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Abstract 

The southern North Sea is an intensively used marine region where multiple human activities and 

environmental pressures overlap. This case study applies a Bow-tie risk analysis to a broad belt 

transect extending from the Belgian coast to the Dogger Bank, aiming to identify the causes and 

consequences of biodiversity change in an intensively used marine area. Based on stakeholder 

consultations, three types of human activities were identified as key drivers behind biodiversity 

change: tourism and leisure, extraction and cultivation of living resources, and offshore production of 

energy. These activities were linked to several overlapping pressures that resulted in the identification 

of four main biodiversity hazards; biodiversity decline, habitat degradation, altered movement, and 

ecological community change. Spatial planning and legislative frameworks were recognised as 

overarching prevention measures of biodiversity change, while multiple mitigation measures remain 

in place to minimise the nature and economic based consequences that are linked to the activity-

pressure pathways. Our findings underscore the utility of the Bow-tie method as a communicative and 

analytical tool, particularly in densely utilized marine areas where the multifunctional spatial use 

intensifies biodiversity hazards. 
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Introduction 

Biodiversity in the southern North Sea is increasingly shaped by multiple direct and indirect 

anthropogenic drivers, including pollution, overexploiting and bottom-contacting fisheries, 

introduction of non-indigenous species (NIS), sea-use change and climate change (Moullec et al., 

2021). These activities and pressures can lead to habitat loss, species distribution shifts, community 

composition changes and reduced ecosystem resilience, which in turn decreases the capacity to 

deliver essential goods and services such as food provision, habitat protection, habitat maintenance, 

and nutrient regulation (Moullec et al., 2021; Piet et al., 2024). Understanding how these drivers 

interact is critical for guiding effective management and conservation strategies in the southern North 

Sea where human and natural processes strongly intersect.  

 

The shallow shelf area (≤45 m depth) of the southern North Sea is characterized by a dynamic seafloor 

composed of sandbanks and tidal channels. The Belgian coast, though relatively short (~67 km), is 

heavily modified by urbanisation (beach cabins, bars and promenades) and coastal engineering 

(harbours, dikes and groynes). These developments, together with beach nourishment and hard 

coastal defences exert substantial pressure on the remaining natural habitats, particularly the 

fragmented dune systems (Vanden Eede et al., 2014). The coastal waters are further influenced by the 

estuarine outflows (e.g. the Scheldt River & Yser) that contribute to high turbidity and dynamic 

sediment transport (Mortelmans et al., 2019; Vanden Eede et al., 2014). There is also an increasing 

influence by the fisheries industry, particularly beam trawling, which physically disturbs and 

homogenises the seabed and leads to reduced benthic biomass (Verlé et al., 2023). The expanding 

wind farms which have had a positive impact on macrobenthos abundance and diversity, also altered 

distributions of demersal fish, harbour porpoise and seabirds (Degraer et al., 2023). Progressing 

offshore, the seabed transitions from sandy shallows to deeper areas containing gravel beds and 

sandbanks that support diverse benthic communities (EMODnet Geology, 2022). The Dogger Bank is 

the largest sandbank in the North Sea and extends across the exclusive economic zones (EEZs) of the 

United Kingdom, the Netherlands, Germany, and Denmark. It maintains year-round phytoplankton 

production due to its distinctive hydrographic conditions, which ensure continuous nutrient supply to 

the photic zone (Nielsen et al., 1993). This sustained primary production underpins the ecological 

importance of the area as a spawning ground for many commercially important fish species (Cotterill 

et al., 2017; Hahn et al., 2025), as well as a nursery and feeding area for harbour porpoises, minke 

whales, and grey seals, and a key foraging habitat for seabirds (Marine Mammal Protected Areas Task 

Force, 2016). However, this shallow region also experiences intense and overlapping human uses, 

including shipping traffic, offshore wind farm (OWF) development, fisheries, and dredging activities 

(Burdon et al., 2018; Plumeridge & Roberts, 2017). Collectively, these pressures contribute to habitat 

alteration and degradation, potentially driving biodiversity loss across the wider North Sea ecosystem 

(Álvarez et al., 2019). Using the Bow-tie analysis, this case study will identify the dominant biodiversity 

related cause-consequence pathways within the Belgian North Sea – Dogger Bank region and evaluate 

their implications for marine management. 

Methodology 

The current case study covers a broad belt transect (BBT) extending from the Belgian coastline, 

offshore to the Dogger Bank (Appendix 1). The Bow-tie risk analysis applied here, follows the workflow 
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described by Franco et al. (2025) which complements the DAPSI(W)R(M) framework (Elliott et al., 

2017) and is based on an ISO-compliant framework (ISO 31000) for risk assessment (ISO, 2018). The 

method aims to identify, visualise and link activity-pressure pathways to biodiversity-related hazards 

using the standardised vocabulary developed by Franco et al. (2025). This allows for interoperability 

and comparison with other European Seas case studies within the MARBEFES project. 

 

In April/May 2023, stakeholders presenting the Public Audience (individual and collective action), 

Academia and Research (science and innovation) and Public Authorities (governance) were invited for 

consultations (Table S1). As the stakeholders involved in the consultations were predominantly 

representatives of Belgian organizations and institutions, their responses primarily focused on the 

Belgian part of the North Sea (BPNS). However, given that the Dogger Bank shares similar 

characteristics and is likewise considered part of the southern North Sea, the Bow-tie framework can, 

to some extent, be applicable to both areas, although this should be taken into account when 

interpreting the results. In addition to stakeholder consultations, expert knowledge and literature 

research was used to complete the Bow-tie analysis. The main activities leading to biodiversity change 

in the southern North Sea were identified by the stakeholders and linked to their corresponding 

pressure categories. Activities and pressures were then translated into a set of BBT specific hazards, 

based on shared ecological effects and pathway convergence. The pressures affecting the identified 

biodiversity hazards were subsequently connected to a range of economic and nature-related 

consequences. The links were weighted according to the frequency with which they were mentioned, 

with more frequently cited links represented by bold arrows. Connections between sections of the 

Bow-tie framework that were not prioritized by stakeholders but were considered highly relevant 

based on expert knowledge and literature review are depicted as dashed lines. As a final step, 

prevention and mitigation strategies for biodiversity hazard avoidance and/or reduction were 

compiled for each activity-pressure pathway. These measures were then compared across pathways 

to assess whether they function as overlapping, activity-specific, preventative, or mitigative barriers. 

Given the large and transboundary nature of the BBT study area, measures were described at a general 

policy and framework level rather than at the level of specific technical standards or permit conditions. 

This approach provides a comprehensive overview of the barrier system, though some specific 

measures may not have been identified.  

 

Results and discussion 

The stakeholder consultations identified three dominant activity groups: tourism and leisure (A8), 

extraction and cultivation of living resources (A4 & A5), and production of energy (A3) (Fig 1). These 

activities introduced distinct but overlapping pressure pathways, including biological (P1.1 & P1.5), 

physical (P2.1 - P2.4), and pollution (P3.4 - P3.6) pressures.  



   

 

   

 

Fig 1. Bow-tie analysis for the Belgian Coast to Dogger Bank Broad Belt Transect identifying the activity-pressure pathways leading biodiversity change. Coded standardised 
vocabulary was used from Franco et al. (2025). 
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Tourism and leisure  

Approximately 17 to 19 million day tourists visit the Belgian coast annually, with around one-third of 

these visits occurring during the summer season (Dauwe et al., 2025). Tourism and leisure (A8) are 

thus important activities for our coastal community as they generate economic benefits, create job 

opportunities and correspondingly lead to more sustainability through protection of local cultural 

heritage, funding conservation initiatives, and enhancement of environmental awareness (Ekka et al., 

2023; Font et al., 2019). The stakeholders identified BBT specific sub-activities; the need for more 

infrastructure (e.g. hotels, promenades & beach bars; A8.1), transport infrastructure (A6.1), coastal 

urbanisation (A7.1), and beach nourishment (A1.2 & A1.5) (e.g. Baltranaitė et al., 2025; De 

Keersmaeker et al., 2026; Lansu et al., 2024). These activities were further linked to several pressure 

pathways with the most dominant link being tourism and leisure infrastructure (A8.1) as the main 

cause of pollution, including litter (P3.4), anthropogenic sound (P3.5), and Artificial Light At Night 

(ALAN) (P3.6). Marine litter (P3.4), particularly plastic, represents one of the most pervasive forms of 

pollution in the North Sea. Plastic debris accounts for an estimated 80% of marine litter globally and 

its worldwide production reached 368 million tonnes in 2019 (Jambeck et al., 2015; Plastics Europe, 

2022). Anthropogenic sound (P3.5) in marine systems has been increasingly recognised as a significant 

stressor (Duarte et al., 2021). High vessel densities associated with ports such as Zeebrugge, pleasure 

crafts (e.g. jet-skis), renewables infrastructure, and seismic surveys generate underwater noise from 

engines, propellers, cargo-handling, and pile driving operations (Basan et al., 2024; Duarte et al., 

2021). ALAN (A3.6) originates from shipping vessels, offshore infrastructure, coastal cities, ports, and 

harbours (Gaston et al., 2021). It can locally be further enhanced through public street lighting, 

industrial zones and social night life. The pressure is well mapped for the Belgian coast with clear hot 

spots in the city Ostend and the harbour of Zeebrugge (Dekeukeleire et al., 2023; INBO, 2025). 

Moreover, the southern North Sea is one of the most light-polluted marine regions globally (Falchi et 

al., 2016).   

 

Ecological impacts of living resource extraction 

Fisheries 

In 2023, the total number of fisheries landings for the North Sea was around 1.6 million tonnes, with 

pelagic fish (~1 million) accounting for the majority of the catch (ICES, 2025). In addition to direct 

pressures on fish populations from landings and bycatch (P1.5), fisheries are also a known source of 

marine litter (P3.4). Lost or abandoned fishing gear, ropes, and buoys contributing substantially to 

plastic pollution; studies in the BPNS have found correlations between fishing intensity and seabed 

litter density (Van Cauwenberghe et al., 2013; Vanavermaete et al., 2023). Many fish species, both 

demersal and pelagic, have been documented as becoming entangled in ghost nets and abandoned 

fishing gear. Stakeholders clearly identified that bottom-contacting fishing gears, such as beam trawls, 

shrimp trawls, and seine nets, leads to physically disturbance of seabed habitats (P2.1), including 

sandbanks, gravel beds, and biogenic reefs. In the past decade, these disturbances have resulted in 

sediment resuspension, seabed compaction and increased habitat homogenisation (Hahn et al., 2025; 

Montereale Gavazzi et al., 2023; Verlé et al., 2023). In the BPNS, bottom-trawling (A4.1) is known as 

the dominant seabed disturbing activity (P2.1), accounting for 97.5% in 2021, and has left benthic 

habitats in an unfavourable ecological condition with no observed improvement in seabed condition 

since 2018 (Belgische Staat, 2025). Historical data on Dogger Bank biodiversity, confirmed high species 
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diversity and abundance of fish such as halibut, skate and turbot, and of long-lived shellfish such as 

the horse mussel and ocean quahog (Kröncke, 2011; Plumeridge & Roberts, 2017). Increased fishing 

effort (A4.1) and seabed disturbance (P2.1) associated with the transition from sailing vessels and 

steam trawlers to beam trawlers (Kröncke, 2011), coincided with a decline in these fish stocks together 

with the collapse of large bivalve beds (Spisula and Mactra). During the 20th century, overall 

macrofaunal spatial distributions stayed similar but species dominance shifted strongly. Today, the 

ecosystem is dominated by lower-trophic species while many large fish, top predators, and long-lived 

shellfish largely disappeared (P1.5). Recent evidence from UK waters also showed that seabed litter 

can act as artificial habitat for invasive species (P1.1), facilitating their establishment and spread (Barry 

et al., 2024); given similar environmental conditions and litter (Beermann et al., 2023; Vanavermaete 

et al., 2023), the BPNS may face comparable risks.  

 

Aquaculture 

Marine aquaculture in the southern North Sea has expanded only marginally in recent decades. It is 

likely due to its relatively novel character and frequent coverage in recent media that aquaculture 

received a high number of mentions from the stakeholders. Under the current Belgian Marine Spatial 

Planning (MSP) (2020–2026), aquaculture (A5.1) is permitted only in offshore wind farms and 

designated commercial and industrial activity zones, while these zones are subject to changes in the 

new MSP (2026–2034). In 2022, a series of pilot projects (2017 – 2023) resulted in the establishment 

of Belgium’s first commercial longline mussel farm, the Zeeboerderij Westdiep by Colruyt, located 

approximately 5 km offshore from Nieuwpoort. The area lies entirely within the Natura 2000 sites 

“Vlaamse Banken” (Habitats Directive) and Special Protection Area SBZ-1 (Birds Directive). On the 

Dogger Bank there are currently no commercial aquaculture sites established. Within the Bow-tie 

framework the stakeholders identified that aquaculture could lead to physical disturbance of the 

seabed (P2.1). What the stakeholders did not capture is the commonly recognised ecological concerns 

that are associated with aquaculture, including organic material deposition, nutrient loading, 

attraction or displacement of mobile species (P1.5), introduction of NIS (P1.1), and the transmission 

of pathogens and parasites (P1.5) (OSPAR, 2023b). It is also important to acknowledge that the 

installation of the aquaculture infrastructure creates new habitats (P2.4) and reduces fisheries related 

pressures (P1.5 & P2.1).  

 

Offshore wind farms 

The deployment of offshore renewable energy infrastructure, i.e. wind turbines (A3.1) and related 

cabling (A3.3), is associated with long-term environmental changes in marine ecosystems (Galparsoro 

et al., 2022). The Belgian concessions consist of two major regions; the operational eight OWFs parks 

next to the Dutch border (399 turbines), and the three planned OWFs near the French border (Degraer 

et al., 2023). In the Dogger Bank area, six OWFs can be distinguished. The Dogger Bank Wind Farm 

project is one big OWF (277 turbines) that is built in three separate phases and mostly seen as 

individual wind farms (Dogger Bank A, B and C). Additionally, there is the Sofia wind farm in the same 

region, and two newly planned projects ‘Dogger Bank South West’ and ‘South East’ (Fig S1). 

Stakeholders primarily identified that the construction of OWFs leads to physical loss of the seabed 

habitat (P2.2) and increased anthropogenic noise (P3.5) from piling. To a lesser effect, the risk of 

introducing non-indigenous species (P1.1) through construction and maintenance activities was also 

mentioned. Stakeholders expressed their concern about changes in the hydrological conditions (P2.3) 



   

 

7 
 

in turbine wakes. This was also shown in a study by Hendriks et al. (2025), where local hydrodynamics 

were found to be significantly affected and enhanced turbulent mixing was observed leading to a more 

homogeneous water column. However, more research is needed to assess what these impacts mean 

for the local biodiversity, if there are potential spillover effects, and if these impacts are seen at a 

larger regional scale (van Berkel et al., 2020). Although not recognized by the stakeholders, pressures 

P2.4 and P1.5 have significant impacts on the biodiversity in the southern North Sea. During the 

operational stage, OWFs have been increasingly recognised for their potential to create new habitats 

(P2.4). The North Sea is mainly characterised by soft sediments (sand and mud), while turbine 

foundations and pipelines introduce hard substrates that function as artificial reefs (Li et al., 2023). 

OWF can not only impact occurrence but also survival rate of species (P1.5). For migrating birds for 

instance, turbine collision is a significant risk (Klop & Brenninkmeijer, 2020). It is also important to 

acknowledge that OWFs are generally prohibited areas for fisheries, thereby reducing the risk of 

overfishing and seabed destruction by bottom trawling (Li et al., 2023; ter Hofstede et al., 2022). This 

secondary effect might lead to stock increase, however to date spillover effects have not yet been 

observed (Van Hoey et al., 2021).  

 

Central biodiversity hazards and consequences 

By applying the Bow-tie framework, the activities and linked pressures led to the identification of four 

main biodiversity hazards for the southern North Sea region, i.e. biodiversity decline, habitat 

degradation (sandy beaches and gravel beds), change in ecological dynamics and altered movement. 

 

Biodiversity decline 

Plastic pollution (P3.4) is one of the major causes of biodiversity decrease in the North Sea. Macrolitter 

(> 2.5 cm) is known to harm marine biodiversity in the southern North Sea through direct impacts such 

as entanglement and ingestion, for instance in marine mammals (e.g. harbour porpoise, harbour and 

grey seals), birds (e.g. northern gannets, common guillemots, spoonbills and cormorants) and fish 

(Atlantic cod, Atlantic herring, European flounder) (Lenz et al., 2016; Müller, 2021; Salazar-Casals et 

al., 2022; Schulz & Werner, 2022; Unger et al., 2017). Both impacts can cause injury, impaired mobility, 

reduced feeding, and mortality (Claessens et al., 2011). The relevance of microplastics (1 µm – 5 mm) 

under the current natural environmental concentrations in the southern North Sea remain uncertain 

(Everaert et al., 2018). However, laboratory studies suggest they can cause physiological and 

reproductive effects at high exposure levels, such as inhibition of digestive processes, gut abrasion, 

reduced growth, delayed reproduction, and oxidative stress (Galloway et al., 2017; Scholten et al., 

2005). Marine litter originating from fisheries, additionally results in fish biodiversity decrease, due to 

entanglement and ingestion of lost materials. Fish stocks of economically valuable fish species (e.g. 

sprat, herring) have significantly decreased in the 20th century in the North Sea due to overfishing 

(A.3). Only in recent years these populations have started to recover again (Dickey-Collas et al., 2010; 

Sparholt et al., 2007). Similar scenarios are reported in the Dogger Bank, historical data including 

witness testimonies dating back 300 years, confirmed high species diversity and abundance of fish 

such as halibut, skate and turbot prior to the late 18th century fisheries bloom. The onset of sail trawl 

in 1840, resulted in a community shift from long-lived species to short-lived lower-trophic fish species 

(Plumeridge et al. 2017). 

 

Habitat degradation 
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A risk associated with tourism and leisure (A8), which have driven urbanisation since the 20th century 

and continue to do so today, is degradation of sandy beaches, for example the continued reduction of 

natural dunes (De Keersmaeker et al., 2026) and the resulting decline in natural hazard protection 

against rising sea levels and floods. Furthermore, polluted (degraded) and in size reduced habitats risk 

to lose their attractiveness for the touristic sector and thus include an economic consequence. The 

pilot study by Boone & Heynderickx (2025) in which cultural appreciation of nature and biodiversity in 

Belgian was surveyed, confirms that litter is one of the main repulsive factors, while preserved nature 

has a positive effect on leisure and touristic experience. This is a self-harming process that leads to 

economic loss, although it has not been quantified what proportion of tourists are deterred specifically 

by environmental degradation. Furthermore, dredging to nourish sandy beaches potentially affects 

the seabed, resulting in the loss of gravel beds.  

 

The gravel beds of the southern North Sea, have been significantly disturbed by human activities, 

including dredging for beach nourishment (A8), bottom trawling (A4), and offshore wind farm 

installation (A3). Sand and gravel extraction physically removes coarse sediments, leading to 

morphological simplification and homogenization of the seabed, while sediment plumes generated 

during dredging can smother remaining gravels, reducing their spatial extent and heterogeneity (Kint 

et al., 2023; Montereale Gavazzi et al., 2023). Bottom trawling repeatedly mobilizes and compresses 

sediments, displacing gravels and flattening seabed structures (Bruns et al., 2023). Offshore wind 

turbine construction further disturbs the substrate through foundation excavation and localized 

sediment redistribution (Van Lancker & Baeye, 2015). The cumulative loss of gravel beds diminishes 

seabed roughness, which decreases wave attenuation and limits natural protection against 

hydrodynamic forces, thereby reducing the capacity of gravel beds to buffer coastal and offshore 

environments from erosion and sediment transport processes (Sous et al., 2024). Despite the 

designation as Special Area of Conservation and the Natura 2000 protection of the British, Dutch, and 

German sections, the Dogger Bank remains under significant ecological pressure from multiple 

anthropogenic stressors (Appleby et al., 2020).  

 

Change in ecological dynamics 

Seabed disturbance drives shifts in macrofaunal benthic communities, resulting not only in the decline 

of traditional bivalve and oyster beds but also in the colonization of new species on the artificial 

substrates provided by offshore wind farm structures. Through the marine biological valuation map 

of the BPNS two areas of very high biological value have previously been identified, (1) the predicted 

offshore biotope of gravel beds (habitat type 1170: Geogenic reefs) and (2) the coastal predicted 

biotope of the Abra alba community (habitat type 1110: Sandbanks which are slightly covered by 

seawater all the time) with a high probability of Lanice conchilega aggregations (habitat type 1170: 

Biogenic reefs) (Derous et al., 2007; Pecceu et al., 2021). Historical data from the 19th century showed 

the presence of extensive oyster beds of the native European Ostrea edulis at offshore gravel beds in 

the Hinder Banks region (Gilson, 1921; Houziaux et al., 2007; Kerckhof et al., 2018). In the late 19th and 

early 20th centuries, these oyster beds had been driven to the brink of extinction, primarily due to 

overfishing (A4), followed by further declines due to the introduction of the Pacific oyster (Magallana 

gigas; P1.1) in the 1960s and the emergence of the oyster parasite Bonamia ostreae in the 1970s 

(Bennema et al., 2020; Kerckhof et al., 2018). At present, no extensive self-sustaining native oyster 

reefs remain in Belgian waters. Between 1920s and 1950s large bivalve beds (Spisula and Mactra) on 

the Dogger Bank collapsed and have since only been detected as juveniles. For the Abra alba 
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community, their high ecological value stems from their high species richness and biomass, and their 

strong bioturbation activity which supports benthic-pelagic coupling and key biogeochemical 

processes (Belgische Staat, 2025; Breine et al., 2018). In de southern North Sea the A. alba community 

is regarded as the key ecologically macrobenthic community of shallow soft-bottom habitats (Van 

Hoey et al., 2005, 2007). For Belgian waters, bioturbation activity by the A. alba community is used as 

a functional indicator to assess the ecological condition of benthic ecosystems. Unfortunately, recent 

assessments for Marine Strategy Framework Directive (MSFD) reporting show that the bioturbation 

potential in A. alba habitats in the BPNS has declined over the past decade, mainly because of 

continued fishing pressure (P2.1), indicating a deterioration in benthic functioning and benthic 

ecosystem health (Breine et al., 2018; Desmidt & Hoey, 2024). These impacts have shifted benthic 

communities towards short-lived, fast-growing species rather than slow-growing long-lived and 

biogenic reef forming species (e.g. oysters, mussels), with continued fishing pressure preventing their 

full recovery (Houziaux et al., 2008; Montereale Gavazzi et al., 2023; Pecceu et al., 2021). Impacts on 

the seafloor during to the installation and decommissioning of the aquaculture (A5) infrastructure are 

directly proportional to the loss of benthic organisms in that area. However, for the Zeeboerdeij 

Westdiep the disturbance was expected be very limited since the screw anchors which secure the 

longlines to the seabed only take up 0.02% of the project area (Haelters et al., 2020). The seabed 

biotope in the area is also expected to be altered as a result of mussel shells falling from the droplines 

(Inglis & Gust, 2003). The identified central risks of OWF include habitat degradation (loss of gravel 

beds), which consequently leads to loss of ecosystem functioning and loss of economic value. Although 

there remain numerous uncertainties, the literature review by Watson et al. (2024) indicates that 

especially during OWF construction, biodiversity and thus ecosystem functions will be negatively 

affected. In contrast, during operational phase, ecosystem functioning is found to be less affected (Van 

Hoey et al., 2021). These artificial reefs have a positive impact on some groups, such as demersal fish 

and macrozoobenthos, as the hard structures provide attachment areas, create shelter and refuge 

spaces, and exclude bottom trawling (Degraer et al., 2023; Knorrn et al., 2024; Li et al., 2023; ter 

Hofstede et al., 2022). Local factors, including sediment composition, total organic matter, and water 

depth, strongly influence species richness and abundance, while responses to turbine type (monopile 

vs. jacket) and distance are site-specific (Degraer et al., 2023).  

 

Altered movement 

Chronic noise pollution (P3.5), either resulting from tourism (A8) or OWF installation (A3), can mask 

acoustic communication, alter behaviour, and induce stress responses in marine mammals (e.g. 

harbour porpoise, and Atlantic grey and harbour seal), fishes (e.g. Atlantic cod, haddock and herring) 

and invertebrates (e.g. blue mussel and brown shrimp), with potential consequences for navigation, 

feeding efficiency, settlement and reproductive success (Calonge et al., 2026; Duarte et al., 2021; Van 

Hoey et al., 2021). Habitat degradation associated with sound and vibration (P3.5) may cause 

temporary local avoidance in harbour porpoises during piling and vessel activities (Carstensen et al., 

2006). However, large-scale surveys in the Belgian part of the North Sea (Haelters et al., 2023), 

population-level modelling in Danish waters (Gallagher et al., 2026), and simulations of the East Anglia 

ONE wind farm (van Geel et al., 2025) consistently indicate that harbour porpoise abundance and 

distribution remain stable, with no measurable long-term displacement or demographic effects. The 

effect on marine birds appears species-specific, with indications of attraction in some species and 

avoidance in others, though further data are required to confirm these patterns (Vanermen et al., 

2023). In the marine environment, ALAN (P3.6) can affect species navigation, reproduction and 
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recruitment, predator–prey interactions, and communication across migratory seabirds that depend 

on the southern North Sea as a key foraging and transit area (Martin & Banks, 2023; Walsh et al., 

2025). For migrating birds, turbine collision is a significant additional risk (Klop & Brenninkmeijer, 

2020), resulting in population declines and altering their foraging and migration behaviour. Fisheries 

and aquaculture influence seabirds by disturbance of the species where they breed, feed, forage, etc. 

due to presence of the aquaculture lines or by disturbing the seabed due to trawling.  

 

Prevention and mitigation measures 

Marine Spatial Planning provides a critical framework for integrating economic, social, and ecological 

objectives by allocating specific spatial zones for each activity. Belgium emerged as a European 

pioneer in this field by adopting its first legally binding MSP via Royal Decree on 20 March 2014 

(covering 2014–2020), followed by the second MSP cycle (2020–2026) which is the current operational 

plan, and a third cycle (2026–2034). The sustained implementation of MSP underpins the role of 

spatial planning (Ctrl 1.3.2) as an overarching preventive measure in the Bow-tie analysis for the BPNS. 

The strength of spatial planning is particularly evident for the fisheries activity, as three marine 

reserves for seabed integrity have been selected in the third MSP that explicitly prohibit 

bottom‑disturbing fisheries, thereby creating a strong preventive barrier against multiple pressure 

pathways. Since these zones overlap with benthic areas of high biological value (the gravel beds and 

A. alba habitats) the efficacy of spatial planning as an overarching preventive measure is further 

reinforced here. In contrast, the Dogger Bank (UK) area presents a more fragmented governance 

situation and lacks an equivalent cross-sector spatial plan. The transboundary asymmetry means that 

the effectiveness of spatial planning is more limited across the full case study area, highlighting a gap 

in cumulative impact management at the regional scale.  

 

A second strong group of prevention measures that covers multiple pressures is EU and national 

legislation (Ctrl 4.1 & 4.2). For the majority of the BBT area, the legislative framework operates at two 

levels, EU directives and regulations that set legally binding targets at the European level (e.g., Habitats 

Directive, Marine Strategy Framework Directive), while national laws transpose and implement these 

requirements into Belgian legislation (e.g., Nature Conservation Act, Environmental Permitting 

Regulations). For the Dogger Bank (UK), only national legislation is binding since EU law is not 

applicable anymore post-Brexit. The preventative effect of the different legislative frameworks for 

each activity is displayed in Table S2. Noteworthy, there are more specific EU regulations for fisheries 

& aquaculture and offshore production of energy than for tourism & leisure. The latter is not governed 

by a single statute, rather tourism-related pressures such as littering, noise, and light pollution are to 

some extent regulated through broader EU environmental instruments, e.g. the Waste Framework 

Directive, EIA Directive, MSFD, and the Habitats and Birds Directives. Currently, tourism related issues 

are mainly handled through national, regional, and local legislation and rules than dedicated EU 

directives. Since pollution (e.g. litter and sound) can cross administrative boundaries coordinated 

action at European levels would be very beneficial. 

 

In addition to prevention, several mitigation measures are in place to reduce the severity of 

consequences once the biodiversity hazards have occurred. The measures collectively cover all four 

hazards, with individual barriers typically addressing two hazards simultaneously (Fig 1), indicating 

redundancy and overlap in the mitigative barrier system. However, despite the strong pattern shown 
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by the prevention and mitigation measures there is an unbalance present. Recent OSPAR and MSFD 

assessments indicate that benthic habitats in the BPNS remain in unfavourable condition and have not 

achieved Good Environmental Status (OSPAR, 2023a). Better management, including stronger 

enforcement (e.g. economic disincentives Ctrl 5.2) and primarily the effective implementation of 

planned spatial and technical measures, to reduce fisheries pressures and facilitate benthic ecosystem 

recovery, is needed. This example shows that the overall effectiveness of the barrier system does not 

solely depend on coverage but also on implementation. While preventive measures (spatial planning, 

legislation) are overarching and structurally comprehensive, their impact is limited without adequate 

enforcement and monitoring. At the same time, while mitigation barriers cover all hazards, it acts 

downstream and cannot prevent pressures from occurring.  

 

Conclusion 

The Bow-tie risk analysis highlights the complex and overlapping human activities contributing to 

biodiversity change in the southern North Sea between the Belgian coast and the Dogger Bank. 

Biodiversity change was mostly impacted by tourism, fisheries, and renewable energy production. 

Each of these activities introduced distinct yet interconnected pressures resulting in BBT specific 

biodiversity hazards. Consequences thereof extend beyond ecological integrity, impacting economic 

value, ecosystem services, and natural hazard resilience. The prevention and mitigation measures in 

place depict a barrier system that is comprehensive in coverage yet uneven in operational strength 

indicating a potential implementation gap. This case study highlights that gap, while future research 

should examine implementation and enforcement in greater detail to better assess operational 

effectiveness and inform any necessary management adjustments. Overall, the Bow-tie offered a 

practical and standardised way to organize complex environmental interactions into a communicative 

framework that is accessible to a broader audience. 
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Appendix  

 

Table S1. Overview of the stakeholders. 

Stakeholder Category #Stakeholders Institution/Organization 

Public authorities 

(governance) 
3 

Provincie West-Vlaanderen, Vlaamse 

overheid/ Afdeling kust & Afdeling erfgoed 

Academia and Research 

(science and innovation) 
5 

VLIZ (research, infrastructure, education), 

ILVO, RBINS, UAntwerpen 

Public audience 

(individual and collective action) 
6 

Kustwerkgroep, WWF-Belgium, Marine 

Ecologisch Centrum, Proper Strand Lopers, 

VZW Restart, Sportvisserij Vlaanderen 
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Fig S1. Map of the broad belt transect (BBT) study area with EMODnet vessel density and offshore wind farms. 
Datasets reference: Centro Tecnológico del Mar - Fundación CETMAR (2025) & Cogea Srl (2024). 



   

 

23 
 

Table S2: Legislations as prevention measures per activity. EU legislation: Marine Strategy Framework Directive 

(MSFD; 2008/56/EC), EU Habitats Directive (92/43/EEC) and Birds Directive (2009/147/EC), EU Common 

Fisheries Policy (CFP; Reg. 1380/2013), and Environmental Impact Assessment Directive (EIA; 2011/92/EU, as 

amended by 2014/52/EU). National legislation: Marine Spatial Planning (MSP), Environmental Impact 

Assessment (EIA), UK Marine and Coastal Access Act (MCAA; 2009/c. 23), UK Conservation of Habitats and 

Species Regulations (SI 2017/1012, as amended), UK Fisheries Act (2020/c.22), Marine Management 

Organisation (MMO), and Special Area of Conservation (SAC). Offshore Wind Farms (OWFs), Marine Protective 

Areas (MPAs). 

Activity Jurisdiction EU Legislation National Legislation Preventive Effect 

Tourism & 
leisure 

Belgium 
Habitats and Birds 
Directive, MSFD 

Belgian Coastal Protection 
Law, Marine Environment Act 
(incl. MSP) 

Limits access to sensitive 
zones; prevents disturbance to 
foraging species 

UK (Dogger 
Bank) 

Not applicable post-
Brexit 

MCCA; UK Marine Policy 
Statement 

Marine licensing required for 
activities; access restrictions in 
MPAs 

Fisheries & 
aquaculture 

Belgium 

CFP, Habitats 
Directive, MSFD, 
Birds Directive, EIA 
directive 

Marine Environment Act (incl. 
MSP), Nature Conservation 
Law (Natura 2000 
implementation), 
Environmental Permits for 
aquaculture: EIA and 
Aprpropriate Assessment 

Bans fishing in Natura 2000 
areas; fishing restrictions via 
Art. 11 CFP Joint 
Recommendation; protects 
benthic habitats, continued 
monitoring of aquaculture 
impacts over time 

UK (Dogger 
Bank) 

Not applicable post-
Brexit 

Marine and Coastal Access 
Act 2009; Conservation of 
Habitats and Species 
Regulations 2017; Fisheries 
Act 2020; Dogger Bank SAC 
Byelaw 2022 (MMO, 2022),  

Fisheries Act enables MMO 
byelaws for offshore MPAs; 
prohibits damaging fishing 
gear (bottom trawling) in 
protected areas; supports 
conservation management of 
the SAC 

Offshore 
production 
of energy 
(OWFs) 

Belgium 

EIA Directive, MSFD, 
CFP, Habitats 
Directive if Natura 
2000 sites may be 
affected 

Environmental Permitting 
Regulations (incl. EIA); Marine 
Environment Act (incl. MSP); 
Natura 2000 

Requires EIA and permit 
approval before construction; 
avoids unassessed impacts and 
spatial conflicts 

UK (Dogger 
Bank) 

Not applicable post-
Brexit 

Marine and Coastal Access 
Act 2009; Development 
Consent Order  

Requires development 
consent; environmental 
assessment mandatory 

 


