 27.6] 0.5 [0.5 - 19.7] 0.7 [0 - 27.3] 0.6 [0 - 20.0] 

Starry smooth-hound 48.6 [9.1 - 134.7] 5.9 [4.3 - 46.9] 0.7 [0 - 133.9] 0.5 [0 - 59.3] 

 

 

Species Trajectories Days detected Archived days Depth (m) Temperature (°C) 

European seabass 3 18 [1 – 124] 235 [38 – 331] 2.4 [0.0 – 20.2] 2.4 [4.3 – 25.8] 

Atlantic cod 2 46 [2 – 89] 178 [88 – 268] 22.0 [0.0 – 25.3] 17.7 [14.5 – 19.9] 

Starry smooth-hound 3 2 [1 – 55] 38 [23 – 367] 34.3 [0.0 – 75.5] 13.5 [8.6 – 29.2] 
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The acoustic detections enabled the validation of the geolocation model, 

which was shown to perform in line with expectations for demersal and pelagic 

fish (Gatti et al. 2021). As illustrated by the smaller distances of the non-timed 

performance metrics, the geolocation model would adequately position the 

trajectory in space, but would often err in the timing of the daily position 

estimates along the track. Building on an assumption of Brownian motion 

(Pedersen et al. 2008), the movement model of the geolocation assumed a fish 

to move to an area of high likelihood rather gradually. The acoustic detections 

however, showed that fish movement could be abrupt in distinct periods of 

time. 

To fully benefit from this information potential, combination tags should be 

highly modular. We regarded the floatability option as an important asset, as 

we retrieved the majority of recovered tags after washing ashore. Depending 

on the study species, researchers might opt for pressure and temperature 

sensors with a different range and resolution. Since the fish’ temperature 

experience could have been drawn from existing temperature data series in 

the study area, the acoustic transmission of depth use information was 

preferred. The ability to (re-)program transmitting and logging settings and 

performing the data offload of recovered tags yourself, as well as the inclusion 

of an internal clock, would highly increase user-friendliness. Other acoustic 

and archival tags on the market do entail these features, as well as a wider 

range of options regarding tag size, battery time and storage memory, sensor 

range and resolution, pop-off mechanisms, etc. Although using one tag 

instead of two may be less invasive and reduces fish handling time, the 

flexibility of a more diverse set of options remains a crucial advantage of 

double-tagging. 

With regard to future developments, however, combining technologies in one 

physical tag entails the possibility of transmitting information collected before 

the time of transmission. Like satellite tags (pop-up satellite archival tags and 

smart position and temperature transmitting tags), acoustic data storage tags 

could transmit summary metrics of the archived data, but through an acoustic 

receiver rather than through satellite transmission. Currently, an acoustic 

signal can only transmit a very small amount of data (8 bites at time of study) 

in addition to the tag ID. The limited computing power within tags prevents 
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the use of advanced algorithms. Considering the present technological 

challenges, the transmitted information will likely consist of simple summary 

statistics. To maximize this potential future utility, combination tags should be 

customizable, enabling users to prioritize the transmission of information on 

individual location (e.g. time stamped maximum depths), behaviour (e.g. 

seasonal depth range), or habitat (e.g. seasonal temperature range), 

depending on their research objectives. 
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ABSTRACT 

1. Acoustic telemetry is increasingly used to observe and monitor animal 

movements in aquatic environments. Practical deployment mechanisms are 

needed to sustain consistent data flows in challenging environments. 

2. A tripod frame was developed to facilitate the deployment of acoustic 

receivers on the seabed, allowing for the recovery of all equipment with an 

acoustic release system.  

3. The procedures of deployment and recovery proved to be practical and 

efficient during a field trial in the North Sea. Compared to a common cabled 

design, the tripod frame realized a significantly higher detection probability 

and performed consistently better at greater distance and louder ambient 

noise. 

https://doi.org/10.1111/2041-210X.13404
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4. In the context of ocean observation in challenging environments, the tripod 

frame is a useful tool for temporary and continuous monitoring of tagged fish 

presence, potentially fitted with additional instruments. 

INTRODUCTION 

Acoustic telemetry enables the observation of animal movements in aquatic 

environments. Individual animals are provided with a transmitter, relaying a 

signal that can be picked up by acoustic receivers (Hussey et al. 2015). 

Receivers are physically set-up in temporary deployments or permanent 

networks in a range of habitats (Reubens et al. 2019b). A lot of practical issues 

remain with the deployment of receivers, especially in challenging 

environments and weather conditions.  

For deployment on the seabed, receivers are commonly fixed to a line that is 

attached to a float and anchored to a weight (Gazit et al. 2013, Cowley et al. 

2017, Hoenner et al. 2018, Ellis et al. 2019). Two concerns regarding this design 

are the retrieval of equipment and the variability in receiver orientation. 

Recovery by diving is limited by depth and weather conditions, as well as 

budget and person hours. Acoustic releases allow for receiver retrieval without 

the need to access the instrument at depth. To facilitate this recovery, 

alternative designs (e.g. products of RS Aqua Ltd and Kintama Research 

Services) incorporate these acoustic releases with mechanisms for the retrieval 

of mooring anchor and release pins (Titzler et al. 2010, Crook et al. 2018). 

However, the use of anchor lines in these systems entails a fluctuation of the 

receiver's orientation and therefore, its performance (Clements et al. 2005). In 

this study, we developed and tested a new design for the installation of 

acoustic receivers in the field, aiming to facilitate a convenient, cost-effective 

deployment, with minimal disposal or loss of equipment and an assurance of 

a high data quality. 

DESIGN 

The frame consists of a galvanized-steel tripod (c. 80 kg), mounted with a 

custom-made collar (Deepwater Buoyancy Inc.) with a floating capacity of 11.5 

kg (Figure 3.1). A tether line, correctly coiled in the rope canister in the central 

beam, connects the tripod to an eye bolt on the bottom of the collar. The rope 
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(8 mm diameter with Dyneema core, 1,000 kg traction) is 1.5–2 times larger 

than the bottom to surface distance. A Vemco VR2AR receiver with built-in 

acoustic release is fixed into the collar with stainless-steel screws using the 

float attachment bracket on the receiver. The collar is then placed on the 

platform on top of the tripod, with the eye bolt and tether line inside the rope 

canister. The receiver's release pin, which protrudes through the hole in the 

top platform of the frame, is connected to the tripod's eye nut with 

turnbuckles.  

  

Figure 3.1. Technical drawing of the tripod frame design. The Vemco VR2AR acoustic 

receiver is mounted on a floatable collar, with the receiver's acoustic release pin 

attached to the galvanized steel tripod at the designated eye. A tether line inside the 

rope canister connects the float with the frame, allowing for retrieval of the tripod after 

release of receiver and float. 

Protocol 

For deployment, the eye on the frame is used to place a quick release clamp, 

connected to the cable of a winch and to a rope. The tripod is then hauled into 

the water and lowered to 2 m above the seabed. A forceful tug of the rope 

disconnects the release clamp, and therefore the cable, from the frame. For 

the recovery of the tripod, a VR100 transceiver aboard a smaller manoeuvrable 

boat is used to activate the acoustic release (see videos supporting 
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information). This mechanism separates the release pin (fixed to the frame) 

from the receiver (attached to the buoyant collar). 

After release activation, the collar and receiver will surface, and can be 

retrieved using the smaller boat. The tether line, of which the length exceeds 

the bottom to surface distance, is then disconnected from the collar and 

passed onto the ship. After fixing the tether line on the ship's winch, the tripod 

frame is hauled on board. The execution of this protocol requires access to a 

vessel, equipped with an A-frame (minimal lifting capacity of 1,000 kg). 

Recovery procedure should be performed during slack tide, to reduce the 

tension on the tether line. 

Protocol field trial 

The practical operability of the tripod in North Sea conditions was assessed in 

a field trial. In the framework of the PCAD4Cod project (Slabbekoorn 2019), 40 

tripods were placed in the offshore wind farms Belwind I and Gemini from June 

to October 2018 (106–119 days; Figure 3.2). The depth of deployment ranged 

between 19 and 36 m. Out of 40 deployments, recovery failed twice. In one 

instance, the release mechanism could not be activated due to a technological 

error in the receiver firmware that could have occurred in any design, where 

the depletion of the battery lead to the corruption of the internal circuitry and 

to the inability to initiate the release. The other frame was not recovered due 

to strong currents during retrieval. Tension on the tether line caused the rope 

to be cut as a result of friction with the edge of the frame. This resulted in  

adapting the recovery procedure to include tides and weather conditions for 

deployment and recovery. Ideally, recovery should be performed during slack 

tide and significant wave height below 1 m.  

The tripod was developed for deployment in sandy habitat in the southern 

North Sea, but could be adapted to meet the specific needs of other areas. 

The depth limit for the current design was 40 m. Increasing the diameter of 

the central beam, thus fitting more rope in the canister, would facilitate 

deployment at greater depth. Likewise, a larger collar with greater floatation 

would ensure the recovery of equipment in areas with more or harder 

biofouling growth. Finally, sediment type and displacement should be 

carefully taken into account. For example, frame recovery in silty habitat has 

proven complicated, as the suction force endured by the equipment might 



61 

 

exceed the rope's traction in some cases. For hard substrates on the other 

hand, deployment would be restricted to areas with sufficiently low rugosity 

and slope. Considering the challenging conditions in the North Sea, the tripod 

frame significantly eased the deployment and recovery of the acoustic 

receivers on the seabed. 

 

 

Figure 3.2. Map of study area with offshore wind farms (red) Belwind I and Gemini in 

the Belgian (BPNS) and Dutch part of the North Sea (DPNS) respectively. Shape files 

originate from MarineRegions.org.  



62 

 

PERFORMANCE TEST 

The performance of the tripod frame was compared to a stone mooring with 

an anchor line as previously applied by Reubens et al. (2019a). In two 

subsequent years, receivers were deployed in a circular set-up around the 

offshore wind turbines of Belwind I, with the distance between receivers 

varying from 120 to 310 m (Figure 3.3). The cabled design was used around 

turbine F05 in 2017 and the tripod frame around turbines B08, B10 and C09 in 

2018. Tilt angle and noise (mV) were measured at a sampling interval of 10 

min by the built-in sensors of the VR2AR receivers and built-in sync tags were 

programmed to transmit at a delay between 540 and 660 s. For every 

individual broadcasted signal, it was investigated whether it was picked up by 

the other receivers over different distance ranges. All analyses were performed 

in R software (R Core Team 2022), with full details provided in the Supporting 

information. 

 

 

Figure 3.3. Positions of VR2AR acoustic receivers (black dots) around each turbine 

(large grey dot in the centre). 
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Design performance: Tilt 

The stability of the fixed receiver position in the tripod frame resulted in lower 

and more consistent tilt values. For every 10 min, the median tilt value was 

calculated over all receivers of the two mooring types (Figure 3.4A). The 

tripods maintained a more constant and smaller tilt angle, whereas the 

considerably higher variation in tilt allowed to visually distinguish spring and 

neap tides for the cabled design. Strikingly, every receiver with the stone 

mooring reached a maximum tilt angle of 90°, indicating the receivers would 

hit the seabed (Table 3.1). Tilt autocorrelation was calculated for 10 min lags 

up to 25 hr. The resulting peaks at 6.2–6.5 and 12.3–12.5 hr indicated that the 

inclination of the cabled design was influenced by tides (Figure 3.4B). No 

cyclical patterns could be identified for the tripod frame. Running SD of tilt 

was calculated for each receiver to assess variability in orientation, i.e. how 

much the receiver moved. The window size was set at 3.5 hr, considering the 

first drop in the autocorrelation at 180–200 min (for the stone mooring). For 

the stone mooring, running SD tilt values varied up to 19.5°, whereas the 

values for the tripod mooring did not exceed 1.5° (Table 3.1). No temporal 

pattern was seen in the latter, whereas apparent spring and neap tides were 

discernible for the stone mooring (Figure 3.4C).  

 

  

Figure 3.4. Median values of tilt (a), tilt autocorrelation (b) and running 

standard deviation of tilt (c) for the receivers deployed on the stone mooring 

(left) and on the tripod frame (right). 
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The acoustic receivers in the tripod design therefore better maintained a 

vertical position and remained more stable. As both tilt angle and oscillation 

of the receiver would negatively influence a receiver's ability to detect 

transmitted signals (D. Webber, pers. comm.), the acoustic receivers in the 

tripod frame would better capture biologically driven patterns in the presence 

of tagged animals, rather than variation in receiver performance. 

 

Table 3.1. Tilt measurements of each VR2AR receiver deployed at different depths 

around turbines F05 (stone mooring) and B08, B10 and C09 (tripod frame): minimum, 

median and maximum values of tilt and tilt running standard deviation (SD). 

   Tilt (°) Running SD Tilt (°) 

Turbine Receiver Depth (m) Min Median Max Min Median Max 

F05 546622 30.3 0 7 90 0.5 3.6 19.3 

 546891 24.4 0 10 90 1.0 5.5 19.4 

 546892 25.7 0 7 90 0.0 1.0 19.5 

 546893 26.8 0 4 90 0.3 2.2 19.1 

 546894 28.9 0 7 90 0.7 3.3 19.2 

 546895 31.6 0 6 90 0.4 2.5 19.3 

B08 545718 23.3 0 3 5 0.0 0.2 0.7 

 545720 20.8 5 7 11 0.0 0.0 0.9 

 546043 20.7 0 6 8 0.0 0.4 0.9 

 546044 22.3 0 3 6 0.0 0.2 0.8 

 546045 23.8 4 7 9 0.0 0.0 0.8 

 546047 24.0 0 4 5 0.0 0.2 0.5 

B10 546052 27.6 3 5 9 0.0 0.3 0.5 

 546130 25.7 7 9 10 0.0 0.2 0.5 

 546620 24.4 2 3 5 0.0 0.4 0.6 

 546621 25.8 0 3 12 0.0 0.0 0.9 

 546622 27.4 2 4 5 0.0 0.0 0.7 

 546893 28.1 3 5 6 0.0 0.0 0.5 

C09 546891 22.0 2 6 9 0.0 0.0 1.3 

 546895 21.2 2 6 8 0.0 0.0 1.0 

 546897 19.9 2 4 6 0.0 0.3 0.9 

 546898 19.9 3 5 7 0.0 0.2 0.8 

 546899 20.9 0 5 9 0.0 0.4 1.5 

 546900 21.6 2 6 8 0.0 0.0 0.5 
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Design performance: Detection efficiency 

To compare detection efficiency between designs, periods of time when 

nearby fish-borne transmitters were transmitting at an extremely low delay of 

30–60 s were excluded from the data. In the remaining subset, the hourly 

number of fish present around each turbine was maximum 5, which was 

considered low enough not to impact detection probability. Mean hourly 

detection percentages decreased at greater distance for every turbine, but this 

decline was markedly stronger for the stone set-up than for the tripod (Figure 

3.5A). On average, receivers mounted on a tripod would still register 65% of 

signals transmitted at larger distance, whereas detections by the stone set-up 

were limited to 26%. Hourly median noise values at each turbine allowed to 

visually distinguish spring and neap tides (Figure 3.5B), whereby comparable 

noise peaks seemed to reduce the detections more drastically for the stone 

mooring than for the tripod, especially at greater distance. 

Detection probability was then compared between designs at various 

distances and noise levels in a generalized linear model with the Bernoulli 

distribution (Zuur et al. 2009). Tilt was not considered in the model, as the 

effect would be strongly dependent on, yet not distinguishable from, the effect 

of the deployment set-up. Detection probability was estimated as a three-way 

interaction between deployment set-up, distance and noise. The tripod coped 

significantly better with distance and ambient noise than the stone mooring 

(Figure 3.6). The detection range of the receivers in the tripod frame was only 

severely reduced at extremely high noise. The stability of the frame therefore 

produced a better and more consistent receiver performance. 
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Figure 3.5. Mean hourly detection percentage of built-in transmitter signals at each turbine (a), averaged (mean) over receivers placed 

next to each other (120–180 m), diagonal of each other (250–270 m) and opposite to each other (290–310 m). Median hourly noise 

measurements by the built-in sensor of the receivers, averaged (median) over each turbine (b).  
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Figure 3.6. Predicted detection probability of the logistic regression model. 

CONCLUSIONS 

The tripod frame facilitates the gathering of tracking data in challenging 

environments. In this study we demonstrated that the design of the tripod 

allows for efficient deployment and recovery of acoustic receivers. The rigid 

design of the frame resulted in stability of the receiver, providing more 

continuity in data quality and detection range than a commonly used cabled 

design. The majority of deployment set-ups in scientific publications however, 

consisted of anchored buoy lines, implying considerable variation in detection 

probability. Apart from retroactively accounting for this performance 

variability (Payne et al. 2010, Brownscombe et al. 2020), the application of the 

frame could help avoid drawing erroneous conclusions on movement patterns 

based on (rhythmic) changes in detection probability. The acoustic release 

system and principle of the tripod frame can serve other instruments as well, 

alongside the acoustic receiver. Since the described field trial, the frame has 

been modulated to hold a C-POD (Chelonia Ltd.), a SoundTrap hydrophone 

(Ocean Instruments NZ) and an acoustic Doppler current profiler (ADCP;  

Teledyne Marine). It has also been used in the framework of the autonomous 

reef monitoring structures (ARMS) program. Such a multidisciplinary scientific 

equipment entity can be deployed as an ambulatory mooring, answering a 

diverse range of integrated research questions. The continuous development 

and modification of operable field systems such as the tripod are vital to 



68 

 

provide the high quality observation data necessary for the understanding and 

conservation of aquatic ecosystems. 
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ABSTRACT 

Background 

In acoustic telemetry studies, detection range is usually evaluated as the 

relationship between the probability of detecting an individual transmission 

and the distance between the transmitter and receiver. When investigating 

animal presence, however, few detections will suffice to establish an animal’s 

presence within a certain time frame. In this study, we assess detection range 

and its impacting factors with a novel approach aimed towards studies making 

use of binary presence/absence metrics. The probability of determining 

presence of an acoustic transmitter within a certain time frame is calculated as 

the probability of detecting a set minimum number of transmissions within 

that time frame. We illustrate this method for hourly and daily time bins with 

https://doi.org/10.1186/s40317-022-00290-2
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an extensive empirical dataset of sentinel transmissions and detections in a 

receiver array in a Belgian offshore wind farm.  

Results 

The accuracy and specificity of over 84% for both temporal resolutions showed 

the developed approach performs adequately. Using this approach, we found 

important differences in the predictive performance of distinct hypothetical 

range testing scenarios. Finally, our results demonstrated that the probability 

of determining presence over distance to a receiver did not solely depend on 

environmental and technical conditions, but would also relate to the temporal 

resolution of the analysis, the programmed transmitting interval and the 

movement behaviour of the tagged animal. The probability of determining 

presence differed distinctly from a single transmission’s detectability, with an 

increase of up to 266 m for the estimated distance at 50% detection 

probability (D50). 

Conclusion 

When few detections of multiple transmissions suffice to ascertain presence 

within a time bin, predicted range differs distinctly from the probability of 

detecting a single transmission within that time bin. We recommend the use 

of more rigorous range testing methodologies for acoustic telemetry 

applications where the assessment of detection range is an integral part of the 

study design, the data analysis and the interpretation of results.  

BACKGROUND 

Understanding performance variability of scientific equipment is crucial to 

correctly interpret patterns in its measurements. In acoustic telemetry, this 

entails the assessment of the detectability of animal-borne transmitter signals 

by an acoustic receiver set-up (Kessel et al. 2014). This relationship is subject 

to the transmitter – receiver distance, environmental conditions and technical 

features, in addition to the behaviour of the tagged animal itself. 

Environmental impacts include static features, such as habitat type and bottom 

depth (Selby et al. 2016, Scherrer et al. 2018) , as well as system dynamics that 

vary over time, such as wind, water currents, precipitation, biogenic and 

anthropogenic noise, temperature and stratification (Huveneers et al. 2016, 

Reubens et al. 2019a, Winter et al. 2021b). The detection range can also be 
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dependent on the specifications of the equipment used, including transmitter 

type, transmitting power output and transmitter placement (Kessel et al. 2015, 

Dance et al. 2016, Stott et al. 2021), as well as receiver depth, orientation and 

deployment method (Welsh et al. 2012, Huveneers et al. 2016, Goossens et al. 

2020). Biofouling on the receiver can significantly decrease receiver 

performance over time (Heupel et al. 2008). The tagged animal’s behaviour 

can influence the detectability, e.g. through the occupancy of a specific depth 

or a propensity to hide or burrow (Grothues et al. 2012, Swadling et al. 2020). 

Spatiotemporal variability in detection range is commonly investigated with a 

range test (Kessel et al. 2014, Huveneers et al. 2016, Reubens et al. 2019a), 

where these patterns are evaluated against a relevant subset of factors of 

potential interference to transmissions. 

Whether to optimize the design of a receiver array or to account for variability 

in detection probability during a study, a range test must be tailored to a 

study’s specific application (Heupel et al. 2006, Kessel et al. 2014, Whoriskey 

et al. 2019). Before and/or during a telemetry study, the detection range is 

generally evaluated by means of sentinel transmitters at a known, generally 

fixed, position. Detection range is then typically assessed as the probability of 

detecting a single transmission at the known distance between receiver and 

transmitter. This individual detection probability is estimated either for every 

single transmission (Selby et al. 2016, Cimino et al. 2018, Goossens et al. 2020), 

or as the probability of detecting a single transmission within a period of time 

(e.g. for a daily resolution, this represents the probability of detecting a 

transmission given that day’s conditions) (Huveneers et al. 2016, O’Brien & 

Secor 2021, Winter et al. 2021b). However, many telemetry analyses do not 

build on single detections as a response variable, but rely on a binary 

presence/absence metric within a specified time bin (e.g. residency) (Doyle et 

al. 2017, Ramsden et al. 2017, Novak et al. 2020). For these studies, one 

detection (or at most a few) within a period of time, generally one hour or day, 

will suffice to classify the animal as present in that time bin. The probability of 

determining presence, i.e. detecting at least one or a few transmitted signals 

within a period of time, thus differs distinctly from the probability of detecting 

a single transmission (Melnychuk 2012). 
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For studies investigating presence of a tagged animal within a specified time 

bin, the assessment of range has to take into account the temporal resolution 

of interest. Environmental variables may impact detection range differently on 

distinct temporal scales (Mathies et al. 2014). The effect of tidal currents for 

example, can differ between hourly and daily resolutions. Moreover, the 

probability of determining presence of a tagged animal will increase if multiple 

transmissions can be detected. The number of potentially detectable 

transmissions is related to the chosen time bin and the transmitting interval 

settings, as well as the behaviour of the animal itself. A larger time bin and 

shorter transmitting interval result in a higher number of transmissions that 

can be detected by a receiver and thus in a higher probability that a fish is 

effectively observed as present within the specified time bin. Fish movement 

behaviour will also influence the probability of determining presence. An 

animal passing by a receiver location is expected to spend less time within 

range of a receiver than an animal that resides at that location. Telemetry 

researchers already adapt transmitter settings in line with the expectations of 

residency and movement behaviour to increase the detection probability (e.g. 

a shorter transmitting interval during the expected migration along a receiver 

curtain) (Heupel et al. 2006) or reduce the risk of collisions (Brownscombe et 

al. 2019). However, assumptions on movement behaviour are rarely taken into 

account explicitly in detection range assessments. 

In this study, we propose an approach to assess factors that impact the 

detection range, suitable for studies making use of binary presence/absence 

metrics. Our conceptual approach builds on the detection probability of a 

single transmission within a certain time frame to calculate the probability of 

detecting a given minimum number of transmissions within that time frame. 

The method can be applied to any receiver array equipped with sentinel 

transmitters. When investigating the probability of determining the presence 

of a tagged animal, the number of potentially detectable transmissions is 

estimated as a function of the chosen time bin, the transmitting interval 

settings and the behaviour of the animal itself. By applying the method to an 

extensive data set, the objectives of the current study are to 1) evaluate the 

predictive performance of the new approach, 2) compare different 

hypothetical range testing scenarios using this method and 3) investigate the 
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implications for detection range in study designs with different transmitter 

settings and animal species. 

METHODS 

All analyses were performed in R software (R Core Team 2022). R scripts are 

made available on GitHub  

(https://github.com/JolienGoossens/RangeTestingTime). 

Analytical protocol 

Firstly, data are prepared to model the detection probability of individual 

transmissions π  at a given temporal scale (e.g. hourly or daily). For every 

receiver – sentinel transmitter combination, the number of transmissions and 

detections are calculated for the relevant time bin and fitted in a binomial 

generalized linear model (using a frequentist or Bayesian approach) to predict 

π  in relation to ambient and technical variables. The probability P of discerning 

k or more detections out of n transmissions throughout that time bin is then 

calculated as the cumulative distribution function: 

𝑃 = 𝑃(𝑋 ≥ 𝑘) = 1 − 𝑃(𝑋 ≤ [𝑘 − 1]) = 1 − ∑ (
𝑛
𝑖

) 𝑝𝑖𝑘−1
𝑖=0 (1 − 𝑝)𝑛−𝑖       (Eq. 4.1) 

with p representing the individual detection probability, obtained as the 

predicted π from the logistic model. In equation 4.1, X denotes the number of 

detections and n the number of transmissions within the considered time 

frame. The detection threshold k is the minimum number of detections (X) for 

a transmitter to be ascertained as present. Therefore, P amounts to the 

probability of detecting a transmitter at least k times out of the n transmitted 

signals within a period of time, given the probability π of detecting a single 

transmission under the prevailing circumstances within that time frame (Fig. 

4.1).  

https://github.com/JolienGoossens/RangeTestingTime
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Figure 4.1. Graphical illustration of the relationship between the individual and cumulative detection probability as calculated with 

equation 4.1. P represents the probability of observing a minimum of 1, 2 or 3 detections (k) out of 5 (grey) or 60 (beige) transmissions 

(n) as calculated with the probability π of detecting an individual transmission (upper) and for π0 with zero threshold of 0.05 (lower). 
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Zero threshold 

To address the risk of overestimating P, we propose to set a zero threshold for 

the modelled probability π . The ‘zero-corrected’ individual probability π0 is 

defined as 0 below a set threshold value for π  and rescaled to values between 

0 and 1 for the remaining range of the predicted π . Even an extremely low 

individual probability π  can generate a high cumulative probability P if n is 

high (Fig. 4.1). The zero threshold deals with the concern of cumulating low 

predicted probabilities. A logistic model can never render a predicted 

probability of zero, as the logarithm of zero is not defined. The predicted 

probability π  is also associated with uncertainty, which will propagate with the 

summing and multiplication operations in equation 4.1 (Ku 1966). Setting the 

zero threshold should be a study-specific consideration, where one evaluates 

the confidence in the logistic model on the one hand and weights the risk of 

overestimating versus underestimating π  on the other. 

Defining n 

In equation 4.1, n represents the number of transmissions that can be detected 

by a receiver. For a fixed sentinel transmitter, n is defined as the number of 

executed transmissions within the considered time bin. For a non-stationary 

animal-borne transmitter, however, n needs to reflect the number of 

transmissions broadcasted while the tagged animal is within a certain range 

around a receiver. Therefore, the value of n will depend on the programmed 

transmitting interval and the time bin, in addition to the movement behaviour 

of the tagged animal. Here, we calculate the integer n as  

𝑛 = ⌊
𝑡𝑚𝑖𝑛

𝑇̅
⌋         (Eq. 4.2) 

where 𝑇 is the mean transmitting interval and tmin is the minimum time an 

animal is hypothesized to spend within range of the receiver. When defining 

tmin, we make assumptions based on the expected movement behaviour (e.g. 

speed or residency) of the species of interest. For example, high residency or 

low activity would result in a higher estimate for tmin than for migrating 

behaviour. The less is known about a study species and/or area, the more 

conservatively low tmin should be set. 
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Empirical data set 

Between 13 May and 12 October 2020, an array of 27 VR2AR receivers 

(InnovaSea Systems Inc., USA) was set up in the Belwind offshore wind farm in 

the Belgian part of the North Sea. Receivers were deployed with tripod 

moorings (Goossens et al. 2020), with distance between receivers ranging from 

125 to 1628 m (Fig. 4.2). The array design was purposed to investigate 

presence and fine-scale movement patterns of plaice (Pleuronectes platessa), 

Atlantic cod (Gadus morhua) and European seabass (Dicentrarchus labrax) in 

the framework of ongoing studies, for which the VR2AR receivers’ built-in 

transmitters (mean transmitting interval of 10 minutes) served as 

synchronisation tags for a fine-scale positioning application. Transmitting 

power output was set as high (154 dB) for the entire study period for all built-

in transmitters, except for three (Fig. 4.2) that were programmed as low (142 

dB) before 16 June 2020 in the interest of assessing the effect of power output 

on detection range. Detections on the dates of receiver installation, receiver 

recovery and power setting changes were excluded from the analysis, making 

for a total of 150 days of detection data.  

Ambient and technical conditions taken into account consisted of wind and 

current speed and azimuth, noise, receiver tilt angle, temperature and days 

since deployment (Table 4.1). Wind measurements were obtained from 

‘Meetnet Vlaamse Banken’ from station Westhinder (51.38°N, 2.44°E). 

Modelled current data originated from a forecast model (Legrand & Baetens 

2021). From the hourly wind and current velocities, daily median current and 

direction were calculated using trigonometry principles. For both wind and 

current, the azimuth was calculated as the angle between the transmitter – 

receiver bearing and the direction. Noise (mV), tilt angle (°) and temperature 

(°C) were drawn from the VR2AR built-in sensors. The hourly measurements 

were linearly interpolated to the stroke of every hour, from which daily 

medians were calculated. Before inclusion in the model, all continuous 

variables were standardized. 
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Figure 4.2. Map (A) with the location of the study area (B) in the Belwind offshore wind 

farm with locations of VR2AR receivers. The built-in transmitters were either set to 

transmit at high power output for the entire study period (purple) or at low power 

output before 16 June 2020 and high power output afterwards (blue). Hypothetical 

range testing scenarios included either all receivers and built-in transmitters or those 

within a North-South or East-West axis (pink dotted lines).  

Table 4.1. Overview of ambient and technical conditions during the study (14 May – 

11 October 2020). 

Variable Range Median Method 

Distance (m) 125 - 1628 743  
Transmitting power 

output 

142 dB (Low) /  

154 dB (High)   
Wind speed (m/s) 0.4 - 24.9 7.1 Measured (Westhinder) 

Wind azimuth (°) 0 - 180 90 Measured (Westhinder) 

Current speed (m/s) 0.09 - 0.69 0.36 Modelled 

Current azimuth (°) 0 - 180 90 Modelled 

Temperature (°C) 10.7 - 20.6 17 Measured (VR2AR) 

Tilt (°) 0 - 17  4 Measured (VR2AR) 

Noise (mV) 150 - 917 287 Measured (VR2AR) 

Days since 

deployment 1 - 158   
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Application of the approach 

The described protocol was applied to the empirical data set to assess the 

detection range for determining presence in hourly and daily time bins.  

Logistic model 

We evaluated for every sentinel transmission whether it was detected by the 

receivers in the study set-up. To account for internal clock drift of the acoustic 

receivers, the recorded time of detection had to be within 100 seconds before 

or after the registration of the successful transmission on the built-in 

transmitter’s receiver (D. Webber, pers. comm.), after applying a linear time 

correction on the offloaded receiver data (VUE software, InnovaSea Systems 

Inc., USA). For every transmitter – receiver combination, the hourly and daily 

numbers of transmissions and detections were calculated. Transmitter – 

receiver combinations spaced more than 1,100 m were excluded from the 

analysis. Generalized linear models with a binomial distribution were applied 

to predict πhour and πday. Response variables were the hourly and daily number 

of transmissions successfully detected versus those undetected. The inclusion 

of different explanatory variables was evaluated for 1) relevance by data 

exploration (Zuur et al. 2010), 2) statistical significance by backwards model 

selection using the Akaike Information Criterion (AIC) and Likelihood Ratio 

Test (LRT) (Zuur et al. 2009), and 3) practical significance on the basis of effect 

size (Ellis & Steyn 2003, Sullivan & Feinn 2012), whereby factors were excluded 

from the model if the effect estimate was below |0.2|. 

Cumulative detection probability 

Cumulative detection probabilities Phour and Pday were then calculated (Eq. 4.1) 

and validated for the entire study period. The detection threshold k was set at 

2, as applied by many studies (Doyle et al. 2017, Ramsden et al. 2017, Novak 

et al. 2020). The number of tries n was set as the registered number of sentinel 

transmissions within the hour or day. Individual detection probabilities πhour 

and πday were obtained using the logistic model formulae. Phour and Pday were 

then calculated with individual detection probabilities π0
hour and π0

day at a zero 

threshold of 0.05. If P ≥ 0.5, sentinel transmitters were classified as present 

versus not present for P < 0.5 (Peng et al. 2002). These binary predictions were 

compared with the determined presence throughout every day and hour (0/1, 

with 1 meaning at least 2 (k) transmissions were detected). To assess the 



79 

 

predictive performance, a confusion matrix was inspected from which the 

performance metrics sensitivity, specificity and accuracy were calculated, in 

addition to the computation of area under the curve (AUC) (Hanley & McNeil 

1982). High values for accuracy and AUC suggested a good overall 

performance, whereas sensitivity and specificity depicted the model’s ability 

to correctly predict positive and negative values, respectively. For range 

testing, we favoured high scores for specificity over sensitivity, as a high 

number of false positives would indicate an overestimation of range.  

Scenarios for detection range assessment 

Using our empirical data set, we evaluated different scenarios for detection 

range assessment with a cross-validation approach. Therefore, we split the full 

data set of sentinel transmissions and detections into different training and 

test subsets (Table 4.2), as if we were assessing detection range (training set) 

for an actual telemetry study (test set). For each of the test subsets, we 

considered 16 June 2020 as the start of the hypothesized study. Training sets 

either contained ‘range test’ data from before this date, ‘reference tag’ data 

from during this study, or both. ‘Range test’ training data considered the data 

of 8, 16, 24 or 32 days before the start of the hypothetical study. Spatially, 

these training sets consisted either of all 27 receiver – sentinel transmitter 

combinations, a North-South axis (8 receivers) or East-West axis (9 receivers), 

approximately parallel and perpendicular to the dominant current direction, 

respectively (Fig. 4.2). The ‘reference tag’ training data on the other hand 

consisted of detections on all 27 receivers of 1, 2 or 3 sentinel transmitters 

during the hypothesized study. When the model was trained on both ‘range 

test’ and ‘reference tag’ data, training data consisted of 32 days of all 27 

receiver- transmitter combinations before the start date, in addition to the 

detections of 1, 2 or 3 sentinel transmitters during the study. Test data subsets 

consisted of detection data from after the start of the study (118 days), 

excluding transmitter detections included in the training subset, if any. The 

cross-validation was performed for both hourly and daily probabilities.  

For the cross-validation, logistic models were trained on each of the specified 

training sets. The included variables were drawn from the model selection 

based on the full hourly and daily data sets. As sentinel transmitters were all 

set to transmit at high power output after 16 June 2020, power output was not 
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included in the logistic models for the ‘reference tag’ training data. Using the 

logistic model formulae from the training model, πhour and πday were predicted 

for the test data. Cumulative probabilities Phour and Pday were calculated with 

equation 4.1, with k set as 2 and n as the number of registered sentinel 

transmissions in each specific hour or day. Transmitters were thus predicted 

as detected in that hour or day if P ≥ 0.5 and as not detected (0) if P < 0.5. The 

predictive capacity of these models was assessed by calculating root mean 

square error (RMSE) of the true detection percentage and the predicted π and 

by calculating specificity, AUC and the Brier skill score (BSS) for the binary 

predictions based on the cumulative probability P (Table 4.2). For the 

calculation of BSS, the Brier score of the full model was used as the reference 

value Brier score (Brier 1950).  

Assessing range for different study species 

Detection range in our study area was estimated in the context of ongoing 

telemetry studies investigating hourly or daily presence of different species. 

The expected minimum time tmin was hypothesized to be 15 minutes per hour 

and 30 per day for very mobile species (e.g. European seabass), 30 and 60 

minutes for less active species (e.g. Atlantic cod) and 1 and 3 hours for species 

that would mostly stay put (e.g. plaice). Using these tmin estimates in equation 

4.2, n was calculated for the different species at mean transmitting intervals 𝑇 

of 90, 180 and 360 seconds. Phour and Pday were calculated (Eq. 4.1) for distances 

from 100 to 1100 meters with k = 2 and the predicted π0
 hour and π0

day at 

median hourly and daily conditions, respectively. The distance at which 

detection probability was predicted to be 50% (= D50) was calculated using 

one-dimensional root-finding. 
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Table 4.2. Overview of training and test data subsets to test different range assessment scenarios, with the number of days, built -in 

transmitters (T) and receivers (R) included in the subsets. 

 

 Training set Test set  

 Before study  

32 days 

During study 

118 days 

During study 

118 days 

# Models 

(per time bin) 

Range test 

 

 

 

8 / 16 / 24 / 32 days  

27 T – 27 R 

9 T – 9 R (East-West) 

8 T – 8 R (North-South) 

 

 

27 T – 27 R 

27 T – 27 R 

27 T – 27 R 

 

4 

4 

4 

Reference tag 

 

 

 1 T – 27 R 

2 T – 27 R 

3 T – 27 R 

26 T – 27 R 

25 T – 27 R 

24 T – 27 R 

27 

351 

2925 

Range test + 

reference tag 

 

 

32 days  

27 T – 27 R 

27 T – 27 R 

27 T – 27 R 

 

1 T – 27 R 

2 T – 27 R 

3 T – 27 R 

 

26 T – 27 R 

25 T – 27 R 

24 T – 27 R 

 

27 

351 

2925 



82 

 

RESULTS 

Logistic model 

After variable selection, the final logistic regression models for both hourly 

and daily response variables included the explanatory variables distance, 

noise, power output, the interactions of distance – noise and distance – power 

output (Table 4.3). Visual inspection of the relationship with distance lead us 

to include distance transformed to the second power (Rönkkö et al. 2021), 

which contributed to an improved model fit. In summary, high levels of 

ambient noise and low transmitting output power significantly reduced the 

probability of a transmission being detected, whereby these negative effects 

were exacerbated at greater distance (Fig. 4.3). At shorter distance (< 300 m) 

of a receiver, the detection probability of a low power output transmitter 

exceeded that of one with high power output, which was likely due to close 

proximity detection interference (Scherrer et al. 2018, Klinard et al. 2019). 

Details of the model selection were fully described in Supplementary material. 

Cumulative detection probability 

Performance metrics were compared for calculations of Phour and Pday (k = 2, 

n: median 143 per day, 6 per hour) using π  and π0 (Table 4.4). While the 

predictive performance differed only slightly for Phour, it markedly improved 

with the zero threshold for Pday. Aside from a higher overall performance 

(accuracy and AUC), specificity increased by 30.3% for the daily model (2.2% 

for the hourly model). Whereas Phour was overestimated at short distance (< 

600 m), the accuracy of the daily predictions was more consistent over 

distance (Fig. 4.3). 

Scenarios for detection range assessment 

The performance of distinct scenarios for the assessment of detection range 

varied considerably (Fig. 4.4). When models were trained exclusively with 

‘range test’ data before the hypothesized start of the study, the performance 

of the scenarios using the full receiver set-up and the East-West axis were 

comparable. Training sets with receivers located parallel to the dominant 

current direction along the North-South axis, resulted in a lower performance 

(higher RMSE and lower specificity and AUC). The variation in performance 

between different study durations was considered to be minor for the ‘range 
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testing’ set-ups. For the ‘reference tag’ training data, the logistic models were 

trained on the detections of 1, 2 or 3 sentinel transmitters during the study 

period. The overall median performance persisted or improved (i.e. lower 

RMSE, higher specificity, AUC and BSS) as more sentinel transmitters were 

included. Still, variation was very large, indicating the representativeness of the 

‘reference tag’ training set varied strongly with the sentinel transmitter 

locations. Finally, including both ‘range test’ and ‘reference tag’ data yielded 

much more consistency in the performance metrics. Yet, specificity for 

‘reference tag’ training sets excluding the ‘range test’ data was often higher 

than for those where it was included, therefore seemingly resulting in 

improved predictions. 

 

Table 4.3. Summary of the GLM with binomial distribution for individual detection 

probability πhour (top) and πday (bottom). Hourly noise measurements were linearly 

interpolated to the stroke of every hour (left), from which daily medians were calculated 

(right). 

 

  

Coefficients Estimate Std. Error p-value 

Intercept -2.299 0.0018 <0.001 

Distance -3.425 0.0037 <0.001 

Distance2 -0.963 0.0025 <0.001 

Noise -1.056 0.0021 <0.001 

Power (Low) -3.203 0.0197 <0.001 

Distance:Noise -0.448 0.0020 <0.001 

Distance:Power (Low) -2.732 0.0184 <0.001 

Coefficients Estimate Std. Error p-value 

Intercept -2.320 0.0018 <0.001 

Distance -3.327 0.0037 <0.001 

Distance2 -0.866 0.0025 <0.001 

Noise (median) -1.012 0.0020 <0.001 

Power (Low) -3.187 0.0198 <0.001 

Distance:Noise (median) -0.388 0.0019 <0.001 

Distance:Power (Low) -2.561 0.0185 <0.001 
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Table 4.4. Performance metrics for binary predictions calculated with and without zero thresholds for Phour and Pday.  

Individual detection probability Sensitivity Specificity Accuracy AUC 

πhour 84.9 83.6 84.1 84.3 

π0
hour 81.9 85.8 84.4 83.8 

πday 96.3 56.2 82.0 76.3 

π0
day 86.5 86.5 86.5 86.5 

 

Figure 4.3. Estimated probabilities of detection over distance for high (purple) and low (blue) transmitting power output at an hourly 

(upper) and daily (lower) resolution. Left: Range and median (line) logistic model predictions. Middle and right: Bar plots of observed (left 

bar, darker colouration) and predicted (right bar, lighter colouration) binary detection metric (at least k = 2 detections out of n 

transmissions) per distance bin of 100 m.  
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Figure 4.4. Performance metrics root mean square error (RMSE), specificity, area under the curve (AUC) and Brier skill score (BSS) for 

hourly (left) and daily (right) models trained on range test data (red), reference tag data (light blue) or both (dark blue).   
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To understand the variation in the performance metrics, AUC and BSS were 

plotted against specificity and RMSE (Fig. 4.5). AUC and BSS displayed a 

parabolic relationship with specificity, meaning higher specificity came at the 

cost of lower overall prediction performance. An optimal approach for range 

assessment should be found at the trade-off between specificity and general 

performance, i.e. at the top of the parabola. Importantly, the training models 

combining ‘range test’ and ‘reference tag’ data were all found to be 

comparable in this relationship. Finally, low RMSE values for individual 

detection probability π  produced more accurate cumulative probability 

predictions, as could be expected. 

Assessing range for different study species 

Using hypothesized tmin values for species with distinct movement patterns, 

we calculated n at different mean transmitting intervals (Table 4.5). For a fast 

moving species, thought to spend at least 30 minutes throughout a day 

around a receiver if present that day, and equipped with a tag transmitting on 

average once every 180 seconds, n would result in minimum 10 transmissions 

that could be detected by that receiver throughout the day. Notice that 

different values for tmin can result in a similar n, depending on the transmitting 

interval.  

 

Table 4.5. Calculation of detectable transmissions n for different values of the expected 

minimum time tmin and mean transmitting interval 𝑇.  

 

  

tmin =  

15 min 

tmin =  

30 min 

tmin =  

60 min 

tmin =  

180 min 

𝑻̅ = 90 s 10 20 40 120 

𝑻̅ = 180 s 5 10 20 60 

𝑻̅ = 360 s 2 5 10 30 
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Figure 4.5. Relationship between performance metrics root mean square error (RMSE), specificity, area under the curve (AUC) and Brier 

skill score (BSS) for hourly and daily models trained on range test data (red), reference tag data (light blue) or both (dark blue).  
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Using these values for n, detection probabilities Phour and Pday were calculated 

(Eq. 4.1; k = 2) using the logistic model predictions of π  over distance for 

median noise conditions and high transmitting power output. The 

visualizations in figures 4.6 and 4.7 illustrate the impact of temporal resolution, 

transmitter interval settings and (expected) movement behaviour on detection 

range. Detection range as predicted by Phour and Pday markedly exceeded πhour 

and πday. The estimated D50 increased by 84 to 266 m, depending on n. These 

results illustrate the distinction between the probability π  of detecting an 

individual transmission in a given time frame versus the probability P of 

determining presence during that time frame. 

DISCUSSION AND CONCLUSION 

Importance of considering time 

Our results stress the importance of explicitly accounting for time when 

assessing detection range. When few detections of multiple transmissions 

suffice to ascertain presence within a time bin, predicted range differs 

distinctly from the probability of detecting a single transmission within that 

time bin. Our results showed that detection range might be severely 

underestimated when applying the individual detection probability for studies 

making use of binary presence/absence metrics. Moreover, a single receiver 

station can result in different detection ranges for animals occupying the space 

at that location differently. High values of tmin, e.g. for animals known to move 

slowly and/or to exhibit high residency (or for transmitters set at short 

transmitting intervals), were demonstrated to result in a higher estimated 

range. 
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Figure 4.6. Predicted detection probabilities over distance for high transmitting power at median noise conditions for an hourly (upper) 

and daily (lower) resolution, as calculated with different numbers of detectable transmissions n (Table 4.5). The intersection of the curves 

with a probability of 0.5 (white line) indicates the D50. The intersection of the curves of π and P was a result of setting the detection 

threshold k at 2, whereas π and P at k = 1 would never intersect (Fig. 4.1). 
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Figure 4.7. Predicted detection probabilities over distance around a receiver for high transmitting power at median noise conditions for 

an hourly (upper) and daily (lower) resolution, as calculated with different numbers of detectable transmissions n (Table 4.5). The D50 

distance is marked for each probability (white line and text) with probabilities over and under 0.5 coloured in red and blue, respectively. 
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Evaluation of the proposed method 

To our knowledge, this study offers the first framework to quantify the 

detection range for presence/absence metrics within a given time frame. The 

proposed formula (Eq. 4.1) provides a mathematically straightforward tool that 

builds on the commonly estimated probability of detecting a single 

transmission π . The accuracy and specificity of over 84% shows the developed 

approach performs adequately. However, the performance of the hourly 

model varied with distance, whereas the accuracy of the daily predictions were 

more consistent. The formula’s parameters zero threshold, detection threshold 

k and number of tries n should therefore be set and evaluated according to 

the specific needs of a study.  

The zero threshold can explicitly deal with the risk of cumulating low logistic 

probabilities. The selected value for this threshold depends on the confidence 

in the binomial model predictions and the trade-off of the risks of over- and 

underestimating detection range. We believe that the relatively simple 

concept of a zero threshold – “below what threshold value do I not trust my 

logistic model outcome to exceed zero” – is to be preferred over a more 

sophisticated, yet mathematically exceedingly complex alternative of 

calculating the logistic error propagation (Ku 1966). For the purpose of 

understanding hourly and daily presence within the study area, we explicitly 

wanted to limit the amount of false positives as to not overestimate detection 

range. In contrast, telemetry studies that build on a smaller detection range 

(Mourier et al. 2017) need to favour higher sensitivity. Applying the zero 

threshold in our study improved the daily predictions more dramatically than 

it did for the hourly model. This was in part attributed to a larger n, which 

made for a steeper curve than Phour (Fig. 4.1). When setting a zero threshold 

therefore, the number of transmissions n, as well as the detection threshold k, 

should always be taken into consideration. 

In addition to the estimated π0, the proposed approach requires values for n 

and k that are tailored to the telemetry study. Firstly, although a minimum of 

(generally 2) detections is often applied to qualify a time bin with fish presence 

(Doyle et al. 2017, Ramsden et al. 2017, Novak et al. 2020), this detection 

threshold k has never been considered in range assessments. Secondly, the 

formula obliges a researcher to contemplate on the presumed number of 
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detectable transmissions n in an animal study. Reflecting the hypothesized 

minimum time an animal would be in range of a receiver, tmin depends on the 

animal’s behaviour in a certain habitat (e.g. proneness to residency or a 

tendency to burrowing) and the considered time bin. Depending on the 

species, tmin may even be assumed to vary over time, for example if an animal 

is only seasonally resident (Doyle et al. 2017) or exhibits diel variation in 

movement behaviour (Reubens et al. 2014). If little is known about the animals, 

researchers can opt to set precautionary low values for tmin and therefore n. 

Likewise, if a study requires to pick up nearly every transmission of a tagged 

animal in a certain area (e.g. during migration), researchers have to program 

the transmitting interval settings and/or space between receivers in the array 

accordingly (Heupel et al. 2006). The predicted cumulative probability P would 

then reach values similar to or even lower than the individual detection 

probability π  (Fig. 4.1). In many cases, however, information is available on the 

expected movement behaviour (e.g. if the species was tagged before), which 

can be used for a more adequate assessment of range. Intuitively, one may 

resist the idea of seemingly imposing a bias on the analysis. In practice, 

however, the formula for calculating n (Eq. 4.2) builds on parameters that are 

otherwise presumed implicit when designing a telemetry study (e.g. for the 

choice of transmitting interval settings) (Heupel et al. 2006, How & de Lestang 

2012, Ellis et al. 2019). By specifying how these parameters relate (Eq. 4.1 & 

4.2), they can explicitly be taken into account in the assessment of detection 

range and in the design of a telemetry study. 

Accounting for range 

Despite an increasing recognition in the telemetry community for the need of 

range testing, only few range test studies (Baktoft et al. 2015, Mourier et al. 

2017) evaluate their own design or the applicability to the telemetry study and 

analytical application. As a standard practice, receivers and sentinel 

transmitters are placed on a line to investigate range (Huveneers et al. 2016, 

Loher et al. 2017, Reubens et al. 2019a). In this study, we show that the 

orientation of that line can influence the estimation of detection range, likely 

in relation to the direction of the dominant currents (Mathies et al. 2014). 

Likewise, detections of sentinel transmitters used during this study weren’t 

necessarily representative of the performance of the entire array. In our case, 

the optimal strategy to obtain reliable detection errors was to assess range 
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before the study using the entire receiver array, in addition to sentinel 

transmitter data during the study. 

Aside from the range test itself, the method to account for detection error 

must be tailored to the analytical application and its temporal resolution. From 

the method elaborated in this study, the cumulative probability P enables the 

calculation of detection error at the same temporal resolution of the presence 

metric of interest. When analysing patterns in presence, this measurement 

error can be directly included either as a Bayesian error structure in a 

generalized model (Zuur et al. 2017) or in a state-space modelling framework 

(Pedersen & Weng 2013, Alós et al. 2016, Auger-Méthé et al. 2021). For 

telemetry analyses that do not build on presence/absence as a response 

variable, different methods have been developed to account for range or 

detection efficiency (Whoriskey et al. 2019) . Detection counts for example can 

be directly recalibrated using a correction factor (Brownscombe et al. 2020), 

whereas error can also be included in the calculation of centres of activity 

based on detection counts (Simpfendorfer et al. 2008, Winton et al. 2018). 

When investigating the sequence of detections in space, range can be 

assessed specifically for migratory routes (Melnychuk & Walters 2010) or 

network analysis (Mourier et al. 2017). For fine-scale positioning, horizontal 

position errors would be quantified within an entire receiver array (Stott et al. 

2021), potentially accounting for individual receiver’s contributions (van der 

Knaap et al. 2021) and system settings (Vergeynst et al. 2020a). 

Implications for study design 

We strongly argue to consider the assessment of range as a fundamental 

aspect of the study design, the data analysis and the interpretation of results. 

Aside from factors beyond a researcher’s control, such as environmental 

conditions and movement behaviour (Heupel et al. 2006), range is an interplay 

of distance to a receiver (Kessel et al. 2014), the deployment set-up (Goossens 

et al. 2020) and receiver type (Mourier et al. 2017), tag attachment (Dance et 

al. 2016), transmitting power output (Kessel et al. 2015, Scherrer et al. 2018) 

and depending on the application: transmitting interval and temporal 

resolution of the analysis. Therefore, researchers can fine-tune more aspects 

in the design of a telemetry study than simply the lay-out of a receiver array. 

Understanding the effect of these factors on detection range, is also 
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advantageous for budget management of expensive telemetry equipment. 

Adequate range assessments may optimize transmitter battery life times, e.g. 

by carefully deciding on transmitting interval and power output (Scherrer et 

al. 2018), or reduce the number of receivers required in an array (Pedersen et 

al. 2014, Kraus et al. 2018, Kendall et al. 2021). Building on the multitude of 

detection range studies, this study can serve as a plea to rethink detection 

range as a spatiotemporal interplay of many factors. 
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ABSTRACT 

Multi-sensor observations, integrated across time and space, may bridge 

knowledge gaps in ecosystem dynamics, one aspect of which is species co-

occurrence. In the present work, we combined data streams from two acoustic 

technologies—passive acoustic monitoring (PAM) and acoustic telemetry (AT) 

jointly installed under the LifeWatch project. We made use of existing long-

term data series from studies on single-species dynamics, to investigate the 

co-occurrence of marine predators: European seabass and Atlantic cod, and 

cetaceans, harbour porpoise and dolphins, in the Belgian part of the North Sea 

(BPNS). Common co-occurrence analyses were applied to a combined PAM 

and AT hourly presence-absence matrix at different spatial and temporal 

resolutions. The fish species were in the presence of porpoise at least one third 

(seabass) to nearly half (cod) of the time they were detected. At a seasonal 

resolution, we did not observe probabilities of occupancy to be higher or lower 

than what is expected by chance, while we could discern patterns of co-
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occurrence when using an hourly resolution. Analyses done at an hourly 

resolution showed that porpoises have a significantly higher probability of co-

occurring with the cod or seabass during autumn and winter nights. 

Developing these large-scale networks of integrated acoustic instruments 

while considering species co-occurrences would further expand the data 

potential. Considering co-occurrence in ecological research is a step towards 

an ecosystem-based management of our oceans. 

INTRODUCTION 

Ecological research has flourished from investigating single-species 

distributions to the interactions of various species across space and time in 

community and ecosystem research (Carmel et al. 2013). Different species 

having similar habitat requirements, are drawn to the same environments. 

Over time, they may avoid or actively seek each other’s presence for 

interactions such as competition, predation or collaboration (Blanchet et al. 

2020). Anthropogenic impacts ranging from global climate change to local 

habitat loss, affect species differently, making the disturbance of species’ 

interactions part of the poorly understood cumulative effects (Tulloch et al. 

2018, Hodgson & Halpern 2019). Understanding how species co-occur within 

communities is therefore a vital step towards an ecosystem-based 

management (EBM) (Howell et al. 2021), wherein cumulative impacts are 

considered, and management is geared towards protecting the ecosystem as 

a whole (Rosenberg 2005). 

A key aspect of well-functioning marine ecosystems are the relationships and 

interactions of higher trophic levels (Hazen et al. 2019), including various 

species of cetaceans and fish. Consuming significant amounts of prey biomass, 

marine predators can impact food webs through top-down forcing (Ballance 

2018). In addition, as migratory species make their way from one habitat to 

another, they are key transportation elements on nutrient cycles (McInturf et 

al. 2019). Marine predators face a range of anthropogenic stressors, including 

fisheries, shipping, chemical, noise and waste pollution (Maxwell et al. 2013). 

As a result of interactions between marine predator species (competition, 

predation, collaboration), a threat to one species can impact co-occurring 

species. Fisheries bycatch in particular is one of the primary causes of the 

decline of marine megafauna (Lewison et al. 2004). For example, bycatch of 
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common dolphins (Delphinus delphis) in the pelagic trawl fishery in the Bay of 

Biscay has been attributed to the dietary overlap with the fisheries’ target on 

European seabass (Dicentrarchus labrax) (Spitz et al. 2013). Understanding 

patterns of co-occurrence of marine predators is therefore key to establish 

better conservation and management plans that consider species ecology.  

Some acoustic technologies allow to gather long-term data series on the 

presence and behaviour of aquatic animals. Passive acoustic monitoring (PAM) 

can be used to detect sounds produced by aquatic animals, such as whistles 

and echolocation clicks of cetaceans (Schaffeld et al. 2016, Nuuttila et al. 2017, 

Williamson et al. 2022). In acoustic telemetry (from here on referred to as AT), 

an animal is fitted (externally or internally) with an electronic tag that transmits 

an acoustic signal which can be detected by an acoustic receiver (Hussey et al. 

2015). Each of the technologies has some (dis)advantages in observing these 

animals in the wild: in PAM, detecting the presence of a species relies on the 

animal effectively producing sounds, with its presence remaining undetected 

during silent periods. In contrast, an acoustic receiver can detect a tagged 

animal (when the individual is within its detection range), but it is oblivious to 

untagged animals (Brownscombe et al. 2022). AT provides information on 

individual movement behaviour, whereas PAM does not distinguish 

individuals. Both acoustic technologies have greatly advanced marine 

ecological research. 

In the present work, we combined the technologies of PAM and AT, making 

use of long-term data series from studies on single-species dynamics, to 

investigate co-occurrence of marine predators. We therefore 1) described the 

jointly installed technologies and data management flow, 2) applied different 

analysis methods that are commonly used to investigate species co-

occurrence, to the long-term data series at high temporal resolution from PAM 

and AT, and 3) evaluated how the combined technologies can contribute to 

community and ecosystem ecology research. 
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Figure 5.1. Multi-use platform of the Belgian passive acoustic network (BPAN) 

equipped with a C-POD and receiver. 

MATERIALS AND METHODS 

Study area 

The Belgian passive acoustic network (BPAN) has been providing long-term 

data series on the presence of porpoises and dolphins in the Belgian Part of 

the North Sea (BPNS) since 2016, as part of the LifeWatch observatory 

(https://lifewatch.be/en/cetacean-passive-acoustic-network). Echolocation 

signals of odontocete cetaceans (with the exception of sperm whales) can be 

detected using C-PODs (Chelonia Ltd., UK). A C-POD is a passive acoustic 

monitoring (PAM) logger programmed to autonomously log echolocation 

clicks over long periods of time (up to four months) (Roberts & Read 2015). 

C-PODs listen continuously for high frequency clicks (20 – 160 kHz) and store 

the parameters of these clicks (e.g., frequency, bandwidth, sound pressure 

level, duration), and not the raw recording itself. Each BPAN station is 

https://lifewatch.be/en/cetacean-passive-acoustic-network
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equipped with a multi-use platform moored on the seabed (Fig. 5.1): a tripod 

frame originally designed for acoustic telemetry (AT) studies. The adapted 

frame fits a C-POD in the floatable collar in a fixed vertical position, together 

with VR2AR acoustic receivers from InnovaSea Systems Inc., USA. These 

receivers detect acoustic signals at 69 kHz transmitted by electronic tags 

implanted in/attached to individual organisms. These tags allow to detect the 

presence of the individual when it is within the detection range of the acoustic 

receiver (namely a detection). The receivers are equipped with an acoustic 

release system, enabling the retrieval of all equipment (design and 

deployment protocol were detailed in (Goossens et al. 2020). This multi-use 

platform provides in tandem PAM data to the BPAN, and AT data to the 

permanent Belgian acoustic receiver network (PBARN) (Reubens et al. 2019b), 

both part of the LifeWatch observatory. 

In the BPAN, ten stations were installed across the BPNS, which reaches up to 

83 km out to sea (45 sea miles) from a coast with a length of approximately 

65 km (Fig. 5.2). The BPNS has a mean depth range of 20 m with a maximum 

depth of 45 m, and is characterized by a variety of sandbanks enriching the 

region’s biodiversity (Belgian Federal Public Service Health 2015). 

Anthropogenic activities in the BPNS are ubiquitous, including fishery 

activities, offshore wind energy production and shipping. Eight stations are 

located near shipwrecks and two stations are installed next to biodiversity-

increasing artificial reefs in two offshore wind energy production (Fig. 5.2). Two 

stations (G-88 and Nauticaena) were discontinued over time due to external 

problems. G-88 was only operational for less than a year, from November 2018 

to August 2019. Nauticaena was operational until January 2021. 

Data management and access 

The data management of PAM and AT data was facilitated through the 

European Tracking Network (ETN) database (https://lifewatch.be/etn). The C-

POD data were first processed with the cpod.exe software (Chelonia Ltd., UK) 

with an automatic click train detection classifier, KERNO. The clicks from the 

raw data (.CP1 file) were identified as originating from click trains of harbour 

porpoises (narrowband high frequency clicks) or dolphins with a quality label 

(high, moderate or low). As the KERNO classifier could not make a distinction 

between dolphin species, these are grouped together under the label ‘Other 

https://lifewatch.be/etn
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cetaceans.’ The click train classifications (.CP3 file) were manually validated by 

visual inspection with the cpod.exe software. For this study, we only 

considered click trains with high and moderate quality labels. The data with a 

temporal resolution of one minute were then exported per quality label. For 

every C-POD deployment, the data (TrainDuration.txt and Detenv.txt files) and 

metadata were stored on the underwater acoustics component of the ETN 

database. PAM data can be visualized online and downloaded by registered 

users via the LifeWatch Data Explorer R Shiny app 

(https://lifewatch.be/en/lifewatch-data-explorer). The AT data and metadata 

were archived and accessed as described in detail by Reubens et al. (2019b). 

PAM and AT data from all deployments of all stations were accessed via the 

lwdataexplorer (Hernández et al. 2023), and etn (Desmet et al. 2022) packages, 

respectively. PAM data were downloaded in units of detection positive hours 

(DPH), defined as the observed odontocete presence (at least one 

echolocation click train) within a given hour. The acoustic detection data 

consisted of the times of detection of individual transmitters at each receiver. 

The ETN download of the AT data originated from transmitters of different 

telemetry projects. We contacted the principal investigators of each of these 

projects to get permission to use the data. Our dataset was therefore limited 

to detections that we had permission to use during the period of analysis. 

Detections that were time stamped at dates outside of the receiver and/or tag 

battery lifetimes were considered false detections and were excluded from the 

analyses. 

 

 

https://lifewatch.be/en/lifewatch-data-explorer
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Figure 5.2. The ten stations of the Belgian passive acoustic network (BPAN; left) and each station's data availability based on Passive 

acoustic monitoring (PAM) and Acoustic telemetry (AT) techniques (right). Polygon shaded blue corresponds to the area of the Belgian 

part of the North Sea (BPNS). Nauticaena and G-88 were discontinued in 2019 and 2021 respectively, due to external problems. 
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Data analysis 

All data processing and analyses were performed in R (R Core Team 2022), 

with scripts made available on the GitHub repository 

https://github.com/lifewatch/lifewatch_speciescooccurrence. For each 

species, the data was organized in an hourly presence-absence matrix at every 

station (Table 5.1). For the PAM data, the detection of at least one echolocation 

click train sufficed to regard the species as present within the hour (DPH = 1). 

For the AT data, at least one tagged individual had to have been detected at 

least once to label the species as present within the hour (DPH = 1). Absence 

of a species was defined for both techniques as the lack of detecting the 

species in an hour (DPH = 0). If the C-POD or acoustic receiver were inactive, 

or if there were no animals of that species with active acoustic transmitters 

(i.e., with active batteries) then the value for that hour was regarded as not 

applicable (DPH = NA). The hours of detections, regardless of the exact 

minute, were classified as day or night using the local sunrise and sunset 

timings from the StreamMetabolism package based on the NOAA sunrise and 

sunset calculator.  

Using these hourly presence-absence matrices, we investigated 

spatiotemporal patterns in occupancy and co-occurrence. Presence of 

different species within the same stations, expressed by occupancy, indicated 

similar patterns in habitat use, while animals of different species had to be 

present at the same time (hour) to indicate co-occurrence. We defined co-

occurrence as the detection of two or more species at a station within a given 

hour on the same date. An overlap in occupancy indicated two or more species 

detections at a station in the same season. Five different analyses were 

performed to investigate occupancy and co-occurrence at different temporal 

scales, summarised in Table 5.2.  

  

https://github.com/lifewatch/lifewatch_speciescooccurrence
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Table 5.1. Definition of values of detection positive hour (DPH) in the presence-

absence matrix for species of fish (acoustic telemetry; AT) and odontocete cetaceans 

(passive acoustic monitoring; PAM).  

DPH PAM (C-POD)  AT (VR2AR) 

1 Detection of at least one 

echolocation click train  

 Detection of at least one acoustic 

transmitter 

0 No detection of an 

echolocation click train 

 No detection of an acoustic transmitter 

NA Inactive C-POD   Inactive acoustic receiver or no acoustic 

transmitters with active batteries 

 

Pairwise species monthly occupancy 

A probabilistic pairwise species monthly occupancy analysis was performed 

using the R package co-occur (Griffith et al. 2016). This package computed the 

probability that species A was present at a station, given the presence of 

species B (at least one DPH) for a particular month. A simplified data frame 

was used, solely considering the presence-absence of the species for each 

station monthly. The probability Pj of two species both occurring at j number 

of stations in the same month is:  

𝑃𝑗  =
(

𝑁𝐴
𝑗

) 𝑥(
𝑁−𝑁𝐴
𝑁𝐵−𝑗

)     

(
𝑁

𝑁𝐵
)

     (Eq. 5.1)  

where NA and NB are the number of sites where species A and species B occur 

respectively, and N as the total number of sites of the network. This equation 

results to the proportion of NB sites where species A is occurring, given that 

both species occupy j sites (Griffith et al. 2016).  

If a species pair did not share any site for certain months, this would result to 

low probabilities of occupancy (threshold explained by Veech (2013)). Results 

therefore only showed species pairs whose expected shared occupancy ≥ 1 

site.  
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Table 5.2. Overview of analyses in hourly, monthly or seasonal temporal resolutions, with spatial resolutions of either the BPAN (Belgian 

passive acoustic network) as a whole or per station. Publications listed serve as examples, but this list is not exhaustive. 

Analysis 

Occupancy /  

Co-occurrence 

Temporal 

Resolution 

Spatial 

Resolution Description 

Application in 

other publications 

Pairwise species 

monthly 

occupancy 

Occupancy Monthly  BPAN  Probability of two species both occurring 

in the same month based on the number 

of stations they occupied within that 

month 

Pulver et al. (2016) 

Noor et al. (2017) 

Co-occurrence 

percentage 

Co-occurrence Hourly  Station Percentage of solitary hours (or no other 

species detected) and hours of co-

occurrence with other species 

Bauer et al. (2015) 

 

C-score Co-occurrence Hourly  BPAN (stations 

with at least 10 

DPH of both 

species) 

A measurement of aggregation of two 

species based on the number of stations 

of co-occurrence per hour 

Kamilar and 

Ledogar (2011) 

Ramos et al. (2019) 

Diel overlap  Occupancy Seasonal  BPAN (stations 

with at least 10 

DPH of both 

species) 

Extent of overlap of the species’ seasonal 

diel patterns 

Noor et al. (2017) 

Gracanin and Mikac 

(2022) 

Co-occurrence 

modelling: 

Logistic 

Regression 

Co-occurrence Hourly  Station (with at 

least 10 DPH of 

both species) 

Probability of a species, if present at a 

certain station, co-occurring with another 

species 

MacKenzie et al. 

(2004) 

Sebastián-González 

et al. (2010) 
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Co-occurrence percentage 

For each species, we calculated the co-occurrence percentage as the amount 

of time (number of DPH) one species co-occurred with each of the other 

species out of its total DPH. In the case of detecting only one species for a 

given hour at a particular station, we made the distinction between the cases 

where (1) the detection of another species was not possible because of 

inactivity of the C-POD, receiver or transmitters (DPH = NA), and (2) no other 

species were detected within that station’s detection range (DPH = 0). In the 

latter case, a true absence of other species could not be distinguished from 

the presence of untagged fish of that species. 

C-score 

Using the EcoSimR package (Gotelli et al. 2015), the C-score (Stone & Roberts 

1990) was calculated to quantify the association between species pairs based 

on the number of shared stations. The C-score for species A and B is: 

CAB = (RA−SS) (RB−SS)       (Eq. 5.2) 

where RA and RB are the number of stations where species A and B occur, 

respectively, and SS is the number of stations where the species pair co-occurs. 

The C-score would therefore range from 0 (maximally aggregated) to a 

maximum of RARB (maximally segregated with no shared sites). C-scores were 

calculated for every hour of the dataset, excluding stations where the species 

occurred for less than 10 hours. The non-parametric Kruskal-Wallis test 

(Kruskal & Wallis 1952)was used to test for significant differences in C-scores 

between seasons and between day and night. As a post-hoc test, we 

performed pairwise comparisons using a Wilcoxon rank-sum test (Wilcoxon 

1945).  

Diel overlap pattern 

Similarity between species’ diel occupancy during different seasons was 

estimated with the R package overlap (Meredith & Ridout 2021). For this 

analysis, kernel density functions were fitted to estimate a coefficient (Δ), which 

calculates the overlap in 24-hour diel pattern per season. We used a type 4 

overlap estimator (Δ4), which compares densities at the actual times of 

observation of species, and it is only recommended if both samples are larger 
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than 50 (Meredith & Ridout 2021). Only stations where the species occurred 

for at least 10 hours were included in this analysis.  

Co-occurrence modelling: logistic regression 

Finally, spatiotemporal patterns in co-occurrence of different pairs of species 

were analyzed with generalized linear mixed effects models (GLMM) (Zuur et 

al. 2009), using the lme4 package (Bates et al. 2015). Separate models were 

used to investigate co-occurrence from the point of view of one species: when 

species A is present, what is the probability of it co-occurring with species B? 

The data subset for each model was therefore limited to the hours where 

species A was present (DPH = 1). Hours when the detection of species B was 

technically not possible (i.e., DPH = NA) were removed. Locations where the 

species were detected for less than 10 hours were excluded from the analysis. 

The co-occurrence of species A and B was modelled with a GLMM with a 

Bernoulli distribution, a type of binomial distribution, wherein the value of co-

occurrence is only either 0 or 1 for every DPH. The GLMM estimated the 

probability of co-occurrence as a function of the fixed effects season, day-

night and their interaction, with the interaction of station and season as 

random effect: 

Co-occurrence ~ Diel * Season + (1| Station/Season)   (Eq. 5.3) 

Models were evaluated by backwards model selection, using the Akaike 

Information Criterion (AIC) (Akaike 1974), and Chi-square test. If the GLMM 

model resulted in a singular fit (Barr et al. 2013, Matuschek et al. 2017), the 

random effect was simplified by removing the interaction effect. The random 

effect was then assessed by computing the intra-class correlation coefficient 

(ICC) of its variance (Snijders & Bosker 1999). Low or zero ICC indicated 

independence of groups, implying that the random effects should be dropped 

from the analysis (Solorio-Rivera et al. 2007). In this case, a generalized linear 

model (GLM) with a Bernoulli distribution was used instead. The model’s 

assumptions of the distribution from an exponential family and independence 

of cases were satisfied. 
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RESULTS 

The BPAN recorded the presence of harbour porpoise (Phocoena phocoena L. 

1758), dolphins (Delphinidae Gray 1821), and 11 species of fish carrying 

acoustic transmitters (Fig. 5.3). The detections of acoustic transmitters 

originated from fish tagged in the framework of different projects (Supporting 

information Fig. S5.1, Table S5.1). Considering the limited number of DPH for 

some species, we applied the analyses on harbour porpoise (PAM), dolphins 

(PAM), European seabass (Dicentrarchus labrax L. 1758; AT), and Atlantic cod 

(Gadus morhua L. 1758; AT). Therefore, the dataset was limited to the period 

when data of all four species were available, i.e., from 9 October 2018 to 3 

December 2021.  

Within this study period, harbour porpoises were registered for 84,431 DPH 

(almost half of the time the C-PODs were active). Porpoise click trains were 

observed year-round at all stations. Dolphins only accounted for 160 DPH, 

mainly at the stations Westhinder and Birkenfels. Both species were observed 

slightly more frequently during the night (64.4% of dolphin DPH, 56.7 % of 

porpoise DPH).  

 

  

Figure 5.3. Detections of various species from the Belgian passive acoustic network 

(BPAN). Numbers indicate count of tagged animals detected.  
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Figure 5.4. Detections per station throughout the study period. Seasons are 

distinguished by the colour of the rectangle. 
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The acoustic receivers registered a total of 4,704 DPH (out of 215,374 possible 

detection hours) for seabass and 4,538 DPH (out of 69,607 possible detection 

hours) for cod. The majority of detected cod (13 individuals, 39 – 42.5 cm) was 

caught and tagged near the offshore wind farms, while seabass (47 individuals, 

33 – 66 cm) were tagged along the coast and near shipwrecks (Supporting 

information Fig. S5.1). The majority of DPH for seabass was found at the 

stations Garden City (76%) and Birkenfels (19%), mainly in the period from 

November to January (Fig. 5.4). During spring, seabass was detected at all 

stations, albeit in very low numbers of DPH, whereas seabass detections during 

summer were limited to offshore wind farm stations. Almost all (99.6%) of the 

cod DPH were observed at the station Cpowerreefballs. Here, cod was 

detected in fall, winter and spring, but not in summer. Like the cetaceans, the 

fish were observed more frequently during the night (64.0% of seabass DPH 

and 55.0% for cod DPH).  

These detections, however, do not thoroughly reflect the spatiotemporal 

pattern of habitat use of these fish species, mainly due to the spatial dispersion 

of receivers, and the residency/site fidelity of tagged fish within the vicinities 

of artificial reefs (Reubens et al. 2013a). In contrast to targeted telemetry 

studies where information of undetected fish normally holds value, our study 

only considered available fish detection data, therefore it should not be used 

to interpret the spatiotemporal pattern of habitat use for each fish species.  

Pairwise species monthly occupancy 

Due to very low probabilities of occupancy, not all pairs of species were 

expected to share at least one site (Fig. 5.5). However, where suitable data was 

available, monthly co-occurrence was observed for most of the pairs of 

species. Dolphins and harbour porpoises consistently had the highest 

probability of occupying the same stations (at least three) throughout autumn, 

winter and summer among the three species pairs. Seabass and harbour 

porpoises were predicted to occupy all stations around spring (probability = 

1 in May), while the probability for cod and harbour porpoises to occupy the 

same stations was highest around autumn (probability = 0.45 in September). 

Based on the probabilistic analysis of monthly occupancy of the stations, none 

of the species pairs were significantly associated, neither positively nor 

negatively. 
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Figure 5.5. Pairwise monthly occupancy of all species pairs. Grey zones indicate species pairs which were not expected to share any site 

because not enough data was available for the analysis. 

Table 5.3. Co-occurrence of species as a percentage of each species’ total detection positive hours (DPH). Total DPH is categorized into 

percentages of ‘Alone,’ where DPH of other species was 0, ‘Inactivity’ (of the C-POD, receiver or transmitters), where DPH of other species 

was NA (thus, detecting other animals was not possible) and co-occurring with the other species, where DPH of the other species was 1. 

Species 

Total DPH 

(DPH =1) 

Alone 

(%) 

Inactivity 

(%) 

With cod 

(%) 

With seabass 

(%) 

With harbour 

porpoise (%) 

With dolphins 

(%) 

Atlantic cod 4538 16.7 39.3 - 0.0 44.0 0.0 

European seabass 4704 7.8 59.3 0.0 - 32.9 0.0 

Harbour Porpoise 82431 26.3 69.3 2.4 1.9 - 0.1 

Dolphins  160 18.1 32.5 1.3 0.0 48.1 - 
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Co-occurrence percentage 

Dolphins, European seabass, and Atlantic cod were frequently observed to co-

occur with harbour porpoise (Table 5.3). Out of the total hours these species 

were observed, porpoises were present during 48.1% of the DPH of dolphins, 

44.0% of the DPH of Atlantic cod, and 32.9% of the DPH of European seabass. 

For the highly prevalent harbour porpoise on the other hand, the other species 

were only detected during 4.4% of its DPH. Atlantic cod and harbour porpoise 

were detected at the same station for one hour and were never found to co-

occur with seabass. In the following analyses, we investigated the co-

occurrence of harbour porpoise with each of the other species.  

C-scores 

The European seabass and harbour porpoise were maximally aggregated (C-

score = 0), co-occurring in the greatest number of stations, during winter and 

autumn nights (Wilcoxon rank-sum test, p < 0.01) (Fig. 5.6). Similar 

distributions of C-scores of the seabass and porpoise can be observed during 

these seasons. During the summer, the European seabass and harbour 

porpoise had higher C-scores indicating segregation—species were rarely 

detected in the same stations and thus had lower probabilities of co-

occurrences within BPAN. The dolphins and harbour porpoise were maximally 

aggregated during autumn and winter nights and summer days (Fig. 5.6). 

During spring, for every hour that both a dolphin and a porpoise were 

detected, the two species were maximally aggregated, sharing the same sites. 

However, differences between seasons and diel variation were statistically 

insignificant for this species pair (Kruskal-Wallis test, p > 0.05). The C-scores 

of Atlantic cod and harbour porpoise were not assessed since the DPH of 

Atlantic cod were only at least 10 in one station (Cpowerreefballs).  
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Figure 5.6. Bar plots of C-scores per day and night for each season for the species 

pairs of harbour porpoise with seabass (top) and dolphins (bottom). 

Diel overlap pattern 

Diel patterns of detected presence were analysed for the three pairs of species 

(namely, harbour porpoise with cod, seabass, and dolphins, Table 5.4). Higher 

diel overlap coefficients of cod and seabass with the porpoise during autumn 

(Δ4 = 0.94) and winter (Δ4 = 0.93) show similar diel occupancy during these 

seasons. In these seasons, cod and seabass seemed to be continuously 

detected regardless of the hour of the day, while the presence of porpoises 

dropped during the day (Fig. 5.7). Cod had very few DPH during the summer 

(DPH = 4) and was thus excluded from this analysis. Dolphins and harbour 

porpoises had lower diel overlap coefficients compared to the other two 

species pairs as the diurnal presence of dolphins varied for each season.  The 

dolphins and the harbour porpoise had the highest diel overlap during winter 

(Δ4 = 0.86).  

Since presence/detection densities varied per station, it is expected that these 

diel overlap patterns per species pair were not representative of the diel 

overlap pattern for each station in the BPAN. Large ranges of diel overlap 

coefficients across the BPAN were observed especially for the seabass and 

porpoise.  
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Table 5.4. Diel overlap coefficients of the three species pairs calculated for all stations 

mentioned, and diel overlap coefficients calculated per station indicated as the median 

[range] in the last column. A value of NA indicates insufficient data.  

 

 

Figure 5.7. Diel overlap patterns of two co-occurring species pairs during autumn and 

winter. 

Species Stations Season 

Diel overlap 

coefficient for 

all stations 

mentioned 

Diel overlap 

coefficients 

calculated per 

station 

Atlantic cod & 

Harbour 

Porpoise 

Cpowerreefballs Autumn 0.94 0.94 

Winter 0.93 0.93 

Spring 0.97 0.97 

Summer NA NA 

European 

seabass & 

Harbour 

Porpoise  

Belwindreefballs, 

Birkenfels, 

Faulbaums,  

Garden City, 

Nauticaena 

Autumn 0.94  0.83 [0.64-0.96] 

Winter 0.93  0.92 [0.49-0.92] 

Spring 0.90  0.71 [0.33-0.88] 

Summer 0.71  0.46 [0.24-0.68] 

Dolphins & 

Harbour 

Porpoise 

Birkenfels, 

Buitenratel,  

Garden City, 

Westhinder 

Autumn 0.74  0.5 

Winter 0.86  0.72 [0.69-0.74] 

Spring 0.62  NA 

Summer 0.76  0.51 [0.40-0.62] 
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Model probabilities of co-occurrence 

For the 3 pairs of species selected, a GLMM was fitted (fixed factors season, 

day-night, and their interaction, and random factors station and season 

interaction). AIC model selection resulted in season and diel as significant 

factors for the three pairs of species (Table 5.5, Fig. 5.8, Supporting information 

Tables S5.2-4). When a European seabass was present, it had the highest 

probability of co-occurring with a harbour porpoise during autumn and winter 

nights, and the lowest during summer days. Co-occurrence of the European 

seabass and harbour porpoise during autumn and winter were significantly 

different from spring and summer (p < 0.05), as well as between day and night 

(p < 0.05). Meanwhile, when an Atlantic cod was present, it had a higher 

probability of co-occurring with a harbour porpoise during winter nights and 

least during autumn days (p < 0.01). The probability of co-occurrence of cod 

and porpoise during winter nights was significantly different from both 

autumn and spring days. The dolphins were predicted to have a higher 

probability of co-occurring with a harbour porpoise during spring than during 

winter (p < 0.05). Throughout all four seasons, there is a higher probability of 

dolphins co-occurring with harbour porpoises during the night.  
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Table 5.5. Final model selected for each species pair. Indicated are the stations included in the model with detection positive hours (DPH) 

>= 10 hours. 

Species pair (with 

harbour porpoise) Model selected (AIC) Stations with DPH >= 10 hours AIC 

European seabass Co-occurrence ~ Diel + Season Belwindreefballs, Birkenfels, Faulbaums, Garden City, 

Nauticaena 

3872.5 

Atlantic cod  Co-occurrence ~ Diel * Season Cpowerreefballs 4591.8 

Dolphins Co-occurrence ~ Diel + Season Birkenfels, Buitenratel, Garden City, Westhinder 192.6 

 

Figure 5.8. Generalized linear model (GLM) results of the 3 species pairs. Numbers indicate the number of detection positive hours (DPH) 

taken into account. Points indicate the predicted value of probability while errors bars show the lower and upper confidence interval.  

Significance codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 
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DISCUSSION 

Our study serves as a demonstrator use case of how integrating multi-sensor 

observations can maximize the data potential of long-term data series, which 

can be of use to EBM. One challenging aspect of EBM is the consideration of 

cumulative impacts and the interdependent nature of ecosystems (Rosenberg 

2005, Curtin & Prellezo 2010). Defined as a strategy to address this challenge, 

an integrated approach is central to EBM in achieving conservation and 

sustainability (UN Convention for Biological Diversity 2000). Integration, 

however, is not only profitable in management but also in developing large-

scale observation networks. Previous research that integrated sensors proved 

to increase survey accuracy (Giordano et al. 2016) and allowed for uniform 

data acquisition (El Mahrad et al. 2020), crucial in sustaining data usability for 

various types of studies. Multi-sensor observations integrated across time and 

space may bridge knowledge gaps in ecosystem dynamics, one aspect of 

which is species co-occurrence. In this study, we demonstrated how a new 

layer of knowledge at a broader ecological level can be obtained when 

relevant techniques are combined on one platform.  

To our knowledge, we were the first to report on the combined use of PAM 

and AT, two separate techniques that have provided continuous, long-term 

data series beneficial for ecological studies. The combination of PAM and AT 

was first driven by practical considerations: the tripod proved to be an efficient 

mooring design which can fit both a C-POD and a VR2AR acoustic receiver 

equipped with an acoustic release system (Goossens et al. 2020). Through this 

opportunistic application of the technologies, we gathered a dataset of 3 years 

with a median of 23,898 and 17,868 hours of AT and PAM data respectively at 

10 stations. This type of continuous long-term datasets at such high temporal 

resolution are rare for co-occurrence studies, which require large datasets but 

generally rely on data from sparse/discontinuous sampling periods 

(MacKenzie et al. 2004, Lamothe et al. 2019, Blanchet et al. 2020). In this 

manuscript, we showed how common analyses from co-occurrence studies 

could be applied to integrated PAM and AT data. 

When combining the two data types, it was important to recognize the 

quintessential difference in the information acquired by PAM – observations 

of any vocalizing dolphins and porpoises, and AT – detections of a limited 
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number of tagged individuals. Although we opted to adapt the format of the 

AT (detections of individuals) to PAM data (DPH of species), we still had to 

account for the individual aspect of AT data. Since individual cod and seabass 

were known to exhibit residency and site fidelity (e.g., the stations near their 

release site) (Reubens et al. 2013b, Doyle et al. 2017), we reduced the dataset 

to stations with a minimum set number of detections of species of interest 

(DPH >= 10). In addition, absence information had to be regarded differently: 

PAM would be limited to registering vocalizing cetaceans, but AT was limited 

by the number of tagged fish. This was illustrated by cod co-occurring with 

porpoise for 44.0% out of its total DPH, whereas the porpoise co-occurred 

with cod for only 2.4% of its total DPH. Porpoise observations were 

approximately twenty times larger than fish detections, which had to be 

interpreted from a technical perspective rather than an ecological one. 

Applying different co-occurrence analyses, we obtained different results 

depending on the spatial and temporal resolution of the analysis. At a seasonal 

resolution, we did not observe probabilities of occupancy to be higher or lower 

than what is expected by chance (pairwise species occupancy), while we could 

discern patterns of co-occurrence when using an hourly resolution (C-score 

and GL(M)M). The hourly resolution matrix showed greater variation in co-

occurrence over time, resulting in statistically significant patterns. The 

methods of pairwise species occupancy (Griffith et al. 2016) and C-score 

(Stone & Roberts 1990, Gotelli et al. 2015) were originally designed to 

investigate co-occurrence through a species-by-site matrix and therefore 

lacked the temporal aspect that our hourly presence-absence matrix had. 

However, we adapted the C-score to our hourly presence-absence matrix and 

obtained comparable results to the GLM. For example, both the C-score and 

GLM showed that the seabass and porpoise have a significantly higher 

probability of co-occurrence during autumn and winter nights. This temporal 

aspect was crucial to make the discrepancy between co-occurrence – two 

species occupying the same space at the same time – and similarity in space 

occupancy – two species occupying the same space at any time. The GLM, 

from the perspective of the species with the lowest occurrence, effectively 

dealt with this resolution (thus answering the question formulated as: out of 

the total time a seabass was observed, how much time did it co-occur with a 

porpoise?).  
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The purpose of this study was to demonstrate the benefits of PAM and AT 

combined, whereby we opportunistically made use of already available 

datasets. Although a targeted ecological study on species co-occurrence 

patterns should have a study design with more relevant tagging locations (e.g., 

closer to the PAM and AT stations), this study provided insights on the co-

occurrence of cod and seabass with harbour porpoise. The fish species were 

in the presence of porpoise at least one third (seabass) to nearly half (cod) of 

the time they were detected. The probabilities of co-occurrence of both cod 

and seabass with a harbour porpoise were found to be significantly higher at 

night, which was likely attributed to the patterns in occupancy. Seabass and 

cod were present rather continuously throughout the day, whereas porpoise 

was mainly present (or vocalizing) at night. Although this diel difference in co-

occurrence was found for each season for seabass, there was a clear seasonal 

interaction in this diel pattern for cod.  

The co-occurrence patterns would likely be attributed to dietary overlap as all 

species considered in this study were top predators whose diet included small 

pelagic fish such as mackerel, scads, anchovy and herring. Long-term 

echolocation diel patterns of porpoises are influenced by food availability and 

composition (Schaffeld et al. 2016) - they forage in deeper waters at night 

(Carlström 2005, Schaffeld et al. 2016), and during the colder seasons higher 

food consumption is necessary for the endothermic porpoises to be able to 

regulate their body temperature (Haelters et al. 2012, Kastelein et al. 2018, 

Rojano-Doñate et al. 2018). As opportunistic feeders, their distribution can 

greatly reflect the distribution of their prey (Link & Garrison 2002, Santos et al. 

2004). Further research into the potential interaction between these species, 

which may exhibit seasonal avoidance or attraction towards each other, would 

benefit from investigating the relationship between co-occurrence and 

foraging behaviour from PAM data (Nuuttila et al. 2013, Todd et al. 2022) and 

vertical movement behaviour from AT data (Quayle et al. 2009, Reubens et al. 

2014, Heerah et al. 2017). 

Mooring scientific instruments together made for time and cost-efficient 

deployments and generated multiple datasets that were spatiotemporally 

synchronized. Aside from the C-POD and VR2AR acoustic receiver, moorings 

could be fitted with other scientific equipment such as the SoundTrap 
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hydrophone (Ocean Instruments NZ) and an acoustic Doppler current profiler 

(ADCP; Teledyne Marine) (Goossens et al. 2020). With the current development 

of large-scale networks of acoustic instruments (Mellinger et al. 2007, Risch et 

al. 2014, Abecasis et al. 2018, Reubens et al. 2019b), the combination of 

different acoustic technologies would further expand the data potential. The 

resulting long-term, high-resolution datasets could significantly contribute to 

other co-occurrence studies relying on sightings, strandings, catch and fishery 

observer data (Escalle et al. 2016, Pulver et al. 2016, Lamothe et al. 2019, Peltier 

et al. 2021), for which continuous sampling would not be possible. To better 

account for spatiotemporal autocorrelation and error, more complex statistical 

analyses could be applied, such as the Integrated Nested Laplace 

Approximation (INLA) for Bayesian inference (Martino & Riebler 2019) and 

models that consider imperfect detection and site characteristics (MacKenzie 

et al. 2004). This would contribute to identify multispecies hotspots, to 

understand species interactions, to inform on habitat function at a community 

level and to register distributional shifts due to global and ecosystem changes 

(Ward et al. 2015, Brownscombe et al. 2022). 
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SUPPORTING INFORMATION S5 

 

Figure S5.1. Map of release locations of tagged fish within BPAN. 
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Table S5.1. Reference to animal projects of each species from the European Tracking 

Network (ETN). 

Species Animal project dataset References to animal projects 

Alosa fallax 2015_fint: Twaite shad 

acoustic telemetry dataset in 

the Schelde-estuary and 

North Sea 2015 

https://www.vliz.be/imis?mo

dule=dataset&dasid=5858 

Anguilla anguilla 

 

2015_PHD_VERHELST_EEL - 

Acoustic telemetry data for 

European eel (Anguilla  

anguilla) in the Scheldt 

estuary and southern North 

Sea (Belgium) 

https://www.vliz.be/nl/imis?

module=dataset&dasid=585

0 

2019_Grotenete: Migration 

behavior of silver eels 

(Anguilla anguilla) in a 

system with a continuous 

transition from river, across 

estuary to the sea 

https://www.vliz.be/nl/imis?

module=dataset&dasid=633

7 

BALANCE: Silver European 

Eel escapement success and 

migration patterns in River 

Ems 

https://www.vliz.be/nl/imis?

module=dataset&dasid=663

4 

DAK: Decentralized Eel 

Management through 

Knowledge 

https://www.vliz.be/nl/imis?

module=dataset&dasid=606

7 

Chelon labrosus SWIMWAY_2021: Wadden 

Tools – Swimway Wadden 

Sea 

https://www.vliz.be/nl/imis?

module=dataset&dasid=803

0 

Chelon ramada SWIMWAY_2021: Wadden 

Tools – Swimway Wadden 

Sea 

https://www.vliz.be/nl/imis?

module=dataset&dasid=803

0 

Dicentrarchus labrax 

 

Electronic tagging dataset of 

European seabass in the 

southern North Sea 

https://www.vliz.be/nl/imis?

module=dataset&dasid=655

5 

SWIMWAY_2021: Wadden 

Tools – Swimway Wadden 

Sea 

https://www.vliz.be/nl/imis?

module=dataset&dasid=803

0 

Gadus morhua 2015_PHD_VERHELST_COD - 

Acoustic telemetry data for 

Atlantic cod (Gadus morhua) 

in the Scheldt estuary and 

southern North Sea 

(Belgium) 

https://www.vliz.be/nl/imis?

module=dataset&dasid=658

1 

https://www.vliz.be/imis?module=dataset&dasid=5858
https://www.vliz.be/imis?module=dataset&dasid=5858
https://www.vliz.be/nl/imis?module=dataset&dasid=5850
https://www.vliz.be/nl/imis?module=dataset&dasid=5850
https://www.vliz.be/nl/imis?module=dataset&dasid=5850
https://www.vliz.be/nl/imis?module=dataset&dasid=6337
https://www.vliz.be/nl/imis?module=dataset&dasid=6337
https://www.vliz.be/nl/imis?module=dataset&dasid=6337
https://www.vliz.be/nl/imis?module=dataset&dasid=6634
https://www.vliz.be/nl/imis?module=dataset&dasid=6634
https://www.vliz.be/nl/imis?module=dataset&dasid=6634
https://www.vliz.be/nl/imis?module=dataset&dasid=6067
https://www.vliz.be/nl/imis?module=dataset&dasid=6067
https://www.vliz.be/nl/imis?module=dataset&dasid=6067
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=6555
https://www.vliz.be/nl/imis?module=dataset&dasid=6555
https://www.vliz.be/nl/imis?module=dataset&dasid=6555
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=8030
https://www.vliz.be/nl/imis?module=dataset&dasid=6581
https://www.vliz.be/nl/imis?module=dataset&dasid=6581
https://www.vliz.be/nl/imis?module=dataset&dasid=6581
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Rijke_Noordzee: 

Rijke_Noordzee 

https://www.vliz.be/nl/imis?

module=dataset&dasid=653

4 

PCAD4CAD: Impact of airgun 

sound exposure on fish: 

integrating population-level 

modelling and collect 

https://www.vliz.be/en/imis?

module=project&proid=486

1 

fMustelus asterias ADST Shark: ADST Shark https://www.vliz.be/nl/imis?

module=dataset&dasid=655

7 

Pleuronectes platessa PhD_JolienBuyse: Using 

acoustic telemetry to study 

local and larger scale 

movements of plaice in 

relation to a Belgian offshore 

wind farm 

https://www.vliz.be/nl/imis?

module=dataset&dasid=649

2 

Raja clavata SVNL-WS: Survival and 

distribition of 30 Vemco 

tagged, stocked juvenile 

thornback rays (Raja clavata),  

within the Westerschelde 

esutary and the Belgian part 

of the southern North Sea 

https://www.vliz.be/nl/imis?

module=dataset&dasid=597

0 

 

 

  

https://www.vliz.be/nl/imis?module=dataset&dasid=6534
https://www.vliz.be/nl/imis?module=dataset&dasid=6534
https://www.vliz.be/nl/imis?module=dataset&dasid=6534
https://www.vliz.be/nl/imis?module=dataset&dasid=6557
https://www.vliz.be/nl/imis?module=dataset&dasid=6557
https://www.vliz.be/nl/imis?module=dataset&dasid=6557
https://www.vliz.be/nl/imis?module=dataset&dasid=6492
https://www.vliz.be/nl/imis?module=dataset&dasid=6492
https://www.vliz.be/nl/imis?module=dataset&dasid=6492
https://www.vliz.be/nl/imis?module=dataset&dasid=5970
https://www.vliz.be/nl/imis?module=dataset&dasid=5970
https://www.vliz.be/nl/imis?module=dataset&dasid=5970
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Table S5.2. Model selection for European seabass and porpoise co-occurrence. Final model in bold face. 

Model AIC Remarks 

cooc ~ dielf * seasonf + (1 | statf/seasonf) 3834.000 Chi-square test insignificance of dielf:seasonf [Pr(Chi) = 0.133] 

cooc ~ dielf + seasonf + (1|statf/seasonf) 3833.600 Significant terms dielf [Pr(Chi) < 0. 000], seasonf [Pr(Chi) = 0.0166], but 

resulted to singular fit 

cooc ~ dielf + seasonf + (1|statf) 3856.600 Significant terms dielf [Pr(Chi) < 0.000], seasonf [Pr(Chi) = 0.006].Variance 

of statf = 0.042. Since ICC (0.013) is close to zero, statf is an insignificant 

random effect.  

cooc ~ dielf + seasonf 3872.500 Significant terms dielf [Pr(Chi) < 2.200e-16], seasonf [Pr(Chi) = 5.522e-10]. 

Table S5.3. Model selection for Atlantic cod and porpoise co-occurrence. Final model in bold face. 

Model AIC Remarks 

cooc ~ dielf * seasonf  4591.800 Chi-square test significance of dielf:seasonf [Pr(Chi) = 4.907e-08] 

Table S5.4. Model selection for dolphins and porpoise co-occurrence. Final model in bold face. 

Model AIC Remarks 

cooc ~ dielf * seasonf + (1 | statf/seasonf) -- Resulted to singular fit 

cooc ~ dielf + seasonf + (1|statf/seasonf) -- Resulted to singular fit 

cooc ~ dielf + seasonf + (1|statf) 192.700 Chi-square test insignificance of seasonf [Pr(Chi) = 0.451] and dielf [Pr(Chi) 

= 0.052] 

cooc ~ dielf*seasonf +seasonf+dielf 191.420 Chi-square test insignificance of dielf:seasonf [Pr(Chi) = 0.067]  

cooc ~ seasonf+dielf 192.570 Chi-square test significance of seasonf [Pr(Chi) = 0.03568] and dielf[Pr(Chi) 

= 0.034] 
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ABSTRACT 

Migration is a key ecological process that defines spatiotemporal dynamics 

and connectivity of populations. The movement ecology of European seabass, 

Dicentrarchus labrax, remains poorly understood, especially in the northern 

ranges of its distribution. The southern North Sea falls within the area of the 

“Northern stock” in the Celtic Seas and Greater North Sea ecoregions, which 

has not recovered from decades of unsustainable fishing pressure. To 

investigate migration patterns of seabass from the southern North Sea, we 

combined data from different projects, gathered using various tagging 

techniques: mark-recapture, acoustic telemetry and (acoustic) data storage 

tags. This resulted in 146 recaptures (out of 5598 externally marked seabass), 

138 detected animals (out of 162 seabass fitted with a transmitter) and 76 

archived depth and temperature series (out of 323 seabass with an archival 

tag) respectively. Tagged seabass were observed between 53.4°N in the 

Wadden Sea to 46.6°N in the Bay of Biscay. Using geolocation modelling, we 

distinguished different migration strategies, whereby individual fish migrated 

to the eastern English Channel, the Western English Channel, the Celtic Sea 

and the Bay of Biscay, or stayed in the North Sea. Although seabass are 

generally considered to migrate southwards during the colder months, a large 
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number of individuals (n = 62) was observed in the southern North Sea from 

December to February. However, no fish were detected in the Wadden Sea in 

these months, which was the most northern area in our study. A high number 

of seabass exhibited fidelity to the North Sea at least six months after tagging 

(90.5% of recaptures, 55.3 % for acoustic transmitters and for 44.7% of archival 

tags). Our results show that fine-scaled population structuring should be taken 

into account in fisheries assessment and that current seasonal fisheries 

closures are not aligned with the ecology of seabass in the North Sea.  

INTRODUCTION 

Migration is a crucial aspect of fish ecology and entails the directional 

movement of individuals and populations from one location or habitat to 

another (Secor 2015). Migration enables fish to undertake different life-history 

stages in distinct essential habitats, e.g. for feeding or spawning (Secor 2015, 

Dambrine et al. 2021). The spatiotemporal change in habitat use shapes 

population structuring, as it defines the connectivity between conspecifics. 

Individuals can exhibit fidelity to the locations where they feed or spawn. In 

the case of spawning sites, fish can return to their natal breeding area (natal 

homing) (Petitgas et al. 2013), or recurrently migrate to another breeding site, 

potentially through learned behaviour (Petitgas et al. 2006). A population can 

also display partial migration, whereby individuals exhibit different migratory 

life cycle patterns (Chapman et al. 2012, de Pontual et al. 2019). 

The highly mobile European seabass, Dicentrarchus labrax L., is distributed 

across the Northeast Atlantic and the Mediterranean, which constitute 

separate genetic lineages (Souche et al. 2015). In the Northeast Atlantic, a 

seabass life cycle takes place in different habitats. After eggs are released in 

offshore spawning grounds, juveniles turn to shallow areas in coastal lagoons, 

estuaries and rivers that serve as nurseries. Adult seabass (at age 4-5 years and 

32 – 36 cm length for males and 5 – 8 years and 40 – 45 cm for females) feed 

in these inshore areas, as well as around offshore sand banks and ship wrecks, 

in the period starting from March – June to September – November. As 

temperatures drop, seabass aggregate in deeper, offshore waters for 

spawning from December to June, with the exact timing depending on the 

location and latitude (Vázquez & Muñoz-Cueto 2014, López et al. 2015, 

Cambiè et al. 2016). The three main spawning areas are considered to be the 
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Bay of Biscay (Rochebonne Plateau), the western and eastern English Channel 

(Dambrine et al. 2021). In contrast to the low genetic differentiation within the 

Northeast Atlantic population, seabass movement patterns expose a complex 

population structure (Robinet et al. 2020). Individual seabass can reside in 

limited areas for long periods of time and some exhibit interannual fidelity to 

both spawning and feeding areas (Doyle et al. 2017, de Pontual et al. 2019, 

Stamp et al. 2021, Le Luherne et al. 2022).  

An area with particularly limited knowledge on seabass movements and 

habitat use, is the North Sea. Seabass are known to occur in the coastal, 

estuarine and inshore areas along the Thames Estuary, Scheldt Estuary, Eastern 

Scheldt and Wadden Sea, which likely serve as nursery and feeding grounds 

(Pawson et al. 1987, Schnitzler et al. 2011, Cardoso et al. 2015, Tulp et al. 2016). 

Seabass marked near the Thames Estuary in summer were recaptured in the 

English Channel during spawning season (Pawson et al. 1987). Although 

seabass is generally considered to head southward for spawning, they may 

also spawn within the North Sea. In April and May 2011, stage 1 eggs (first 24 

hours) were found in the North Sea along the English coast, the Dogger bank 

and the Voordelta (area stretching 3 to 15 km seaward along the Dutch coast 

from Walcheren to the Maasvlakte) (Tulp et al. 2016). Considering the 

temperature requirements for gonad development (minimum 9 °C for 

females), North Sea spawning is hypothesized to be possible during warmer 

years in the later months of the spawning season (April – May) (López et al. 

2015, Beraud et al. 2018).  

An essential tool to study (fish) movement ecology is tagging. The simplest 

and oldest tool consists of mark-recapture: a fish is captured and fitted with 

an external mark, after which a researcher depends on the recapture(s) of the 

animal to gain information on its movements. Fitting a fish with an electronic 

tag (internally or externally) vastly increases the information potential of an 

individual animal’s movement. In acoustic telemetry, an animal-borne 

transmitter emits an acoustic signal that can be detected when the tagged 

animal is within the detection range of an acoustic receiver (Hussey et al. 2015). 

Detection data are accessed through the receiver and contain the 

timestamped information of the unique tag ID, potentially supplemented with 

a sensor measurement (Brownscombe et al. 2019). On the other hand, data 



129 

 

storage tags (DST) store sensor information (e.g. depth and temperature) in 

the tag memory, requiring the physical recovery of the tag to access the stored 

data (Metcalfe & Arnold 1997). The resulting data series provide high 

resolution, continuous information on the depth and temperature experienced 

by the tagged fish, and can be used for geolocation modelling to reconstruct 

trajectories at a lower resolution (as a result of model error) (Pedersen et al. 

2008, Gatti et al. 2021). To benefit from the highly complementary information 

of acoustic telemetry and DST, the two technologies can be combined in one 

physical tag (Goossens et al. 2023) or by double-tagging (Liu et al. 2017). In 

this study, we combine mark-recapture, acoustic telemetry and DST data from 

seabass tagged in French, English, Dutch and Belgian waters to describe 

migration patterns of European seabass from the North Sea.  

MATERIALS AND METHODS 

Study area 

The study area consisted of the southern North Sea (or Southern Bight; ICES 

division 4c) and its connected water bodies (Fig. 6.1). The complex 

hydrodynamics are influenced by strong tidal currents, saltwater inputs from 

the English Channel and freshwater inputs from rivers such as the Thames and 

Scheldt (Ivanov et al. 2020). The overall shallow area (maximum depth 91 m) 

is mainly characterized by sand banks, with seabed substrate being highly 

impacted by bottom trawling (Eigaard et al. 2017). Hard substrate habitats now 

mainly consist of man-made structures, such as ship wrecks and wind turbine 

foundations (Wright et al. 2020). The southern North Sea falls within the 

exclusive economic zones of the United Kingdom (UK), The Netherlands, 

Belgium and France and is heavy in anthropogenic impacts (e.g. climate 

change and overexploitation), whereby the North Sea fish community has 

undergone pronounced spatiotemporal changes in composition (Beukhof et 

al. 2019). Regarding fisheries management and assessment, seabass in the 

North Sea are classified into the Northern stock (central and southern North 

Sea, Irish Sea, English Channel, Bristol Cannel and Celtic Sea;  ICES divisions 

4b,c, 7a,d-h) (Fig. 6.1) (ICES 2020b). The other stocks in the Northeast Atlantic 

consist of North Spain and Portugal (southern Bay of Biscay and Atlantic 

Iberian waters; ICES divisions 8c,9b), the Bay of Biscay (northern and central 
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Bay of Biscay; 8ab) and West coast Scotland and Ireland (West of Scotland, 

West of Ireland and eastern part of southwest of Ireland; 6a,7b,j) (ICES 2012a).  

Tagging 

Tagging data originated from different projects over different time spans, 

using different methods of conventional and electronic tagging (Table 6.1, 

details on tag settings in Supporting information S6.1). Fish were caught from 

boats or from shore at different locations along the Belgian, British, Dutch and 

French coast in the southern North Sea (Fig. 6.1). Seabass were captured with 

hook and line, gillnets and fykes, and one seabass was caught with a longline. 

For angling, mostly artificial bait was used (plugs and shad lures), except for 

some offshore and estuarine locations where live bait was used (ragworms, 

lugworms and crabs. Between 2006 and 2021, 5598 seabass were fitted with 

Pederson discs (9.5 mm diameter; Floy Tag & Mfg. Inc., USA) along the Belgian 

coastline with the majority of captures coming from the Port of Zeebrugge. 

Electronic tags were surgically inserted in the abdominal cavity (Fig. 6.2). Data 

storage tags (DST) of the type Cefas G5 2Mb DST with a floatation collar (Cefas 

Technology Limited, UK) were used on 150 seabass caught off the French coast 

of Dunkirk in June 2014 and on 64 seabass caught in English waters along the 

coast of Suffolk in May 2015 and 2017. Acoustic tags of the types V9P, V13, 

V13AP and V16 (69 kHz, MAP114, protocol A69-9006; Innovasea Ltd., USA) 

were used on 22 seabass in Belgian waters between June 2018 and September 

2020 and on 214 seabass in Dutch waters between May 2021 and September 

2022. Acceleration sensor measurements of the V13AP transmitters were not 

used, as this information was outside of the scope of this study. Acoustic data 

storage tags (ADST; ADST-V9TP: 69 kHz, MAP114, protocol A69-9006; 

Innovasea Ltd., USA) were used on 109 bass in Belgian waters between 2018 

and 2021. Seabass were tagged in coastal locations (less than 6 nautical miles 

from the shoreline) in Dutch, English, French and Belgian waters, as well as in 

offshore locations in Belgium (acoustic and ADST). Tagging was performed in 

accordance with the guidelines for animal experiments for the relevant 

national authorities under the ethical certificate and license numbers 01987.02 

(France), EC2017-080 (Belgium), PPL 70/7734 (UK), AVD401002016613 and 

AVD40100202114609 (The Netherlands). Tagging procedures were explained 

in full detail in other publications that used these data sets (de Pontual et al. 

2023, Goossens et al. 2023, Edwards et al. in review). 
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Figure 6.1. Left: Distribution of seabass population in Northeast Atlantic with current ICES stock division: the Northern Stock (central and 

southern North Sea + English Channel + Celtic Sea, Irish Sea and Bristol Channel: 4b,c, 7a,d-h), the stock of West coast Scotland and 

Ireland (West of Scotland, West of Ireland and eastern part of southwest of Ireland: 6a, 7b,j), the Bay of Biscay stock (northern and central 

Bay of Biscay: 8a,b. Note that 8d was also marked in blue, but is strictly seen not included in stock) and the stock of North Spain and 

Portugal (southern Bay of Biscay and Atlantic Iberian waters: 8c, 9a). Right: Map of tagging locations (purple: external tags; orange: DST; 

brown: acoustic, Wadden Sea; light yellow: ADST / acoustic, Belgian coast & Scheldt Estuary; dark green: ADST / acoustic, offshore) and 

acoustic receiver locations (blue dots) in the southern North Sea. Bathymetry data originate from the General Bathymetric Cha rt of the 

Oceans (GEBCO, 2014). 
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Data collection differed between technologies. For the acoustic tags (including 

ADST), the tag ID and sensor information was transmitted (69 kHz, MAP114, 

protocol A69-9006) to acoustic receivers (VR2W, VR2AR and VR2Tx; Innovasea 

Ltd., USA) of permanent and temporary networks in the study area (Reubens 

et al. 2019b, Edwards et al. in review). From previous range testing in the 

Belgian part of the North Sea (BPNS), the median detection range distance 

(with 50% probability of observing the presence of a tagged seabass within a 

day’s time) was estimated at 566 m (Goossens et al. 2022). Acoustic data and 

metadata was managed through the online database of the European Tracking 

Network (ETN; https://lifewatch.be/etn/), enabling direct access to detection 

data on other receiver arrays included in ETN. At the time of writing, detection 

data from fish tagged in the Wadden Sea were still being collected and were 

under limited disclosure. This dataset was therefore limited to a subset of the 

detections up to 30 April 2022 of 31 individuals which were detected by arrays 

outside of the Wadden Sea. For conventional tags, we relied on voluntary 

reporting by people encountering the marked fish (mainly fishers), who were 

asked to report the ID, date and location of recapture (and if possible: the 

length and weight of the recaptured seabass). To access archival sensor 

information, DST and ADST had to be recovered. To increase the recovery, 

floatable tags were used that could drift ashore if separated from the fish. For 

both conventional and archival tags, tag return was incentivized with rewards, 

ranging from 2 to 100 euro depending on the project and tag type. The 

tagging experiments of the different projects were publicised through various 

media, including posters, flyers, emails to fisheries and stakeholders, and 

articles in (mainly angler specific) websites and magazines.  

Table 6.1. Number of seabass (N) and their length (median [range]), tagged with 

different tag types in different tagging areas.  

Tag type Tagging area N Length (cm) 

Pederson discs BE coast 5598 31.5 [9.0 – 81.0] 

DST FR Dunkirk 150 51.7 [43.2 – 69.1] 

 UK Suffolk 64 58.5 [49.0 – 76.0] 

Acoustic Wadden Sea 31 51.6 [40.0-75.0] 

Acoustic + ADST PBARN coast 79 46.0 [34.0 – 74.0] 

 PBARN offshore 52 47.0 [33.0 – 57.0] 

 

https://lifewatch.be/etn/
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Figure 6.2. Left: Pederson disc attached externally between dorsal and caudal fin. Right: 

Surgical insertion of an electronic tag (i.c. acoustic data storage tag) in the abdominal 

cavity. 

Data processing 

For the mark-recapture data, we calculated the distance between the release 

and recapture position, as well as the number of days between the two events. 

Some observations could not be used for these calculations, as they were 

communicated vaguely in terms of time (e.g. the month or year of recapture) 

and location (e.g. the EEZ). Telemetry data were analysed after a quality check. 

If an animal was detected only once on a receiver array, that detection was 

considered unreliable and hence removed. For long distance movements 

(more than 100 km distance between subsequent detections), we evaluated 

whether the movement was feasible (e.g. a single detection implying a 

movement of more than 100 km distance both back and forth within the same 

day was removed). A residence index (RI) was calculated to quantify daily 

presence in the North Sea and in the tagging area (Wadden Sea, coastal BPNS 

or offshore BPNS). If a seabass was detected at least once in a day, that day 

was considered as a detection positive day (DPD). RI was then calculated as 

the number of DPD out of the time at large, the period from the tagging event 

to the end of the battery lifetime or recapture of the fish. For some of the 

archival depth series, we could see that the depth sensor experienced drift, 

whereby depths strayed from a minimum of 0 m. To correct for depth drift, 

time series were processed by using a running minimum over a 7 day period.  

For all tagging techniques, a fish was considered to exhibit fidelity to the North 

Sea if it was observed (through recapture, acoustic detection or trajectory 

reconstruction, see below) there at least 180 days (six months) after the 
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tagging event. For acoustic tags, we also calculated site fidelity to the area of 

tagging (Wadden Sea, coastal BPNS or offshore BPNS).  

Geolocation 

From archival data, trajectories were reconstructed with geolocation 

modelling using a hidden Markov model (HMM). As the model was fully 

described in previous publications (de Pontual et al. 2023, Goossens et al. 

2023), we limited the explanation here to the alterations made. The choice of 

temperature reference field was based on the necessary spatial extent of the 

estimated trajectory. The 3D Dutch continental shelf model in flexible mesh 

(3D DCSM-FM) had a high spatial resolution (North Sea and coastal waters: 

0.5’ x 0.75’, English Channel: 1’ x 1.5’; latitude x longitude) (Zijl et al. 2021), but 

a limited spatial range (48.8°N-53.0°N, 3.2°W-5.0°E). The Atlantic Ocean 

Physics Reanalysis for the European North West Shelf (CMEMS-NWS Physics) 

model had a greater spatial range (which we limited to 44.0°N-56.0°N, 7.0°W-

7.0°E), but a lower resolution (0.067° x 0.111°, latitude x longitude). 3D DCSM-

FM temperature data were available for the years 2014-2016 and 2018-2020, 

whereas CMEMS-NWS Physics data were available for all years (since 1993) up 

to 30 June 2022 at the time of writing. If the spatiotemporal range of the 

trajectory allowed for it, we opted for the higher resolution model 3D DCSM-

FM and otherwise we used CMEMS-NWS. The 3D DCSM-FM included 

bathymetry data, but we used the General Bathymetric Chart of the Oceans 

(GEBCO, 2014; resolution 0.5’ x 0.5’). For the ADST resulting in both acoustic 

detections and archived sensor information, the detection likelihood was 

included (Goossens et al. 2023). Using the archival depth series, daily activity 

states were identified as low or high activity using a HMM (Heerah et al. 2017). 

The activity state identification was evaluated by visually checking in the 

archival depth series whether the low activity state did not include high activity 

vertical movements. If the states were considered reliable and if the model 

converged, the behavioural switch was included in the model (Pedersen et al. 

2008, de Pontual et al. 2023). 

We calculated trajectories as the most probable sequence of positions from 

the daily posterior probability distributions, using the Viterbi algorithm. 

Goossens et al. (2023) showed the estimation of seabass tracks performed with 

a median accuracy of 21.4 km (maximum 134.7 km) of daily position estimates. 
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As an additional validation, we calculated the distance between the daily 

position estimates of the Viterbi track with those of the maximum posterior 

mode and mean posterior tracks, as detailed by Woillez et al. (2016). A track 

was considered reliable if the median error was below 50 km and the maximum 

below 120 km (respectively the average errors for demersal and pelagic fish 

geolocation models (Gatti et al. 2021)). Tracks with median errors over 50 km 

or maximum error between 120 and 240 km were not visualized spatially, but 

they were included in temporal representation (see below).  

Data visualisation 

Data from all tagging techniques were visualized on a spatial and temporal 

dimension. To distinguish a relevant seasonal component, we explored data 

from all techniques in monthly time frames to determine which months were 

similar in space occupancy. Based on these explorations, we grouped 

observations into the seasonal component December – February, March – 

May, June – August and September – November. Recaptures with both date 

and location information were visualized as recaptures per season on a map. 

Acoustic detections of every tag ID were visualized over time in an abacus plot. 

Spatial visualizations of the acoustic telemetry data included a map with the 

locations of detections, as well as seasonal spatial network maps. For the latter, 

stations were grouped to calculate the number of detected animals and the 

counts of directed movements between different areas (Jacoby et al. 2012).  

The daily position estimates derived from geolocation modelling of the 

archival data, were overlaid on ICES divisions to define whether a seabass was 

in the area of the North Sea (4b,c), the English Channel (7d,e), the Celtic Sea 

(7a,f,g,h) or the Bay of Biscay (8a,b,d). If the daily position estimate from the 

Viterbi track was located in another area than the estimate of the maximum 

posterior mode or the mean posterior track (see above), we considered the 

area of location of a seabass for that day as unknown. We visualized examples 

of archival depth and temperature series, as well as the depth and temperature 

experience (median, 50% and 95% confidence intervals) per area. An abacus 

plot visualised the daily area estimates over time for every tag ID. Daily 

position estimates of tracks (with median error was below 50 km and the 

maximum below 120 km, see above) were spatially visualised per season and 

per identified migration strategy.  
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Aside from the geolocation model, which was run in Python 2.7 (Van Rossum 

& Drake Jr 1995), all analyses and visualizations were performed in R software 

(R Core Team 2022). 

RESULTS 

Mark-recapture 

Out of 5598 marked seabass, 146 were recaptured (2.6 %), whereby both date 

and location information was provided for 136 recaptures. The time period 

between capture and recapture (known for 137 seabass) ranged between one 

day and nearly four years (1,392 days) with a median of 285 days. Positions of 

recapture (n = 136, Fig. 6.3) showed 102 seabass (75.0 %) were caught within 

a range of 5 km of the release location. Another 22 seabass (16.2 %) were 

recaptured within 100 km distance within the BPNS, the Scheldt Estuary or 

Dunkirk. Twelve seabass (8.8 %) were observed to have roamed more than 100 

km distance away within the southern North Sea, the English Channel and just 

south of the 48th parallel in the Bay of Biscay. Out of 84 seabass with at least 6 

months at large, 76 were recaptured within the North Sea (90.5%).  

Acoustic detections 

Out of 162 tagged seabass, 137 were detected for a total of 864,730 detections 

on 246 receiver stations (Fig. 6.4). Two fish died shortly after tagging and one 

tag experienced a hardware issue preventing acoustic signal transmission. 

These tags were excluded from the analysis. Fidelity to the North Sea was 

observed for at least 85 animals (62.0% of detected seabass, 53.5 % of tagged 

seabass), whereby only three fish tagged in the Wadden Sea effectively 

returned to the same area (9.7 %) (Table 6.2). The highest residency was 

observed for fish tagged in Belgian coastal waters (median RI of 0.18 and 0.21 

to the tagging area and North Sea, respectively). Lower values for RI were 

found for fish tagged offshore and in the Wadden Sea (median 0.01 to 0.04), 

but some fish were detected in the North Sea for approximately half of their 

time at large. Since large areas of the North Sea fell outside of the detection 

range of acoustic receiver stations, these values of RI should be regarded as 

underestimations. Fish tagged in the Wadden Sea were detected in offshore 

and coastal stations of the PBARN, but fish tagged in the BPNS or Scheldt 

Estuary were never detected in the Wadden Sea (Fig. 6.5). Fish tagged along 
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the Belgian coast were detected on offshore stations, but only two seabass 

tagged offshore were detected along the coast. Five individuals (nBE = 3, nNL = 

2) were detected along the English coast in the English Channel between 

February and July, on a network that was active since 2021 (Fish Intel project). 

The pressure sensor measurements had a median of 7.8 m, with a maximum 

of 62.0 m registered in the English Channel. Temperature sensors registered a 

median of 15.2 °C, with the minimum and maximum values of 2.8°C and 28.4°C 

both registered in the secluded port area of Zeebrugge (discussed in more 

detail in Goossens et al. 2023). 

The largest numbers of seabass were detected from June to August (n = 92) 

and from September to November (n = 117) (Fig. 6.6), which were also the 

months when the majority of seabass was tagged. Seabass were observed to 

move around between Dutch, Belgian and English receiver arrays mostly in the 

periods of March – May and September – November, with no large-scale 

movements registered within the periods of June – August and December - 

February. The lowest number of animals (n = 45) was detected from December 

to February, when most seabass was observed to have stayed at the port of 

Zeebrugge (n = 14), as well as around offshore wrecks and wind farms. From 

March to May, seabass (n = 80) were detected across the widest spatial range 

from the Wadden Sea to the western English Channel. The individuals detected 

in the western English Channel (n = 3) were never detected in the eastern 

English Channel, and vice versa (n = 2). Wadden Sea stations registered 

seabass throughout all seasons, except for December – February. 
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Figure 6.3. Recapture locations of marked seabass recaptures (n = 136), coloured by period of recapture. For long distance recaptures 

(for which the exact recapture date was available), the time at large was displayed in number of weeks (w).  
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 Table 6.2. Acoustic telemetry results of site fidelity (seabass exhibiting fidelity out of the total number of detected animals), number of 

detection positive days (DPD, median [range]) and residency index (RI, median [range]) at receiver stations within the tagging area (TA) 

or the North Sea (NS).  

TA Fidelity -TA Fidelity - NS DPD - TA DPD - NS RI - TA RI - NS 

BE Coast 46/70 (65.7 %) 46/70 (65.7 %) 67 [1-366] 71 [1 – 366] 0.18 [0.00 – 0.92] 0.21 [0.00 – 0.92] 

BE Offshore 20/36 (55.6 %) 21/36 (58.3 %) 21.5 [1 – 199] 24.5 [1 – 199] 0.05 [0.01 – 0.20]  0.05 [0.00 – 0.47] 

Wadden 3/31 (9.7 %) 18/31 (58.1 %) 4 [1 – 109] 14 [1 – 111] 0.01 [0.00 – 0.32] 0.04 [0.00 – 0.33] 

 

Figure 6.4. Locations of acoustic receivers with seabass detections, coloured by location (brown: Wadden Sea, light yellow: coastal PBARN, 

dark green: offshore PBARN, light blue: English Channel). 
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Figure 6.5. Abacus plot of acoustic data depicting a time line for individual tagged fish 

with the release (diamond) and detections (square) coloured by detection location 

(brown: Wadden Sea, yellow: coastal PBARN, green: offshore PBARN, light blue: English 

Channel). Fish were tagged from 2018 to 2022 and for each fish the detections were 

temporally aligned between tagging surveys using March 1 of the tagging year as a 

time reference.  
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Figure 6.6. Spatial network maps for different periods: June – August (orange), September – November (pink), December – February 

(purple) and March – May (yellow). Nodes represent grouped receiver locations, are sized by the number of detected animals (n) and 

coloured by the period of detections. Edges represent frequencies of movement between receivers (right-hand curved from origin to 

destination receiver station) and are coloured by the period of detection at the origin station. 
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Archival data 

The geolocation could be performed on 76 retrieved archival tags (n FR = 48, 

nUK = 18, nBE = 10). Within the period that fish were evaluated to be alive, 

archived temperature measurements ranged between 4.3 and 32.3 °C, with a 

maximum depth of 173.5 m. The geolocation failed to converge for one tag 

and resulted in unreliable trajectories for six tags, producing 69 trajectories 

with a median of 330 days (range 33 – 734 days). The higher resolution 3D-

DCSM reference field could be applied to 31 data series, with the remaining 

38 requiring the larger spatiotemporal range of the CMEMS-NWS model. 

Behavioural switching could be applied to 17 tracks (24.6%). Eight out of ten 

recovered ADST rendered acoustic data, for which a detection likelihood was 

included. The warm temperature signal of power plant cooling waters was 

observed for 20 fish (28.6%), that spent a median 18 days in a warm water 

plume (range 4 – 235 days) (Fig. 6.7). Two fish experienced periods of high 

temperature variability in very shallow waters (Fig. 6.7), which we attributed to 

summer occupancy of inshore waters. Since the high variability of the 

temperature signal was not adequately represented in the temperature 

reference field, we only used the part of the data series before this behaviour 

for the geolocation. Out of the 69 estimated trajectories, 62 had sufficiently 

low error (distance between Viterbi track and mean or modal track: median 

4.61 km, maximum 116.0 km) for spatial visualization (Fig. 6.8), but the 

remaining 7 were included in the temporal visualization (Fig. 6.10).  

Seabass position estimates (n = 62) were located in the southern North Sea 

up to 52.9° N, the English Channel, the Celtic Sea and the Bay of Biscay up to 

46.6° S (Fig. 6.8). From June to August (the period the majority of fish were 

tagged), seabass were mainly located in the North Sea and along the coast of 

the eastern English Channel. From September to November, seabass were 

widely distributed with high prevalence in the entire English Channel. From 

December to February, seabass were in the English Channel, as well as in the 

Celtic Sea and in offshore waters of the Bay of Biscay. Seabass also resided in 

the North Sea during winter in inshore waters in a port area and cooling 

waters, as well as deeper spots off the English coast of Norfolk and Suffolk 

(around 52.5°N, 2.0° E). From March to May, seabass were mainly in the 

western English Channel around the Cotentin peninsula and Channel Islands, 

as well as in the North Sea. 
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Depth and temperature experiences varied in time and space (Fig. 6.9). In all 

areas, seabass went to greatest depths during winter. In the North Sea, median 

temperatures were below 9°C from January to March. Temperature variance in 

the North Sea and English Channel was greater than in the Celtic Sea and the 

Bay of Biscay, but the greatest differences in temperature were found by 

seabass in cooling waters. Here, individual seabass would experience a median 

daily temperature change of 5.6°C (with a maximum of 16.5°C of temperature 

difference within one day), when entering/exiting the warm cooling waters.  

From the 47 fish with data series of at least 6 months, 21 (44.7%) exhibited 

fidelity to the North Sea (Fig. 6.10). Remarkably, all of the fish tagged along 

the French coast of Dunkirk with longer data series left the North Sea (between 

August and December). Seabass tagged in the UK and Belgium either stayed 

in the North Sea or headed to the English Channel, with two fish going as far 

as the Celtic Sea. Migrations to the Bay of Biscay were limited to the seabass 

tagged in France (n = 8). Four different migration strategies or destinations 

were discerned for the seabass with data series over 90 days (n = 53) (Fig. 

6.11): staying in the North Sea (n = 21), migration towards the eastern English 

Channel (n = 8), the western English Channel (n = 15) and towards the Celtic 

Sea and Bay of Biscay (n = 9). From the latter, four seabass returned to the 

North Sea, whereby the others went to the Bay of Biscay in winter, heading 

towards the southern coast of the English Channel in summer and five seabass 

returning to the Bay of Biscay in winter. The largest estimated travelled 

distance was over 3,000 km (Table 6.3). 
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Figure 6.7. Exemplary time series of archived depth and temperature sensor 

measurements, coloured by the location of the daily position estimate (dark green: 

North Sea, light green: English Channel, light blue: Celtic Sea, dark blue: Bay of Biscay, 

red: cooling waters, grey: unsure, meaning daily position estimate of Viterbi track and 

mean or modal track were not in same area): an example of a seabass undertaking a 

migration (top), overwintering in cooling waters (middle) and showing shallow water 

occupancy with high temperature variability (bottom). For the latter, the black coloured 

data series were removed to estimate the trajectory.  
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Figure 6.8. Daily position estimates of geolocated tracks of seabass (n = 62), coloured 

by month.  
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Figure 6.9. Plots of depth and temperature experience (black line: median; light and darker colouring: 95% and 50% confidence intervals, 

respectively) per month (x-axis), as experienced by seabass (n = 69) in different areas (dark green: North Sea, light green: English Channel, 

light blue: Celtic Sea, dark blue: Bay of Biscay, red: cooling waters).  
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Figure 6.10. Abacus plot of archival data depicting a time line for the daily position 

estimates for individual tagged fish (n = 69), coloured by location (dark green: North 

Sea, light green: English Channel, light blue: Celtic Sea, dark blue: Bay of Biscay, red: 

cooling waters, grey: unsure, meaning daily position estimate of Viterbi track and mean 

or modal track were not in same area). 

Table 6.3. Overview of the migration strategies with the number of seabass (n) and the 

individuals’ distance travelled (km), estimated diffusion coefficient (D, km2/day), 

experienced depth (m) and temperature (°C) displayed as median [range]. 

Strategy n 

Distance  

(km) 

D  

(km2/day) 

Depth  

(m) 

Temperature 

(°C) 

North Sea 21 580  

[208 – 1732] 

5.5  

[2.0 – 30.0] 

6.9  

[0 – 70.1] 

15.0  

[4.3 – 28.3] 

English 

Channel E 

8 840  

[519 – 2663] 

29.8 

[16.1 – 90.0] 

24.7  

[0 – 90.5] 

16.2  

[6.9 – 20.8] 

English 

Channel W 

15 1582  

[1024 – 2000] 

30.0  

[6.0 – 62.4] 

19.8  

[0 – 173.5] 

14.5  

[6.5 – 29.3] 

Celtic Sea - 

Bay of Biscay 

9 2496  

[1648 – 3089] 

61.2 

[30.0 – 91.0] 

17.3  

[0 – 123.6] 

14.1  

[8.1 – 29.7] 
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Figure 6.11. Maps of different migration strategies for seabass with data series over 

90 days (n = 53), with daily position estimates coloured by month.  

DISCUSSION 

European seabass, tagged in the southern North Sea, were observed to inhabit 

an area from the southern North Sea to the northern Bay of Biscay (west of 

Brittany). In summer, seabass resided in the North Sea and along the coast of 

the English Channel. For the rest of the year, seabass were spread across the 

entire area, with high movement activity from September to November. 

Seabass from the Wadden Sea headed southwards to the Belgian EEZ and the 

English Channel, but the opposite movement was registered for only one 

individual (mark-recapture data). Several seabass from the tagging areas in 

Dunkirk and Belgian waters that headed northwards, went towards offshore 
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areas and coastal waters of Suffolk and Norfolk. Fidelity of seabass to the 

North Sea was seen for almost half of archival tags and more than half of 

acoustic tags.  

Different geolocated trajectories of seabass, mainly of those staying in the 

North Sea throughout the year, were drawn to a deep location near the coast 

of Norfolk and Suffolk in the UK. Trajectories passed through this location 

throughout the year, with a seabass recapture (marked with a Pederson disc) 

in the summer of 2021 (Fig. 6.3). Since it’s not known what a seabass spawning 

event looks like in terms of vertical movement behaviour (Heerah et al. 2017), 

tagging data alone wouldn’t suffice to determine whether seabass spawn in 

the North Sea. Nonetheless, the observation of seabass eggs in the North Sea 

in 2011 (Tulp et al. 2016) proved it was possible. The temperature sensor 

measurements indicated North Sea spawning would have only been feasible 

from April onwards, since temperatures below 9°C would hamper female 

seabass gonad development (López et al. 2015). To better understand seabass 

behaviour in the North Sea, the location off the English coast of Norfolk and 

Suffolk (around 52.5°N, 2.0° E) would be a key position for an acoustic receiver 

array. 

The individual dimension of seabass movements 

Our results highlighted the importance of taking into account individual 

differences, as we observed different migration trajectories. The different 

strategies begged the question why a seabass would migrate over 3000 km 

when conspecifics travelled hundreds to thousands of kilometres less. 

Dambrine et al. (2021) showed that environmental covariates served as poor 

predictors for seabass spawning aggregations, indicating other mechanisms 

are at play, such as natal homing or learned behaviour. Natal homing would 

mean seabass return to the area where they hatched as an egg (Le Luherne et 

al. 2022), whereas they would follow other (older) adults if driven by learned 

behaviour (Petitgas et al. 2006). Migrations to the northern Bay of Biscay and 

the Celtic Sea (n = 11) were performed by seabass tagged in 2014 and 2015 

(in French and UK waters), whereas fish tagged from 2016 onwards (n = 11) 

stayed in the North Sea or migrated to the English Channel. Potentially, 

seabass used to travel more southwards, but migrated less far in more recent 

years. Increased temperatures in the past decade may have made habitats 
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closer to home more suitable as spawning areas (Petitgas et al. 2013). Another 

explanation may be that the knowledge on southward migration routes was 

lost as a result of high fishing pressure that locally depleted seabass schools, 

including the older individuals who ‘knew the way’ (Petitgas et al. 2006, Doyle 

et al. 2017). If natal homing was at play, it could have been the case that 

recruitment to the North Sea from spawning aggregations in waters west of 

Brittany was poor in past years due to hydrodynamic conditions (Beraud et al. 

2018), and that adult seabass in the North Sea in more recent years originated 

from spawning migration strategies closer to the North Sea. 

Out of 36 bass tagged offshore (more than 6 nautical miles from the coast), 

we observed few of them along the coast. Three seabass were observed (two 

fish detected acoustically and one through its reconstructed trajectory) in 

coastal waters of the North Sea and another three were detected in coastal 

waters of the English Channel. Up until now, seabass tagging research always 

involved individuals captured in coastal locations (Doyle et al. 2017, O'Neill et 

al. 2018, Stamp et al. 2021, de Pontual et al. 2023). The generally assumed 

movement pattern of seabass - spawning in offshore locations during winter, 

but heading towards the coast in summer – may therefore have been biased 

by the logistical preference for coastal tagging locations. Ongoing tagging 

efforts in offshore locations (in the context of the Fish Intel project) will 

elucidate if seabass from offshore areas exhibit significant connectivity to the 

coast or if they undertake distinctly different movements than coastal seabass.  

Complementary tagging techniques 

The description of seabass migration patterns in this manuscript greatly 

benefited from applying different tagging techniques. The continuous data 

series from the DST allowed for the geolocation of entire trajectories, with the 

drawback that the modelled positions remained estimates rather than 

observations. Experts must therefore remain critical of the results of the 

geolocation model, which are useful, but cannot be considered as true paths. 

Acoustic data allowed to investigate fish movement in coastal areas where 

temperature reference fields might fail (e.g. the two fish with high temperature 

variability in inshore waters, Fig. 6.7). Acoustic data could validate trajectories 

of fish, either directly for which both data types were available (Goossens et 

al. 2023), or by corroborating the possibility of certain migration headings and 
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destinations. The latter was also true for conventional tags: Even though mark-

recapture provides less data on a lower number of tagged fish (2.6% 

recaptures in this study and e.g. 4.5% reported by Pawson et al. (2007)), these 

data were highly valuable for ground-truthing model outcomes. Moreover, the 

mark-recapture project involved the collaboration of volunteer anglers who 

promoted the research in their networks, which we considered to have 

contributed to the notification of recaptures of both conventional and 

electronic tags.  

Implications for fisheries management 

The findings of this study are relevant for fisheries management and stock 

assessment. European seabass of the Northern stock experienced critical 

declines in the past fifteen years due to high fishing pressures and poor 

recruitment (ICES 2022b). The current stock delineation originated out of 

management practicalities, because of lacking biological information to 

substantiate stock structure (ICES 2012a).  

Our data contested previous indications that the North Sea might consist of a 

separate unit (Pawson et al. 2007), although many seabass were seen to reside 

in the North Sea throughout the year. Eight seabass from the southern North 

Sea were shown to cross the boundaries of the Northern stock into the range 

of Bay of Biscay stock, although these migrations were not observed in recent 

years. The variation in individual migration strategies supported a high degree 

of fine-scaled population structuring, with previous research demonstrating 

the existence of separate entities (during the feeding season) distanced only 

few kilometres from each other (Goossens et al. in review). These migration 

strategies could be included in population dynamics and stock assessment 

models (Walker et al. 2020). Aside from optimizing existing models, this fine-

scaled population structure should be accounted for when assessing the 

uncertainty of the relationship between fishing pressure F and stock biomass 

SSB (Alós et al. 2019). The effects of fisheries locally depleting groups of 

seabass and potentially erasing certain movement strategies on the stock unit 

or population as a whole remains poorly understood (Petitgas et al. 2006). 

The individual variation in spatiotemporal habitat use should also be 

accounted for in fisheries management. Ever since 2016, EU fisheries measures 

include a seasonal closure for commercial seabass fishing in February and 
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March to protect spawning aggregations (EU 2016, 2023). Considering the 

different migration strategies, only a fragment of the population would be 

effectively protected during their spawning time by these measures. For 

seabass residing throughout the year in the North Sea, the seasonal closure 

would have to be in April and May. Moreover, the complexity in the structuring 

of the seabass population shows that these animals are not sufficiently 

understood to apply the principles of ‘economic rationality’ that seek to 

maximize yield (Ramesh & Namboothri 2018).  
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SUPPORTING INFORMATION S6 

Table S6.1 - Tag settings applied for external (Floy Tag & Mfg. Inc., USA), archival (CTL, UK), acoustic and acoustic data storage tag type s (Innovasea Ltd.,  

USA) for a number of tagged animals (N). Acoustic and archival tags transmitted and / or logged temperature (T),  acceleration (A) and pressure (P) sensor 

measurements. The number of tags of each type was shown for ever. For estimated battery life, it should be noted that the ADST-V9TP was programmed 

to effectively stop transmitting after the set number of days, whereas the V13AP and V9P could continue transmitting as long as there was battery left.  

Signals were transmitted at predefined settings within a step of a fixed number of days at high (H) or low (L) transmitting power output between a minimum 

and maximum interval. Power output was 158 dB for V16, 152 dB for V13, 154 dB for V13AP, 151 dB for ADST-V9TP and 146 (L) or 151 (H) dB for V9P. 

Tag type Model N Country Tagging period Battery life (days)  Logging interval T–P(s) Transmitting settings 

External Pederson disc 5598 BE 2006 – 2021 -  -  - 

Archival Cefas G5 150 FR  2014 730 90 - 90 (680 days);  

180 - 180 (50 days) 

- 

 Cefas G5  UK 2014 – 2016 730 -  - 

Acoustic V13AP 11 BE  2018 - 2020 495 -  H 495 days (140 - 220 s) 

  1 BE  198 -  H 30 days (30 - 60 s);  

H 168 days (140 - 220 s) 

  5 NL 2021 278 -  H 278 days (50 – 100 s) 

 V13 19 NL 2021 235 -  H 235 days (135 – 235 s) 

 V16 8 NL 2021 1415 -  H 80 days (40 – 80 s) 

 V9P 10 BE 2020 502 -  H 153 days (180 - 280 s);   

L 120 days (300 - 400 s);   

H 229 days (300 - 400 s) 

Archival + 

Acoustic + 

External 

ADST-V9TP 

Pederson disc 

27 BE 2018 - 2019 354 180 - 90  H 90 days (240 - 360 s);  

H 150 days (120 - 240 s);  

H 104 days (240 - 360 s) 

 40 BE 2018 - 2019 339 180 - 90  H 120 days (120 - 240 s);  

H 239 days (240 - 360 s) 

 19 BE 2020 - 2021 400 180 - 90  H 120 days (180 - 200 s);  

H 280 days (300 - 400 s) 

  23 BE 2020 - 2021 425 300 -90 H 70 days (180 - 280 s);  

H 355 days (300 - 400 s) 
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ABSTRACT 

The movement patterns of individual fish define population connectivity and 

population structuring. Knowledge on the movement behaviour of European 

seabass, Dicentrarchus labrax, is particularly scarce in the southern North Sea. 

We investigated seabass habitat use and connectivity in a study area 

comprising of the Belgian part of the North Sea (BPNS) and the Scheldt 

Estuary. From 2018 to 2021, 131 seabass were tagged with acoustic 

transmitters, that could be detected on a permanent receiver network in the 

study area, as well as on temporary arrays around artificial substrates. Seabass 

(n = 110) were detected across the entire study area up to the mesohaline 

estuarine zone. Individuals were mostly detected around their release location, 

with overall high site fidelity (n = 67, 63.2%) and with higher residency for 

seabass tagged along the coast (0.21) than in offshore areas (0.05). In terms of 

connectivity, three patterns were identified, whereby fish residing along the 

coast either stayed along the coast or headed offshore without ever being 

detected along the south-western coast. A third pattern was identified for 

seabass tagged at offshore locations, that mainly resided offshore and were 

never detected in the north-eastern coastal area. Seabass’ highly localized 

behaviour, exhibited through high residency and individual variability in 

connectivity, demonstrated the complexity of population dynamics and the 

risk to local depletion.  
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INTRODUCTION 

Movement is an essential aspect of ecology that enables organisms to make 

use of patchy and seasonally variable resources in different environments 

(Nathan et al. 2008, Lennox et al. 2019). Many marine fish migrate great 

distances between distinct habitats, e.g. for spawning or feeding (Secor 2015, 

Dambrine et al. 2021). Using these habitats differently, fish can display specific 

activity regimes (e.g. along circadian and tidal cycles) that vary among seasons, 

locations and individuals (Heerah et al. 2017, Spiegel et al. 2017). Individuals 

can be associated to specific locations to the extent that they exhibit long-

term residency and interannual site fidelity to these areas (Kraft et al. 2023). 

Adding to the complexity, individual fish can vary in movement behaviour with 

some performing extensive seasonal migrations and others residing in an area 

throughout the year (de Pontual et al. 2019). Individual movement patterns 

are defining for the connectivity within species and thus characterize 

population structuring. As anthropogenic activities also operate at distinct 

spatiotemporal scales, information on movement ecology can inform 

conservation efforts. 

In the Northeast Atlantic, the highly mobile European seabass (Dicentrarchus 

labrax L.) undertake seasonal migrations from summer feeding grounds along 

the coast and estuaries towards deeper offshore spawning grounds in colder 

months (Vázquez & Muñoz-Cueto 2014, López et al. 2015). Seabass occupy 

the pelagic and demersal parts of the water column and occur both solitary 

and in shoals (Anras et al. 1997, Quayle et al. 2009). Individuals can exhibit site 

fidelity to both feeding and spawning areas (Pawson et al. 2007, de Pontual et 

al. 2019, Stamp et al. 2021, Le Luherne et al. 2022). The localized behaviour of 

individuals implies a risk of local depletion of seabass targeted at specific 

locations by exhaustive fisheries activities (Pawson et al. 2008, Doyle et al. 

2017).  

The Northern stock (central and southern North Sea, Irish Sea, English Channel, 

Bristol Cannel and Celtic Sea; ICES divisions 4b,c, 7a,d-h) (ICES 2020b) and has 

not (yet) recovered from the declines in biomass due to high fishing pressure 

from the late 1990s to 2015 (ICES 2022b). Currently, seabass in this area is 

targeted by fisheries using lines and nets and is caught as bycatch by seines 

and bottom trawls. Next to commercial angling, seabass is a popular species 



157 

 

for recreational angling, which is estimated to account for nearly one fourth 

of fisheries biomass removals of the Northern stock (Radford et al. 2018, ICES 

2022b). Since 2015, EU fisheries measures include a minimum landing size of 

42 cm, commercial catch limitations, a recreational bag limit and a seasonal 

closure for commercial and recreational fishing (EU 2023). At the time of 

writing, the Northern stock seabass biomass is below the estimate for 

maximum sustainable yield (MSY Btrigger) (ICES 2022b). 

Knowledge on seabass movement behaviour is particularly scarce in the 

southern North Sea. In our study area, the Belgian part of the North Sea (BPNS) 

and the Scheldt Estuary, information on seabass occurrence mainly derives 

from fisheries practices. Juvenile seabass occur in the upper reaches of the 

Scheldt Estuary (Brosens et al. 2015), with older individuals found in the lower 

part (Schnitzler et al. 2011, Tulp et al. 2016). Within Belgian waters, anglers 

target seabass from vessels, as well as from the beach (Verleye et al. 2022). 

Along the shore, high prevalence of (pre-)adult seabass has been described in 

port areas (Delbare 2012). Seabass is caught from the beach mostly during the 

summer months (Verleye et al. 2022), but offshore sand banks and artificial 

structures are considered seabass hotspots from April -May to September - 

November (Goossens, pers. comm.). Artificial substrates, such as offshore 

wrecks and wind farms, in the otherwise sandy surroundings of the southern 

North Sea, have been shown to attract different species (Reubens et al. 2013b, 

Wright et al. 2020), but a possible association of seabass to these structures 

remains undescribed. 

Our research team was granted the opportunity to use a newly developed 

acoustic data storage tag (ADST), which promised to be a highly suitable 

technology to investigate seabass movement ecology in our study area at 

distinct spatial scales (Goossens et al. 2023). The archival depth and 

temperature series enabled the reconstruction of large-scale migrations 

(Woillez et al. 2016, Goossens et al. 2023), as described in detail in chapter 6. 

The tags also transmitted an acoustic signal that could be detected when a 

tagged fish was within the detection range of an acoustic receiver (Hussey et 

al. 2015). In this chapter, we used the acoustic telemetry feature to investigate 

European seabass movements in the BPNS and Scheldt Estuary. The objective 

of the study was to better understand patterns in presence, spatial connectivity 
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and habitat use, and thus to set a baseline of knowledge on seabass 

movement behaviour in this area of the southern North Sea.  

MATERIAL & METHODS 

Study area  

The BPNS and Scheldt Estuary are part of the southern North Sea and are 

characterized by shallow (up to 40 m depth), subtidal sand banks with strong 

tidal currents (Ivanov et al. 2020). Hard substrate habitats consist mainly of 

artificial structures, like ship wrecks and wind turbines (Wright et al. 2020) The 

area is dense in anthropogenic activities, including fisheries, shipping, sand 

extraction and military exercises (Pecceu et al. 2016). 

The study made use of permanent and temporary receiver arrays (Fig. 7.1). 

Acoustic receivers (VR2W, VR2AR and VR2Tx; Innovasea Ltd., USA) were 

installed as part of permanent networks with 107 unique receiver stations of 

the permanent Belgian acoustic receiver network (PBARN) (Reubens et al. 

2019b) and the Belgian passive acoustic monitoring network (Chapter 5). In 

addition, temporary arrays were specifically purposed to investigate fish 

movements in the vicinity of artificial substrate, whereby receivers were 

installed on tripod moorings (Goossens et al. 2020). In this study, we 

specifically make use of arrays along the outer port walls of the Port of 

Zeebrugge, at an offshore radar tower, at the Garden City offshore wreck and 

in the southwestern area of the Belwind offshore wind farm. The active 

deployment period, as well as the number of receivers (1 – 28) of these 

temporary arrays varied over time (Fig. 7.5). More details on receiver 

deployment positions can be found in chapter 8 (Port of Zeebrugge), in 

Supporting Information S7.1 (Garden City wreck and radar tower), and in Buyse 

et al. (2023) and van der Knaap et al. (2021) (Belwind offshore wind farm).  

Extensive range testing was carried out in the Belwind offshore wind farm, 

using the tripod frames. Telemetry analyses (see below) were performed using 

the resolution of single transmissions, hourly and daily time bins. These 

resolutions resulted in different detection ranges (transmitter-receiver 

distance with 50% detection probability of observing the presence of a tagged 

seabass under median environmental conditions within a set temporal 
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resolution): 402 m (single transmission), 502 m (hourly time bin) and 566 m 

(daily time bin) (Goossens et al. 2022). 

Fish tagging 

From 2018 to 2021, 131 seabass were tagged with transmitters of the type 

ADST-V9TP (109), V13AP (12) and V9P (10) (Table 7.1, Innovasea Ltd., USA). 

Commercial and recreational anglers captured the seabass using rod and line, 

except for one seabass caught with a longline (in the offshore wind farm). The 

majority of fish were caught using artificial bait (plastic lures and wobblers), 

except for some fish at the radar tower, offshore wind farm and estuary which 

were captured using live bait (ragworms, lugworms or crabs). Using a distance 

of 6 nautical miles as the delineation between coastal and offshore areas, 79 

seabass (34.0 – 74.0 cm length) were tagged along the coast and 52 seabass 

(33.0 – 57.0 cm length) at offshore locations (Table 7.2). Transmitters were 

surgically inserted in the abdominal cavity. The tagging procedure is fully 

detailed in Goossens et al. (2023) and was approved under the ethical 

certificate EC2017-080. Detection data and metadata were managed through 

the online database of the European Tracking Network (ETN; 

https://lifewatch.be/etn/), enabling direct access to detection data on all 

receiver arrays. 

 

https://lifewatch.be/etn/
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Figure 7.1. Map of the study area in the Belgian Part of the North Sea and the Scheldt Estuary with locations of fish release (green 

triangles) and acoustic receivers with active deployments during the study (grey circles). In the Scheldt Estuary, three bands of receivers 

stretch from shore to shore (ws1, ws2 and ws3). Temporary arrays were installed near artificial substrates at a port (dark ye llow), an 

offshore radar tower (red), an offshore wreck (light blue) and an offshore wind farm (dark blue). Shape files originated from Marine 

Regions (https://www.marineregions.org/) and GRBgis (https://www.geopunt.be).  

https://www.marineregions.org/
https://www.geopunt.be/
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Table 7.1. Tag settings applied for different types of acoustic transmitters (Innovasea 

Ltd., USA) attached to a number of seabass (N). Sensor measurements of temperature 

(T), acceleration (A) and pressure (P) were transmitted at predefined settings within a 

step of a fixed number of days at high (H) or low (L) transmitting power output between 

a minimum and maximum interval. Power output was 154 dB for V13AP, 151 dB for 

ADST-V9TP and 146 (L) or 151 (H) dB for V9P. The ADST-V9TP were programmed to 

effectively stop transmitting after the set battery life, whereas the V13AP and V9P 

continued transmitting as long as there was battery left.  

Transmitter type N 

Battery life 

(days)  Transmitter settings 

V13AP 11 495 H 495 days (140 - 220 s) 

 1 198 H 30 days (30 - 60 s); 

H 168 days (140 - 220 s) 

V9P 10 502 H 153 days (180 - 280 s); 

L 120 days (300 - 400 s); 

H 229 days (300 - 400 s) 

ADST-V9TP 

 

27 354 H 90 days (240 - 360 s); 

H 150 days (120 - 240 s); 

H 104 days (240 - 360 s) 

 40 339 H 120 days (120 - 240 s); 

H 239 days (240 - 360 s) 

 19 400 H 120 days (180 - 200 s); 

H 280 days (300 - 400 s) 

 23 425 H 70 days (180 - 280 s); 

H 355 days (300 - 400 s) 

Table 7.2. Table of tagging metadata with number of seabass (N) tagged at different 

areas with length (cm), displayed as median [range], and the tagging period (months 

and years). Tagging areas were considered as coastal when they were within a distance 

of six nautical miles from shore. 

Tagging area N Coastal / 

Offshore 

Length (cm) Tagging period 

Zeebrugge 

port (outer) 

41 Coastal 47.0 [38.0 – 74.0] Jul – Oct (2018 – 2019) 

Zeebrugge 

port (inner) 

22 Coastal 46.5 [39.0 – 63.0] Jun – Sep (2018 – 2020) 

Scheldt Estuary 11 Coastal 40.0 [34.0 – 63.0] Aug – Oct (2018 – 2019) 

Oostende 5 Coastal 52.0 [37.0 – 57.0] Jun – Aug (2018 – 2020) 

Radar 14 Offshore 50.5 [42.0 – 57.0] Sep (2021) 

Wreck 30 Offshore 46.0 [42.0 – 57.0] Oct – Dec (2019 – 2021) 

Wind farm 8 Offshore 44.0 [33.0 – 53.0] Jun – Oct (2018 – 2020) 
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Detection data metrics and visualization 

For this chapter, only detections within the BPNS and Scheldt Estuary were 

included. A residence index (RI) was calculated to evaluate presence in the 

study area. A day was considered to be a detection positive day (DPD) if a 

seabass was detected at least once during that day. A residence index (RI) was 

calculated as the number of DPD out of the time at large, starting from the 

release date until the end of the battery lifetime or recapture of the fish. A fish 

was considered to exhibit site fidelity if it was detected in the study area at 

least 180 days (six months, a period long enough to have performed a 

spawning migration) after the release date. Acoustic detections of every tag 

ID were visualized over time in an abacus plot. Connectivity in the area was 

investigated by visualizing spatial networks, whereby grouped receiver 

stations represented the nodes and the counts of directed movements in 

between these locations were the edges (Jacoby et al. 2012). For this network 

representation, receivers were grouped by vicinity (with receiver stations 

within a group at a maximum distance of 3.6 km), except for the inner harbour 

of Zeebrugge and receiver bands ws1 and ws2 (Fig. 7.1), which were grouped 

as such (whereby receivers were at a maximum distance of 10.7 km). After 

exploration of these spatial networks of individual seabass, we visually 

identified different movement patterns. To visualize a seasonal component, 

we split the year into June – August, September – November, December – 

February and March – May (Chapter 6). 

Habitat use at artificial substrates 

The detection information at the receiver arrays near artificial substrates (port, 

radar, wreck and wind farm) was used to explore depth occupancy and to 

model seasonal presence. For this, we limited the data set to individuals that 

were detected at least 10 days at the temporary arrays around the artificial 

substrates. Depth occupancy at each array was visualised with a boxplot 

depicting depth measurements during day and night, which were categorized 

using the times of sunrise and sunset extracted with the R package suncalc.  

We used a generalized linear mixed-effects modelling framework (GLMM) 

(Zuur et al. 2009) to model seasonal patterns in presence. A separate model 

was constructed for each array, whereby each model dataset was limited to 

the period of active battery life times of both receivers and transmitters, that 
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were detected at least 10 days in the array. We opted for these separate 

models because comparing presence between differently set up arrays (where 

a fish’s absence in one array might imply its presence in another) and 

comparing depth use at different bathymetries wouldn’t make sense. For the 

dependent variable, an individual seabass was categorized as present (1) or 

absent (0) for each calendar day. Presence was then modelled in a GLMM, 

following a Bernoulli distribution with fish ID as a random factor to take 

individual variability into account. The fixed variable month was included as 

the cyclical functions of its sine and cosine components to account for 

seasonality, following a similar approach as Dudgeon et al. (2013). Model 

selection was performed by stepwise backward selection by applying an 

analysis of variance (ANOVA) test to the full model and a model excluding one 

of the terms (single-term deletion). The model with a significantly lower Akaike 

Information Criterion (AIC) value was selected. The analyses were performed 

using the R package lme4 (Bates et al. 2015). 

In supporting information S7.2, we documented an onset for a more in-depth 

analysis of diel and tidal variation in depth occupancy and activity, but this 

analysis would need to be improved and elaborated with more tagging data 

(data were still collected at the time of writing). 

RESULTS 

Detection data metrics and visualization 

In total, 795,662 detections of 110 seabass (out of 131 tagged) were registered 

by 154 stations. Two fish died shortly after tagging and one tag experienced a 

hardware issue preventing acoustic signal transmission. These fish were 

excluded from the analysis (leaving a total of 110 fish). Seabass were detected 

across the entire range of the BPNS (Fig. 7.2). In the Scheldt Estuary, seabass 

were only detected up until the second receiver band between Borssele and 

Terneuzen (ws2, Fig. 7.1). Individual seabass showed high variation in 

detection patterns, with RI varying between 0.00 and 0.92 and median RI of 

0.21 and 0.05 for individuals tagged in coastal and offshore areas, respectively.  

Looking at individual detections over time (Fig. 7.3), we saw that seabass were 

mainly detected in the area where they were released. Seabass tagged along 

the coast were mostly detected between April and October. Seabass tagged 
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offshore were more commonly detected until January (n = 11). Only a few 

seabass (n = 3) tagged offshore were detected at coastal stations and none 

were detected in Zeebrugge or the Scheldt Estuary. Out of all tagged 

individuals, only five were detected in the offshore area in February and March, 

namely at the radar tower (n = 1, 2 DPD), offshore wind farm (n = 1, 2 DPD) 

and at the wrecks Garden City (n = 1, 2 DPD) and Birkenfels (n = 3, each 1 

DPD). Some seabass stayed during winter in the inner port of Zeebrugge, 

which is discussed in detail in chapter 8. For the calculation of site fidelity, we 

excluded animals that were recaptured within 180 days after release, as well 

as the animals that died (n=2) or whose tag experienced the above-mentioned 

hardware issue (n=1). Site fidelity to the study area was thus seen for 46 out 

of 70 (65.7%) seabass tagged along the coast, and for 21 out of 36 (58.3%) 

seabass tagged offshore.  

 

 

Figure 7.2. Locations of acoustic receivers with seabass detections, coloured by area 

(coastal, less than 6 nautical miles from shore: turquoise; offshore, more than 6 nautical 

miles from shore: dark blue; port of Oostende: burgundy; port of Zeebrugge: yellow; 

Scheldt Estuary: purple). 
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Figure 7.3. Abacus plot of acoustic data for seabass tagged along the coast (top) and 

in offshore areas (bottom), depicting a time line for individual tagged fish with the 

release (diamond), tag recovery (crossed diamond) and detections (square) coloured 

by location of detection (coastal, less than 6 nautical miles from shore: turquoise; 

offshore, more than 6 nautical miles from shore: dark blue; port of Oostende: burgundy; 

port of Zeebrugge: yellow; Scheldt Estuary: purple). 
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Figure 7.4. Space use of individuals classified into different strategies: coastal (top, n = 61), coastal with link to offshore areas (mi ddle, n 

= 10) and offshore (bottom, n = 39) with the number of animals detected at grouped receiver stations (left, pink). The right plots show 

spatial network maps for different periods with nodes sized by the number of detection positive days (DPD, fuchsia) and edges sized by 

frequencies of movement between grouped receiver stations (right-hand curved from origin to destination). For each graph, the number 

of detected animals (n) is marked in the bottom right corner.  
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After visual exploration of individual spatial networks, we identified three 

spatial network patterns (Fig. 7.4): seabass that were tagged along the coast 

and were only detected in stations near the coast (strategy ‘coast’, n = 61), 

seabass that were tagged along the coast and showed connectivity to offshore 

stations (strategy ‘coast – offshore’, n = 10), and seabass that were tagged 

offshore and showed limited connectivity to the coast (strategy ‘offshore’, n = 

39). For the strategy ‘coast’, the area of Zeebrugge seemed in strong 

connection with Oostende and the Scheldt Estuary. Seabass from the coast 

moved south-westwards along the coast mainly between September and 

November, returning the same way between March and May. Four seabass 

displayed a particular movement pattern when returning to Zeebrugge 

between April and June: the seabass first moved more northwards to the 

Scheldt Estuary (even after having been detected at Zeebrugge) to then return 

to Zeebrugge where they exhibited residency during the summer months. For 

the ‘coast – offshore’ strategy, the connectivity between Zeebrugge and 

Scheldt Estuary was also observed, but these seabass were never detected in 

Oostende or any other station along the south-western shore. These seabass 

went more offshore after spending summer along the coast; five individuals 

were detected at offshore stations during the winter. From March to May, 

eight (out of ten individuals) returned to the coast. Seabass tagged offshore 

(strategy ‘offshore’) were rarely detected in coastal areas with only three 

individuals detected in south-western coastal stations. None of the ‘offshore’ 

seabass were ever detected in Zeebrugge or the Scheldt Estuary. 

Habitat use at artificial substrates 

When investigating the detection data at the artificial substrates, it was 

important to take into account that the number of receivers at different 

locations varied over time (Fig. 7.5). The number of detected seabass varied 

between the different arrays (nport = 28, nradar = 8, nwreck = 8, nwind = 6) (Fig. 7.6). 

Seabass were mainly detected at depths corresponding to the depth of the 

seabed (where the receivers were installed) at the port, radar tower and wreck 

site (Fig. 7.7). Depth occupancy (median [Q1, Q3] in m) at these sites were 3.79 

[2.43, 5.42] at the port, 7.52 [6.62, 9.03] at the radar tower and 27.1 [25.5 – 

28.6]. In the offshore wind farm, seabass occupied a larger (interquartile) range 

of depths, and was mostly detected at greater depth during the day (22.4 [19.7, 
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26.2]) than at night (15.8 [12.0, 21.2]). This overall diel difference in depth use 

was observed for four of six seabass detected at the offshore wind farm.  

For each array, the full presence model was chosen with fixed variable month 

(defined as the sine and cosine components) and the random factor ID (Table 

7.3). Seasonal patterns in presence showed highest probability of presence π 

during the warmer months at the port and wind farm, with near zero (median) 

probability of presence from December to April (Fig. 7.7, Table 7.4). The wreck 

site showed the inverse pattern with highest π in November – January. The 

model for the radar tower, rendered non-zero probabilities throughout the 

year (except for December, for which we did not have data yet). However, we 

did not register seabass presence here in February, and only one seabass (2 

DPD) was detected in March. This indicated the patterns in presence at the 

radar tower may not be entirely fit to investigate with a cyclical seasonal 

component. 

 

 

Figure 7.5. Time line of the number of available receivers for the acoustic receiver 

arrays at a port (yellow), an offshore radar tower (red), an offshore wreck (light blue) 

and an offshore wind farm (dark blue). 

 

Figure 7.6. Time line of the number of individual seabass detected at the acoustic 

receiver arrays at a port (yellow), an offshore radar tower (red), an offshore wreck (light 

blue) and an offshore wind farm (dark blue). 
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Table 7.3. Overview of model selection for generalized linear mixed models of 

presence (following a Bernoulli distribution) at the acoustic receiver arrays at the port, 

offshore radar tower, offshore wreck and offshore wind farm. For each area, the full 

model M1 was compared to models with single-term deletions (M2 and M3) using the 

Akaike Information Criterion (AIC) and p-value of the ANOVA (with p < 0.001 indicated 

as *). The AIC of the selected models were indicated in bold.  

 AIC    

Model Port Radar Wreck Wind farm 

M1: π ~ Month + (1|ID) 5019.8 2009.0 1796.3 1422.6 

M2: π ~ Month  6047.1* 2504.6* 1946.3* 1469.7* 

M3: π ~ (1|ID) 6720.5* 2239.4* 2313.7* 1862.6* 

 

 

Figure 7.7. Left: Boxplot of transmitted depth (m) measurements, as detected during 

day and night at the acoustic receiver arrays at a port (yellow, n = 28), an offshore radar 

tower (red, n = 8), an offshore wreck (light blue, n = 8) and an offshore wind farm (dark 

blue, n = 6). Right: Output of predicted probability of presence π (median and range). 
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Table 7.4. Summary of generalized linear mixed models of presence (following a 

Bernouilli distribution) for each area with fixed effect estimates and standard error (SE), 

as well as the standard deviations (SD) of the random effect ID. Significant effects had 

p-values of <0.001 (*) and <0.05 (^). 

 Port Radar Wreck Wind farm 

N 28 8 8 6 

Fixed effect (SE)     

Intercept -1.76 (0.26)* -1.19 (0.47)^ -3.32 (0.35)* -2.51 (0.27)* 

Sine(2π/12 x month) -2.08 (0.07) * -1.14 (0.08)* -0.28 (0.10)^ -1.50 (0.13)* 

Cosine(2π/12 x month) -1.58 (0.07) * -0.33 (0.09)* 2.52 (0.16)* -2.06 (0.15)* 

Random effect SD     

Fish ID 1.32 1.30 0.93 0.56 

DISCUSSION 

Presence in Belgian waters & Scheldt Estuary 

Seabass were detected in marine waters across the entire study area. Several 

seabass exhibited seasonal residency and site fidelity to the BPNS. Highest 

residency was observed along the coast in the period from April-May to 

October-November, indicating the coastal zone would serve as a feeding area. 

As expected, the majority left the coastal area during the colder months. In the 

offshore area of the BPNS (where receiver coverage was less dense and more 

fragmented than along the coast), seabass detections were more scarce. 

Seabass were observed in the offshore area throughout the year, with albeit 

very few detections in February and March, which corresponds to the timing 

of seabass aggregations in spawning grounds to the south-west of the study 

area, e.g. the English channel (López et al. 2015, Dambrine et al. 2021).  

Seabass were detected in the Scheldt Estuary, but only in the marine waters. 

Recreational anglers did mention catches further upstream in the more 

brackish waters of the Scheldt (from ws3 onwards, Fig. 7.1), but we did not 

capture nor detect any seabass in this area. Although seabass as a species 

would tolerate a wide range of salinity (especially in the younger life-history 

stages), coping with variation in salinity may involve a high energetic cost 

(Vázquez & Muñoz-Cueto 2014).  

Seasonal patterns in presence differed at the different artificial substrate sites. 

Higher presence was observed from May to October at all sites, except for the 
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offshore wreck where higher seabass presence was detected from November 

to January. Considering this timing and its offshore location, the wreck might 

serve as a pre-spawning stop before heading towards spawning grounds 

(Vázquez & Muñoz-Cueto 2014). Seabass seemed to occupy a deeper part of 

the water column during the day than at night in the offshore wind farm, but 

no circadian pattern was seen in the other sites. Using archival depth series, 

seabass has been observed to seasonally switch in diel patterns in depth 

occupancy and activity rhythm (Quayle et al. 2009, Heerah et al. 2017). Our 

telemetry results might therefore add a spatial component to this seasonal 

pattern, whereby seabass would alter vertical movement behaviour according 

to their location, for example in relation to available prey or a different function 

they use the habitat for. Considering only six seabass were detected at the 

offshore wind farms, this might also reflect individual variation in movement 

behaviour. 

The importance of offshore artificial structures for European seabass is further 

investigated by ongoing tagging research in the context of the Fish Intel 

project. Additional acoustic and archival data can substantiate how more 

individuals use these habitats, which would enable to improve models of 

presence and activity (Supporting information S7.2) and could be 

complemented with other analysis techniques, such as spectral analysis for 

temporal patterns (Reubens et al. 2014) and 3D positioning for fine-scale 

spatial patterns (Baktoft et al. 2019). 

Connectivity 

We found that the connectivity in the area differed between individuals, 

whereby we identified three patterns. These different strategies demonstrate 

fine-scaled population structuring. As the geolocation modelling in chapter 6 

showed that some seabass headed south towards the English Channel and 

some stayed in the North Sea, the different movement patterns within the 

BPNS could imply that these seabass headed for different destinations. For 

example, seabass residing in and around Zeebrugge in summer were observed 

to 1) stay in the port during winter, 2) head offshore, or 3) move south-

westwards along the coast. A similar pattern of breeding partial migration 

(Shaw & Levin 2011) was described for seabass off the coast of the Iroise Sea, 

where residents and migrants separated to breed (de Pontual et al. 2019). 
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Looking into these individual patterns of connectivity, we found that four 

seabass made a stopover near the Scheldt Estuary (ws1) before returning to 

their summer residency area (Zeebrugge). Seemingly anecdotic, it was 

remarkable that these individuals first headed northwards (whereby one was 

even detected in Zeebrugge on its way north) to only then return to the area 

they had spent the previous summer and would spend the next. The 

observation could have been related to roaming behaviour before heading to 

the area of residency, or potentially even to a flawed orientation (e.g. due to 

habitat alteration due to the many anthropogenic activities). Another 

explanation consisted of individuals partaking in different spawning events at 

different locations throughout the year. Physiologically, seabass are able to 

spawn multiple times within a year (1 to 5 times for females, 1 to 8 times for 

males, as observed in aquaculture research) (Superio et al. 2021), and stage 1 

seabass eggs had been observed in this area in April – May 2011 (van Damme 

et al. 2011, Tulp et al. 2016). A targeted spawning or egg survey could elucidate 

whether seabass spawn in the Voordelta (area west of the Dutch coast from 

Walcheren to the Maasvlakte). 

Management implications 

The importance of artificial substrates for European seabass was already fairly 

clear at the beginning of this study. For catching the fish, we relied on anglers 

and their knowledge of seabass hotspots in the BPNS, which were almost 

always related to artificial structures. Moreover, the importance of these 

habitats had been demonstrated for other fish species (Reubens et al. 2013b, 

Wright et al. 2020). These structures would therefore make good candidates 

for the spatial protection of the North Sea fish community, which represented 

one of the historically most heavily fished systems in the world (Beukhof et al. 

2019). For the areas in our study, no recreational nor commercial fishing was 

allowed in the wind farm and port, due to safety regulations. Fishing was 

allowed at the offshore wreck and the radar tower, which were both 

considered hotspots to target shoals of seabass. Even if we lacked information 

at the time of writing to make strong statements about habitat use at the 

offshore artificial substrates, enough information is at hand to understand that 

spatial fisheries closures would likely benefit seabass recovery. 
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The biomass of the Northern seabass stock has not yet recovered to a level 

that can be ascertained as sustainable (ICES 2022a). Seabass’ highly localized 

behaviour, exhibited through high residency and individual variability in 

connectivity, demonstrated the complexity of population dynamics and the 

risk to local depletion (Doyle et al. 2017). In light of the precautionary 

approach (Proelss & Houghton 2012), constituting the guiding principle of EU 

fisheries and environmental policy, conservation action can and should be 

taken to protect local seabass. 
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SUPPORTING INFORMATION S7.1 – ARTIFICAL SUBSTRATE 

RECEIVER ARRAYS 

 

Figure S7.1.1 – Positions of acoustic receivers in the arrays at the Garden City wreck 

(left) and at the radar tower (right). The number of deployed receivers varied over time 

(Fig. 7.5). 

 

Fi g  
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SUPPORTING INFORMATION S7.2 – HABITAT USE ARTIFICAL 

SUBSTRATE 

In this supporting document, we detail the onset of an in-depth analysis of 

habitat use at the four receiver arrays at different artificial substrates (port, 

radar, wreck and wind farm). Tagging efforts were ongoing on the time of 

writing, which will provide additional detection data as input for the models in 

the analyses below. We also provide some considerations and potential 

adaptations for future elaboration of the models. 

Methods 

We investigated the habitat use of individuals that were detected at least 10 

days at the temporary arrays around the artificial substrates. We used a 

generalized linear mixed-effects modelling framework (GLMM) (Zuur et al. 

2009) similarly to Dudgeon et al. (2013), to analyse patterns in presence, depth 

use and activity in the arrays. Activity was enumerated as hourly mean vertical 

distance (in m) between detections, whereby an hour had to contain at least 3 

transmitted pressure sensor measurements to be included in the analysis.  For 

the fixed factor diel phase, the time of day was categorized as day and night, 

using the times of sunrise and sunset extracted with the R package suncalc. 

Tidal data were extracted from ‘Meetnet Vlaamse Banken’ at the Westhinder 

measuring station (51°23'18" N, 2°26'16" E). This lead to the categorization of 

the tidal data into low, rising, high and falling tide, whereby the stages high 

and low included the peak tide plus one hour before and after. 

Because of the inherently different nature of the dependent variables presence 

(binary), depth use and activity (continuous), models were set up differently. 

For the dependent variable ‘presence’, an individual seabass was categorized 

as present (1) or absent (0) per level of diel and tidal phase for each calendar 

day, rendering maximum eight records per day. Presence was then modelled 

in a GLMM, following a Bernoulli distribution, with the fixed factors month, diel 

phase and tidal phase and with fish ID as a random factor to take individual 

variability into account. The dataset for each array was limited to the period of 

active battery life times of both tags and receivers. The fixed variable month 

was included as the cyclical functions of its sine and cosine components to 

account for seasonality (Dudgeon et al. 2013). Depth use was evaluated in a 

GLMM following a Gamma distribution with a log link function, using the fixed 
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factor Diel phase with the random effects of fish ID and month. Tidal phase 

was not included, because of its direct relation to depth. Using a GLMM with 

a Gamma distribution with a log link function, activity was modelled against 

the fixed factors area (port, radar, wreck and wind farm), tidal phase and diel 

phase, and the random effects fish ID nested within area, as well as month. 

Since activity was calculated per hour, each hour was assigned the diel and 

tidal phase that took up most of the time within that hour (i.e. 30 minutes or 

more).  

For the presence and depth use models, separate GLMMs were set up for each 

receiver array (port, radar, wreck and wind farm). We opted for these separate 

models because comparing presence between differently set up arrays (where 

a fish’s absence in one array might imply its presence in another) and 

comparing depth use at different bathymetries would not make sense. Activity 

on the other hand, could be compared between areas while accounting for 

differences between individuals by nesting the random effect ID within area. 

In the presence model, month was included as a fixed factor since presence 

and absence could be determined for every date within the temporal range of 

the model. However, the datasets for the depth and activity models were 

limited to the instances with transmitted depth measurements. Month was 

therefore included as a random effect in the depth use and activity GLMMs.  

Model selection was performed by stepwise backward selection by applying 

an analysis of variance (ANOVA) test to the full model and a model excluding 

one of the terms (single-term deletion). The model with a significantly lower 

Akaike Information Criterion (AIC) value was selected. We applied the Tukey’s 

honestly significant difference (HSD) test to the chosen model as a post-hoc 

test. Analyses were performed using the R packages lme4 (Bates et al. 2015) 

and afex (Singmann et al. 2022). 

Results 

Different binomial regression models were selected for the different arrays, 

with the full model (including fixed factors month, diel and tidal phase) 

selected for the port and wind farm (Table S7.1). Diel phase was removed for 

the wreck and tidal phase was removed for radar. Seasonal patterns in 

presence showed highest probability of presence π during the warmer months 

at the port and wind farm, with (near) zero probability of presence from 
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December to April (Fig. S7.1, Table S7.2). At the radar tower, we registered 

seabass presence throughout the year (except for December, for which we did 

not have data yet), with highest π from July to October. The wreck site showed 

the inverse pattern with highest π in November – January. Diel differences were 

found in the areas radar (higher π at night), port and wind farm (lower π at 

night), but the effect was small. Higher π was predicted during falling tide, 

compared to rising and high tide for all areas, but the effect sizes were small.  

For the GLMMs on depth use, the full model was selected for all areas (Table 

S7.3). Seabass were detected at significantly shallower depth at night in all 

areas (Table S7.4, Fig. S7.2), but the effect estimate was extremely small for the 

port, radar and wreck site, resulting in predicted diel difference of 0.5 m or 

less. At the offshore wind farm, seabass was predicted to be 5.1 m deeper 

during the day than during the night (with low variance between individual 

fish: SD 0.02 for the random effect fish ID). For the activity GLMM, the full 

model was retained (Table S7.5). Highest activity was found at the Garden City 

wreck with lowest activity registered at the radar tower and offshore wind farm 

(Table S7.6, Fig. S7.3). Activity was found to be significantly higher at night and 

at falling tide in comparison with high and low tide, although effect sizes were 

very small.  

Improvements to be made 

The major difficulty with these models was that statistically significant 

differences were found, even when those diel and tidal differences in some 

cases were too slight to be considered of practical (in this case: ecological) 

relevance. Including detection data of more fish (in light of the ongoing 

tagging efforts) might therefore render clarity on the existence of these 

differences. We included tidal phase following a similar approach of Dudgeon 

et al. (2013), but tidal phase could be accounted for differently in the model, 

either by applying a different time window or using another variable, such as 

current velocity. Moreover, diel and tidal factors might be more appropriately 

accounted for with spectral analysis (Reubens et al. 2014). 
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Table S7.1. Overview of model selection for generalized linear mixed models of 

presence (following a Bernoulli distribution) at the acoustic receiver arrays at the port, 

offshore radar tower, offshore wreck and offshore wind farm. For each area, the full 

model M1 was compared to models with single-term deletions (M2, M3 and M4) using 

the Akaike Information Criterion (AIC) and p-value of the ANOVA (with p < 0.001 

indicated as *). The AIC of the selected models were indicated in bold.  

 AIC    

Model Port Radar Wreck Wind 

farm 

M1: π ~ Month + Diel phase 

+ Tidal phase + (1|ID) 25569.5 15296.4 8442.3 8002.8 

M2: π ~ Month + Tidal phase 

+ (1|ID) 25580.1* 15319.2* 8440.3 8088.0* 

M3: π ~ Month + Diel phase + 

(1|ID) 27125.4* 15295.8 8461.6* 8017.6* 

M4: π ~ Diel phase + Tidal 

phase + (1|ID) 30227.8* 16718.1* 12232.9* 9802.0* 

 

Table S7.2. Summary of generalized linear mixed models of presence (following a 

Bernouilli distribution) for each area with fixed effect estimates and standard error (SE), 

as well as the standard deviations (SD) of the random effect ID. Significant effects had 

p-values of <0.001 (*). 

 Port Radar Wreck Wind farm 

N 28 8 8 6 

Fixed effect 

Estimate (SE) 

    

Intercept -2.95 (0.23)* -1.51 (0.4)* -5.26 (0.42)* -3.14 (0.31)* 

Diel phase: night -0.11 (0.03)* 0.2 (0.04)* - -0.53 (0.06)* 

Sine(2π/12 x Month) -1.77 (0.03) * -1.03 (0.03)* -0.22 (0.05)* -1.77 (0.07)* 

Cosine(2π/12 

xMonth) 

-1.14 (0.03) * -0.16 (0.03)* 4.12 (0.12)* -1.82 (0.07)* 

Tidal phase: rising 0.02 (0.04) - 0.06 (0.08) 0.05 (0.08) 

Tidal phase: high -1.51 (0.06) * - 0.01 (0.09) -0.18 (0.08)^ 

Tidal phase: falling 0.48 (0.04) * - 0.33 (0.08)* 0.18 (0.08)^ 

Random effect SD     

Fish ID 1.21 1.14 1.15 0.73 
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Table S7.3. Overview of model selection for generalized linear mixed models of depth 

use (following a Gamma distribution with log link) at the acoustic receiver arrays at the 

port, offshore radar tower, offshore wreck and offshore wind farm. For each area, the 

full model M1 was compared to models with single term deletions (M2, M3 and M4) 

using the Akaike Information Criterion (AIC) and p-value of the ANOVA (with p < 0.001 

indicated as *). The AIC of the selected models were indicated in bold.  

 AIC    

Model Port Radar Wreck Wind 

farm 

M1: Depth ~ Diel phase + 

(1|ID) + (1|Month) 144131.0 835580.3 195700.0 425401.2 

M2: Depth ~ Diel phase + 

(1|ID) 145077.5* 845105.1* 195997.3* 427024.3* 

M3: Depth ~ (1|ID) + 

(1|Month) 144141.0* 836857.0* 195926.9* 438702.6* 

 

 

Figure S7.1. – Output of predicted probability of presence π (median and range) at the 

acoustic receiver arrays at a port (yellow), an offshore radar tower (red), an offshore 

wreck (light blue) and an offshore wind farm (dark blue). Significant effects had p-

values of <0.001 (*) and <0.05 (^). 
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Table S7.4. Summary of generalized linear mixed models of depth use (following a 

Gamma distribution with log link) for each area with fixed effect estimates and standard 

error (SE), as well as the standard deviations (SD) of the random effect ID. Significant 

effects had p-values of <0.001 (*). 

 Port Radar Wreck Wind farm 

N 28 8 8 6 

Fixed effect (SE)     

Intercept 1.49 (0.08)* 1.82 (0.23)* 3.23 (0.02)* 3.16 (0.07)* 

Diel phase: night 

-0.02 (0.01)* -0.04 

(0.001)* 

-0.02 

(0.001)* 

-0.25 

(0.002)* 

Random effect SD     

Fish ID 0.17 0.01 0.01 0.02 

Month 0.09 0.14 0.01 0.04 

Residual 0.53 0.22 0.09 0.21 

 

 

Table S7.5. Overview of model selection for generalized linear mixed models of activity 

(following a Gamma distribution with log link). The full model M1 was compared to 

models with single term deletions (M2, M3, M4 and M5) using the Akaike Information 

Criterion (AIC) and p-value of the ANOVA (with p < 0.001 indicated as *). The AIC of 

the selected model was indicated in bold.  

Model AIC 

M1: Depth ~ Area + Diel phase + Tidal phase + (1|Area:ID) + 

(1|Month) 3359 

M2: Depth ~ Area + Diel phase + (1|Area:ID) + (1|Month) 3371* 

M3: Depth ~ Area + Tidal phase + (1|Area:ID) + (1|Month) 3379* 

M4: Depth ~ Diel phase + Tidal phase + (1|Area:ID) + (1|Month) 3388* 

M5: Depth ~ Area + Diel phase + Tidal phase + (1|Area:ID)  3526* 
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Figure S7.2. Boxplot of depth (m) measurements, as detected in the different receiver 

arrays during day and night. Significant effects of the GLMMs were indicated by the p-

values of <0.001 (*).  

Table S7.6. Summary of generalized linear mixed model of activity (following a Gamma 

distribution with log link) with fixed effect estimates and standard error (SE), as well as 

the standard deviations (SD) of the random effects fish ID nested in Area (Area : Fish 

ID) and month. Significant effects had p-values of <0.001 (*) and <0.05 (^). 

Fixed effect Estimate (SE)  

Intercept -1.01 (0.21)* 

Area: wreck 1.48 (0.27)* 

Area: radar -0.19 (0.26) 

Area: port 0.70 (0.22)^ 

Diel phase: night 0.06 (0.01)* 

Tidal phase: rising 0.05 (0.02)^ 

Tidal phase: high 0.01 (0.02) 

Tidal phase: falling 0.07 (0.02)* 

Random effect SD  

Area : Fish ID 0.35 

Month 0.11 

Residual 0.71 
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Figure S7.3. Boxplot of hourly mean vertical distance, as detected in the different 

receiver arrays during day and night and the tidal phases low, rising, high and falling. 

Significant effects of the GLMM was indicated by the p-values of <0.001 (*) and <0.05 

(^).  
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ABSTRACT 

We investigated the movements of European seabass, Dicentrarchus labrax, to 

understand habitat use and connectivity to evaluate how individual seabass 

are protected by the spatiotemporal fisheries restrictions in place. We tagged 

seabass with acoustic transmitters in a study area in the Port of Zeebrugge 

(Belgium) in the southern North Sea. The 370,200 detections of 57 seabass in 

the study area revealed high residency in the period from late March - May to 

September - November, as well as high site fidelity (70.7 %). Whereas the large 

majority of seabass left the area in winter, thirteen seabass stayed in the 

harbour experiencing temperatures as low as 2.8 °C. Two groups of seabass 

were identified having different core movement areas in the inner and outer 

harbours, although movement between the two areas was possible. The 
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distinct differences in habitat use between these groups resulted in a 

significantly different level of exposure to fisheries under the same policy 

framework. By quantifying a fish’ protection based on the spatiotemporal 

fisheries management in place, our study underlines the importance of taking 

into account movement behaviour when evaluating conservation measures. 

INTRODUCTION 

The vulnerability of a fish to being captured by a certain fishery is at the 

intersection of the spatiotemporal dynamics of both the fish and fisheries 

(Abesamis et al. 2014). The failure to recognize these spatiotemporal 

dynamics, and their scale, can lead to flawed fisheries management (Kerr et al. 

2017, Cadrin 2020). An example is the case of the European seabass, 

Dicentrarchus labrax. After more than a decade of excessive exploitation (ICES 

2022b), the European Parliament and Commission committed in 2015 to the 

preservation of seabass (EU 2015e). Fisheries measures include catch 

restrictions, gear limitations and a spatial and seasonal closure for commercial 

fisheries, as well as a bag limit and a catch-and-release season for recreational 

fisheries (EU 2022a, b). Underlining the limited understanding of both seabass 

fisheries and ecology (Steadman et al. 2014), the countless alterations of 

seabass fisheries measures, often amended within the year, illustrate the ad-

hoc, changeful nature of the management.  

For assessment purposes, ICES divides seabass in the Northeast Atlantic in four 

stocks: southern Bay of Biscay and Atlantic Iberian waters (ICES divisions 

8c,9b), northern and central Bay of Biscay (8ab), West of Scotland, West of 

Ireland and eastern part of southwest of Ireland (6a,7b,j), and the “Northern 

stock” which includes the central and southern North Sea, Irish Sea, English 

Channel, Bristol Cannel and Celtic Sea (4b,c, 7a,d-h) (ICES 2020b). Our study 

area is located in the North Sea, where seabass fisheries are managed under 

the EU multiannual plan (MAP) for Western Waters since 2019 (EU 2019b). The 

yearly ICES advice for the Northern stock provides the estimates of fishing 

mortality (F) based on this MAP (ICES 2022b). F is estimated to have been 

below the reference point for maximum sustainable yield (MSY) from 2016 

onwards, since the emergency measures have been in place. At the time of 

writing, the biomass has not fully recovered (ICES 2022b). Understanding the 
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effect of the fisheries measures on the protection of seabass could aid the 

conservation management. 

European seabass is a highly mobile fish. The species tolerates a wide range 

of temperatures (2-32°C) and salinities (0-40 ppt) and predates on various prey 

species of crustaceans, polychaetes, bivalves, gastropods, cephalopods and 

fish (Vázquez & Muñoz-Cueto 2014, López et al. 2015). These fast-moving 

predators generally feed along the coast, in estuaries and lagoons, but head 

to offshore deeper and warmer waters for winter spawning (López et al. 2015). 

Despite low genetic differentiation across the Northeast Atlantic population 

(Souche et al. 2015, Robinet et al. 2020), individual movement patterns 

illustrate a complex population structure. Mark-recapture (Pawson et al. 2007) 

and electronic tagging studies (Doyle et al. 2017, O'Neill et al. 2018, de Pontual 

et al. 2019, Stamp et al. 2021, de Pontual et al. 2023) have revealed interannual 

site fidelity to both feeding and spawning areas. Individual seabass exhibited 

long-term residency, staying in limited areas for long periods of time. The 

behaviours of long-term residency and interannual fidelity put seabass at risk 

of local depletion (Doyle et al. 2017), a mechanism that can contribute to the 

slow recovery of fish populations (Petitgas et al. 2006).  

Seabass movement ecology has only been limitedly studied in the North Sea 

(Quayle et al. 2009, de Pontual et al. 2023). Our study area, the port of 

Zeebrugge (Belgium), is considered a hotspot for recreational angling due to 

its high seabass abundance (Deputter pers. comm.). In marine waters, seabass 

fisheries measures are legislated in a yearly Council Regulation (EU 2022a). The 

national (i.c. the Department of Environment of the Flemish government) 

jurisdiction stipulates seabass fisheries measures for inland waters (Flemish 

Government 2017). Additionally, the port authorities regulate the access to the 

port of Zeebrugge by means of maritime security measures. Depending on 

their space use over time, seabass will therefore be differently exposed to 

fisheries regulated on different policy levels. This semi-confined study area is 

therefore a clear example of the interplay of spatiotemporal dynamics of both 

the fish and fisheries. In this study we investigated local seabass movements 

to 1) thoroughly understand habitat use and connectivity in the port area, and 

to 2) evaluate the prevailing spatiotemporal fisheries restrictions by 

quantifying how seabass are protected by these measures. 



186 

 

MATERIAL & METHODS 

Study site 

Seabass were tracked in the Port of Zeebrugge (Belgium, Fig. 8.1), which 

consists of an outer, marine harbour and an inner harbour which are 

connected through two shipping lock complexes. The main shipping lock, 

Vandamme, operates multiple times a day for regular and large ship traffic, 

whereas the smaller lock, Visart, is rarely operational. The outer harbour shores 

consist of sandy beaches, straight quay walls and large, concrete stones, that 

surround the two seaside port walls on either side. The shipping canal 

Boudewijn connects the port with the city of Bruges. The canal water is not 

used to discharge excess of freshwater, but seawater is regularly fed into the 

Boudewijn canal via an opening on the west side of the Vandamme shipping 

lock to maintain a specific water level. Both the inner harbour and the canal 

are lined with straight quay walls, as well as sandy beaches and oyster reefs. 

Seabass fishing in the study area is regulated under different spatiotemporal 

fisheries measures on different policy levels (full overview of legislation in 

Supporting information S8.3). Maritime security measures spatially limited 

fishing in the port to specific zones because of safety regulations (blue lines in 

Fig. 8.1). An additional spatial closure consisted of the zone 200 m inland of 

the Vandamme shipping lock where seabass fishing was specifically prohibited 

to halt seabass poaching that was prevalent in this area (Flemish Government 

2017). Temporal closures covered January to June in riverine waters and 

February – March (2018-2019) or February (2020 -2022) in marine waters. 

Recreational angling inside the port was considered to mainly take place 

during day (Goossens pers. comm.).  

Fish tagging and acoustic monitoring array 

During the summers of 2018 to 2020, 63 European seabass were caught in the 

inner (22) and outer (41) harbour (Fig. 8.1) with rod and line by recreational 

anglers using plastic lures and wobblers. Fish were tagged with transmitters of 

the type ADST-V9TP (45), V13AP (9) and V9P (9) (Innovasea Ltd., USA; details 

in Supporting information S8.1). Through a small surgery at the ventral side of 

the fish, the transmitters were placed in the abdominal cavity, as approved 
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under the ethical certificate EC2017-080 (for more details about the tagging 

procedure, we refer to (Goossens et al. 2023).  

 

  
Figure 8.1. Left: Map of seabass ICES stock division in the Northeast Atlantic with the 

location of the study area (orange dot). Right: Map of the study area in the port of 

Zeebrugge with two shipping locks, Vandamme and Visart. Angling is only allowed in 

specific zones (light blue), as imposed by the port authorities, and one location is 

specifically closed for seabass fishing (green), as legislated by the Flemish government. 

Locations of fish release (cross) and of receivers, deployed on tripod frames (triangle), 

navigation buoys (circle) and harbour infrastructure (square), were coloured by harbour 

zone (port walls: purple; outer harbour: yellow; inner harbour: orange). Shape files 

originated from ICES (https://gis.ices.dk), Marine Regions 

(https://www.marineregions.org/) and GRBgis (https://www.geopunt.be). 

  

https://gis.ices.dk/
https://www.marineregions.org/
https://www.geopunt.be/
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Table 8.1. Overview of deployment period and attachment type for each acoustic 

receiver station (tripod mooring, navigation buoy or harbour infrastructure). 

Harbour 

zone 

Station name Receiver 

attachment 

Start date End date 

Port walls  West1 Tripod mooring 11/4/2019 10/2/2021 

West2 Tripod mooring 11/4/2019 3/3/2020 

West3 Tripod mooring 11/4/2019 3/3/2020 

East1 Tripod mooring 11/4/2019 12/5/2021 

East2 Tripod mooring 11/4/2019 3/3/2020 

East3 Tripod mooring 11/4/2019 3/3/2020 

Outer 

harbour 

ZOKN Navigation buoy 27/6/2018 19/3/2019 

ZW1 Navigation buoy 19/3/2019 11/8/2022 

ZAND4 Navigation buoy 27/6/2018 11/8/2022 

LNG Navigation buoy 25/11/2020 11/8/2022 

ZA2 Navigation buoy 25/11/2020 13/4/2022 

Visart-port Harbour infra. 25/11/2020 13/4/2022 

Inner 

harbour 

Visart-inner Harbour infra. 11/1/2021 8/11/2022 

Boudewijn Harbour infra. 12/6/2018 8/11/2022 

Vandamme Harbour infra. 12/6/2018 8/11/2022 

Herder Harbour infra. 11/1/2021 8/11/2022 

Brugge Harbour infra. 25/11/2020 8/11/2022 

 

Acoustic receivers (VR2W, VR2AR and VR2Tx; Innovasea Ltd., USA) were placed 

strategically to study fish movements along the port walls, the outer and inner 

harbour, and the Boudewijn Canal (Fig. 8.1). Due to practical and budgetary 

reasons, the receiver array changed considerably in lay-out between the 

earliest deployment in June 2018 and last recovery in November 2022 (Table 

8.1). Receivers were attached to existing harbour infrastructure and navigation 

buoys with steel cable, metal chain and stone (Reubens et al. 2019b), as well 

as tripod moorings deployed on the seabed (Goossens et al. 2020). Previous 

range testing in the Belgian part of the North Sea (BPNS) resulted in estimated 

detection ranges (defined here as the transmitter-receiver distance with 50% 

detection probability of observing a tagged animal’s presence under median 

environmental conditions) of 502 m (hourly time bin) and 566 m (daily time 

bin) for observing European seabass (Goossens et al. 2022). The hard surfaces 
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of the harbour infrastructure (e.g. concrete walls) might have caused acoustic 

signal reflection (Vergeynst et al. 2020b). Data and metadata were managed 

using the online database of the European Tracking Network (ETN; 

https://lifewatch.be/etn), enabling us to directly access transmitter detections 

on other arrays, such as the permanent Belgian acoustic receiver network 

(PBARN) (Reubens et al. 2019b).  

Data analysis 

All analyses were performed in R software (R Core Team 2022), using the 

packages lme4 (Bates et al. 2015) and afex (Singmann et al. 2022). R scripts are 

made available on the GitHub repository 

https://github.com/JolienGoossens/SeabassTelPort.  

Data processing 

For each seabass, the time at large (TAL) was defined as the period from the 

tagging event to the last detection or recapture of the fish. Detection data 

were organized in hourly and daily time bins throughout the TAL. If a fish was 

detected at least once in an hour or day, we considered that time bin as 

detection positive hour (DPH) or detection positive day (DPD). DPD were 

categorized as day or night using the R package suncalc for extracting the 

times of sunrise and sunset (Thieurmel & Elmarhraoui 2022). For the time steps 

when an animal wasn’t detected, information on its probable whereabouts 

could be deducted from its previous and/or next location of detection, 

building on the concept of epistemic uncertainty (Bruneel et al. 2020). Seabass 

had to pass through one of the shipping locks (detection stations Vandamme, 

Visart and Visart-inner) to leave the inner harbour. Therefore, we considered a 

seabass to likely be present in the inner harbour if the previous and following 

detection were located in the inner harbour. If the last detection of a 

transmitter was registered in the inner harbour, the fish was considered to 

likely have been in the inner harbour for the remaining TAL. In all other cases, 

the seabass was considered to likely be in the outer harbour or at open sea. 

These likely locations (LL) were used for visualization and in the fisheries 

vulnerability model (see below). An overview of analysis metrics and methods 

and their spatiotemporal resolutions is provided in table 8.2. 

https://lifewatch.be/etn
https://github.com/JolienGoossens/SeabassTelPort
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Table 8.2. Overview of analysis metrics and methods, listing the applied temporal resolution (hour or day) and range (month or time at 

large, TAL) and spatial resolution (receivers station, harbour zone, entire study area or likely location, LL). 

Metric / Method Time scale Space scale Purpose / Definition 

 Resolution Range Resolution  

Site fidelity -  TAL 

TAL 

Zone 

Study area 

Percentage of detected animals that 

returned or stayed in the area six months 

after tagging 

Residence index (RI) Hour 

Day 

Month 

Month 

Zone  

Zone 

Percentage of time an animal spent at a 

receiver out of its time at large 

 Day TAL Station Input of the correspondence analysis (CA) 

Correspondence Analysis (CA, 

calculated with RI) 

Day TAL Station Multivariate analysis (station & fish ID) to 

visualize association of fish with stations 

Empirical derived Markov 

Chain (EDMC) 

Hour TAL Station Calculate transition probability of one 

station to another 

Eigenvector centrality (EVC) Hour TAL Station Quantify the use of a receiver station 

GLMM  

Spatial closure 

Hour TAL Station Model to compare presence and activity at 

Vandamme 

GLMM 

Fisheries protection 

Hour Month Study area + LL Model protection from fisheries measures 

for individual seabass 
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Habitat use and network analysis 

First, we investigated spatiotemporal patterns in seabass’ use of the study 

area. A seabass was considered to exhibit site fidelity if it was detected in the 

study area at least six months after the tagging event. Site fidelity thus 

reflected if a fish returned to or stayed in the study area for the subsequent 

feeding period. The residence index (RI) was used to evaluate what percentage 

of time an individual fish spent at a particular location. For visual comparison 

of RI between harbour zones, daily and hourly RI per month were calculated 

as the number of DPD and DPH out of the total number of days or hours within 

that month (within the TAL, e.g. if a fish was tagged within that month, only 

the time bins after the tagging event were considered). Daily RI was also 

calculated per receiver station as the detected daily time bins out of the 

tagged fish’ TAL to be used in the correspondence analysis (CA).  

We used network analysis to discern spatial patterns in seabass’ use of the 

study area. CA was applied to infer grouping of stations and animals, based 

on the amount of time individual seabass spent at each station. Given a 

contingency table of daily RI for every animal ID at every receiver station, Chi-

square distances quantified the similarity of how individual seabass 

frequented different stations. As a multivariate statistical method, CA enabled 

to visualize multidimensional complex data in fewer dimensions, where the 

distances between data points reflect the similarity between them (van Dam 

et al. 2021). The interconnectedness between the different stations in the 

harbours was investigated using Empirical derived Markov Chain (EDMC) 

analysis (Stehfest et al. 2015), following the approach of (Garcia et al. 2015). 

We calculated transition probabilities from one station to the other, as well as 

eigenvector centrality (EVC) which quantified the use (the centrality) of that 

station in relation to the use of the stations it is connected to. In contrast to 

(Garcia et al. 2015), we didn’t regard a lack of detection as a true absence, as 

we considered the scarcity of our receiver array would wrongly inform the 

Markov process on absence. CA was performed with the R package 

FactoMiner (Lê et al. 2008) and EMDC was applied with the code of (Stehfest 

et al. 2015). For the visual exploration of the spatial network, the counts of 

directed movements between receiver stations were plotted on a map of the 

study site (Jacoby et al. 2012). 
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Spatial closure 

Seabass fishing was prohibited around Vandamme station (see above). As 

recreational seabass angling in the port was assumed to mainly take place 

during daylight hours (Goossens pers. comm.), we compared circadian 

patterns in presence and activity within the protected area (station 

Vandamme) and outside of it. Presence was modelled as the number of DPH 

in a generalized linear mixed model (GLMM) with a Poisson distribution. A 

GLMM following a Gamma distribution with a log link function was used for 

activity, enumerated as hourly mean vertical distance (in m) between 

detections for tags with a pressure sensor and as the hourly mean acceleration 

(3D, in m/s2) for accelerometer tags. For the dependent variables, the selected 

distributions were evaluated and validated by visual exploration of the raw 

data and Pearson residuals. Explanatory variables were day/night, station and 

their interaction, with fish ID as a random effect. Model selection was 

performed with single-term deletion using Chi-square tests and the Akaike 

Information Criterion (AIC) (Zuur et al. 2009). 

Fisheries vulnerability 

From a fish’ perspective, how much time would a fish spend in an area where 

and at a time when no fishing was allowed? A seabass was considered to be 

protected from fishing (both commercial and recreational) if the legislation 

prohibited fishing at that location and time (full overview of legislation in 

Supporting information S8.3 and chapter 9) under different management 

scenarios (Table 8.3). We assigned a seabass to be ‘exposed’ (0) or ‘protected’ 

(1) per hourly time bin, using DPH as well as likely locations. For the assumed 

locations, seabass was considered to be subject to riverine management 

(national, i.c. Flemish, jurisdiction) in the inner harbour zone and to the yearly 

fisheries measures (Council Regulations) outside of the inner harbour zone. 

For every seabass, we calculated the number of ‘protected’ hours out of the 

total hours in a month. The probability of protection π was predicted with a 

GLMM with a binomial distribution. Explanatory variables were tagging 

location (outer or inner harbour, fixed) and the random effects of month and 

fish ID nested in tagging location. Model validation was performed through 

visual inspection of residuals and through Chi-square tests comparing the full 

model with single term deletions. Using the model, we investigated how this 
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predicted protection π varied under different hypothetical management 

scenarios (Table 8.3).  

RESULTS 

Habitat use 

Out of the 63 tagged seabass, 57 were observed in the port counting a total 

of 370,200 detections (Fig. 8.2). Seabass were detected at all stations in the 

study area, except for Visart-port. An additional 26,785 detections were 

registered on marine stations of the PBARN, including detections of two fish 

that weren’t detected in the port array (making a total of 59 detected seabass). 

One seabass was caught after 38 days off the coast of Dunkerque (France), 50 

km southwest of the tagging location, and was not included in the calculation 

of site fidelity. Site fidelity to the study area was seen for 41 out of 58 detected 

seabass with a TAL exceeding 6 months (70.7%,Table 8.4). High daily RI 

(median 0.19, range 0.00 – 0.92) showed high seabass presence, with lower 

hourly RI (median 0.04, range 0.00 - 0.52) indicating they would not spend the 

entire day around the receiver stations.  

The majority of seabass were detected in the study area until September – 

November (n = 48, 77.4%) and a lot returned the next year from late March to 

May after seemingly leaving the area (n = 31, 50.0%) (Fig. 8.2). Remarkably, 

thirteen seabass (39.0 – 57.0 cm total length at release) were detected in the 

harbour in winter (January – March): twelve in the inner harbour and one at 

the outer port and along the port walls. During winter the transmitted sensor 

measurements showed a minimum water temperature of 2.8°C in the port 

(median 6.9°C in winter). The differential temporal use of harbour zones was 

also reflected in the monthly variability of RI (Fig. 8.3). While mean daily RI per 

month in the inner port was 0.07 to 0.18 throughout the year, seabass were 

largely absent from the port walls and outer port from December to March.  

Out of five transmitters with TAL of nearly 2 years, three revealed interannual 

variability in habitat use. One fish stayed in the port during winter 2021, but 

left in 2022. Another seabass was tagged in summer 2020, left the port late 

autumn and didn’t return until the summer of 2022. 
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Table 8.3. Management scenarios used to predict the probability of protection of individual seabass. An individual seabass was 

considered ‘protected’ (1) in an hourly time bin if it met the condition of the mentioned likely location (LL) or a detection positive hour 

(DPH) at a specific station. If it didn’t meet any of the conditions, the individual was considered as ‘exposed’ (0) for that hour bin. The 

measures taken into account for the different scenarios are marked with X. For names of detection stations, see table 8.1 and  figure 8.1). 

Scenario 

Spatial closure  

Maritime access  

Spatial closure 

Vandamme 

Temporal closure 

EU 

Temporal 

closure riverine 

No fishing  

at night  

Condition for protection  

DPH any station excl. 

Boudewijn, Herder, 

Vandamme 

DPH 

Vandamme 

LL marine waters 

(during closed 

period) 

DPH or LL inner 

harbour (during 

closed period) 

DPH or LL 

inner harbour at 

night  

Maritime access measures X     
Current regulation  X X X X 

 
Current regulation  

without seasonal closure EU X X  X  
Current regulation  

without seasonal closure 

riverine X X X   
Current regulation  

without spatial closure 

Vandamme X  X X  
Current regulation without 

spatial closure Vandamme, 

without fishing at night X  X X X 

Current regulation 

without fishing at night X X X X X 



195 

 

 

Figure 8.2. Abacus plot depicting a time line (x-axis) for individual fish (y-axis) tagged along the port walls (top) and inner harbour 

(bottom) with detections (bold) and likely locations (translucent), as well as the events of release (diamond) and tag recovery (crossed 

diamond) and coloured by location zones (port walls: purple; outer harbour: yellow; inner harbour: orange; marine waters: light blue). The 

ID numbers of three seabass (3511, 7179 and 9089) were highlighted: these individuals were found to deviate in habitat use  patterns 

through the correspondence analysis (Fig. 8.4). 
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Table 8.4. Results of site fidelity (seabass exhibiting site fidelity out of the total number of detected animals with a time at large longer 

than six months) to the entire study area and to the tagging zone (inner or outer harbour) and daily and hourly residence index (RI, 

median [range]). 

Tagging location Length (cm) 

Site fidelity 

Study area Tagging zone Daily RI Hourly RI 

Inner harbour  46.5 [39.0-63.0] 16/21 (76.2%) 15/21 (71.4%)  0.29 [0.03-0.92] 0.12 [0.01-0.52] 

Outer harbour 47.0 [38.0-74.0] 25/37 (67.6%) 25/37 (67.6%) 0.16 [0.00-0.56] 0.02 [0.00-0.20] 

 

 

Figure 8.3. Mean daily (circle) and hourly (triangle) value for residence index(RI), calculated for each month as the percentage of time an 

individual fish spent in the different harbour zones (port walls: purple; outer harbour: yellow; inner harbour: orange), with the 95% quantile 

of daily RI (shaded area). 
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Network analysis 

The CA revealed a clear grouping of fish’ habitat use, based on tagging 

location (Fig. 8.4). The first two dimensions of the CA accounted for 27.71% 

and 24.42% of the total variation . Fish tagged in a specific zone would mainly 

be associated to the stations in that zone and have a similar RI at stations as 

the ones tagged in the same zone. Three exceptions were noted (these ID 

numbers were also stated in Fig. 8.2). Tagged along the port walls, ID 3511 

didn’t undertake a winter migration, but instead spent the winter in the inner 

port. ID 7179 performed the opposite movement, using stations along the port 

walls and in the outer port, performing a habitat use dissimilar to the majority 

tagged in the inner port. The seabass with ID 9089 was the only individual 

observed to frequent stations LNG and ZA2. However, these stations were not 

deployed throughout the entire study period. 

The highest values for EVC (Fig. 8.5) were found for the stations West1 (0.23), 

Vandamme (0.28) and Boudewijn (0.30), indicating these stations were highly 

frequented and served as transition points. Station Vandamme was the key 

transition location between inner and outer port. At least 13 fish travelled 

through the shipping lock, making 16 movements from inner to outer port 

and 10 from outer to inner port. One fish was not detected at Vandamme 

during this travel, which was likely due to a missed detection rather than 

another route. The transition probability matrix showed that movements were 

strongest within harbour zones. Station West1 (located near the fish capture 

site) served as the main transit point between the port walls and the outer 

port. Transition probabilities were generally highest for the same station, 

indicating high residency. This was less true for the port walls, where there 

were a lot of transits between the stations, likely due (in part) to the closer 

proximity between the stations here. In the inner port, the stations Herder and 

Visart-inner were strongly connected to Boudewijn. 
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Figure 8.4. Chi-square distances along two dimensions between individual fish (circles) 

and receiver stations (stars), as calculated by correspondence analysis on daily 

residence indices. Colours reflect the harbour zones of the receiver position or animal 

release location (port walls: purple; outer harbour: yellow; inner harbour: orange). 
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Figure 8.5. Spatial network maps of the port wall zone in detail (top left) and the entire harbour (bottom left) with nodes representing 

receiver location, sized by eigenvector centrality (right), and edges representing frequencies of movement between receivers (right-hand 

curved from origin to destination receiver station, coloured by zone of origin receiver). The transition probability matrix ( D) with cells 

coloured by origin station (y-axis) and grid lines coloured by destination station (x-axis). Colours correspond to location zones (port walls: 

purple; outer harbour: yellow; inner harbour: orange). 



200 

 

Spatial closure 

In total, 21 tagged seabass were detected at Vandamme station (9,832 DPH), 

where fishing was prohibited. Since Boudewijn station was the only station 

with comparable detection numbers (n = 18, 11,665 DPH), we limited the 

comparison in circadian habitat use to these two stations (Fig. 8.5), considering 

only the fish that were detected at both stations. Model output and validation 

of the GLMMs were detailed in Supporting information S8.2. The GLMM of 

presence resulted in a significant interaction between the factors station and 

day/night, indicating seabass spent more hours at Vandamme during the day 

and at Boudewijn during the night. In terms of both vertical distance travelled 

and acceleration, seabass were significantly more active during the day and at 

Vandamme with no significant interaction effect (Table 8.5).  

 

Table 8.5. Output of (generalized) linear mixed models of presence and activity, listing 

the distribution and number of fish (N) used for the model, as well as the fixed effect 

estimates and standard error (SE) and the standard deviation (SD) of random effects. 

Significant effects had p-values of <0.001 (*) and <0.05 (^). 

Model Presence Activity Activity 

Response variable Number of DPH Hourly mean 

vertical distance 

(m) 

Hourly mean 

acceleration  

(3D, m/s2) 

Distribution Poisson Gamma Gamma 

N  18 18 6 

Fixed effect (SE)    

Intercept 5.64 (0.27)* 0.07 (0.07) 0.06 (0.11) 

Night 0.35 (0.01)* -0.36 (0.06)* -0.28 (0.05)* 

Vandamme 0.31 (0.01)* 0.67 (0.07)* 0.13 (0.05)^ 

Night:Vandamme -0.10 (0.02)* -  -  

Random effect SD    

Fish ID 1.16 0.13 0.13 
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Figure 8.6. Diel differences in presence and activity at receiver stations Boudewijn and 

Vandamme, as evaluated with generalized linear mixed models (GLMM). Plots display 

observed values (circles) and GLMM fitted value and 95% confidence interval (squares 

and lines) for detected hourly time bins per fish (top, n = 18), hourly mean vertical 

distance (m) travelled between detections (middle, n = 18) and hourly mean 

acceleration (m/s2) (bottom, n = 6) during day (light blue) and night (dark blue). GLMMs 

showed significant differences (p<0.05) between day and night and between stations 

for all metrics, and a significant interaction effect for the presence model (Table 8.5). 
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Table 8.6. Summary of generalized linear mixed model output for the different scenarios with fixed effect estimates and standard error 

(SE), as well as the standard deviations (SD) of the random effects ID and month. Median [range] values of the predicted probability of 

protection π were shown for individual seabass tagged in the outer (πouter) and inner (πinner) harbour. Significant effects had p-values of 

<0.001 (*) and <0.05 (^). 

Scenario πouter πinner Fixed (SE) ID SD  Month SD  

Maritime security measures 0.02 [0.00-0.21] 0.00 [0.00-0.05] -4.35 (0.60)* 2.05 2.84 

Current regulation 0.17 [0.04-0.34] 0.35 [0.03-0.70] 1.86 (0.31)* 1.13 4.19 

Current regulation  

without seasonal closure EU 0.02 [0.00-0.34] 0.33 [0.03-0.70] 2.89 (0.43)* 1.60 1.46 

Current regulation  

without seasonal closure rivers 0.16 [0.00-0.29] 0.10 [0.00-0.46] -0.67 (0.44) 1.63 1.74 

Current regulation  

without spatial closure Vandamme 0.17 [0.00-0.34] 0.24 [0.00-0.55] 1.11 (0.37)^ 1.36 4.87 

Current regulation  

without spatial closure Vandamme,  

without fishing at night 0.18 [0.00-0.43] 0.53 [0.25-0.81] 2.90 (0.30)* 1.13 3.71 

Current regulation 

without fishing at night 0.18 [0.00-0.43] 0.63 [0.25-0.83] 3.13 (0.31)* 1.16 3.70 
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Fisheries vulnerability 

When linking spatiotemporal patterns of seabass’ habitat use to the protection 

in space and time, full models were the most appropriate for all scenarios, 

except for the scenario excluding the riverine seasonal closure (details on 

model validation in Supporting information S8.3). Under the prevailing 

measures in place during the study (Fig. 8.6), the protection probability of the 

fish tagged in the outer harbour (median πouter 0.17, 95% CI 0.04-0.34) was 

predicted to be significantly lower than those of the inner harbour group 

(median πinner 0.35, 95% CI 0.03-0.70). The high inter-individual variability in 

protection of the inner harbour group, particularly from January to June 

(excluding February), was attributed to the differences in habitat use of fish 

staying in the inner harbour and those who left during the winter.  

Comparing the different scenarios showed that seabass fisheries measures 

increased π markedly in comparison with the scenario considering only the 

maritime security measures (Table 8.6). Seasonal closures increased π for both 

groups, but the EU seasonal closure of marine seabass fisheries mostly 

impacted seabass tagged at the port walls (median estimate πinner increase of 

0.15), while the riverine fisheries measures increased πinner by 0.25. The closure 

of the small area around the shipping lock Vandamme hardly impacted πouter, 

but caused a reduction of πinner by 0.11. When we regarded fishing in the inner 

harbour during the night as non-existent, the median predicted πinner was as 

high as 0.63. 
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Figure 8.7. Predicted probability of protection π for individual fish (square: median; 

lines: 95% prediction intervals; circles: predictions for individuals)tagged in the outer 

(πouter, purple) and inner harbour (πinner, orange), under the regulations in place during 

the study (scenario current regulation).  

DISCUSSION 

Habitat use in the study area 

Our results show that seabass exhibited residency and site fidelity to such an 

extent that we considered two different groups in the relatively small study 

area of the port of Zeebrugge. Largely sticking to their turf, these two seabass 

groups used the space in the study area differently. Seabass tagged in the 

inner or outer harbour were mainly detected at stations in these respective 

zones. Both groups generally exhibited high summer residency until October-

November, which resumed from April-June onwards. The inner harbour 

seabass that left the port area during winter, spent limited time in the outer 

port when transiting seawards. Corroborating previous findings of high 

summer residency and site fidelity to small inshore areas (Doyle et al. 2017, 

Stamp et al. 2021), our results of two groups or population subunits at merely 

3 to 15 km apart implied a complex population structure 

The majority of seabass were not detected in the port during winter, when 

they were presumably undertaking migrations. However, at least thirteen 

seabass were in the study area in winter, enduring temperatures considered 
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too low for gonad maturation (minimum 9 °C for females, (López et al. 2015). 

Potentially, some seabass don’t migrate every year and skip spawning (Le 

Luherne et al. 2022), as illustrated by two of the seabass with tag battery times 

exceeding one year. Another possibility could be that some seabass never 

perform spawning migrations. Twelve of the overwintering bass stayed in the 

inner harbour, where it was possible that these seabass were not able to pass 

through the shipping lock. However, at least thirteen tagged bass moved from 

inner to outer harbour and vice versa in a seemingly targeted way. 

The area specifically closed for seabass fishing at Vandamme station proved 

to be highly frequented by the seabass tagged in the inner harbour. The 

Vandamme shipping lock was the transition point between the inner and outer 

parts of the harbour. As seabass also frequented the Vandamme station 

without passing through the lock, it was impossible to conclude from our data 

to what extent the shipping lock could have obstructed fish movement. Local 

anglers stated that seabass would predate on prey fish that were gushed when 

the sluice opened (Deputter pers. comm.), which our findings seemed to 

corroborate. The diel patterns in presence and activity showed seabass were 

present at Vandamme mostly during the day, exhibiting high activity. At night 

seabass were less active and showed higher presence at station Boudewijn, a 

key point of passage in the inner harbour. These findings add a horizontal 

dimension to previously described diel vertical movement pattern (Quayle et 

al. 2009, Heerah et al. 2017, de Pontual et al. 2019). Interestingly, fishing was 

allowed at Boudewijn, but angling would mainly take place during the day. 

Thus, during the day seabass were mainly at Vandamme, where seabass fishing 

was prohibited, and headed to Boudewijn at night, when fishing was assumed 

to be rare. Seabass’ spatiotemporal movement patterns therefore increased 

the protection that the spatial closure provided. 

Quantifying fisheries exposure 

By modelling the fisheries protection an individual seabass would benefit 

from, considering its habitat use, we found that seabass from the inner 

harbour group had a higher probability of being protected from capture. For 

both inner and outer harbour groups, the current seabass fisheries regulation 

framework increased the predicted protection substantially compared to the 

maritime access regulations. As expected from the diel habitat use patterns, 
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the spatial closure at Vandamme especially contributed to seabass protection 

when inner harbour fishing at night was considered to be non-existent. In the 

model, seasonal closures were found to have a high impact on the predicted 

protection. Based on the spatiotemporal patterns in fish movement and 

fisheries closures, protection of seabass varied throughout the year, but was 

consistently higher for the inner harbour group. Although aquatic tagging 

data has been used in numerous ways to contribute to conservation policy 

(Brooks et al. 2018, Hays et al. 2019, Lowerre-Barbieri et al. 2019b, 

Brownscombe et al. 2022), we believe we are the first to quantify a fish’ 

protection based on the spatiotemporal fisheries management in place.  The 

approach demonstrated a direct application of how detailed knowledge on 

habitat use can inform and improve fisheries management for a better 

conservation policy of species and habitats.  

In our approach, linking habitat use to management measures, some concerns 

should be taken into account when interpreting the results. First of all, we used 

fisheries legislation, but didn’t quantify fishing pressure as data on the relevant 

spatiotemporal scale were non-existent. Qualitative knowledge on fisheries 

practices could be incorporated (Marshall et al. 2023) in a similar way as the 

assumption that seabass angling at night in the inner harbour was rare. In light 

of ecosystem-based management, fish movement could also be linked to 

natural predation or anthropogenic stressors, such as the thermal stress and 

oxygen limitation in the inner harbour during heat waves or the ongoing 

expansion of port infrastructure. Moreover, a high probability of protection at 

a certain point in time would be meaningless if the exposure to fisheries was 

extremely high at another point in time (e.g. when leaving a protected area, a 

fish has to transit a passage that is blocked with nets). Quintessential to 

movement ecology research, spatiotemporal scale and resolution should be 

carefully considered. We used hourly time bins, whereby one detection could 

suffice to classify a fish as protected within an hour, although seabass could 

have roamed outside of a protected zone within 60 minutes (Pita & Freire 

2011). For hourly time steps without detections, we inferred a fish’ likely 

location which unequivocally came with error (Bruneel et al. 2020). Moreover, 

the likely locations presented great unevenness in spatial scale, when 

comparing the confinement of the inner harbour with the vastness of the 

potential marine range of seabass.  
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Our approach illustrates that different population subunits can be 

differentially affected or protected by the same policy framework. Quantifying 

the level of protection a management measure provides for an individual fish 

reveals the fisheries policy consequences of the common behaviour of 

residency and site fidelity. The behaviours of residency and site fidelity 

illustrate that habitat selection is highly driven by conservatism, rather than by 

a continuous search for the optimal habitat (Petitgas et al. 2006). As telemetry 

scientists call to design studies specifically to assess habitat suitability 

(Rudolfsen et al. 2021, Brownscombe et al. 2022), we must be wary of ignoring 

(learned) individual behaviour. According to the ‘Entrainment hypothesis’ 

(Petitgas et al. 2006), fish generally stick to the places and migration routes 

they know. Conservatism of (successful) life-cycle patterns can then be 

dependent on old adults transferring this knowledge and behaviour to 

younger individuals. Local depletion, i.e. the loss of population subunits, 

potentially entails the loss of learned life cycle patterns, hampering the 

resilience and recovery of populations that experienced overfishing (Petitgas 

et al. 2006, Steadman et al. 2014, Doyle et al. 2017). Behavioural conservatism 

of seabass and the consequential population structuring (Doyle et al. 2017, 

O'Neill et al. 2018, de Pontual et al. 2019, Le Luherne et al. 2022, de Pontual et 

al. 2023) can thus aid to clarify why the Northern seabass stock biomass has 

not recovered and has repeatedly been overestimated (ICES 2022c). As the 

value of including behavioural ecology in fisheries assessment and 

management is increasingly highlighted (Walker et al. 2020, Malone & Polivka 

2022), our results highlight the importance of considering conservatism and 

entrainment in fisheries assessment and management. 

By setting out from individual fish vulnerability rather than from a fisheries 

need, this study compels to recognize the complexity of ecological reality. 

When investigating fish as a commodity by default, this economic viewpoint 

may bias biologists and fisheries managers to ignore the complex reality of 

fish’ learning behaviours, personalities and variability in movement ecology 

(Bolnick et al. 2011, Knott et al. 2021, Vigliano Relva & Jung 2021). Moreover, 

the plea for straightforward, simplified advice to environmental managers 

(Kraak et al. 2010) is in stark contrast to the distrust when sharing detailed 

information with stakeholders, who would very much know how to apply this 

knowledge (Glenn et al. 2012, Crossin et al. 2017). Rather than averaging out 
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the individual variability in habitat use, ecological research and environmental 

policy should take into account the plurality of behaviours (Spiegel et al. 2017). 

Although the range of biological complexities and scientific uncertainties may 

seem overwhelming to include in policy, they directly relate to the 

precautionary approach, the supposed guiding principle of environmental and 

fisheries management (United Nations 1995, EU 2013). For species exhibiting 

the abovementioned conservatism, frequented habitats and locations will 

likely be important to a population subunit. Rather than validating the 

importance of specific habitats in separate case studies, we could assume that 

these fish are resident to these areas, until proven otherwise. This reversed 

‘burden of proof’ would specifically counter the risk of local depletion, which 

can be of utmost urgency in light of habitat loss (Stamp et al. 2022) and 

cumulative impacts of anthropogenic stressors (Hodgson & Halpern 2019). A 

true application of the precautionary approach would thus depart from the 

vulnerability of a fish based on its behaviour to then set out what type and 

extent of fisheries would be sustainable. 
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SUPPORTING INFORMATION S8.1 - TAG SETTINGS  

Table S8.1.1. Tag settings applied for different tag types (Innovasea Ltd., USA): V13AP (50 mm length, 13 mm diameter, 10.4 g weight in 

water), V9P (31 mm length, 9 mm diameter, 4.9 g weight in water) and ADST-V9TP (65 mm length, 13 mm diameter, 8.5 g weight in air). 

Tags transmitted temperature (T), acceleration (A) and/or pressure (P) sensor measurements. The number of tags of each type was shown 

for every year of deployment. For estimated battery life, it should be noted that the ADST-V9TP was programmed to effectively stop 

transmitting after the set number of days, whereas the V13AP and V9P could continue transmitting as long as there was battery  left. 

Signals were transmitted at predefined settings within a step of a fixed number of days at high (H) or low (L) transmitting power output  

between a minimum and maximum interval. Power output was 154 dB for V13AP, 151 dB for ADST-V9TP and 146 (L) or 151 (H) dB for 

V9P. 

Transmitter 

type # tags 

Estimated 

battery 

life (days) Step 1 Step 2 Step 3 

V13AP 1 (2019) 196 H 30 days (30 – 60 s) H 168 days (140 – 220 s)  

 8 (2019: 7; 2020: 1) 490 H 495 days (140 – 220 s)   

V9P 9 (2020) 502 H 153 days (180 – 280 s) L 120 days (300 – 400 s) H 229 days (300 – 400 s) 

ADST-V9TP 10 (2019) 339 H 90 days (240 – 360 s) H 150 days (120 – 240 s) H 104 days (240 – 360 s) 

 30 (2018: 28; 2019: 2) 354 H 120 days (120 – 240 s) H 239 days (240 – 360 s)  

 5 (2020) 400 H 120 days (180 – 200 s) H 280 days (300 – 400 s)  
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SUPPORTING INFORMATION S8.2 – DIEL PATTERNS 

VANDAMME  

Model selection details and the visualization of Pearson residuals for the 

selected models (Fig. S8.2.1) for the comparison of the habitat use between 

the stations Vandamme and Boudewijn was provided below. 

Presence 

The day/night pattern in detected hour bins (per animal) of the stations 

Vandamme and Boudewijn was analysed with a generalized linear mixed 

model (GLMM) following a Poisson distribution (Table S8.2.1). Explanatory 

variables were day/night (fdn), station (fstation) and their interaction, in 

addition to the random effect fish ID (fid). The full model (M1) was evaluated 

with Chi-square tests against models excluding one of the terms in the formula 

(M2 and M3). The full model (M1) was selected as the final model. 

M1: y ~ fdn * fstation + (1| fid)  

M2: y ~ fdn * fstation   

M3: y ~ fdn + fstation + (1| fid) 

Table S8.2.1. Overview of model selection with Akaike Information Criterion (AIC) and 

the p-value of the Chi-square test comparing a model with single term deletion (M2 

and M3) to the full model (M1). 

Model AIC p 

M1 23,778 NA 

M2 43,858 <0.001 

M3 25,849 <0.001 

Activity: vertical distance 

The day/night pattern in hourly mean vertical distance (m) travelled (per 

animal) at the stations Vandamme and Boudewijn was analysed with a GLMM 

following a Gamma distribution with a log link function (Table S8.2.2). 

Explanatory variables were day/night (fdn), station (fstation) and their 

interaction, in addition to the random effect fish ID (fid). The full model (M1) 

was evaluated with Chi-square tests against a models excluding the 

interaction. Model M2, excluding the interaction, was selected as the final 

model.  
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M1: y ~ fdn *  fstation + (1| fid)  

M2: y ~ fdn + fstation + (1| fid) 

Table S8.2.2. Overview of model selection with Akaike Information Criterion (AIC) and 

the p-value of the Chi-square test a model with single term deletion (M2) to the full 

model (M1). 

Model AIC p-value 

M1 62.3 NA 

M2 60.3 0.95 

Activity: acceleration 

The day/night pattern in hourly mean acceleration (m/s2) (per animal) at the 

stations Vandamme and Boudewijn was analysed with a GLMM following a 

Gamma distribution with a log link function (Table S8.2.3). Explanatory 

variables were day/night (fdn), station (fstation) and their interaction, in 

addition to the random effect fish ID (fid). The full model (M1) was evaluated 

with Chi-square tests against a models excluding the interaction. Model M2, 

excluding the interaction, was selected as the final model.  

M1: y ~ fdn *  fstation + (1| fid)  

M2: y ~ fdn + fstation + (1| fid) 

 

Table S8.2.3. Overview of model selection with Akaike Information Criterion (AIC) and 

the p-value of the Chi-square test a model with single term deletion (M2) to the full 

model (M1).  

Model AIC p-value 

M1 -10.7 NA 

M2 -11.1 0.22 
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SUPPORTING INFORMATION S8.3 – PROTECTION 

MANAGEMENT 

Fisheries policy in the study area 

In the study area of the port of Zeebrugge and surrounding waters, different 

fisheries measures were in place that restricted seabass fishing in space and 

time (Table S8.3.1). EU seasonal closures of fishing on the Northern seabass 

stock applied to commercial fisheries in February and March, while the period 

restricting recreational fisheries to catch-and-release for recreational fisheries 

varied throughout the years (EU 2018b, c, 2019a, 2020, 2021a, b, 2022a). Under 

the jurisdiction of the Flemish Department of Environment, seabass fisheries 

in inshore waters (only recreational allowed) were restricted to catch and 

release from January to June (Flemish Government 2017). On the same policy 

level, seabass fishing was prohibited throughout the year at the Vandamme 

shipping lock (Flemish Government 2017). Finally, some port areas were 

prohibited for fishing because of safety aspects, under the jurisdiction of the 

Zeebrugge Port authority and Maritime Access of the Flemish Department of 

Mobility and Public works (see Fig. 8.1 in main text).  

Model selection and output 

For every scenario, the protection probability was modelled with a logistic 

GLMM with explanatory variables tagging location (fgroup) and the random 

effects month (fmonth) and fish ID (fid), nested in tagging location. The full 

model (M1) was evaluated with Chi-square tests against models excluding one 

of the terms in the formula (M2, M3 and M4). The formulas of these models 

are: 

M1: π ~ fgroup + (1|fgroup / fid) + (1|fmonth)  

M2: π ~ fgroup + (1|fmonth)  

M3: π ~ fgroup + (1|fgroup / fid)   

M4: π ~ (1|fgroup / fid) + (1|fmonth) 

Based on the single-term deletions, the full model (M1) was retained for every 

scenario (Table S8.3.2). The predicted probabilities of protection π were 

visualized in the figure below. 

  



214 

 

Table S8.3.1. Overview of fisheries measures in place at the time of the study, with the relevant policy level, the period the policy is in 

place and the area to which it applies, as well as the acoustic receiver stations or likely locations (LL) in that area. Measures marked with 

* specifically apply to seabass fishing. 

Policy level Measure Period Area Receiver stations 

EU Seasonal closure commercial 

fisheries* 

February – March  Northern stock  LL: Sea 

EU Catch & release recreational 

fisheries* 

Jan – Sep 2018 

Jan – Mar 2019 

Nov 2019 – Feb 2020 

Dec 2020 – Feb 2021 

Dec 2021 – Feb 2022 

Northern stock LL: Sea 

Department of 

Environment (Flemish 

government) 

Catch & release recreational 

fisheries* 

January – June  Rivers LL: inner harbour 

Department of 

Environment (Flemish 

government) 

Spatial closure* Always Vandamme (inner 

port side of 

shipping lock) 

Vandamme 

Port authority Fishing not allowed in specific 

zones 

Always Port ZAND4, ZW1, ZOKN, 

LNG, ZA2,Visart-port 

Visart-inner 

Maritime access Fishing not allowed in specific 

zones 

Always Port walls West1, West2, West3, 

East1, East2, East3 
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Table S8.3.2. Overview of model selection for each scenario with Akaike Information 

Criterion (AIC) and the p-value of the Chi-square test comparing the model (M2, M3, 

M4) to the full model (M1). 

Scenario Model AIC p 

Maritime security measures M1 12414.1 NA 

M2 28724.1 <0.001 

M3 26467.6 <0.001 

M4 12451.2 <0.001 

Current regulation M1 126575.1 NA 

 M2 169595.2 <0.001 

 M3 311637.1 <0.001 

 M4 126601.8 <0.001 

Current regulation without 

seasonal closure EU 

M1 100518.0 NA 

M2 163798.0 <0.001 

M3 160461.2 <0.001 

 M4 100549.1 <0.001 

Current regulation without 

seasonal closure rivers 

M1 84479.9 NA 

M2 118787.6 <0.001 

M3 197579.2 <0.001 

 M4 84480.1 0.13 

Current regulation without spatial 

closure sluice 

M1 126954.8 NA 

M2 171540.0 <0.001 

M3 343403.4 <0.001 

 M4 126961.2 0.004 

Current regulation without spatial 

closure sluice, without fishing at 

night 

M1 116850.7 NA 

M2 164940.8 <0.001 

M3 239879.0 <0.001 

 M4 116903.7 <0.001 

Current regulation, without 

fishing at night 

M1 118864.6 NA 

M2 169164.7 <0.001 

M3 237313.1 <0.001 

 M4 118920.9 <0.001 
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Figure S8.3.1 – Predicted probability of protection π for individual fish (square: median; 

lines: 95% prediction intervals; circles: predictions for individuals) tagged in the outer 

(πouter, purple) and inner harbour (πinner, orange), under the hypothesized regulations of 

the different scenarios.  
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ABSTRACT 

The Northeast Atlantic population of European seabass, Dicentrarchus labrax 

L., faced critical declines in biomass over the past two decades as a result of 

high fishing pressures. At the time of writing, the spawning stock biomass 

estimates of Northeast Atlantic stocks were below or just at the limit of 

maximum sustainable yield (MSY), or could not be estimated because of data 

limitation. From 2015 onwards, the EU took emergency measures and included 

seabass fisheries in multi-annual management plans. The multitude of legal 

documents, often adapted within a year’s time, made it difficult to keep 

oversight of policy evolution, even within a decade of time. We provided an 

overview of seabass fisheries management measures since 2015, which we 

contextualized in the EU policy framework. In addition, we discussed the 

specific case of Belgium, where commercial seabass angling was at an 

administrative impasse due to indirect effects of a national fisheries policy 

system designed to accommodate demersal mixed fisheries. We highlighted 

three issues in (seabass) fisheries policy, common to both the European and 

Belgian national policy: 1) cases of decision-making procedures that lack 

transparency and the genuine participation of environmental organisations, 2) 

the failure to apply the precautionary principle, and 3) the lack of a social 

contract for the right to fish in the current profit maximisation framework. We 

plea that seabass angling could represent an exemplary small-scale fishery 
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with low environmental impact and high socio-economic gains, but a drastic 

cultural change towards marine stewardship would be required.  

INTRODUCTION 

European seabass, Dicentrarchus labrax L., are fast-moving predators that are 

known to tolerate a wide temperature range and predate on various prey 

species (Vázquez & Muñoz-Cueto 2014). The geographic range of European 

seabass spans from the Mediterranean Sea and Atlantic waters of Morocco 

and Canary Islands to the coasts of Scotland and Scandinavia in the North Sea 

(López et al. 2015). With rising temperatures, the suitable habitat for seabass 

has been expanding northwards and higher recruitment and juvenile survival 

rates have been noted in the northern range (Hind 2006, Colman et al. 2008). 

Here, we will focus on seabass in the Northeast Atlantic, which constitutes a 

separate lineage from Mediterranean populations, as drawn from genetic 

studies (Souche et al. 2015, Robinet et al. 2020). Seabass’ high market value 

and iconic status make the species highly targeted by both commercial and 

recreational fisheries (Williams et al. 2018). Seabass has been caught in 

different marine regions, as both target and bycatch species mainly with rod 

and line, pelagic and bottom trawlers, nets and seines (ICES 2020b). Seabass 

fisheries in Northwest Europe rapidly expanded in the 1970s and 1980s, likely 

due to the high prices offered for seabass (Pawson 2008). Offshore fisheries 

(mainly mid-water pair trawlers) targeted (pre-)spawning aggregations during 

the colder months of November to April, while seabass in their feeding areas 

were caught with nets and lines from the shoreline and on boats (Pawson et 

al. 2007).  

From the 1990s onwards, seabass fisheries measures were introduced on 

national levels. In the UK, there was concern for economic losses due to 

growth-overfishing, the harvesting of fish before they reach the size that 

would theoretically optimize the yield per recruit (Pawson et al. 1987, Colman 

et al. 2008). To protect juveniles in estuaries and cooling water outlets, 34 bass 

nursery areas were closed for seabass fishing (Ministry of Agriculture Fisheries 

and Food & Welsh Office Agriculture Department 1990). In France and the UK 

landings of the offshore seabass trawling fisheries were limited to 2 and later 

5 tonnes per week to contain market forces (Colman et al. 2008). As the first 

country to prioritize recreational fishing over the commercial sector, Ireland 
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banned commercial fishing of wild seabass in 1990. Measures for recreational 

fisheries included a ban on seabass fishing using nets from boats, a bag limit 

(a maximum number of fish to be kept per day per person) of two seabass, 

along with a closed season for seabass angling from May to June (Minister for 

the Marine 1990, Colman et al. 2008, STECF 2014). On a European level, the 

minimum conservation reference size (MCRS) was put at 36 cm in 1998 (Table 

9.1), despite the recommended 45 cm (Pawson et al. 1987). 

In the 2010s the alarm was raised on the poor state of European seabass in 

the Atlantic, when both seabass biology and fisheries were considered to be 

poorly understood (Steadman et al. 2014). After years of excessive fishing, 

seabass was exploited to exhaustion (ICES 2022b, c). In its first assessment of 

the data-limited seabass population in the Northeast Atlantic in 2012, the 

International Council for the Exploration of the Sea (ICES) advised a maximum 

removal of 6000 tonnes, roughly a 25% reduction of the estimated commercial 

landings (ICES 2012b). In 2012, ICES experts delineated four seabass stocks in 

the Northeast Atlantic (Fig 9.1): North Spain and Portugal (southern Bay of 

Biscay and Atlantic Iberian waters; ICES divisions 8c,9b), Biscay (Northern and 

central Bay of Biscay; 8ab), West coast Scotland and Ireland (West of Scotland, 

West of Ireland and eastern part of southwest of Ireland; 6a,7b,j) and the 

Northern stock (central and southern North Sea, Irish Sea, English Channel, 

Bristol Cannel and Celtic Sea; 4b,c, 7a,d-h). This stock delineation was based 

on pragmatic considerations, since convincing biological evidence for the 

stock identity was lacking (ICES 2012a). Two of the stocks are considered data-

limited, namely the stocks of North Spain and Portugal, and West coast 

Scotland and Ireland (ICES 2020a, 2021). Since 2013, ICES assessed the Bay of 

Biscay and the Northern stocks (Fig. 9.2), with Stock synthesis (Methot & 

Wetzel 2013), using fisheries-dependent and survey data on age and length, 

as well as biological information on growth rate and maturity (ICES 2018, 

2020b). These model outputs were then applied to the framework of maximum 

sustainable yield (MSY), the highest yield without causing the stock to collapse 

in the long term (Walker et al. 2020). For the Bay of Biscay stock, fishing 

pressure (F) exceeded FMSY (0.14) on and off for several years since the 1980s 

and spawning stock biomass (SSB) was estimated below MSY Btrigger (16,688 

tonnes) between 2016 and 2019 (ICES 2022c). Fisheries on the Northern stock 

exerted pressures higher than FMSY (0.17) between 1996 and 2016, with F 
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estimates reaching up to 0.31, thus exceeding the limit (F lim = 0.25) and 

precautionary (Fpa = 0.20) reference points. The Northern stock biomass fell 

below MSY Btrigger (14,439 tonnes) ever since 2014 and was estimated below 

Blim (10,313 tonnes) from 2016 to 2019 (ICES 2022b). The behaviours of 

residency and forming spawning aggregations added to the vulnerability of 

seabass to (local) depletion (Pawson et al. 2007, Doyle et al. 2017).  

Emergency measures were taken on a European level from 2015 onwards. 

Despite the taken measures and the proclaimed commitment to the 

conservation of European seabass on European (EU 2015e) and national levels 

(De Snijder et al. 2014, Ares & Sutherland 2016), recovery of seabass in the 

Atlantic has been precariously slow (ICES 2022b, c). In this paper, we 

contextualize seabass fisheries policy frameworks over the past decade in the 

European Union and the specific case of Belgium. Belgium constitutes an 

interesting case study, because policy measures for commercial seabass 

fisheries are currently at an awkward standstill because of administrative 

reasons. It is important to state that the reality of how fisheries are managed 

results from the intertwined effects of different fisheries management 

measures (quota allocation systems, licensing of vessels, spatiotemporal 

restrictions etc.), as well as socioeconomic, political and cultural contexts (e.g. 

national labour laws, market regulation, colonial and patriarchal power 

structures), and of course biological aspects, such as biomass and population 

dynamics (Bavington et al. 2004, Pauly 2018, Said et al. 2020, Reid et al. 2021). 

Likewise, compliance to fisheries policy will be an interaction of different 

factors (Grilli et al. 2019, Oyanedel et al. 2020). Here, we provide an overview 

of seabass policy, fully realizing that we don’t cover all aspects of an ongoing 

history. Our goals are 1) to describe the European framework of seabass 

fisheries policy, providing an overview of the legislation, 2) to frame the 

management of seabass fisheries in Belgium and 3) to highlight key issues in 

the policy framework. By analysing and discussing the policy context of the 

past decade, we hope to contribute to seabass conservation policy in the 

future. 
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Figure 9.1. ICES stock divisions for European seabass in the Northeast Atlantic: 

southern Bay of Biscay and Atlantic Iberian waters (North Spain and Portugal; ICES 

divisions 8c,9b), northern and central Bay of Biscay (Biscay; 8ab), West of Scotland, West 

of Ireland and eastern part of southwest of Ireland (West coast Scotland and Ireland; 

6a,7b,j) and the central and southern North Sea, Irish Sea, English Channel, Bristol 

Cannel and Celtic Sea (Northern stock; 4b,c, 7a,d-h). The map shows the exclusive 

economic zones (EEZ), with the Belgian EEZ highlighted in pink. Shape files originated 

from ICES (https://gis.ices.dk) and Marine Regions (https://www.marineregions.org). 
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Table 9.1. Chronological overview of EU level legislative documents defining the 

minimum conservation reference size (MCRS, cm) for European seabass. 

 

Year Document Area MCRS (cm) 

1989 4056/89 Regions1 2 – 3  32 

1990 4056/89 Regions1 2 – 3  36 

1998 850/98 Regions1 1 – 5 36 

2015 2015/1316 Region1 2 42 

2019 2019/1241 North Sea + North Western Waters 42 

  South Western Waters 36 

  Mediterranean Sea 25 

2020 

2021 

2022 

2020/123 

2021/92 

2022/109 

Recreational fisheries in 

4b,c, 6a, 7a-k + 8a,b  

42 

 Regions as defined in EEC 3094/86. In the terminology of the defined ICES stocks in the Northeas t 

Atlantic, the West coast Scotland and Ireland stock is within Region 1, the Northern stock in Region 

2 and the stocks of North Spain and Portugal and Bay of Biscay in Region 3.  

 

 

Figure 9.2. Time series (1985 – 2022) of spawning stock biomass (SSB, top) and fishing 

mortality (F, bottom) as assessed by ICES for the Northern (left) and Bay of Biscay stock 

(right). Horizontal lines indicate thresholds for the limit reference point (dashed), 

precautionary reference point (dotted) and maximum sustainable yield (blue). Data 

were accessed through the R package icesSAG (Millar et al. 2022).  
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EUROPEAN SEABASS FISHERIES MANAGEMENT 

European fisheries policy framework 

The legislative framework of European Union fisheries for the following 

decade is set out in the common fisheries policy (CFP), ever since 1983. The 

CFP constitutes a Council Regulation, meaning that member states have to 

implement the regulation literally and directly, as opposed to e.g. a framework 

directive, that delineates goals to be achieved and needs to be transposed into 

national law. After decades (and centuries) of excessive extraction of marine 

wildlife, the 2013 CFP envisioned a far-reaching reform of European fisheries 

with the long-term outlook to contribute to food security in an inherently 

sustainable way (EU 2013). By 2020 at the latest, sustainable exploitation rates 

(within the MSY definition) had to be ensured for all EU stocks. Within the CFP, 

a stock was defined as a marine biological resource that occurs in a given 

management area. The aim was to evolve from single-species fisheries 

management towards an ecosystem-based fisheries management (EBFM) 

approach: Fisheries of entire regions were to be managed under multi-annual 

plans (MAP), entailing long-term policy frameworks for fisheries targeting and 

catching multiple species. Rather than one threshold for sustainable fishing 

pressure (FMSY), the total allowable catches (TAC) would now be based on a 

range (FMSY lower to FMSY upper) to account for the realities of mixed fisheries and 

interspecies dynamics (EU 2019b). In line with the European objective of good 

environmental status by 2020 (EU 2017a), the CFP provided the basis of the 

legal procedure for spatial fisheries management, contributing to the 

objectives of other environmental policies such as the Marine Strategy 

Framework Directive (EU 2008). To consolidate socio-economic sustainability, 

stakeholder engagement was formally made part of the legislative processes, 

mainly though the Advisory Councils where different players of the 

commercial and recreational fishing sector were represented, as well as 

environmental NGOs and representatives of consumers and civil society (EU 

2015a, Van Bogaert et al. 2022).  

Progress was made since the 2013 CFP reform, but policy makers failed to 

deliver on legislative targets. The 2020 deadline for fishing pressures below 

FMSY was not met: For stocks in the Northeast Atlantic, FMSY was exceeded for 

44% (35/79) in 2013, whereas this percentage decreased to 26% (21/81) in 
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2021 (STECF 2023). The CFP listed small-scale fisheries as management 

priority, but the effective allocation of fishing opportunities remained to be 

distributed along the lines of neoliberal economic efficiency (Said & 

Chuenpagdee 2019). The EU was evaluated to be slacking and counteractive 

in the global commitment to ending overfishing. Although subsidies 

contributing to overcapacity were to be prohibited by 2020 in line with the 

sustainable development goals (United Nations 2015), 54% of EU fisheries 

subsidies (at a value of 2.036 billion USD) were still targeted at enhancing 

capacity in 2018 (Sumaila et al. 2019). The subsidised overcapacity contributed 

to fisheries overexploitation outside of EU borders (e.g. in West and Central 

Africa), where ‘Sustainable Fisheries Partnership Agreements’ with third 

countries provided a framework for EU vessels to legally exploit marine wildlife 

at pressures exceeding FMSY (Okafor-Yarwood & Belhabib 2020). At the time 

of writing, the next reform of the CFP was being drafted and elaborated 

(Commission 2023).  

Seabass fisheries policy: Emergency measures 

After the UK government (Ares & Sutherland 2016) and the European 

Parliament (EU 2015e) urged for the preservation of seabass stocks, the 

Commission committed to the protection of this iconic species. The 

chronology of increasingly drastic measures (Table 9.2) suggested the 

situation was initially underestimated. In January 2015, the yearly Council 

Regulation setting the fishing opportunities for 2015 didn’t mention seabass 

(EU 2015c). One week later, the Commission banned pelagic and midwater 

trawls to fish for the Northern seabass stock (ICES 4b,c, 7a,d-k) from January 

to April (EU 2015b). For the first time in June 2015, catch limitations for seabass 

restricted different gear types to monthly catch limits: 1.3 tonnes for hooks 

and lines, 1 ton for gill nets, 1.8 tonnes for demersal trawls and seines, 3 tonnes 

for purse seines and 1.5 tonnes for pelagic and mid-water trawls (EU 2015d). 

In addition, commercial fisheries were prohibited in an entire area around 

Ireland (7b,c,j,k and 7a,g beyond the 12 nautical mile zone of the UK, Fig. 9.1). 

From 2016 onwards, seabass was included in the yearly regulation setting 

fishing opportunities. The 2016 measures (EU 2016) for seabass fisheries were 

structured similarly as the 2015 regulations, with the addition of a seasonal 

closure for all gears to protect spawning aggregations of the Northern stock. 

Seabass fisheries were henceforth prohibited in February and March in the 
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Northern stock range (ICES 4b,c, 7d-f,h and 7a,g within the 12 nm zone of the 

UK). The emergency measures taken in 2015 and 2016, including the spatial 

and seasonal closures, provided the basis of the measures in the following 

years.  

From 2017 until 2022 (EU 2017b, 2018b, 2019a, 2020, 2021a, b, c, 2022a, b), 

targeted fishing for the Northern seabass stock was only allowed for vessels 

fishing with hooks and lines. Catch limitations for these vessels were expressed 

as an amount per vessel per year (PVPY). Apart from the 2017 catch limit of 10 

tonnes PVPY, yearly catch limits varied between 5 and 6 tonnes since 2018. 

Vessels using fixed gillnets, demersal trawls and seines could land seabass as 

unavoidable by-catch, with the allowable amount per vessel expressed as a 

yearly, monthly or two-monthly maximum amount per vessel and/or a 

percentage of the weight of the total catch. For the Bay of Biscay stock, the 

yearly measures stipulated France and Spain should ensure the fishing 

mortality would not exceed FMSY. Catch limits per vessel were therefore not 

specified in EU law, but could still be introduced on other management levels, 

e.g. measures for French vessels stipulated by the Comité national des pêches 

(CNPMEM 2023).  

An important restriction was added in 2017: vessels using hooks and lines or 

gill nets could only fish for the Northern seabass stock if they had historical 

official recorded catches from July 2015 to September 2016 (EU 2017b). These 

vessel owners were thus awarded exclusive seabass fishing rights, rendering 

the vessels associated to these licenses, more valuable. Aside from the general 

issues that so-called ‘fishing rights’ posed regarding privatization and 

distributive justice (Pauly 2018), this restriction rewarded those that continued 

to fish at the time of the stock’s most precarious state. Moreover, vessels 

without registered seabass catches were excluded from seabass fishing in the 

future, which could render problems for national fisheries policy (as in the 

Belgian case, see below).   
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Table 9.2. Chronological overview of EU level fisheries measures (accessible through https://eur-lex.europa.eu/), concerning commercial 

fisheries of European seabass. The described measures include spatial closures, seasonal closures and catch limitations fo r distinct gear 

types in specific areas. Gear types are detailed in caption with FAO alpha 3 fishing gear codes. Areas are identified with the codes of ICES 

divisions. Seabass catch and unavoidable by-catch (BC) limitations are delineated as tonnes or kilograms per vessel per month (PVPM), 

per vessel per two months (PVP2M), per vessel per year (PVPY) or as a percentage of the weight of the total catch of marine o rganisms 

on board (WTC; since 2017 formulated as: weight of total catch of marine organisms on board caught by that vessel in any single day). 

When catch restriction units deviated from previous legislation, this was marked in orange. Gear codes mentioned in footnotes complied 

with the ISSCFG FAO classification (FAO 2016). 

Year Document 

Spatial 

closure1 

Seasonal 

closure2 Catch limitation3 

Hooks and 

lines4 Fixed gillnets5 

Demersal 

trawls6 Seines7 Other gears 

2015 2015/104 - - -      

 2015/111 - 4b,c, 7a,d-k  

Pelagic trawls8 

Jan – Apr   

-      

 2015/960* 7b,c,j,k +  

7a,g UK >12 

nm 

- 4b,c, 7d-f,h +  

7a,g UK <12nm 

Jan (June) – Dec 

1.3 t 

PVPM 

1t PVPM 1.8 t PVPM 1.8 t PVPM 3 t PVPM purse 

seines9 

1.5 t PVPM pelagic 

trawls10 

2016 2016/72 

7b,c,j,k +  

7a,g UK >12 

nm 

4b,c, 7d-f,h +  

7a,g UK <12nm 

Feb – Mar  

4b,c, 7d-f,h +  

7a,g UK <12nm 

Jan + Apr – June   

1.3 t 

PVPM 

1.3 t PVPM 1% WTC 

(incl. Feb – 

Mar) 

1% WTC 

(incl. Feb – 

Mar) 

Not allowed 

  4b,c, 7d-f,h +  

7a,g UK <12nm 

Jul – Dec   

1.3 t 

PVPM 

1.3 t PVPM 1 t PVPM 1 t PVPM 1 t PVPM 

2017 2017/127 7b,c,j,k +  

7a,g UK >12 

nm 

4b,c, 7d-f,h +  

7a,g UK <12nm 

Feb – Mar  

4b,c, 7d-f,h +  

7a,g UK <12nm 

Jan + Apr – Dec   

10 t PVPY° 250 kg PVPM 

BC° 

3% WTC BC 

400 kg PVPM 

3% WTC BC 

400 kg 

PVPM 

Not allowed 

2018 2018/120 7b,c,j,k +  

7a,g UK >12 

nm 

4b,c, 7d-f,h +  

7a,g UK <12nm 

Feb – Mar  

4b,c, 7d-f,h +  

7a,g UK <12nm 

Jan + Apr – Dec   

5 t PVPY° 1.2 t PVPY BC° 1% WTC BC 

100 kg PVPM 

1% WTC BC 

180 kg 

PVPM 

Not allowed 

 

https://eur-lex.europa.eu/
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Year Document 

Spatial 

closure1 

Seasonal 

closure2 Catch limitation3 

Hooks and 

lines4 

Fixed 

gillnets5 

Demersal 

trawls6 Seines7 Other gears 

2019 2019/124 7b,c,j,k +  

7a,g UK >12 

nm 

4b,c, 7d-f,h +  

7a,g UK <12nm 

Feb – Mar  

4b,c, 7d-f,h +  

7a,g UK <12nm 

Jan + Apr – Dec   

5.5 t PVPY° 1.4 t PVPY 

BC° 

1% WTC BC 

400 kg 

PVP2M 

1% WTC BC 

210 kg 

PVPM 

Not allowed 

2020 2020/123 7b,c,j,k +  

7a,g UK >12 

nm 

4b,c, 7d-f,h +  

7a,g UK <12nm 

Feb – Mar  

4b,c, 7d-f,h +  

7a,g UK <12nm 

Jan + Apr – Dec   

5.7 t PVPY° 1.4 t PVPY 

BC° 

5% WTC BC 

520 kg 

PVP2M 

5% WTC BC 

520 kg 

PVP2M 

Not allowed 

    8a,b 2,533 t TAC (France + Spain) 

2021 2021/92 

7a-c,g,j,k 
4b,c, 7d-f,h  

Feb – Mar  

4b,c, 7d-f,h 

Jan  

1.43 t PVPY 0.35 t PVPY 5% WTC BC 

520 kg 

PVP2M 

5% WTC BC 

520 kg 

PVP2M 

Not allowed 

  8a,b 3,108 t TAC (France + Spain) 

 2021/703*   4b,c, 7d-f,h 

Jan + Apr - Jul  

3.32 t PVPY 0.82 t PVPY 5% WTC BC 

520 kg 

PVP2M 

5% WTC BC 

520 kg 

PVP2M 

Not allowed 

 2021/1239*   4b,c, 7d-f,h 

Jan + Apr - Jul  

5.7 t PVPY 1.4 t PVPY 5% WTC BC 

380 kg PVPM 

5% WTC BC 

380 kg 

PVPM 

Not allowed 

2022 2022/109 7a-c,g,j,k 4b,c, 7d-f,h  

Feb – Mar  

4b,c, 7d-f,h 

Jan  

1.43 t PVPY 0.35 t PVPY 5% WTC BC 

520 kg 

PVP2M 

5% WTC BC 

520 kg 

PVP2M 

Not allowed 

 2022/515*   4b,c, 7d-f,h 

Jan + Apr - Dec  

5.95 t PVPY 1.5 t PVPY 5% WTC BC 

760 kg 

PVP2M 

5% WTC BC 

760 kg 

PVP2M 

Not allowed 

    8a,b 3,156 t TAC (France + Spain) 
1 Prohibited for Union vessels to retain on board, tranship, relocate or land seabass caught in the specified ICES divisions.   -  2 Prohibited for Union vessels to retain on board, 

tranship, relocate or land seabass caught in the specified ICES divisions during the specified period.   -  3 Catch limits are not transferable between months or vessels. For 

vessels using more than one gear in a single calendar month, the lowest catch limit is applied.  -  4 All long lines or pole and line or rod and line fisheries, including LHP, LHM, 

LLD, LL, LTL, LX and LLS.  -  5 All fixed gillnets and traps, including GTR, GNS, FYK, FPN and FIX.  -  6 All types of demersal trawls, including OTB, OTT, PTB, TBB, TBN, TBS, TB.  -  7 

All types of seines, including SSC, SDN, SPR, SV, SB, SX.  -  8 Mid-water or pelagic trawls, including OTM and PTM, with cod end mesh size of ≥ 70 mm.  -  9 Purse seines with 

gear codes PS and LA.  -  10 Mid-water or pelagic trawls, including OTM and PTM.  -  * Amendment of a legal document within the same year.  -  ° Fishing for European 

seabass is only allowed for Union fishing vessels with recorded catches of seabass in the period from July 2015 to September 2016 using hooks and lines or fixed gillnets.  
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Table 9.3. Chronological overview of EU level measures concerning recreational fishing 

of European seabass. The described measures include seasonal closures, meaning only 

catch-and-release is allowed in a specific area during a set period, and catch limitations, 

delineated as number of seabass that can be retained per day per person (PDPP). Areas 

are identified with the codes of ICES divisions. When catch restriction units deviated 

from previous legislation, this was marked in orange. 

Year Document 

Seasonal closure:  

Catch-and-release1 

Catch limitations 

Area Amount 

2015 2015/523* 

 

-  4b,c, 7a,d-k 

Jan (March) – Dec  3 PDPP 

2016 2016/72 4b,c, 7a,d-h  Jan – June 4b,c, 7a,d-h        Jul – Dec  1 PDPP 

   7j,k                     Jan – Dec  1 PDPP 

2017 2017/127 4b,c, 7a,d-h  Jan – June  4b,c, 7a,d-h        Jul – Dec  1 PDPP 

   7j,k                     Jan – Dec  1 PDPP 

   8a,b                   Jan – Dec  5 PDPP 

2018 2018/120 4b,c, 7a-k     Jan – Dec 8a,b                   Jan – Dec  3 PDPP 

 2018/1308* 4b,c, 7a-k    Jan – Sep 4b,c, 6a, 7a-k     Oct – Dec 1 PDPP 

2019 2019/124 4b,c, 6a, 7a-k 

Jan – Mar + Nov – Dec 

4b,c, 6a, 7a-k     Apr – Oct  

1 PDPP 

   8a,b                   Jan – Dec  3 PDPP 

2020 2020/123 4b,c, 6a, 7a-k 

Jan – Feb + Dec 

4b,c, 6a, 7a-k   Mar – Nov  

2 PDPP 

   8a,b                   Jan – Dec  2 PDPP 

   Fixed nets banned  

2021 2021/92 4b,c, 6a, 7a-k    Jan – Feb  4b,c, 6a, 7a-k             Mar 2 PDPP 

   8a,b                   Jan – Dec  2 PDPP 

   Fixed nets banned  

 2021/703*  4b,c, 6a, 7a-k    Mar – July  2 PDPP 

 2021/1239* 4b,c, 6a, 7a-k 

Jan – Feb + Dec 

4b,c, 6a, 7a-k   Mar – Nov  

2 PDPP 

2022 2022/109 4b,c, 6a, 7a-k    Jan – Feb  4b,c, 6a, 7a-k              Mar 2 PDPP 

   8a,b                   Jan – Dec  2 PDPP 

   Fixed nets banned  

 2022/515* 4b,c, 6a, 7a-k 

Jan – Feb + Dec 

4b,c, 6a, 7a-k   Mar – Nov  

2 PDPP 

 Prohibited to retain on board, relocate, tranship or land European seabass caught in the 

specified ICES divisions. 

* Amendment of a legal document within the same year. 
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Recreational fisheries 

European seabass is a popular species for recreational angling. An estimated 

two million European anglers yearly spend more than 200 million euro on 

seabass fishing (EAA 2016). Catch-and-release was considered to be a 

common practice in seabass angling, resulting in estimated low post-release 

mortality (Lewin et al. 2018). Nonetheless, recreational fishing could be 

responsible for over 25% of a country’s seabass removals (Hyder et al. 2018, 

Radford et al. 2018).  

The EU emergency measures also considered recreational fishing (Table 9.3). 

A bag limit was introduced, ranging from five to one depending on the area 

and year. In the Northern stock and along the West coast of Ireland (4b,c, 7a,d-

k), recreational fishing was additionally limited to catch-and-release from 

January to June 2017 and throughout the entire year in 2018. After intense 

protest and lobbying of recreational fishers (see below), the yearlong catch-

and-release restriction was abandoned and exchanged for a one bag limit. 

From 2020 onwards, a two bag limit was in place for the Bay of Biscay, the 

West coast Scotland and Ireland and the Northern stock. For the latter two 

stocks, the seasonal catch-and-release period was set from December to 

February. Additionally, recreational fishing with fixed nets was banned since 

2020 for all seabass stocks in the Northeast Atlantic. 

Over the past decade, recreational fishers called for changing the allocation of 

seabass fishing opportunities between commercial and recreational fisheries. 

Although recreational fishers were represented in the Advisory Councils, their 

involvement in management decisions was considered scarce (Pita et al. 2017, 

Van Bogaert et al. 2022) and joint policy recommendations with the 

commercial sector proved to be impossible in some cases (NNWAC & NSAC 

2018). When recreational angling was restricted to catch-and-release only in 

2018 (whereas commercial vessels could land up to 5 tonnes) (EU 2018b), 

tension peaked. Recreational fishers took to the streets in Cherbourg and 

Calais (France) and the European Anglers Alliance (EAA) took the Council of 

the EU to court (EAA 2018a, EU 2018a). The legal basis of these claims lie in 

article 17 of the CFP, stating “transparent and objective criteria including those 

of an environmental, social and economic nature” should be applied for the 

allocation of fishing opportunities (EU 2013). Arguments to favour recreational 



233 

 

seabass fishing included its high participation rates, the generated economic 

profits and recreational fishers’ welfare (EAA 2018b, Cevenini et al. 2023). The 

data poverty on recreational fisheries often hamper effective governance, but 

research on recreational fisheries (including the socio-economic and 

biological impacts) is rapidly expanding and is set to improve data collection 

and monitoring (Hyder et al. 2020). 

MAP & current stock status 

Since 2019, seabass fisheries of all delineated stocks in the Northeast Atlantic 

were managed under the Western Waters MAP (EU 2019b). Spatiotemporal 

closures and the quantified fishing opportunities were still outlined in a yearly 

regulation, but the MAP provided the management framework. The yearly 

ICES advices provided the estimates of fishing mortality (F) ranges based on 

this MAP. In case the stock biomass falls below the reference points of B lim or 

MSY Btrigger, the MAP states that all appropriate remedial measures should be 

taken to ensure that the stock rapidly returns to biomass capable of producing 

MSY. Concerning recreational fishing, the MAP states the Council could set 

non-discriminatory limits, explicitly taking into account any socio-economic 

importance.  

As a result of the fisheries measures, fishing pressure on the Northern and 

Biscay stocks decreased and was assessed to have been below FMSY for several 

years (Fig. 9.2). In 2022, the majority of commercial landings came from nets 

and lines, followed by bottom trawls (Fig. 9.3) (ICES 2022b, c). Commercial 

landings of the Northern stock were mainly fished by the UK (613 t, 54%), 

followed by France (385 t, 34%), the Netherlands (231 t, 21%) and Belgium (45 

t, 4%), whereas France was almost entirely responsible for Biscay stock catches. 

Estimated recreational removals (derived from historical catch records) 

represented 24% of the total catch for both stocks. At the time of writing, the 

SSB estimates were below (Northern stock) or just at the limit (Bay of Biscay 

stock) of BMSY. Using new scientific information, the stock delineation and 

assessment of the Bay of Biscay and Northern stocks are revised in ICES 

benchmark workshops in 2023 (ICES 2023). ICES considered the stocks of 

North Spain and Portugal and of West coast Scotland and Ireland data limited, 

advising a precautionary approach since 2016 (ICES 2020a, 2021). 
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Figure 9.3. Catch shares by gear for commercial landings, in addition to commercial 

discards and estimated recreational removals for the Northern (left) and Bay of Biscay 

stock (right), as reported by ICES in 2022 (ICES 2022b, c).  

SEABASS FISHERIES MANAGEMENT IN BELGIUM 

Belgian fisheries management context 

Despite fisheries policy being primarily set out in European regulations, certain 

aspects were managed by member states, e.g. the allocation of national quota. 

In Belgium, the use and exploitation of aquatic resources and environments 

fell under different ministries at different legislative levels (full overview of 

maritime competences for different institutional bodies in Pecceu et al. (2016)). 

Whereas activities in the BPNS were under the Belgian federal jurisdiction 

(Department for the Marine Environment of the Federal Public Service Health, 

Food chain safety and environment), marine fisheries were under the Flemish 

government (Department of Agriculture and Fisheries), as well as inland 

fisheries (Department of Environment). In addition, local governments could 

put spatial, temporal and/or administrative restrictions to recreational fishing 

(full overview of local rules available at website Recvis project 
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https://www.recreatievezeevisserij.be/). Below, we refer to Belgian fisheries 

management, but it is important to keep in mind that the mentioned fisheries 

measures are not regulated at the federal level, but at the Flemish level.  

The Belgian fisheries management system was designed to cater for the needs 

of benthic and demersal multi-species commercial fisheries targeting sole and 

plaice, which made up the majority of the Belgian commercial fleet (56 out of 

63 vessels). In the Belgian system, the yearly allocated TACs to Belgium would 

be considered as a collective right among the holders of a Belgian fisheries 

license. Thus, a license provided access to the fishing rights of Belgium, as 

opposed to management systems where a license would provide the right to 

fish separately from the actual access to a part of the national quota, e.g. 

through individual transferable quota. Accessory measures were added to 

meet the needs of European policy over the past decades, making the 

collective quota system more complex over time, as reviewed in (Verlé et al. 

2020). As national commercial fleets could not exceed the set maximum 

capacity defined in kW and GT (EC 2002), a vessel would only obtain a fishing 

license if another vessel exited the fleet. The purchase of a fishing license, 

inherently coupled with the licensed vessel, was thus subject to market forces 

and competition, pushing up the price of licensed vessels. As the purchase of 

vessel was only profitable if you make optimal use of the gained access to the 

Belgian quota, the system indirectly disfavoured fisheries targeting species 

that were not managed under TAC (Verlé et al. 2020), such as seabass. 

Recreational fisheries 

Assessments of Belgian recreational fisheries, under the project Recvis and the 

national implementation of the Data Collection Framework (EC 2017/1004), 

resulted in an estimated 1.3 million fish caught over 100,000 fishing hours per 

year (Verleye et al. 2022). Estimates for the direct economic interest of Belgian 

recreational marine fishers range between 8.6 (Verleye et al. 2019) and 33 

million euro per year (Hyder et al. 2018). More than 800 recreational vessels 

were identified, of which the majority was used for angling (87 %) (Verlé et al. 

2020, Verleye et al. 2022). In addition, anglers targeted seabass from shore on 

the beach, piers and breakwaters. Seabass was one of the main target species 

for anglers on boats and on the beach.  

https://www.recreatievezeevisserij.be/
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Commercial fisheries in inland waters (e.g. rivers and canals) were prohibited, 

but recreational fishing was allowed with a license (Flemish Government 2013). 

In light of incessant seabass poaching (Deputter, pers. comm.), specific 

measures for seabass angling were taken for inland waters in 2017 (Flemish 

Government 2017). These corresponded the EU measures for recreational 

seabass angling at the time and included a MCRS of 42 cm, a catch-and-

release period of January to June and a daily bag limit of 1 seabass for the rest 

of the year. Small spatial closures specifically for seabass fishing were installed 

in the ports of Zeebrugge and Oostende near shipping locks where seabass 

was targeted whilst presumably predating on prey fish that are flushed with 

incoming water (Chapter 8). The area in Oostende was restricted to catch-and-

release, whereas seabass fishing was prohibited altogether in Zeebrugge 

(Flemish Government 2017, Cardoen et al. 2023a), with the exception of a 

mark-recapture research project (see chapter 6). 

Commercial seabass angling with Dutch licenses 

As an indirect consequence of the Belgian quota allocation system (indirectly 

pushing up the price of licensed vessels, that are designed for mixed fisheries, 

as elaborated in Verlé et al. (2020)), Belgian nationals turned to the 

Netherlands as a flag state for commercial seabass angling. Because of a 

different licensing and quota allocation system and a larger fleet capacity (with 

more available kW and GT), access to fishing rights for smaller boats was easier 

in The Netherlands than in Belgium. In addition, the Belgian regulations 

regarding crew and safety on board of a vessel were considered to be more 

strict (Verlé et al. 2020). The association ‘Low impact fishery southern North 

Sea’ (LIFSN, https://www.lifsn.be/) consisted of 20 vessels of Belgian nationals 

commercially angling for seabass. As this small-scale fishery (vessels < 12 m, 

trips < 24 hours) were selective for seabass, species managed under TAC 

weren’t targeted. Although these former Belgian recreational anglers fished 

under the Dutch flag, the majority would land the seabass mainly in 

Nieuwpoort, Belgium. Small-scale and artisanal fisheries were thus considered 

a policy priority by the town council of Nieuwpoort, who owned the local fish 

auction and were a member of LIFSN’s management board (Verlé et al. 2020).  

After different stakeholders, including the Nieuwpoort council, urged to 

facilitate small-scale fisheries under Belgian flag, the regulations would be 

https://www.lifsn.be/
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altered to no longer impede recreational vessels to transition to commercial 

activities (De Snijder et al. 2014, Verlé et al. 2020). In 2017 however, the EU 

legislation limited seabass angling to vessels with recorded seabass catches 

(see above). As previous seabass angling was not licensed under the Belgian 

flag, creating a small-scale fishery targeting seabass would not be legal.  

Stakeholder engagement 

Depending on the topic and objective, different stakeholders were involved in 

Belgian fisheries policy through formal and/or informal consultation (Pecceu 

et al. 2016). Long-term vision documents, ‘covenants’, on the future of Belgian 

fisheries in a sustainability context were agreed upon by different partners: the 

commercial fisheries producer organisation (Rederscentrale), an association 

for nature conservation (Natuurpunt) and fisheries scientists (ILVO), as well as 

political and government representatives of different competencies and policy 

levels (De Snijder et al. 2014). In addition, the Strategic Advisory Council for 

Agriculture and Fisheries (SALV, https://www.salv.be/) represents different 

stakeholders and advises the Flemish government and parliament on 

agriculture and fisheries topics. For topics involving European seabass, 

stakeholders might include LIFSN and Sportvisserij Vlaanderen (SVV), the 

recreational fishers organization.  

Some policy procedures involved stakeholder participation, but transparency 

was far from optimal. For fisheries related topics, Natuurpunt was commonly 

involved to look after nature’s stakes. Considering limited financial means 

however, the nature organisation chose to focus on nature preservation (e.g. 

marine protected areas), and decided not to invest in the specific expertise of 

fisheries impacts (Natuurpunt, pers. comm.). Despite this stance, the 

authorized minister regularly formulated their participation as the watchful 

eye over the sustainability of Belgian fisheries in parliament (Tommelein & 

Crevits 2020, Coudyser & Crevits 2021, Vaneeckhout & Crevits 2023). For the 

revision of inland seabass fisheries policy (Flemish Government 2017), SVV was 

informed in order to provide an advice on behalf of recreational fishers and a 

scientific advice was requested through ILVO. When the authors of this paper 

enquired about the involvement of environmental stakeholders, they were 

informed by a government official that law-making procedure required the 

formal consultation of the ‘permanent working commission of riverine 

https://www.salv.be/
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fisheries’ (Permanente werkcommissie riviervisserij) (Goossens, pers. comm.). 

Although this commission, an entity within the Flemish Environmental Council 

(MINA, https://www.minaraad.be/over-de-minaraad/copy2_of_Samenstelling), still 

existed on paper, it hadn’t been active since years (Wim Van Gils, pers. comm.), 

and we weren’t able to find any documentation on the MINA’s website about 

its history or composition (which was available for other working 

commissions). Finally, the revision of the inland seabass fisheries measures was 

legislated through a different procedure in 2023: instead of a ministerial 

decree, the seabass fisheries measures were administered through a decree of 

the department head of the Agency for nature and forests (ANB, an entity of 

the Flemish Government) (Cardoen et al. 2023b, a), for which the legislative 

procedure didn’t require a formal participation of stakeholders (Kristof 

Vlietinck, pers. comm.).  

KEY ISSUES 

In the section below, we elaborate on three issues, common to both the 

European and Belgian national policy, that we consider crucial to tackle in 

order to improve (seabass) fisheries policy. 

Democratic process 

The reasoning and decision framework of policy choices need to be 

transparent to enable democratic evaluation and accountability. On the 

European level, the lack of transparency in the decision-making process for 

fishing opportunities was evaluated as ‘maladministration’ by the European 

Ombudsman, stating the Council had failed ‘to grasp the critical link between 

democracy and transparency of decision-making’ (European Ombudsman 

2020). Despite the legislated ambition for sustainable exploitation rates of all 

EU stocks by 2020, and the specific commitment for seabass recovery since 

2015, it remained unclear how the EU would to deal with the failing of these 

objectives (Clayton 2021). As the involved institutions (Commission, Council or 

member states) failed to achieve the legislated sustainability targets of FMSY by 

2020, they could be held legally accountable before the European Court of 

Justice (ECJ) (Proelss & Houghton 2012). 

A lack of transparency was also applicable to Belgian fisheries management. 

The complexity of the fisheries management, including the rights based 

https://www.minaraad.be/over-de-minaraad/copy2_of_Samenstelling
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system and its indirect issues for access to fishing licenses (Verlé et al. 2020), 

provided a complex rigidity that wouldn’t allow swift adaptation to a changing 

world. The impediment of democratic accountability was further enhanced by 

the complexity of Belgian political organization. Clear objectives were set in 

the 2015 – 2020 covenant, including the making of a recovery plan for seabass 

and the commitment to have the biomass levels of all stocks above MSY B trigger 

by 2020 (De Snijder et al. 2014). Yet, the failure to fulfil these commitments 

was not met with accountability and the 2021 - 2025 covenant makes no 

mention of these objectives (Crevits et al. 2021). 

Stakeholders voicing nature’s concerns are key in fisheries governance 

(Petersson 2022). The right of environmental NGOs to meaningfully participate 

in environmental decision-making on behalf of the general public was secured 

under the Aarhus Convention (EU 2003). Although the Advisory Councils 

provide a formal platform for stakeholder engagement, different impediments 

for equal participation have been identified: e.g. the skewed member 

composition of 60 % fishing industry representatives and 40 % other interest 

groups (including environmental NGOs, small scale and recreational fisheries), 

budgetary and staff limitations and a decrease in stakeholder involvement due 

to Brexit (Van Bogaert et al. 2022). In the Belgian context, fisheries decision-

making procedures seemingly involved participation of environmental 

organisations, but didn’t always do as such in reality. In this situation, fisheries 

biologists providing scientific advice sometimes come the closest to the voice 

for environmental concerns. This can constitute a tricky situation, since the 

task of fisheries scientists in the procedure consists of advice provision, not of 

advocacy. Fisheries science itself is deeply entrenched in the framework and 

terminology of the management that seeks to maximise yield without 

compromising the resource (Sáenz-Arroyo & Roberts 2008, Hare 2020, Silver 

et al. 2022). MSY then becomes a conservation target, rather than the 

theoretical exploitation maximum it was designed for (Earle 2021, Pauly & 

Froese 2021). Moreover, the same fisheries scientists often collaborate with 

fishers for their research. Serving as a clear example of the risk in this situation, 

we recall our own experience where we were told by a recreational fisheries 

representative that an advice for a fisheries closure would not only be 

unfortunate news for fishers, but also for their goodwill to collaborate with 
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scientists (Goossens, pers. comm.). In conclusion, marine wildlife and habitat 

need a designated spokesperson. 

Dealing with uncertainty 

A critical aspect of EU environmental policy is the precautionary principle 

(Commission of the European Communities 2000, EU 2012). The ‘better safe 

than sorry’ principle (European Environment Agency 2001) was embedded in 

the CFP as the precautionary approach to fisheries management, defined as 

“an approach according to which the absence of adequate scientific 

information should not justify postponing or failing to take management 

measures to conserve target species, associated or dependent species and 

non-target species and their environment” (EU 2013). Other than a guideline 

for environmental policy makers, the principle was invoked in European case 

law of the General Court and the Court of Justice of the EU (Garnett & Parsons 

2017, Scott 2018). Serving as a rare, but crucial example of reversing the 

burden of proof, mechanical cockle fishing was banned from a Habitats 

Directive site in the Dutch Wadden Sea on the basis of the precautionary 

principle. In this case, the negative impact of the fishery was not proven, but 

neither was it dismissed (EU 2004). In that light, the failure of the EU to achieve 

sustainable fisheries could constitute a breach of European and international 

law (Proelss & Houghton 2012). Precautionary decision-making requires 

evaluating whether a potential risk (considering scientific uncertainty) is 

acceptable to society, and is therefore inherently political (Commission of the 

European Communities 2000, Proelss & Houghton 2012, Scott 2018).  

In the case of European seabass, uncertainty manifests on different levels. 

Considering illegal and unreported fishing of seabass (Pawson 2008, 

Armstrong et al. 2014, Grilli et al. 2019), fisheries catch estimates are prone to 

error. High site fidelity and residency put seabass at risk of local depletion 

(Doyle et al. 2017, de Pontual et al. 2023), with poorly understood 

consequences for the recovery of exploited populations (Petitgas et al. 2006). 

Many aspects of seabass biology remain poorly understood, such as spawning 

locations and timing (López et al. 2015, Dambrine et al. 2021). In times of high 

and diverse anthropogenic impacts on the marine environment, seabass 

populations would also be subject to habitat loss (Stamp et al. 2022) and 

cumulative effects of different stressors (Hodgson & Halpern 2019). On the 



241 

 

other hand, one could argue that warming waters likely expand suitable 

habitat and thus, increase the carrying capacity for the seabass population. 

The SSB estimates of the Northern and Bay of Biscay have been overestimated 

in the past years (ICES 2022b, c). ICES experts account for and report this type 

of model uncertainty in the estimates of F and SSB, whereby the current SSB 

confidence intervals cross the thresholds of MSY B trigger (Biscay stock) and Blim 

(Northern stock) (ICES 2022b, c). In the context of the precautionary 

framework, we argue that it is a political responsibility to align fisheries policy 

with the lower part of those confidence intervals.  

Marine stewardship 

Whereas EU and Belgian policy remain sturdily rusted in protecting the ‘fishing 

rights’ of few corporate enterprises, the social contract of the right to fish is 

forgotten (Lam & Pitcher 2012, Pauly 2018, Said & Chuenpagdee 2019). In 

contrast, reciprocity is inherent to the concept of environmental stewardship, 

whereby participants seek to sustain the ecosystems that they are part of 

(Chapin et al. 2010, Soliman 2014). By default, the limits of overexploitation 

are not sought within the context of guardianship, which therefore naturally 

complies with the precautionary principle. Key aspects of such a cooperative 

framework are the recognition of uncertainty and the flexibility to swiftly adapt 

to changes (Chapin et al. 2010), as well as accountability at every level of 

organisation and governance (Ostrom 2000). Considering the “wicked 

problem” of fisheries with many people involved and many objectives at stake 

(Hare 2020, Silver et al. 2022), stewardship seems a more promising and 

realistic avenue than the top-down control framework (Soliman 2014).  

Seabass angling could be a prime example of a small-scale fishery with low 

environmental impact and high socio-economic gains. The fishery as overall 

characterized by high species selectivity, limited habitat damage and high 

participation or employment (Williams & Carpenter 2015, Williams et al. 2018). 

However, some of the current practices contributing to the exhaustion of 

seabass biomass, such as illegal fishing, high grading or legislated fishing 

limits to maximise yield (Armstrong et al. 2014, Steadman et al. 2014), would 

be unacceptable to the stewardship framework. As an addition or alternative 

to enforcement through deterrence, strategies to achieve compliance could 

be inspired by fishery cooperative structures with internal enforcement 
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mechanisms (Bellanger et al. 2019) or nudging approaches (Mackay et al. 

2020). The failure of modern fisheries management to ensure sustainable 

fishing pressures was inherently linked to the lack of explicitly considering the 

ethical dimension of exploiting marine wildlife for private profit (Lam & Pitcher 

2012). This ethical dimension would require to challenge the administrative 

distinction between professional and recreational seabass anglers, which 

created a situation where anglers could either keep 2 bass per day versus 5.95 

tonnes per year (EU 2022b). Applying the stewardship framework to seabass 

angling could draw from the lessons learned from the Irish management 

framework, where drastic measures were taken to protect seabass from 

collapse and enable a future for seabass fisheries (Colman et al. 2008, Grilli et 

al. 2019). In the case of Belgium, the current administrative impasse to 

establish a commercial seabass angling sector could therefore present an 

opportunity to try out the stewardship framework. The seabass angling fishery 

would require to stay well within the limits of sustainable fishing pressure, with 

full transparency, perceived legitimacy and compliance of the management 

(Chapin et al. 2010, Soliman 2014).  
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CHAPTER 10   

GENERAL DISCUSSION 

In this chapter, the findings of my PhD thesis are discussed in relation to the 

existing body of research. The objective of this thesis was to collect 

information on movement ecology of European seabass, Dicentrarchus labrax 

L., in the southern North Sea that could contribute to the conservation 

management of the species. To obtain our goal we applied electronic tags. For 

elaborating electronic tagging methodologies, investigating seabass biology 

and for analysing fisheries management, it was of recurrent importance to 

consider scale and dimension. Since studying movement essentially came 

down to investigating the whereabouts of an animal at different points in time, 

the scale of space and time was a quintessential aspect of movement ecology, 

as well as for the performance of its analysis tools. Likewise, the human 

activities impacting an animal or exploiting it as a resource could also be 

managed along these dimensions (e.g. spatiotemporal fisheries closures). In 

addition to space and time, an extra dimension is that of the individual fish in 

its relation to a population and species of individuals with varying behaviours. 

A final reflection on positionality of researchers dealt with how being one 

scientist investigating one research topic related to the larger scale of the 

research community and larger society.  

SEABASS MOVEMENT ECOLOGY IN THE SOUTHERN NORTH SEA 

The main aim of this PhD project was to describe the movement ecology of 

seabass from the southern North Sea. Seabass habitat use and connectivity 

were investigated at different spatial scales: large scale seasonal migrations 

(Chapter 6), habitat use in Belgian waters and the Scheldt Estuary (Chapter 7) 

and movement behaviour in a port area (Chapter 8). At each of these spatial 

scales, it was demonstrated that taking into account the individual variability 

was of great importance. 

The general seasonal migration of seabass in the Northeast Atlantic has been 

described as seabass residing in coastal feeding areas in summer and heading 

south-westwards to offshore spawning grounds in winter (Vázquez & Muñoz-

Cueto 2014, López et al. 2015). Our data confirmed the existence of this 



245 

 

pattern, but we also found high variability in migration patterns. We found 

different migration ‘strategies’, whereby seabass migrated to the English 

Channel, the Celtic Sea and northern areas of the Bay of Biscay, or stayed in 

the North Sea. Also within the BPNS, different spatial networks were discerned. 

Seabass tagged offshore were mainly detected offshore and were never 

observed along the north-eastern coast or in the Scheldt Estuary, whereas 

seabass tagged along the coast either stayed along the coast (according to 

detection information) or showed connectivity with offshore areas and not to 

the south-western coastal stations. These different patterns could mean that 

different areas were of divergent importance to different groups of seabass. 

For example, the observation of seabass eggs (stage 1, lasting 24 hours) in the 

Voordelta (The Netherlands) likely meant that spawning happened in this area 

(Schnitzler et al. 2011, Tulp et al. 2016), but this might have only been of 

relevance for seabass residing along the coast, since seabass tagged offshore 

were never observed in the area around Zeebrugge and the Scheldt Estuary. 

Likewise, some offshore artificial structures (e.g. the Garden City ship wreck 

and the radar tower) were considered as seabass hotspots by anglers, but the 

seabass that seemed to solely migrate along the coast were never detected at 

these stations. Finally, we also observed that some seabass didn’t migrate at 

all, but instead resided in the warmth of cooling waters or within the port of 

Zeebrugge throughout the winter or throughout an entire year. In these areas 

we found the study’s temperature extrema of 2.8°C and 32.3°C, demonstrating 

the species’ eurythermy. Although it was possible that these animals were 

stuck (e.g. that didn’t manage to pass through the shipping lock in Zeebrugge) 

or didn’t know where to migrate to (e.g. because no older animals guided 

younger animals in the migration routes (Petitgas et al. 2006), but it was also 

likely these animals skipped spawning (Le Luherne et al. 2022). 

We found high residency and site fidelity of seabass to the spatial extent of 

the North Sea, as well as to the areas of few kilometres radius around their 

release site. Residency, quantifying the presence of an animal in an area, and 

site fidelity, expressing the return of an animal to that area, indicated that 

these locations were important to individual seabass (Doyle et al. 2017). In the 

BPNS, we observed presence in the areas of Zeebrugge and the radar tower 

throughout the year. In the Scheldt Estuary we only observed long-term 

residency for two fish, but it was difficult to attribute these findings to fish 
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behaviour or to failure of detecting the fish, as seabass detections were 

sometimes missed (i.e. seabass tagged in the estuary were detected offshore 

without being detected at the receivers in the estuarine mouth between 

Vlissingen and Breskens). Residency to the Garden City offshore wreck was 

limited to colder months (mostly November to January) and to the offshore 

wind farm during the warmer months (mostly June to October). Nonetheless, 

areas that were only frequented seasonally might fulfil a function of essential 

fish habitat, likely as feeding grounds (Schmitten 1999, Crossin et al. 2017). 

Several tagging studies using different tagging techniques (external, acoustic, 

archival and pop-off satellite tags) demonstrated residency and / or site 

fidelity of seabass to spawning and / or feeding grounds along the English 

coast (Pawson et al. 1987, Pawson et al. 2007), in English estuaries (Stamp et 

al. 2021), in Irish waters (Doyle et al. 2017, O'Neill et al. 2018), in the Iroise Sea 

(de Pontual et al. 2019) and along the whole of the French coast (Le Luherne 

et al. 2022, de Pontual et al. 2023). In all these projects (including this PhD 

project), seabass were captured in collaboration with anglers or at locations 

where anglers reported high seabass catches. In the future, we could therefore 

assume that any area with high seabass prevalence is important to a number 

of seabass (i.e. they are associated to that location and exhibit residency and 

site fidelity to the area), until proven otherwise. 

A generalist species of specialized individuals? 

As a species, European seabass has characteristics of a generalist species. 

Tolerating wide ranges of temperature and salinity, seabass are widely 

distributed across the Northeast Atlantic Ocean and Mediterranean Sea in 

rivers, estuaries, ports, inshore and offshore areas (López et al. 2015, 

Vandeputte et al. 2019). Occupying this range of habitats, seabass is often 

considered to opportunistically predate on whatever prey type is available 

(Pickett & Pawson 1994, Spitz et al. 2013). Genetic studies using neutral 

markers found seabass in the Northeast Atlantic to constitute a genetically 

homogeneous population (Souche et al. 2015). These characteristics portray 

seabass as a species that can occur nearly anywhere in a wide variety of abiotic 

and biotic conditions. However, the movement data demonstrated the high 

specificity of individuals. Rather than being a species composed of generalist 

individuals, seabass could be a generalist species composed of specialized 

individuals (Cobain et al. 2019). Nonetheless, the behavioural specificity of 
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seabass would not mean they were not able to adapt to a different or changing 

environment.  

The movement behaviours of residency and site fidelity suggested a much 

more complex population structure than the homogeneity found by genetic 

studies. In Zeebrugge for example, seabass from the inner and outer port 

rarely interchanged between these areas even if these locations were only few 

kilometres apart. Explanations for the lack of genetic differentiation of the 

Northeast Atlantic seabass population (Souche et al. 2015, Robinet et al. 2020) 

could be found in hydrodynamic effects on larval drift (Beraud et al. 2018), as 

well as in the movement patterns themselves: e.g. the expansive dispersion of 

few individuals (Robinet et al. 2020) and/or shared spawning grounds by 

seabass that fed in different areas (de Pontual et al. 2019). Genetic research 

focusing on genes of the adaptive immune system (i.c. the major 

histocompatibility complex) could identify cryptic population structuring, 

differentiating between seabass from the Celtic shelf and Portuguese waters 

(Ratcliffe et al. 2022). Therefore, the lack of genetic differentiation in neutral 

markers across the Northeast Atlantic was not in opposition of the complex 

population structuring, as exposed by the movement data.  

Zooming in on the individual dimension of movement behaviour, we found 

indications of a population composed of individuals with a specific habitat use 

and distinct migration patterns. Likewise, studies investigating stable isotope 

signatures identified high individual (seasonally varying) trophic specialisation 

of juvenile seabass (Cobain et al. 2019) and the existence of at least two 

subpopulations within Welsh waters with little mixing between the seabass 

groups (Cambiè et al. 2016). On a more anecdotical note, we observed seabass 

caught in the port of Oostende, where the seabed consisted of razor-sharp 

oyster beds, were covered in scales much thicker than the scales of 

conspecifics caught around sandy seabed. Seabass angling techniques 

(including type of bait, fishing rod and angling method) were notoriously 

specific for different locations. Anglers knew from practice and experience 

what type of bait, fishing rod, anchoring technique and angling method to 

apply in one location, but fishing the exact same way in a different location 

wouldn’t render any seabass captures. These findings suggested that 

individual seabass were in fact highly adapted to the areas where they resided.  
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The behavioural specificity we could observe for individuals and locations, 

should also make us wary of translating our findings to the fish we hardly 

observed. The fish that had few or no detections were largely ignored in the 

study for lack of information to convey. We could hypothesize these 

individuals exhibited residency and site fidelity to another area without 

receiver coverage, but another possibility consisted of more roaming 

individuals that would be less likely detected. Considering the existence of 

different fish personalities and associated movement behaviours (Spiegel et 

al. 2017, Villegas-Ríos et al. 2018), we should also consider that catching fish 

by angling might already produce a bias for specific traits (e.g. more bold 

versus more cautious individuals). 

MAXIMIZING THE INFORMATION POTENTIAL OF ELECTRONIC 

TAGGING  

Electronic tagging enables the study of animal movement behaviour at an 

individual level and at a high spatiotemporal resolution (Lennox et al. 2017, 

Brownscombe et al. 2022). As with most research methods, gathering these 

data comes at a financial cost of acquiring scientific equipment, and a 

substantial time investment for fish tagging and maintenance of receivers. 

Optimizing tagging technology and analysis methods therefore maximises the 

amount of information gained from the same effort. 

New technologies 

By combining acoustic and archival technologies, the acoustic data storage 

tag (ADST) was a prime example of this information maximization of one tag 

attached to one fish (Chapter 2). Archival data rendered fine scale information 

on vertical movement behaviour and temperature experience, as well as 

reconstructed migration trajectories in horizontal space at a lower spatial 

resolution. Detections at acoustic receivers corroborated a tagged fish’ 

position and provided information of habitat use at these specific locations. 

The complementarity of these technologies was all the more relevant because 

environmental reference fields could not always cover the variability in 

bathymetry and temperature at depth in inshore areas, where receiver 

deployment would generally be more convenient than in offshore areas. The 

acoustic detection data also served to validate the geolocation model. The 
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analysis potential of the combined technologies was far from limited to the 

applications in this study. Similarly to the geolocation approach, acoustic 

detection data could be used to verify behavioural classifications (e.g. active 

vs less active) from vertical movements (Heerah et al. 2017) and to elucidate 

the locations where fish perform these specific behaviours (Fig. 10.1). State-

space modelling approaches have previously been developed for data from 

acoustic transmitters (Pedersen & Weng 2013) and data storage tags, e.g. 

geolocation models (Pedersen et al. 2008, Woillez et al. 2016), and could 

provide a framework to jointly analyse both data types. The combination of 

techniques can also aid our understanding and fine-tune previous 

interpretations of fundamental concepts in movement ecology, such as 

residency and home range (Kraft et al. 2023). 

Another way of maximising the information potential of acoustic telemetry 

studies consisted of a more stable deployment set-up for acoustic receivers 

(Chapter 3). Whereas the receiver was in a fixed position in the tripod frame, a 

commonly used cabled design produced high temporal variability in receiver 

tilt along a tidal pattern. The tripod therefore rendered a more continuous, as 

well as a greater detection range, especially at higher environmental noise 

levels. Since temporal variability in receiver performance could be 

misinterpreted for ecologically relevant temporal variability in presence (Payne 

et al. 2010, Brownscombe et al. 2020), a more stable set-up would be essential 

for acoustic telemetry studies investigating fish movement at fine temporal 

scales. Moreover, increasing detection range at high environmental noise 

would also be beneficial for effectively capturing migration through receiver 

curtains, since some fish use selective tidal stream transport (Verhelst et al. 

2018a), thus moving during the highest levels of environmental noise. 

Although the tripod frame represented a practical and long-term cost-

effective deployment mechanism in sandy habitat, we experienced great loss 

of material when deploying the tripod frame on the fine sediment seabed 

around Zeebrugge. Receiver deployment should therefore be carefully 

considered in the targeted habitat type in future studies. To some extent 

however, loss of equipment remains unavoidable, especially in the extremely 

challenging circumstances of the southern North Sea. 
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Over the past decade, electronic tagging was increasingly combined with 

other techniques (Le Luherne et al. 2022, Matley et al. 2022b). The adapted 

tripod frame that held both an acoustic receiver and a C-POD made for a more 

efficient deployment of scientific equipment, but also produced the 

opportunity to investigate co-occurrence of cetaceans and fish (Chapter 5). 

Within the context of the seabass research, the initial onset was to investigate 

potential seabass co-occurrence with cetaceans in the BPNS, since Spitz et al. 

(2013) had linked high bycatch numbers of dolphins by seabass fisheries to 

dietary overlap of these species in the Bay of Biscay. However, the study design 

wasn’t targeted at this research question, i.e. the seabass tagged within the 

context of the PhD weren’t released in these specific areas. Nonetheless, we 

made opportunistic use of the available data to explore how continuous long 

term data series of passive acoustic monitoring and acoustic telemetry could 

be combined in co-occurrence research.  

Sharing of data and knowledge 

For every aspect of this research, I benefited from others willing to share their 

knowledge, skills, code and infrastructure. A first crucial aspect for the tagging 

research was to be able to catch seabass. As mentioned above, seabass 

angling required experience and location-specific knowledge. Being nothing 

of a fishing aficionada myself, I was entirely dependent on the knowledge, 

skills, gear and willingness of recreational and professional anglers to 

effectively capture seabass for my research.  
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Figure 10.1. Archived depth series (grey line) of five tags with acoustic detections (dots 

coloured by receiver location).  
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Within the acoustic telemetry research community, the benefits of sharing 

data, infrastructure and data infrastructure were recurrently demonstrated 

over the past decade (Nguyen et al. 2017, Abecasis et al. 2018, Ellis et al. 2019). 

Within my PhD project I could use acoustic receivers (as well as the 

infrastructure, ship time, expertise and labour) made available from the 

LifeWatch project (https://www.lifewatch.be/) to deploy targeted arrays for my 

research (e.g. in Zeebrugge) or for a combination of research projects (e.g. the 

array in the Belwind offshore wind farm designed for investigating Atlantic 

cod, plaice and European seabass). As all the metadata and data of the PhD 

project were uploaded to the online database of the European tracking 

network (ETN, https://lifewatch.be/etn/), I could directly access all detection 

data of animals I tagged. For investigating seabass movements at a greater 

spatial scale than a local array, I therefore depended on the national 

infrastructure of the permanent Belgian acoustic receiver network (Reubens et 

al. 2019b) (Chapter 7) and on data sharing in an international context (Chapter 

6), which resulted in the most exciting detections. The expanding national and 

international receivers networks across the globe (Cooke et al. 2011a, Gazit et 

al. 2013, Cowley et al. 2017, Hoenner et al. 2018) would benefit from the 

networking approach even more with interoperability of acoustic telemetry 

equipment of different manufacturers (Reubens et al. 2021). In the specific 

case of the ADST, the validation of geolocation model outputs would benefit 

most from acoustic detection information along the animal’s migration 

trajectory, thus at locations far away from its release position.  

For data analysis, I also relied heavily on existing knowledge. For the 

geolocation modelling approach, I applied a model that was developed for 

European seabass (Woillez et al. 2016), which itself was derived from open 

source MATLAB code for a hidden Markov model (HMM) to geolocate Atlantic 

cod using tidal information (Pedersen et al. 2008, Thygesen et al. 2009). 

Although open source code for geolocation modelling was available at the 

time of writing this PhD, e.g. developed by Braun et al. (2018) and Liu et al. 

(2017), I experienced first-hand that applying geolocation modelling would 

never be a plug-and-play type of approach and that it was thus highly valuable 

to collaborate with an expert. The application of the geolocation model relied 

on the availability of open source software (Gebco and Copernicus), as well as 

the output of a hydrodynamics model specific to the southern North Sea (Zijl 

https://www.lifewatch.be/en/fish-acoustic-receiver-network
https://lifewatch.be/etn/
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et al. 2021). Finally, for all analyses I relied on the code made available through 

open source packages of R (R Core Team 2022) and Python (Van Rossum & 

Drake Jr 1995), as well as public platforms like GitHub and Stack Overflow. To 

contribute myself to the principles of findability, accessibility, interoperability 

and reusability (FAIR data) (Wilkinson et al. 2016), the gathered data of this 

PhD was made available through DOI and the majority of the developed code 

was shared and described on GitHub (repositories on 

https://github.com/JolienGoossens). 

RECOMMENDATIONS FOR FUTURE RESEARCH 

Seabass research in the North Sea 

Two key findings of this thesis research were that seabass tagged offshore 

might have limited connectivity to coastal areas and that many seabass 

resided in the North Sea throughout the year. Since seabass fitted with 

electronic tags in previous research (Quayle et al. 2009, Doyle et al. 2017, 

O'Neill et al. 2018, de Pontual et al. 2019, Stamp et al. 2021, Le Luherne et al. 

2022) were all released from coastal sites, future tagging efforts should include 

seabass captured at offshore locations. In addition, we identified a key location 

for an acoustic receiver array off the coast of Norfolk and Suffolk. The 

reconstructed migration trajectories of multiple seabass residing in the North 

Sea (tagged in Belgian and English waters) were drawn to this deeper spot. 

Potentially, seabass aggregated at this location for spawning. A key element 

of seabass movement behaviour that was not investigated in this dissertation, 

was the presence of conspecifics. Seabass are known to form shoals (Anras et 

al. 1997, Quayle et al. 2009), but the dynamics of this shoaling or density-

dependent effects on the movement of individual seabass remains unknown. 

Investigating the relationship between movement behaviour and shoaling 

could be achieved by combining electronic tags with other techniques as 

echosounders (David et al. 2022) and video monitoring (Bicknell et al. 2016). 

An important knowledge gap in seabass ecology remains the location, timing, 

triggers and movement behaviour of spawning. Considering the latitudinal 

gradient of spawning seasons (earlier in southern areas and later in northern 

areas) (Vinagre et al. 2009), spawning would be highly temperature related, 

following the presumed 9°C as the threshold for spawning (Pickett & Pawson 

https://github.com/JolienGoossens
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1994, Graham et al. 2023). Spawning in the North Sea could therefore be 

occurring from April onwards, up until May-June. During this period, we 

observed seabass individuals in the North Sea that resided in the North Sea 

throughout the year, but also those that returned from southerly migrations. 

In an aquaculture setting, seabass could spawn multiple times within a year (1 

to 5 times for females, 1 to 8 times for males) (Superio et al. 2021). Aquaculture 

studies also showed spawning to occur at night (Villamizar et al. 2012) and 

indicated a small effective breeding populations, i.e. only few animals 

effectively contributed to the next generation (Volckaert et al. 2012, Superio 

et al. 2021). A modelling approach demonstrated that spawning timing and 

location determines the nursery destination of an egg (Graham et al. 2023). 

Factual proof of spawning in the North Sea was limited by the observation of 

stage 1 eggs at the Dogger bank and at the Voordelta during an egg survey 

in April and May 2011 (van Damme et al. 2011, Tulp et al. 2016). Considering 

the importance of spawning for population structure, a targeted study on 

spawning in the North Sea should be considered a research priority.  

A final recommendation would be to make an openly accessible inventory of 

existing knowledge on European seabass. A good place to start would be the 

documentation of the local ecological knowledge on the species by anyone 

who would be willing to share their information. This research benefited 

greatly from the local ecological knowledge of anglers, who contributed 

information on seabass hotspots, fishing techniques and ecology. The 

existence of different groups of seabass in the outer and inner port of 

Zeebrugge for example, was suggested by anglers who went fishing in the 

area on a weekly basis. In addition, some scientific documents, e.g. the 

documentation of a seabass observation in the Scheldt Estuary in 1945 

(Vandamme et al. 1994), would have never come to my attention if they hadn’t 

been shared as an anecdote by a more senior researcher. Seabass knowledge 

gathered in experimental research would also likely contain a multitude of 

valuable facts on physiology and even ecology, but the body of seabass 

aquaculture literature would just be too extensive for every seabass ecologist 

to go through. Moreover, merging information could clarify some contesting 

numbers on general seabass biology, e.g. the age and size at maturity varied 

between reports. Knowledge on seabass has been reviewed extensively before 

(Pickett & Pawson 1994, Vázquez & Muñoz-Cueto 2014, López et al. 2015), 
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but the format of a book or A1 publication would always be soon outdated. A 

comprehensive and living encyclopaedic document leaning more towards a 

more extensive Wikipedia or FishBase page, containing references to research 

results, relevant legislation and anecdotic observations, would greatly advance 

general knowledge on European seabass and most likely many other species 

(similarly to the Atlas of Living Australia https://www.ala.org.au/). 

Dimensionality in tagging research 

From the methodological side, we repeatedly stumbled on the importance of 

taking into account the spatiotemporal dimensions of error. Using the verified 

animal positions from acoustic detection information of the ADST, we 

evaluated the performance of the geolocation model. Different methods had 

been developed to evaluate geolocation model performance, as reviewed by 

Gatti et al. (2021), but – to our knowledge – we were the first to make the 

important distinction between timed and untimed positional error (Chapter 2). 

For many studies using archival tags, the exact timing of positions would be 

less of interest than the route of the track, except for e.g. studies linking the 

timing of spawning behaviour to a specific location (Aranda et al. 2013). The 

choice for timed or untimed error estimations should therefore depend on the 

nature of the research question.  

The importance of taking into account the temporal dimension was also 

shown for the detection range in acoustic telemetry studies (Chapter 4). 

Although many telemetry studies analyse detection data as animal presence 

within a time bin (e.g. per day), detection range was generally evaluated as the 

probability of detecting single transmissions (Huveneers et al. 2016, Reubens 

et al. 2019a). By developing a method to account for the temporal resolution 

using a cumulative probability within a time bin, we demonstrated the 

importance of adapting a range test analysis to the methods and objectives of 

a telemetry study. This also demonstrated that researchers could optimize the 

study design in many more aspects than only the distance between receivers. 

Some aspects would always be beyond a researcher’s control, such as 

environmental factors and animal movement behaviour, but other aspects can 

be optimized to improve range: receiver attachment (Chapter 3), receiver type 

(Mourier et al. 2017), removing biofouling to improve receiver performance 

(Heupel et al. 2008), transmitter power output (Kessel et al. 2015) and 

https://www.ala.org.au/
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obviously the spacing between receivers. When assessing animal presence 

within a time bin, researchers can tweak transmitting intervals to improve 

range and should consider the relevant detection threshold and temporal 

resolution (Chapter 4). 

Whereas we demonstrated the importance of considering the temporal 

dimension for spatial metrics in the examples above (geolocation model error 

and detection range), future movement ecology studies could also 

contemplate the spatial dimension of temporal metrics. Residency and site 

fidelity are common metrics in tagging research: residency reflects a 

percentage of time spent in a certain location, and site fidelity reflects the 

return (or uninterrupted stay) to a certain area after a period of time. Although 

tagging studies tended to report the temporal resolution and scale rather 

explicitly, e.g. daily residency or site fidelity as the return after a specific season 

or period, they are generally more vague about the spatial dimension of those 

metrics. For example, both Doyle et al. (2017) and de Pontual et al. (2019) 

reported high residency and site fidelity for European seabass, but the spatial 

component of that statement would be distinctly different since one study 

used acoustic telemetry and the other archival tagging (thus resulting in 

different spatial error). Therefore, study outcomes would be more comparable 

if residency and site fidelity would be expressed per unit of time and per unit 

of space (expressed as surface area with an estimated error).  

Finally, another important dimension proved to be the individual animal. 

Rather than averaging out individual variability or considering it as a statistical 

nuisance, we addressed high ecological importance to the plurality in 

movement behaviours (Hertel et al. 2020). With our data we could not identify 

whether different migration strategies would have different selective 

advantages or individual fitness differences, but the intraspecific and 

intrapopulation variability in behaviours would likely contribute to the fitness 

of the population as a whole (Bolnick et al. 2011, Spiegel et al. 2017). Within 

the context of continuous anthropogenic impacts on the seas, and the high 

fishing pressures on seabass in past decades, intraspecific behavioural 

variability might benefit the population as it functions as a risk spreading 

mechanism. Moreover, the association of individual seabass to specific 

locations demonstrated habitat selection to be far more complex than mere 
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habitat suitability. In contrast to recent calls for telemetry scientists to design 

studies specifically to assess habitat suitability (Rudolfsen et al. 2021, 

Brownscombe et al. 2022), my viewpoint would oppose that objective for 

tagging studies using acoustic telemetry and DST. A major disadvantage of 

tagging is the weakness in numbers: you can only tag a limited number of 

animals. Tagging is therefore unsuited to make strong conclusions on animal 

distributions, which require population sampling methods. The great 

advantage of tagging consists of this individual resolution that is quite rare in 

ecology studies in the wild. An individual’s habitat selection of a habitat, there 

will be a range of reasons why an individual would be at a certain place in a 

certain time. The presence of an individual animal at specific place at specific 

time will have a range of reasons (Nathan et al. 2008), making information on 

habitat selection on the individual level not entirely suitable for statements of 

habitat suitability. 

RECOMMENDATIONS FOR SEABASS CONSERVATION AND 

FISHERIES MANAGEMENT 

Seabass fisheries policy on the European level and in the Belgian context was 

reviewed in chapter 9. Here, we added reflections related to seabass 

movement behaviour. 

The existence of different migration strategies and the highly localized 

behaviour of seabass also have implications for the management of their 

exploitation. The current EU seasonal closure of seabass fisheries in February 

and March might not protect all spawning aggregations, since spawning in the 

North Sea would only take place from April onwards. As a result, fisheries pose 

a selection mechanism with higher protection of seabass from more southern 

latitudes and of the northern seabass with migration strategies towards the 

south. Aside from this artificial selection on certain behaviours and groups of 

seabass, recruitment would also be spatially affected. Considering the impact 

of hydrodynamics on egg dispersal, the timing and location of spawning 

would be defining of the nursery ground destination of an egg (Graham et al. 

2023). Failing to protect all spawning aggregations would therefore 

differentially impact recruitment to different nursery grounds (Beraud et al. 

2018). To protect spawning seabass in the North Sea, the seasonal closure 

would have to be extended to May or June, at least in this area. 
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The highly localized nature of seabass movements (as demonstrated by 

residency and site fidelity) shows that local management measures matter. The 

high residency exhibited in these areas makes these locations as valid 

candidates for spatial protective measures (McCormick et al. 2021). Under 

European policy, spatial fisheries closures have to be approved by all member 

states with fishing rights in the area (EU 2013). Taking spatial conservation 

measures in marine waters is necessitated by European law, e.g. under the 

marine strategy framework directive (EU 2008), but it takes a lengthy legislative 

procedure to administrate fisheries measures (the procedure under article 11 

of the CFP), which might deter national policy makers to undertake action. 

However, the legislative framework for administrating measures for inshore 

fisheries is different. In the case of Zeebrugge (Chapter 8), we saw that the 

combination of differing habitat use and different legislative contexts 

rendered a differential protection of two groups of seabass. The local 

managers could therefore opt to provide measures for the seabass in that area. 

In spite of the provided scientific advice, they chose to equate the local 

measures to European seabass fisheries policy from 2023 onwards (Cardoen 

et al. 2023b). 

Intraspecific variability in (movement) behaviours is key to the fitness of a 

population (Bolnick et al. 2011, Spiegel et al. 2017) and should be recognized 

in policy. The behaviours of site fidelity and residency put seabass at risk of 

local depletion (Doyle et al. 2017). Highly localised seabass fisheries practices, 

e.g. angling all seabass around a wreck, could therefore erase a seabass group 

residing at a specific location, and thus erase a specific set of (learned) 

behaviours and life-cycle patterns (Petitgas et al. 2006). The loss of 

intraspecific (phenotypical) variation caused by local depletion, could be 

detrimental for the resilience and recovery of fish populations that 

experienced excessive fishing pressure (Petitgas et al. 2006, Steadman et al. 

2014, Doyle et al. 2017). Although these biological complexities and 

consequential scientific uncertainties may seem inconvenient to effectively 

consider in policy, neglecting them wouldn’t make them any less real.  

A final recommendation for the conservation of seabass would be the most 

simple one: that is to truly commit to the conservation of seabass. In the words 

of Hilborn (2007): “Wherever we look at apparent failures in fisheries 
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management, we can alternatively interpret them as success for other 

objectives”. In my own words: if European and national policy makers would 

have truly committed to the conservation of European seabass, the 

populations would have been restored by now. Although I believe my PhD 

research has resulted in valuable knowledge and has educated me to be a 

competent scientist, the most meaningful recommendations for fisheries 

management were well known before doing this research: fish less, protect 

areas with high seabass abundance, close fisheries during sensitive periods 

(e.g. times of spawning and migration), increase the minimum landing size to 

at least - and preferably exceeding - 45 cm (the length at which the majority 

of females would reach sexual maturity) and be ready and willing to rapidly 

adapt any necessary management measure in light of the many cumulative 

impacts of stressors on the marine environment. 

POSITIONALITY OF RESEARCHERS 

Personally, I hardly contemplated the roles of researchers up until 2021, when 

I had the rare opportunity to join a research campaign investigating the 

impacts of deep-sea mining. Three vessels in the middle of the Pacific Ocean 

made for a fitting metaphor of the societal debate: an industry vessel 

deploying a prototype mining robot, a research vessel investigating the 

environmental impacts during the mining test, and Greenpeace’s Rainbow 

Warrior, who came to protest the activity of deep-sea mining. The potential 

future activity of the novel industry was heavily debated (also among 

scientists), whereby divergent opinions on deep-sea mining were mostly 

linked to intrinsically divergent world views. What’s more, is that the roles and 

stances of researchers themselves were put to question: What if researchers 

would collectively reject the possibility of deep sea mining and refuse to 

collaborate? Scientists generally self-identifying as objective observers, could 

suddenly be considered as active, accountable participants of history in the 

making. I definitely lack a straightforward and universal answer to the complex 

questions of scientists’ societal responsibilities, but the discussions on 

complicity were educational for me to rethink the relationship between 

researchers and their research subjects. It enabled me to reflect on how my 

own research practice - in particular in relation to fisheries management - 

related to my own values. 
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Marine scientists are not disconnected from the topics they study (Bearzi 2020) 

and the messages they propagate on those subjects help shape how societies 

deal with them: “Language is not just rhetoric and concepts are not just labels. 

Words determine how we think and how we act, also in a research context.” 

(Jentoft 2022). For example, ‘blue growth’ and ‘ocean grabbing’ refer to the 

same concept (Bennett et al. 2015, Barbesgaard 2018). Likewise, the 

(translated) statements ‘the majority of fish caught by Belgian fishers is caught 

in a relatively sustainable way’ (Verhaeghe & Seys 2020) and ‘less than half [of 

stocks] targeted by Belgian fishers is at a sustainable level in terms of both 

biomass and fishing pressure’ (Goossens 2023) refer to the same numbers. 

Considering these divergent mind sets, also among researchers (Vigliano Relva 

& Jung 2021), it is important to consider that dominant narratives remain 

narratives. Fish are commonly considered as a resource by default, even by 

biologists (Balcombe 2017). In the case of seabass, several (if not the majority 

of) A1 papers on the species’ ecology mention the financial revenue to be 

made from selling seabass as a product. “As previous management failures 

have been largely attributed to data deficiency, a thorough understanding of 

seabass movement behaviour and exploitation is urgently needed.”, thus 

stated 26-year-old Jolien Goossens in 2018 in the grant application for a PhD 

project. This type of message is a common one among scientists: in order to 

effectively preserve populations, communities and ecosystems, we need to 

know more. Five years later, I know slightly more, and I no longer agree with 

the intent of this statement. We know how to not overfish populations and 

how to not damage ecosystems. The part where we remain rather clueless, is 

how to exploit nature for profit maximisation without jeopardising the 

resource.  

Despite fisheries having been shown to be the main cause for the global 

depletion of fish populations (Pauly 2018), the number of overfished stocks is 

still increasing (FAO 2022). As an overarching global (United Nations 2015) 

and European (EU 2013) policy goal to stop overfishing, fishing pressures had 

to be reduced to the MSY-limit by 2015, at the very latest by 2020. Firstly, the 

MSY-concept should not go unchallenged. In short, the MSY-concept 

supposes that density-dependent population growth rate is highest when the 

population biomass is at ½ carrying capacity, which produces an optimal 

“yield” (surplus production of biomass). Advanced modelling approaches can 
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include various complexities, but the approach remains quintessentially 

reductionist (Pauly & Froese 2021, Silver et al. 2022). As a concept developed 

for 19th century colonial resource exploitation (Ramesh & Namboothri 2018), 

MSY has also been criticised for its utilitarian misuse in the capitalist profit 

framework (Pauly & Froese 2021, Silver et al. 2022). MSY can serve as a 

theoretical exploitation maximum, but it should not be considered a 

conservation target. It definitely does not provide a visionary context for 

equitable fishing access to healthy marine ecosystems. Secondly, even the 

imperfect MSY targets – despite being legally binding – were not achieved, 

also not for stocks targeted by Belgian fisheries (Vaneeckhout & Crevits 2023). 

This – to my opinion Kafkaesque and deeply unsettling – policy framework is 

the management context to which marine biologists and fisheries scientists 

are expected to contribute knowledge and expertise.  

How, then, can fisheries scientists rethink their relation to the policy framework 

they operate in? Much like the deep-sea mining discussions, I believe a 

person’s answer to that question will be strongly linked to that person’s views 

on how the world works. One option is a strike: ICES for example, could refuse 

to fulfil its scientific role to send a clear signal that the social contract they 

have with society – ICES provides the assessments for policy makers to achieve 

legislated targets of sustainable fisheries – has been broken by the other party. 

Another option is to patiently continue the research in line with the ideology 

of gathering knowledge for the purpose of its prospective utility in the 

potential sustainable policy framework of an uncertain, distant future. 

Although the first approach will likely be considered more extreme than the 

other (or rather: only the first option is considered a narrative), it is worth 

contemplating which is the more sensible approach. Besides, there are options 

on the spectrum between them. 

I believe the precautionary approach is underutilized as the framework for 

marine environmental science. The precautionary reversal of the ‘burden of 

proof’ (Commission of the European Communities 2000, Scott 2018) could 

have a direct application in how null hypotheses are formulated. Rather than 

recurrently validating the importance of diversity, we could assume 

ecosystems are worth protecting, until proven otherwise. ICES uses the 

terminology of the precautionary approach in a technocratic setting by 
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quantifying thresholds for fishing pressure Fpa or biomass Bpa. This seemingly 

relieves policy makers from their obligation to apply the precautionary 

approach in the intrinsically political definition (Commission of the European 

Communities 2000, Scott 2018). Yet the political application of the concept is 

what could be most valuable for scientists to frame their findings in a 

conservation context, as it 1) inherently deals with the inescapable uncertainty 

of environmental research, and 2) it is already embedded in European law and 

international policy as the guiding principle for environmental management 

(European Environment Agency 2001, EU 2013). Therefore, compliance with 

the precautionary principle is legally binding (Proelss & Houghton 2012). In a 

precautionary and ecosystem based approach, the MSY calculations can still 

be of use as a guideline, but conservation policy should take into account 

model uncertainty, biological interactions within communities of marine 

animals and the cumulative effects of anthropogenic impacts on marine 

habitats (Hodgson & Halpern 2019, Pauly & Froese 2021). Potentially, 

alternatives to MSY could be used, e.g. maximum economic yield (MEY), which 

targets higher revenue from lower fishing pressure (Dichmont et al. 2010), and 

maximum sustainable dead biomass (MSDB), departing from biomass 

sustainability rather than fishing pressure (Rätz et al. 2015). In a truly 

precautionary framework, the applied metrics would matter less than the true 

commitment to the conservation of marine wildlife – no matter what it takes- 

or: “It is simple to stop overfishing, but not necessarily easy.” (OCEAN2012)   
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EPILOGUE 

SEXISM AND ITS INTERSECTIONS IN (MARINE) 

SCIENCE 

 

AUTHOR Jolien Goossens   

KEYWORDS / CONTENT WARNINGS discrimination, misogyny, sexual violence, rape 

culture, racism, classism 

 

Although many consider science as if it were operating in a box of objectivity 

secluded from perturbations in society, (marine) science is not disconnected 

from ‘the world of wounds’ in which it operates (Bearzi 2020). Throughout my 

dissertation on electronic tags and seabass, I have not yet mentioned the topic 

that has anguished me the most during the PhD process. As a final essay I wish 

to write about sexism and its intersections in my own work-related experiences 

of the past five years.   

 

DISCLAIMER 

The driver for writing this piece is idealism: I believe in the possibility of a 

marine science environment without sexism (and other –isms and –phobias 

mentioned below), where people attempting to participate in (marine) science 

are on equal footing. The difficulty with the topic however, is that many peers 

seem to think this utopia is our current reality. Talking about incidents and 

experiences can therefore produce discomforting conversations, as one 

person’s lived reality seemingly jeopardizes another person’s perception of it. 

And at last you'll know with surpassing certainty that only one 

thing is more frightening than speaking your truth. And that is 

not speaking.  

Audre Lorde 
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Moreover, my own feelings of disappointment and anger on the topic of 

sexism mostly concern people I feel gratitude and respect for on other topics. 

Considering these divergent and complex perceptions of the same working 

environment, it is extremely difficult to find the common language to write 

this piece. Mostly I struggle to be unapologetic about writing it.  

Despite its idealist intentions, this essay is in essence a realist piece, covering 

experiences of one person over the course of one PhD project from application 

to diploma. Three instances include events from before this time span, but I 

consider them of ongoing relevance because of the persistent lack of a 

credible approach to deal with these issues. Although my objective is 

obviously to get these issues out in the open, I am not blowing any whistles 

here: nearly all incidents involved a group of people and for the cases that did 

not involve me personally, I referred to the newspaper articles where I found 

the information. And yet, by compiling these separate cases into one 

document, it is my intention to show that these incidents are not mere 

unfortunate singularities, but recurring symptoms of a systematic disease.  

PERSONAL EXPERIENCES 

Misogyny, hatred of women, is expressed as prejudice, hostility, disgust and 

sexual objectification towards women and characteristics perceived as 

feminine. Misogyny operates through individual attitudes, as well as cultural 

systems (Ussher 2016, Loewen Walker 2022).  

Throughout this PhD project, I was linked to three institutes, attended seven 

conferences in five countries, boarded three research ships and multiple 

smaller vessels, and thus collaborated with a lot of people. In these diverse 

encounters, I came across ample utterances of sexism, but also allyship and 

support. Examples from either side of that spectrum came from persons with 

different genders, nationalities, political beliefs, hobbies, educational 

backgrounds, from people who consider themselves progressive or 

conservative, from people with or without PhDs. Voicing sexist bigotry 

therefore definitely does not necessitate a penis and an M on your passport, 

yet undeniably, the large majority (well within the 95% confidence interval) of 

my observations involved adult cis men. The overall common denominator in 

each situation was the reason for my presence: I was there because of work.  
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The majority of (micro-)aggressions came in the format of small-talk and jokes. 

While at work I heard women cannot drive, are incapable of cooperating in a 

group and rapidly get ugly when aging. Personal problems with ‘money-

grabbing’ ex-partners, ‘annoying’ spouses and ‘evil’ mothers-in-law were 

attributed to some inherent female wickedness. As a colleague elaborated 

how he participated in sex tourism as a holiday activity in a low income 

country, he explicitly added that he cared less about the likely exploitation of 

the female sex workers than he did about maxi pads as sources of aquatic 

pollution. During a scientific outreach event, a presentation of scientific results 

was followed by an entertainment act that included pictures of women in bikini 

as laughing stock: either objectified for their perceived desirability or despised 

for their perceived disposability.  

In what I initially perceived as a meritocracy that was selective for few types of 

merits, my younger self truly believed I could overthrow sexist prejudice by 

excelling in stereotypically masculine skills, such as coding and intense field 

work. The naivety of that mindset was demonstrated by the many times an 

achievement would be complimented, followed by a disclaimer: ‘not a lot of 

women can do this’. On board of some research vessels, the machismo 

working culture nourished a constant imposter syndrome (for all genders) 

where you would have to prove your capabilities every single time. Fellow 

researchers stated ‘women get special treatment on board’, as I needed help 

for lifting loads that exceeded assigned thresholds for both men and women. 

Even in the function of head scientist, I was told I had found my place on board 

when I was cleaning a dish. While setting up for an 8 March feminist strike, a 

helping hand from the university union told me he would wait for his male 

colleague to jointly carry a load that he decided I could not lift (after which I 

carried it effortlessly with a person half his size). Throughout my PhD, several 

aspects of my own research were explained to me by men ignorant to the 

subject. The highlight of mansplaining concerned sexism itself, where I was 

enlightened which topics feminists should best prioritise or neglect, and how 

women should behave when confronted with misogyny.  

There is no perfect reaction to misogyny, because any incident is a shit 

situation by default. Calling out someone’s behaviour is often considered as 

more aggressive than the behaviour itself. Personally, I generally feel better 
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when I speak up, and in most cases I am too pissed off to stay silent. Some 

situations were less hostile than they were creepy (‘it smells like female in here’ 

or someone staring at me for 30 minutes while regularly mumbling ‘wow’), for 

which I had no words in response. Some incidents got so vile that I was too 

shocked or frightened to defend myself. Once, I was physically hit by a male 

colleague on the back of my head to the extent that my head was still 

pounding an hour later. A group of men invited me to join them on their boat 

for my research - just me though, explicitly no male colleagues - as they joked 

about gang raping me. During a safety at sea training, I (the only female 

participant) was effectively bullied by a group of adult men, including one of 

the teachers, who sang as I performed an exercise (‘Another one bites the 

dust’) and called me out as incompetent and fuckable. 

The lack of general recognition of the existence of sexism is in stark contrast 

with the urgency I attribute to the issue. Even just mentioning my own 

experiences often solicits doubt and denial. When you describe an incident, ‘it 

must have been an exception’. When you talk about multiple incidents, ‘you 

must be doing something wrong’. When it concerns the experiences of 

multiple people, ‘you can still be grateful you live and work in this sexist 

environment rather than an even more sexist country or institute’. One 

colleague, when confronted with his own statements in the past, first blamed 

me for not calling him out earlier (he later apologised for his original 

statement). Sadly, it doesn’t come as a surprise anymore when excellent 

researchers list sexism as one of the main reasons for never wanting to return 

to science or academia. Over the course of the past years, people increasingly 

share their experiences. I find it both healing and deeply upsetting, as there is 

always a story worse than what you imagined possible. 

SEXUAL VIOLENCE IN SCIENCE 

Rape culture refers to a cultural framework of beliefs and behaviours that 

trivialize and normalize widespread sexual violence (Lewis et al. 2018, Seal 

2022). Key to rape culture are rape myths, which deny and justify cis male 

sexual aggression against trans people and cis women. These attitudes include 

linking sexual violence to the behaviour of the victim (e.g. choice of cloths or 

lack of resistance), and the perpetuation of the baseless, yet common belief of 

a high percentage of false testimonies (Lonsway & Fitzgerald 1994, Rollero & 
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Tartaglia 2019, Seal 2022). Importantly, rape culture is pervasive in colleges 

and universities worldwide (Lewis et al. 2018, Ahmed 2021). Though I was 

familiar with verbal sexism at the workplace (see above), I was oblivious to 

assault and rape as occupational hazards in science. In 2022 however, I learned 

about different cases of sexual violence in my own working and learning 

environments.  

I learned that a researcher had been the victim of rape on board of the Belgica, 

one of two Belgian research vessels. Sixteen years ago, her testimony was met 

with victim blaming and bureaucratic inertia, until she took the case to court 

and to the press (Barrieux 2009, De Standaard 2011). To this date, I haven’t 

seen a policy in place that effectively informs people on the issue of sexual 

violence on ships, let alone a policy that tackles sexism on board. For one 

cruise, we did receive a briefing on sexual conduct, including verbal and 

physical transgressions, yet the main message was: ‘the social situation of a 

long cruise is a bit peculiar, where signals might be mistaken for an invitation’. 

The first time I was on the Belgica, I was a 21-year old bachelor student. No 

one had informed me of what had happened, nor of what to do in case it 

would happen. Though experiencing sexual violence as a student might sound 

like the most horrifying thing, it happened at my own university, at my own 

department.  

Multiple students at my university were raped and assaulted by a fellow 

member of the Biology student organisation (GBK). As the perpetrator was 

found guilty in court - a rarity in Belgium, since only an estimated 1.3% of sex 

crimes results in a conviction (Vandekerkhove 2016) - the case was in the news 

in 2022 (Vermeulen 2022). The only correspondence on the case within the 

Biology department was an email from a professor who forwarded a statement 

of the student organisation. The GBK stated they strongly condemned any 

kind of transgressive behaviour and the professor added it would be a pity if 

the GBK was associated with the wrongful behaviour of one person. Neither 

the GBK, nor the professor, apologised or said they would investigate how this 

could have happened, and how this environment could have been so unsafe. 

Every few months the GBK prints a newsletter, the Worm, featuring fun biology 

facts and practical information on parties and field excursions, as well as 

misogynist and homophobic slurs, slut-shaming and rape jokes. Important 
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side note: some GBK students knew of one of the rape cases in 2017 

(Vermeulen 2022). Nonetheless, the perpetrator became the praeses 

(president) of the student organisation in 2018, after which the violence 

continued. It reminded me of a field course during my own years as a student: 

in a group conversation with multiple GBK members, a student was bragging 

about having had sex without the other person’s full consent. Two years later, 

he became praeses. At the time, I definitely considered this person to be a 

total creep, but it took me years to understand that rape is not limited to a 

stranger pushing you against the wall of a dark alley. I don’t believe the GBK 

seeks to create a misogynist environment, but I do think they are oblivious to 

the pervasiveness of rape culture, just as I was ten years ago. Who then, should 

make it their mission to create a safe learning environment free of sexual 

violence? Maybe the professors or the rector? 

In 2022, numerous testimonies attested to sexual violence at Belgian 

universities. Multiple victims who filed complaints through established 

university protocols, had not seen any consequence or follow-up years after 

their testimony (Bergmans 2022, Maenhout & Mayda 2022). The universities 

were hit by a media backlash as institutional procedures were deemed to 

protect predators in power (Destoop & Goossens 2022, Verschaeve 2022). 

Anno 2023, a UGent professor who committed sexual assault, was suspended 

for four months, during which he would receive 80% of his wage (Mayda 2023). 

Though the university was notified of the case in 2017, the rector only used 

his capacity as rector to start a procedure after a news article was published 

five years later (Mayda 2022, Mayda & Maenhout 2022). Rather than 

protecting employees and students, the hierarchical structures of these 

institutions facilitated harassment and impunity (Ahmed 2021, Maenhout & 

Debeuckelaere 2022). 

Sexual violence is ubiquitous. In Belgium, 81% of women and 48% of men have 

experienced sexual violence, with 1 out of 6 women and 1 out of 20 men 

having been raped (Keygnaert et al. 2021). Calculating the cumulative 

probability - using the line of R code 1 - pbinom(0, 4, 1/6) (R Core Team 2022) 

- shows that it takes four women in a group to have a higher probability that 

someone in that group has experienced rape than the probability of no one in 

the group having been raped. I regard this number as educational about the 
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way we discuss sexual violence. In my experience these conversations are still 

drenched in denial and victim blaming, whereby it is rarely considered that the 

conversation likely includes someone who has experienced rape. At work, 

colleagues laughed with and discredited #MeToo, the hashtag used for the 

multitude of sexual violence testimonies. One colleague stated that ‘in times 

of #MeToo’, he would not want to be alone with a student anymore: not out 

of fear for sexual violence, but out of fear for false charges. With regard to the 

Belgica-case, I only heard about it when colleagues were voicing their opinions 

about the victim’s choice of clothing. My own experience of being sexually 

objectified while wearing an orange survival suit demonstrates that misogyny 

is dramatically blind for dress code. It will take a lot to create a working and 

learning environment that effectively tackles the issue of sexual violence 

(Favaro et al. 2016), but a first step is acknowledging its existence. 

INTERSECTIONS 

Being a White, cisgender, straight-passing, able-bodied, neurotypical Belgian 

national with a wage that exceeds the median net income in Belgium, my set 

of social identities also comes with privilege. Aside from – and mostly along 

with – sexism, other forms of inequity and discrimination are ubiquitous, also 

in scientific working environments (Seymour 2017, Miriti 2020, Bourabain 

2021, Smith et al. 2023). Incidents of sexism can even be cherry-picked to 

support racist, classist and transphobic claims (Farris 2017, Canto et al. 2018, 

Pearce et al. 2020). Limiting this essay to sexism would therefore feel 

inappropriate, or in the words of Virginie Despentes (2006): “you’d have to be 

a complete fuckwit, or deeply dishonest, to consider one form of oppression 

intolerable and another deeply poetic”. Although I am certainly not able to 

fully grasp the complex experiences of oppression that do not concern my 

demographic, I would like to add observations of how classism and racism 

persist in marine science and in my own work environment. 

Like misogyny, other forms of oppression operate through organisational 

structures as well as through attitudes and opinions held by individuals 

(Graves et al. 2022). At Ghent University, the cleaning staff is outsourced 

(Nieuwsblad 2021). Therefore, the person cleaning a desk and the person 

typing at that desk are hired under different labour conditions in terms of job 

security, working hours, pension scheme and wage. In my building (and other 
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faculties), cleaning staff have separate lunch-rooms, are not included in our 

mailing list and are not invited to events. During a round of budget cuts, the 

university announced it would be outsourcing the day care staff, who were 

told that the projected cost of the potential future pregnancy leaves of the 

majority female staff was too high for the university (Van Waeyenberghe 

2022). Aside from constituting discrimination against persons with a womb, it 

is particularly cruel to portray day care staff’s desire to have children as a 

budgetary nuisance, considering they accommodate the academic staff’s 

offspring. On one research cruise I participated in, a US company (with 

majority US staff) subcontracted a Norwegian company to operate the ship 

(with the positions with higher pay filled by Scandinavians and the ones with 

lower pay mostly filled by southern and eastern Europeans), who 

subcontracted a Philippine company for cleaning and cooking on the ship 

(with all Philippine workers). This resulted in different wages, working hours 

and periods spent on board of the ship: six weeks for staff of the American 

and Norwegian company versus eighteen weeks for Philippine workers (who 

had signed a contract for twelve weeks).  

Within biological sciences, colonial power imbalances persist through the 

inequality of resources for research and the dismissal of different ways of 

knowing (Livingston et al. 2016, Vigliano Relva & Jung 2021, Datchoua-

Tirvaudey et al. 2023). A common example is the practice of ‘parachute 

science’ or ‘colonial science’, whereby ecologists from the Global North make 

research visits to tropical destinations, with limited agency for the locals who 

call the ‘remote’ area home (Baker et al. 2019, de Vos 2020). My own work 

settings have always been nearly entirely composed of White people. Small-

talk and jokes repeatedly featured racism, including the N-word. Ghent 

University has a diversity commission for all of its eleven faculties, whereby all 

but one of the 15 coordinators are White (and the designated webpage is only 

available in Dutch). A marine professional proudly stated he would not care 

how many refugees he would see drowning, he would never let them enter his 

boat (a quick reminder: that constitutes a crime under UNCLOS (1982)). 

Although this type of fascist statements do not reflect the general attitude in 

marine science environments, neither are they consistently condemned. A 

politician who has publicly called for not providing food or help to refugees, 

whom he repeatedly labels as ‘illegals’ (VRT NWS 2016, 2017), is a regular 
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invitee to Belgian marine science events, where he gives speeches and hands 

out awards in his position as governor.  

Even when diversity is acknowledged as a legitimate topic, it can still be 

instrumentalised to serve existing power imbalances. Research institutes 

publicise #womeninscience and #womeninSTEM as means of self-promotion, 

but fail to address the sexism that female employees endure in the workplace. 

Peer-reviewed papers attest to the benefits of diversity in terms of 

‘competitive advantages’ (Arismendi & Penaluna 2016) and ‘good 

performance’ (Burdett et al. 2022). When ‘diversity benefits everyone’ is the 

message, it makes one wonder who the target audience is. Do we really want 

a future where we still have meetings among an all-White crowd where cis 

men do ninety percent of the talking? Answering that question begs another 

question: who is ‘we’? The aim for an ‘inclusive’ environment still legitimises 

the power of a certain demographic to choose to ‘include’ (or worse: ‘tolerate’) 

other demographics.  

Privilege blinds the privileged for prejudice. Biology has a history of bias, with 

pseudoscientific arguments for racist (e.g. Georges Cuvier) and sexist (e.g. 

Charles Darwin) theories still lingering in present time (Imma 2011, Cooke 

2022). Sexist bias caused biologists to dismiss the possibility of dominant 

females (Cooke 2022) and produced a medical health system that is based on 

the biology of the cis male body (Criado Perez 2019). Cisnormative bias 

continues to present sexual diversity as though some phenotypes are ‘natural’ 

or ‘normal’, whereas others are pathologized (Seymour 2017, Zemenick et al. 

2022). Racist bias caused White environmentalists to dismiss the 

environmental achievements and concerns of Black, Indigenous and people of 

colour, even when they are disproportionately impacted by pollution and 

global change, and when 80% of global biodiversity is protected by 

Indigenous people (Gilio-Whitaker 2020, Sena 2020, Thomas 2022, Datchoua-

Tirvaudey et al. 2023). After centuries of land-grabbing has produced - and 

continues to produce – the most extreme forms of misogynist, racial and 

classist violence in a terrestrial context (Federici 2018, Dunlap 2020, Gilio-

Whitaker 2020), we are now in an age of privatisation of the ocean (Bennett et 

al. 2015, Barbesgaard 2018). Marine science too, is often embedded in 

ideologies that commodify ocean life, as well as the livelihoods of those that 
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depend on it (Bearzi 2020, Bennett et al. 2021). The necessity of pluralism and 

equity in the marine science community therefore goes beyond the wellbeing 

of its practitioners. Tackling scientific, environmental and societal issues will 

require other lenses than the one currently dominating our belief systems 

(Seymour 2017, Vigliano Relva & Jung 2021, Datchoua-Tirvaudey et al. 2023).  

BECOMING 

In an imperfect world, it takes active decisions to create a working and learning 

environment maximally devoid of the perils of the outside world. In a sexist 

world, it takes anti-sexism measures to be free of sexism on the job. My 

workdays will still not be rid of it: some days I get verbally harassed on my way 

to work, as well as on my way back home. As an individual, I have come to 

realise that, within my lifetime, I will not live to see a year, probably not even 

a month, free of sexism. I would not be able to work, to go at sea, to attend 

an event, to read the news, to go for a run and talk to people without having 

to endure harassment and bigotry at some point. Since my current alternative 

is hiding from life itself (Despentes 2006), my individual choice is to face it. Yet, 

as communities of marine institutes, research groups, colleagues and human 

beings, we have better options. To name a few: we can listen to each other’s 

experiences, actively seek the voices we never hear, think of different ways to 

tackle issues, try out strategies, evaluate them, and we can learn how to 

communicate honestly and constructively. There’s a myriad of options that I 

find infinitely more appealing than stranding in the dull narrative of calling 

someone woke whenever they tell you you’ve offended them. I too am a part 

and a product of this imperfect world and I too reiterate prejudice and hurt 

people in the process. Yet, I prefer to know, and to contemplate and change 

my own behaviour, over the option of ignorance.  

I believe in the possibility of a science and conservation community that 

recognizes and transcends omnipresent injustices. That community does not 

merely operate in a flawed world, but shapes it towards another one. This 

brings me to another historical legacy: marine biologists who have challenged 

an existing world order. Rachel Carson’s Silent Spring (1962) has inspired a 

global environmental movement for decades to come. Daniel Pauly has shifted 

the understanding of the impacts of global fisheries (1995). Pia Klemp has 

saved thousands of lives at sea in resistance to the ongoing criminalisation of 
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refugees. In my own surroundings, marine scientists with varying personalities 

and approaches have inspired me by standing up for one another and for the 

causes they cared for. The hundreds of people who protested against sexual 

violence at the university, the feminist strikes, the open letter and podcast 

Decolonize UGent, the movements and lenses of trans and queer ecologies, 

intersectional environmentalism and ecofeminisms (Seymour 2017, Knott et 

al. 2021, Thomas 2022), The Ocean and Us (Obaidullah 2023) and the heaps of 

literature I stumbled on while writing this essay, show that we – anyone with 

whom this message resonates – are not alone. 
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