
 

Master thesis in Sustainable Development  
Examensarbete i Hållbar utveckling 

 

 

 

 

 

 
 
 
Improving mussel reef protection from a 

sustainability perspective: Mapping of a 
blue mussel reef in Denmark  

 
Lydia Alexandra Ness 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 
 

 

 
  

DEPARTMENT OF 

EARTH SCIENCES 

I N S T I T U T I O N E N  F Ö R  

G E O V E T E N S K A P E R  



 

 
  



 

 

 

                                         Master thesis in Sustainable Development 
Examensarbete i Hållbar utveckling 

 

 

 

 

 
 

Improving mussel reef protection from a 
sustainability perspective: Mapping of a blue mussel 

reef in Denmark  
 

Lydia Alexandra Ness 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

  Supervisor: Jon Christian Svendsen 
 Subject Reviewer: Adan Martinez Cruz 

 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 

 

 

 

 

Copyright © Lydia Alexandra Ness and the Department of Earth Sciences, Uppsala University. 
Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), Uppsala, 2022.



I 

 

Contents 

List of figures: .............................................................................................................................. III 

List of tables: …………………………………………………………………………………………..IV 

List of Abbreviations: .................................................................................................................... V 

1. Introduction ............................................................................................................................. 1 

2. Background ............................................................................................................................... 3 

2.1. Biogenic Blue Mussel Reef ............................................................................................... 3 

2.2. Mussel Reef Definitions .................................................................................................... 4 

2.3. Danish definition and protection approach ........................................................................ 5 

2.4. Ecosystem Services of Mussel Reefs & Sustainable development ...................................... 6 

2.4.1. Ecological importance ..................................................................................................... 7 

2.4.2. Economic importance ...................................................................................................... 8 

2.4.3. Social importance ............................................................................................................ 8 

2.5. Dangers to Mussel Reefs ................................................................................................... 9 

2.6. Management Propositions in existing literature ............................................................... 10 

2.7. Marine Protected Areas ................................................................................................... 13 

3. Methods .................................................................................................................................. 14 

3.1. Study site ........................................................................................................................ 15 

3.2. Data collection ................................................................................................................ 16 

   3.3.        Creating the map ............................................................................................................. 19 

4. Results .................................................................................................................................... 20 

4.1. Results of ROV work ...................................................................................................... 20 

4.1.1. Habitat and data differences in the different fieldtrips ................................................. 21 

4.2. The map .......................................................................................................................... 29 

5. Discussion ............................................................................................................................... 32 

5.1. Interpretation of findings ................................................................................................. 32 



II 

5.1.1. Answering the Research Questions .......................................................................... 32 

5.1.2. Implication of the findings ...................................................................................... 32 

5.2. Method discussion ........................................................................................................... 34 

5.3. Study limitations ............................................................................................................. 35 

6. Conclusion .............................................................................................................................. 36 

7. Acknowledgements .................................................................................................................. 37 

8. References ............................................................................................................................... 38 

 

 

 

 

  



III 

List of figures: 

Figure 1: conservation status (source: EEA, 2013)…………………………………………………… 2 

Figure 2: Blue Mussel (source: FAO, 2009)………………………………………………………….. 3 

Figure 3: Method workflow………………………………………………………………………….. 14 

Figure 4: Location Studysite (map source: google maps)…………………………………………..... 16 

Figure 5: fieldwork workflow………………………………………………………………………... 16 

Figure 6: Drone & GPS connections setup…………………………………………………………... 17   

Figure 7: QGroundcontrol……………………………………………………………………………. 17 

Figure 8: GPS receiver setup on the boat……………………………..……………………………… 17                      

Figure 9: GPS waterlinked control input…………………………………..…………………………. 17 

Figure 10: Locations of waypoints (in QGIS)………………………………………………………... 19 

Figure 11: covered area……………………………………………………………………………….. 21 

Figure 12: Ground WP2………………………………………………………………………………. 21  

Figure 13: Area WP2…………………………………………………………………………………. 21 

Figure 14: Area WP3…………………………………………………………………………………. 22 

Figure 15: Ground WP3………………………………………………………………………………. 22 

Figure 16: Area WP 4+5……………………………………………………………………………… 22 

Figure 17: Ground WP4………………………………………………………………………………. 23 

Figure 18: Ground WP5………………………………………………………………………………. 23 

Figure 19: Area WP6-11……………………………………………………………………………… 24 

Figure 20: Ground WP6+7…………………………………………………………………………… 24 

Figure 21: Ground WP8-10…………………………………………………………………………... 25 

Figure 22: Ground WP11…………………………………………………………………………….. 25 

Figure 23: Area WP12-14……………………..……………………………………………………... 26 

Figure 24: Ground WP12………………………..…………………………………………………… 26 

Figure 25: Ground WP13……………………………………………..……………………………… 26 



IV 

Figure 26: Ground WP14…………………………………………………………………………… 27 

Figure 27: Area WP15-17…………………………………………………………………………... 27 

Figure 28: Ground WP15…………………………………………………………………………… 28 

Figure 29: Ground WP16…………………………………………………………………………… 28 

Figure 30: Ground WP17…………………………………………………………………………… 28 

Figure 31: Example picture strip……………………………………………………………………. 29 

Figure 32: start & end coordinates (blue&green)…………………………………………………… 29 

Figure 33: Map with all picture strips………………………………………………………………. 29 

Figure 34: picture strips, zoomed in to WPs………………………………………………………... 30 

Figure 35: Example wrong coordinates…………………………………………………………….. 30 

Figure 36: Example kmeans cluster………………………………………………………………… 30 

Figure 37: orientation coordinates………………………………………………………………….. 31 

Figure 38: Map showing areas covered by mussels (blue) and algae (green)……………………… 31 

 

List of Tables:  
Table 1: Definitions Table (source: Stounberg, 2021:33)…………………………………….……. 5 

Table 2: Table transects former study in Selsøhage (Source: Dahl et al, 2019:39)…………….…. 16 

Table 3: Detailed waypoint table (Coordinates in WGS-84, decimal degrees)………………...…. 18 

 

  



V 

List of Abbreviations: 

BSAP Baltic Sea Action Plan 
CO2 Carbon dioxide 
DNA Deoxyribonucleic acid 
EEA European Environment Agency 
EU European Union 
EUNIS European nature information system 
FAO UN Food and Agriculture Organization 
GIS Geographic Information System 
GPS Global positioning system 
HELCOM Helsinki Commission 
IMCs Intracellular microcolonies and bacteria 
m2 Square meters 
MPA Marine protected area 
n.d. No date 
OSPAR Oslo-Paris convention 
PAH Polycyclic aromatic hydrocarbons 
ROV Remotely operated vehicle 
SDGs Sustainable Development Goals 
TWSC Trilateral Wadden Sea Cooperation 
UGPS Underwater Global Positioning System 
UK United Kingdom 
UN United Nations 
WFD Water framework directive 
WP Waypoint 

  



VI 

Improving mussel reef protection from a sustainability 
perspective: Mapping of a blue mussel reef in Denmark  

 

LYDIA ALEXANDRA NESS 

Ness, L.A., 2022: Improving mussel reef protection from a sustainability perspective: Mapping of a blue mussel 
reef in Denmark. Master thesis in Sustainable Development at Uppsala University, No. 2022/52, 36 pp, 30 ECTS/hp   

Abstract:  

Coastal areas currently face a lot of anthropogenic pressures (Erlandsson et al, 2011; Wilcox et al, 2020) which might 
further increase through climate change (Maltby et al, 2022). This can lead to the disappearance of crucial, habitat 
engineering species like blue mussels (Tummon Flynn et al, 2020). The lack of those increases the risk of eutrophication 
and pollution, on the long run having negative consequences not only for biodiversity and ecological factors but also 
social and economic factors like income through fishing and risking coastal flood protection (Tummon Flynn et al, 
2020; Schotanus et al, 2020; Cooley & Doney, 2009). Blue mussels can form biogenic reefs, which are protected as 
important habitats under the EU Habitats Directive (Council of the European Communities, 1992) as well as the EU 
Water Framework Directive (European Parliament & council, 2000). Nevertheless, actual implementation of protection 
and conservation of those reefs is lacking (Rees et al, 2018), which is why many of them are declining drastically (EEA, 
2013). One reason for that lack of protection might be the diverse definitions applied to mussel reefs all over Europe 
(Stounberg, 2021), while another one could be that many of them are not mapped. In the present study, an attempt was 
made to map a potential blue mussel reef in the Roskilde Fjord in Denmark, which was first discovered by a previous 
study (Dahl et al, 2019:39) but not investigated to its extend as that study focused on other goals. A ROV was employed 
to collect video data of the seafloor of the respective fjord area over a period of three months. The recorded video and 
GPS data was then processed and analysed to produce a map in QGIS, showing if and where an area of, according to the 
Danish definition for blue mussel reefs, more than 2500m2 with more than 30% mussel cover and 3 year classes of mussels 
(Miljøstyrelsen, 2018), is present. Three areas in the chosen search area of this study were confirmed to fulfil those 
requirements, consistent with the previous findings of Dahl et al (2019).  The actual blue mussel reef might be even bigger 
as other areas which have not been analysed in detail contain blue mussels as well. Therefore, protection measures based 
on best available scientific knowledge, interdisciplinary work and the knowledge of as many stakeholders possible, 
including social, economic and ecological aspects, should be developed for the blue mussel reef in Roskilde Fjord. One 
of them could be to make the reef part of the Natura 2000 protection area already existing in the same area.  

 

Keywords: Sustainable Development, biogenic reef, blue mussels, ROV, mapping, habitat protection, earth 
sciences 

Lydia Alexandra Ness, Department of Earth Sciences, Uppsala University, Villavägen 16, SE- 752 36 Uppsala, Sweden 
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Summary:  

In the present study a reef made of blue mussels was analysed and mapped, in the Roskilde Fjord in Denmark. 
For that, an underwater drone (ROV) was used to record videos of the seafloor while also collecting respective 
GPS data. This data was then processed to analyse if the area covered by enough mussels is also big enough in 
size to be considered a reef under the Danish definition. Three analysed areas were proven to fulfil those 
requirements, while further areas might do so as well but have not been analysed yet. Blue mussel reefs are 
supposed to be protected, according to European law (EU Habitats Directive & EU Water Framework Directive) 
as they are very important for biodiversity, water quality and economic and social aspects like income through 
fishing and flood protection. Therefore, the blue mussel reef found in this study should also be protected, making 
new policies in this area necessary. One protection solution could for example be to make blue mussel reefs an 
important habitat in the Natura 2000 nature reserve that is already existing in the Roskilde Fjord but so far does 
not consider blue mussels under protected species.  

Keywords: Sustainable Development, biogenic reef, blue mussels, ROV, mapping, habitat protection, earth 
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1. Introduction 

Coastal areas currently face a lot of anthropogenic pressures like destruction through fishing, recreational 
activities (Erlandsson et al, 2011; Wilcox et al, 2020) and coastal constructions (Cacabelos et al, 2019) as 
well as pollution (Cottrell et al, n.d.). Climate change coming with increased storms and heat waves further 
increases those pressures (Maltby et al, 2022). This can lead to the disappearance of crucial, habitat 
engineering species (Tummon Flynn et al, 2020). The lack of those increases the risk of eutrophication and 
pollution, on the long run having negative consequences for the useability of that water body for recreational 
and cultural activities (Storie et al, 2021) but through cause-chains also for economic factors like income 
through fishing (nursing habitats missing=less fish) and risk factors like coastal flood protection (Tummon 
Flynn et al, 2020; Schotanus et al, 2020; Cooley & Doney, 2009). These cause-effect chains and connections 
between social, biological and financial factors are highly important for sustainable development research.  

“Sustainable development is […] development that meets the needs of the present while safeguarding Earth’s 
life-support system, on which the welfare of current and future generations depend” (Griggs et al, 2013).  

While this is not the exact definition on which the United Nations have built their ‘Sustainable Development 
Goals’ (SDGs), it is likely the end-goal to be achieved through the SDGs (e.g. Lim et al, 2018). The 17 
Sustainable Development Goals of the 2030 Agenda for sustainable development call for urgent action by all 
developed and developing countries in global partnership, also regarding the tackling of climate change and 
preserving of oceans and forests (United Nations, n.d. c). Oceans, seas and coastal areas are crucial for 
sustainable development as over three billion people’s livelihoods depend on their resources, they are central 
to global food security and human health, regulate the global climate, provide us with water and oxygen and 
host immense biodiversity reservoirs (United Nations, n.d. b). To be able to do so successfully, it is necessary 
that the ecosystem integrity and biogeochemical as well as physical processes of these water bodies are well-
functioning (United Nations, n.d. b). Nevertheless, those habitats and resources are increasingly threatened 
by human activities, negatively affecting human well-being worldwide due to a reduction in their ability to 
provide crucial ecosystem services (United Nations, n.d. b).  

One of the marine ecosystems are reefs. In 1992, the EU Habitats Directive was implemented with the aim 
of conserving biodiversity by maintaining and restoring natural habitats and protecting wild species of 
European importance (Council of the European Communities, 1992). Biogenic reefs were specified as 
important habitats, obliging all EU member states to their protection (Council of the European Communities, 
1992). Further, the member states of the Helsinki Commission, the governing body for restoration of good 
ecological status to the Baltic Sea, adopted the Baltic Sea Action Plan (BSAP) in 2007, to achieve good 
ecological status of the Baltic Sea by 2021 as its main tool (Jetoo & Tynkkynen, 2021). The BSAP’s goals 
were to reach a desired status of the Baltic Sea being unaffected by eutrophication, undisturbed by hazardous 
substances, maritime activities in it being carried out in an environmentally friendly way, and having a 
favourable conservation status of Baltic Sea biodiversity (Jetoo & Tynkkynen, 2021). In addition, in 2000, 
the EU adopted the Water Framework Directive (WFD), further calling for the conservation of all European 
surface (European Parliament & council, 2000). However, there is a lack of progress in meeting those 
conservation objectives and actual establishment of management plans for protected areas (Rees et al, 2018) 
and the overall progress towards achieving the set goals is low (Rees et al, 2018; Jetoo & Tynkkynen, 2021). 
The delay in implementation is especially problematic as it leads to further degradation of habitats and risks 
the loss of connectivity (Stounberg, 2021). 

One kind of biogenic reefs are blue mussel (Mytilus edulis) reefs. They are termed biogenic reefs, which 
means they are growing and made of biological material (Dahl et al, 2019). Blue Mussels are highly important 
for marine mobile fauna, providing ecosystem functions like spawning and feeding sites and nursery grounds 
or shelter. In the Baltic Sea (including Danish waters), blue mussels are the most abundant benthic filter 
feeder and providing a number of resources to associated species (Dahl et al, 2019). Mussels are ecosystems 
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engineers, facilitating important ecosystem functions, such as creating spatially complex habitats and altering 
flow dynamics and sediment retention (van der Ouderaa et al, 2021). However, due to the eutrophic status of 
the Baltic Sea, impacts of destructive fishing (Andersen et al, 2017; McLaverty et al, 2020) and other 
anthropogenic activities combined with negative environmental impacts of climate change (Bosch-Belmar et 
al, 2022) many coastal and marine mussel reefs are dramatically declining globally (van der Heide, 2014; 
Acott et al, 2022; Gagnon et al, 2019) despite the knowledge of their importance (Carnell et al, 2022). Many 
of them are incapable of recovering without human intervention (Gagnon et al, 2019) leading to a loss of 
ecosystem services like biodiversity provisioning, coastal protection and carbon sequestration (Gagnon et al, 
2019; Carnell et al, 2022) and making them one of the most endangered coastal habitats globally (Airoldi & 
Beck, 2007; Beck et al, 2009). The 1170 reefs habitat description regards both geogenic and biogenic reefs 
and lists the habitat status as unfavorable-inadequate to unfavorable-bad across Europe, with the risk of 
disappearing (See Figure 1).  

  

Fig. 1: conservation status (source: EEA, 2013) 

One reason for that lack of protection might be the diverse definitions applied to mussel reefs all over Europe 
(Stounberg, 2021), while another one could be that many of them are not mapped. For that, a seabed map 
showing the distribution and extent of a habitat by completely covering the seabed area to be able to 
demonstrate boundaries of different habitats would need to be created as basic measure of environmental 
conservation in an ecosystem management approach (Prampolini et al, 2020). Without that, it is nearly 
impossible to protect a habitat where no one knows if and where it exists. This is also the case for blue mussel 
reefs in Denmark, like the one that will be studied in this work in the Roskilde Fjord (Dahl et al, 2019:39). 

The Goal of this thesis was to answer the following research questions:  

RQ1: Is there a biogenic reef (according to the Danish definition) existing in the Roskilde Fjord which 
needs to be protected according to Danish law?  

RQ2: If yes: to what extent and at what location? 

To reach that, a general literature review will be carried out to find information about mussel reefs and their 
importance, management propositions with regards to sustainable development as well as methods on how 
to map marine habitats. Further, practical fieldwork is carried out in the Roskilde Fjord employing a remotely 
operated vehicle (ROV) outgoing from a boat, once a week over a period of three months, to make video 
recordings of the floor of the fjord area which might contain a mussel reef. The video and GPS data produced 
in that time will then be processed to produce a map of the seafloor in that area, using several types of 
software, which will then be analysed to answer the research questions.  
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2. Background 

For a better impression of what blue mussels are, why they are important, what endangers them and 
how they could be protected, this background section summarizes general scientific literature on 
those topics.  

2.1. Biogenic Blue Mussel Reef 

 

Fig. 2: Blue Mussel (source: FAO, 2009)  

Blue mussels (Mytilus edulis – pictured above) are the dominant mussel species in Danish marine waters 
and the most abundant benthic filter feeder in the Baltic Sea (Stoehr, 2021). They are cold-water mussels, 
having a “physiological temperature range of 2 to 27 °C, but optimal growing temperatures of between 8 
and 18 °C” (Cubillo et al, 2021), which live in intertidal as well as subtidal marine areas, on a range of 
possible substrates (e.g. rocks or sediments) (Henly, 2021). Mytilus edulis are resilient to varying salinity, 
desiccation, temperature and oxygen levels (Henly, 2021). They are filter feeders and mainly live of 
“micro-algae, suspended debris and zooplankton” (Henly, 2021). Marine bivalves typically have 
temperature-dependent reproductive strategy (van der Heide, 2014), usually starting with a sudden rise in 
temperature in spring (Brecht et al, 2022). Depending on temperature and nutrient levels, spawning may 
occur just once or several times per year (Henly, 2021). Often the larvae settle on seaweeds first and then 
later resettle to mussel beds (Erlandsson et al, 2011) which comes with an unpredictable success rate that 
varies a lot between years and often depends on adult mussel beds being present for the larvae to find 
suitable substrate, stable sediment, shelter from predation, favorable hydrodynamics and the right chemical 
cues (van der Heide, 2014; Wilcox et al, 2020). After approximately one year the mussels reach maturity 
if the biotic and abiotic factors influencing growth rates, including temperature and food availability, are 
favourable (Buschbaum & Saier 2001). The unstable recruitment and growth rates make it difficult to 
determine the age of mussel beds based on the number of cohorts and the size of the individual mussels 
(Stounberg, 2021). 

Blue mussels create complex 3-dimensional habitats, often altering flow dynamics and sediment 
retention, and affecting overall benthic-pelagic coupling (van der Ouderaa et al, 2021), modifying the 
coastal ecosystems both physically and functionally (Stoehr, 2021). This is why blue mussels are 
considered "ecosystem engineers” (van der Zee et al, 2012). Ecosystem engineers are organisms that stand 
out due to the high effects they have on their abiotic environment and through that indirectly on a range of 
different species (van der Zee et al, 2012), which is the case for blue mussels. Mussel beds, and if big 
enough mussel reefs, are formed by patches of live mussels, bare sediment and shells which are held 
together by byssal threads (Commito et al, 2018; Schotanus et al, 2020b) and formed by wave action and 
self-organization of the mussels (van der Ouraa, 2021+ Sampaio et al, 2020). Through that, patchy 
structures of banded formations with areas of high and low densities of mussels, separated by bare patches 
of ground, form (van der Ouraa, 2021; Sampaio et al, 2020). That specific structure contains different sized 
holes and concaves which provide enhanced hiding spots compared to unvegetated and unstructured 
habitats for other animals (zu Ermgassen et al, 2020). Due to predation and wind, mussel beds vary in 
biomass and densities over the years and often are temporarily unstable, changing densities and age 
compositions even if they survive for years under the right conditions (Khaitov, 2013). 
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There are significant differences between subtidal and intertidal mussel beds. Subtidal beds are claimed 
to have a higher species diversity and richness, larger abundance of adult mussels with higher growth rates 
(Essink et al, 2005) and higher predation rates due to smaller adductor muscles of the mussels (Reimer & 
Tedengren, 1996). Subtidal beds might be less vulnerable to human-induced hypoxia events (Meng et al, 
2018) and have a higher thermal tolerance as they spend less time outside of the water (Seuront et al, 2019; 
Gagnon et al, 2019). Also, the hydrodynamic conditions are less stressful and generally environmental 
conditions are more stable (Gagnon et al, 2019). Further, subtidal mussel beds are considered to have a 
limited interannual variability, absence of user conflicts, and a limited risk of toxic algae blooms (Brecht 
et al, 2022). Intertidal mussel beds may host more juvenile individuals, be more overgrown by barnacles, 
but also have a higher recruitment rate, higher density and coverage while the mussels grow slower due to 
submersion and air exposure (Brinkman et al, 2002).  Further, intertidal beds are more impacted by shifts 
in hydrological dynamics like coastal alterations and increasing sea-levels due to climate change (Andrade 
et al, 2021), and have more stressful hydrodynamic conditions including higher variations in light and 
temperature (Gagnon et al, 2019) leading to a higher temperature-related mortality (Cubillo et al, 2021). 
Lastly, intertidal mussel beds are hard to restore due to their exposure to waves (Schotanus et al, 2020b) 
but may have a higher abundance of small mesopredators which are important prey for larger commercially 
important fish (Stoehr, 2021).  

2.2. Mussel Reef Definitions  

Simply being a mussel bed does not make that habitat protectable under European definitions. To be 
counted as a mussel reef in need of protection, several conditions have to be fulfilled.  

It can be difficult to know which exactly as there are several organisations and frameworks existing, 
providing guidelines for that. Additionally, in the EU each member state is responsible for its own 
implementation and interpretation of the habitat directive leading to several different interpretations 
existing alone in the EU (Stounberg, 2021). Some examples for frameworks are:  

The Natura 2000 code 1170 reefs interpretation: A manual of the European Commission from 2013, 
defining mussel reefs as biogenic concretions – reef structures that originate from dead or live animal 
material creating hard bottom habitats supporting epibiotic species, the topography being distinct 
from surrounding seafloor, associated biota cases with overlying mobile sediment biota must be 
dependent on hard substrate, and the zonation may extend from subtidal uninterrupted into intertidal 
zone or occur only in subtidal (European Commission, 2013). 
The European Nature Information System (EUNIS): An independent habitat description of the 
European Environment Agency, for environmental impact assessment and habitat selection for 
Natura 2000. They state no minimum size, cover or stability, and based on them intertidal reefs are 
only protected under when they are connected to subtidal reefs (European Environment Agency, 
2019). 
OSPAR: They see a need of protection of intertidal mussel beds as supplement to subtidal biogenic 
reefs protected under EU’s Habitat directive and reefs protected by the Helsinki Commission. They 
want to protect intertidal blue mussel beds with high densities (min 30% cover), that are able to bind 
underlying substrate and provide habitat for infauna and epibiotic species, but do not state a minimum 
area or stability apart from it having to consist of adult mussels (OSPAR, 2010) 
The Helsinki Commission: They focus on a series of mussel dominated habitats. Geogenic and 
biogenic reefs are both classified as threatened in the southern Baltic Sea and as vulnerable 
throughout the region. Reefs themselves are described like in the EU interpretation manual, with the 
blue mussel being listed as reef-building species and key habitat forming species of low resilience. 
Blue mussel dominated biotopes in which there is a minimum of 10% mussel cover, mussels prevalent 
than other attached erect group, Mytilidae must constitute at least 50% of the biomass, and supporting 
habitats should be protected. (HELCOM, 2013; HELCOM, 2020) 
TWSC: In this framework bed is used as term for dense mussel formations, including separate habitat 
description for intertidal and subtidal mussel beds (Stounberg, 2021). Here, subtidal reefs are self-
standing habitats, being less dense but larger with different species interaction and associated species 
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while in intertidal reefs the cover is higher than 5% with less than 25m between patches (Essink et 
al, 2005). Stability is defined as the structure being persisting for more than 2 years and forming 
regularly (Essink et al, 2005). Mussel beds are only considered biogenic reefs if they meet 
requirements of the German offshore definition (Ricklefs et al, 2020). 
 
Different countries use different sources, or a combination of sources, to come up with their own 
interpretation of what makes a mussel bed a reef in their territory, leading to a variety of definitions 
(see Table 1) which could be seen as a breach of the “equal protection” granted to these important 
habitats under the EU Habitat directive (Stounberg, 2021).  
 
Table 1: Definitions Table (source: Stounberg, 2021:33) 

Country Coverage Min. size  Stability Placement Other 
Denmark 30% 2500m2 3 cohorts Unspecified - 
Sweden 10% - - Subtidal - 
UK offshore - - >2years Subtidal - 
North Ireland 30% 1-2m2 >2years No differentiation - 
Wales 30% 10m2 >2years No differentiation Protruding 2-30cm 
Germany offshore 10% 100m2 

(25m axis) 
2-3 
cohorts 

subtidal Core cover of 100% 

2.3. Danish definition and protection approach  

In Denmark a blue mussel reef is defined as a connected area of “at least 2500m2 with an average blue 
mussel cover of at least 30% and the presence of at least 3 cohorts of blue mussels” (Miljøstyrelsen, 2018). 
These high numbers are explained by Denmark only seeing this size of habitat as significant enough to be 
stable and a dominant habitat (Miljøstyrelsen, 2018). The reef should be present within the area for several 
years, which is difficult in the case of dynamic mussel banks with short-lived mussel species (Miljøstyrelsen, 
2018). Nevertheless, three size classes of mussels should be present. The definition also states associated 
fauna and flora like e.g. shore crabs, snails and small red algae but does not make those a requirement as 
they depend on specific conditions in the area (Miljøstyrelsen, 2018). 

If such a reef gets discovered and mapped, Denmark sees itself as obliged to protect the area under the EU 
Habitat directive (type 1170 reefs) (Miljøstyrelsen, 2018). Therefore, taking the habitat directive as 
guideline and area containing a type 1170 blue mussel reef should be legally protected as part of a coherent 
network of protected areas with a high value or potential for biodiversity (European Commission, 2020). 
This would also work towards the goal of protecting 10% of the EU sea by 2030 (European Commission, 
2020). Further, Denmark would have to develop clearly defined conservation objectives and measures 
(European Commission, 2020). While there is no legal framework for restoration of such areas yet, Denmark 
should ensure no deterioration in conservation trends and status of all protected habitats by 2030, in which 
30% of species and habitats currently suffering unfavourable status, under which blue mussel reefs fall as 
shown in the introduction, should show a strong positive trend (European Commission, 2020). An 
ecosystem-based management approach, covering all maritime sectors and activities, should be applied 
here, to reduce negative impacts of fishing, extraction and further anthropogenic activities on the blue 
mussel reefs (European Commission, 2020). This can also include “area-based conservation-management 
measures” (European Commission, 2020). The use of harmful fishing gear should be limited in a “fair and 
just way for all” (European Commission, 2020). In the case that the area in which the blue mussel reef lies 
is proclaimed a marine protected area (MPA) fisheries-management measures have to be established for it, 
with clear conservation objective based on best available scientific knowledge (European Commission, 
2020). Additionally, pressures from pollution caused by nutrients, chemical pesticides, pharmaceuticals, 
hazardous chemicals and waste should be reduced (European Commission, 2020). A special focus is put on 
reaching zero pollution through nitrogen and phosphorus flows from fertilisers (European Commission, 
2020). 
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Looking at what of that is actually done in practice, the most frequent protection measures of member states, 
rated as highly important, are (sorted from most to least frequent): 

- Establishment of protected areas/sites 
- Legal protection of habitats and species 
- Restoring/improving water quality 
- Regulating/Managing exploitation of natural resources on sea 
- Other marine-related measures 
- Managing marine traffic 
- Restoring marine habitats 
- Other spatial measures 
- Other wetland-related measures 

(source: EEA, 2013) 

2.4. Ecosystem Services of Mussel Reefs & Sustainable 

development 

Sustainable development and management are often based on the concept of the triple bottom line, with 
economic, ecologic and social fields being interrelated and interdependent for effective sustainable 
management (Crane & Matten, 2010:34). Nevertheless, a lot of conservation approaches focus on 
“conserving nature for nature’s sake” (Rees et al, 2018) which is generally good but could still be a reason 
for the lack of mapping and actual protection of reefs, as it misses explicit connections between ecological 
and social systems (Rees et al, 2018; Maltby et al, 2022). This issue can be found in literature as well, 
reading e.g. Carnell et al (2022) who found that the “decline of coastal and marine ecosystems is largely 
due to governments [and other stakeholders] prioritizing land use [and basing] the management and 
investments on financial returns from human-produced capital rather than benefits gained from natural 
capital” (also: Maltby et al, 2022). Through that, “changes in the services provided by ecosystems are 
usually not valued in the economy comparable to human-produced capital [… or if they are then] rather in 
environmental (elevation, temperature) measures [instead of] measures of the condition of the ecosystem” 
(Carnell et al, 2022) and completely ignore the opportunity costs of restoration (Carnell et al, 2022). If 
policy makers and managers were more aware of the ecosystem services mussel reefs provide and how they 
are not only ecologically but also socially and financially important this might be a stronger incentive to 
progress in mapping and protecting mussel reefs properly (Heckwolf et al, 2021). A greater understanding 
of those services can be reached by using the ecosystem services concept. This concept defines the benefits 
people gain from nature and links human action, pressures, environmental management and their impact on 
ecosystem structures and functions (Storie et al, 2021). The state of a natural habitat and its structures and 
processes with their resulting ecosystem functions determine the capacities of an ecosystem to supply 
services (Storie et al, 2021). Those services are usually split into provisioning, regulating and cultural 
ecosystem services (Storie et al, 2021). Ecosystem services of blue mussel reefs in the Baltic Sea are for 
example: “cultural -  education and scientific information in form of being biomarkers and bioindicators 
mostly used for monitoring purposes; provisioning - feed production (for aquaculture), fertilizer (for 
agriculture), food production (using fauna or flora for human food), raw material (biomass, bioactive 
compounds, chemical and genetic resources, metabolites), resources for biotechnology (biofuel, biogas, 
biomethane production); regulating – nutrient cycling (reduction of eutrophication, retention and uptake), 
regulation of pollutants, sediment retention; supporting – food for organisms (other marine organisms and 
marine birds), food web dynamics (changing predation dynamics, consumption, abundance, biomass of 
species), providing habitat for other marine species, maintenance of resilience (supporting and maintaining 
ecosystem functioning, recovery and stability), promoting fisheries (nursing and spawning grounds), 
supporting biodiversity” (Heckwolf et al, 2021). Ecosystem conservation that tries to avoid any impact on 
humans will most probably have negative impacts for ecosystems leading to a negative feedback loop that 
in the end also impacts humans negatively, while conservation approaches that ignore negative impacts on 
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people will most likely fail as well due to a lack of compliance (Gacutan et al, 2022). Both of them are 
possible reasons why the protection of mussel reefs is not working out well currently. Breaking down the 
importance of mussel reefs into the tree bases of sustainability might therefore help to increase 
understanding of their importance and compliance with protection measures once those get improved. 

2.4.1. Ecological importance  

According to Heckwolf et al (2021) healthy ecosystems contribute to “the maintenance of ecosystem 
resilience, increasing community variability and stability” and through that support recolonization and gene 
flow (Heckwolf et al, 2021). Mytilus edulis beds have an important role in that regarding coastal sediment 
dynamics, food sources, providing biodiversity in otherwise “sediment-dominated” environments (Henly, 
2021) and linking pelagic and benthic food webs (van der Heide, 2014). The ecosystem engineering effect 
of the mussels and the complexity of the habitat they form has positive effects on mobile fauna (e.g. refuge 
from predators) and improves the habitat especially for small animals such as crustaceans and small 
mesopredatory fish (O’Connor & Crowe, 2007; Tummon Flynn et al, 2020) but also alters the availability 
of resources like nutrients, water and light (van der Zee et al, 2012; van der Ouraa, 2021). This reduces 
hydrodynamics, attenuating currents and waves (van der Heide, 2014) and modifies the sediment, also by 
the production of “large amounts of pseudofeces and other fine particles” (van der Zee et al, 2012), and can 
“create environmental and habitat heterogeneity in coastal ecosystems, even in seemingly homogeneous 
environments” (van der Ouraa, 2021). These reefs have a way larger ecological impact than their actual size 
suggests making their loss dramatic (van der Zee et al, 2012). 

Mussel reefs provide ecosystem services like sediment stabilization, nutrient cycling and improved water 
quality for example through plankton filtration or erosion hindering (Heckwolf et al, 2021). The filtration 
ability of the mussels reduces turbidity (Stoehr, 2021), and filters out suspended solids and contaminated 
particles (van der Heide, 2014; Sampaio et al, 2022). Through that the reefs might play as a buffer for 
nutrient flows from land and stabilize water quality (Oskarsson et al, 2014). This increases water clarity and 
counteracts eutrophication, promoting restoration of polluted environments (Heckwolf et al, 2021; Sampaio 
et al, 2022). Additional to that, mussel reefs are important habitats and feeding grounds for many 
invertebrate, fish and bird species, including a range of commercially valuable species like the endangered 
European eel (Schwartzbach et al, 2020) and the European flounder (Stoehr, 2021). Due to the high number 
of invertebrates living in mussel reefs large amounts of mesopredatory fish are attracted to the reefs 
attracted, which in turn attract larger piscivorous fish like cod and pollock (Stoehr, 2021). Further the 
mussels themselves are an important food source for a wide range of animals like crustaceans, starfish, fish, 
birds (van der Heide, 2014). Due to the complexity of the reef habitat and food sources available species 
like gobies use the sites for spawning and nursery. They attach their eggs to the mussel shells and the 
juvenile fish have a higher chance to survive finding shelter in the complex habitat (Heckwolf et al, 2021; 
Tummon Flynn et al, 2020).  

The engineering effects, improved water quality, food availability and shelter lead to the mussel reefs having 
a high biodiversity of invertebrate epifauna and fish (van der Zee et al, 2012; van der Ouraa, 2021; 
Schotanus et al, 2020b; Sampaio et al, 2022), mobile fauna (Stoehr, 2021), beta-diversity of infauna, algae, 
amphipods, periwinkles and crabs (van der Ouraa, 2021). Further, there are positive interactions between 
plants and mussels (Gagnon et al, 2019). Plants primarily promote bivalve survival and abundance by 
providing substrate and shelter, while bivalves promoted plant growth and survival by stabilizing and 
fertilizing the sediment, and reducing water turbidity (Gagnon et al, 2019). Also, algae species lacking 
holdfast rely on an association with blue mussels that anchor drifting fragments by attaching them with 
byssal thread (Tummon Flynn et al, 2020; Sampaio et al, 2022). Through this increased biodiversity mussel 
reefs mitigate severe impacts from e.g. dredging can and the global problem of declining biodiversity and 
ecosystem functioning (Sampaio et al, 2022; van der Ouraa, 2021; Rees et al, 2018). 
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2.4.2. Economic importance 

Not a lot of information on the actual economic importance of mussel reefs could be found as their 
financial value seems to seldomly be evaluated. They are indirectly economically important as 
other important species are reliant on mussel reefs as spawning, nursery or feeding ground. 70% of 
European fishery landings are species that are reliant on mussel reefs or similar habitats during at 
least some parts of their life cycle, demonstrating that the disappearance of mussel reefs could decline 
important fish stocks and decrease fishery landings (Seitz et al, 2014). Due to that, a big amount of 
economic importance of mussel reefs lies in the reliance of the fishing industry and related jobs on 
such reefs (Stoehr, 2021). The disruption of them and related ecosystem services and related resource 
availability would therefore lead to “substantial revenue declines, job losses, [and] indirect economic 
costs” (Cooley & Doney, 2009). Blue mussels grown in aquaculture make up 50% of the annual 
global mussel harvest, with fresh Mytilus edulis having and average retail price of 4.50€/kg (Seuront 
et al, 2019). While it is unclear if wild grown blue mussels would have the same retail price this 
might put managers in the position of having to decide if the sale or the value of ecosystem services 
the reefs provide is more valuable to them, potentially endangering mussel reefs more by mapping 
them increasing the importance of evaluation of services existing reefs provide. Another potentially 
financially profitable way of making use of mussel reefs is to protect them as a form of coastline 
protection (Schotanus et al, 2020). Due to climate change coastal protection is becoming an important 
topic but dikes and dams are costly to build and include a lot of continuous work and expenses 
(Schotanus et al, 2020). Incorporating of ecosystem engineers like blue mussels, in coastal protection 
has therefore risen in consideration over the past years (Schotanus et al, 2020). “By attenuating wave 
energy and trapping sediment, coastal ecosystem engineers such as mussels may be able to keep up 
with sea-level rise and thereby form a sustainable and cost-efficient structure that can increase 
coastal flood protection” (Schotanus et al, 2020). 

2.4.3. Social importance 

Just like financial benefits, social benefits and importance are “often inadequately represented as 
[they] are difficult to value and intangible” (Storie et al, 2021). Humans do not only interfere with 
ecosystems and their services but also are part of the feedback loops impacted by it, and should 
therefore be seen as part of the system and not only as the source of harm (Storie et al, 2021). 

Coastal habitats like mussel reefs protect humans from potential disasters by protecting the shoreline 
(Commito et al, 2018), building a natural barrier to coastal erosion, controlling water quality (Heckwolf et 
al, 2021; Seitz et al, 2014) and therefore building a cost-effective coastal defense scheme (Schotanus et al, 
2020b). Further, there are connections between the terrestrial and aquatic food systems (Cottrell et al, n.d.). 
The loss of habitats and environmental services they provide undermines those food systems and threatens 
the food security of us humans (Cottrell et al, n.d.; Commito et al, 2018), which is also the case in pollution 
when run-off affects water quality (Maltby et al, 2022) and substances (like carcinogens (Storie et al, 2021) 
accumulate in mussels which then enter the food web and ultimately directly affect humans (Heckwolf et 
al, 2021). The latter is a direct impact on human health which is also seen in when mussels suffer toxic 
effects through pollution with pharmaceuticals which can then end up in seafood and lead to concerns about 
the development of drug resistant genes (Madikizela & Ncube, 2022). Mussel reefs also provide 
recreational and cultural ecosystem services by providing aesthetically appreciable and pleasant 
environments (Storie et al, 2021). All of these points play into human health and wellbeing (Storie et al, 
2021; Acott et al, 2022; Rees et al, 2018; Pinho et al, 2022). Here they improve human health indirectly, by 
“providing the elements that sustain life, from adequate nourishment to the provision of raw materials” 
(Storie et al, 2021) and by the relational (even therapeutical) values through human relationships with nature 
(Acott et al, 2022) improving physical and mental wellbeing of individuals (Storie et al, 2021).  

Further, mussel reefs and blue mussels themselves provide knowledge and are often used in research 
as their geographic distribution and filter-feeding characteristics make them a valuable bioindicator 
and frequently used model species (Pinho et al, 2022). “Since mussels are very resilient, especially 
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to pollution, the associated fauna can provide a better footprint of the impacts’ effects […and] is a 
suitable indicator of anthropogenic disturbances” (Sampaio et al, 2022). 
 

2.5. Dangers to Mussel Reefs 

Mytilus edulis beds are disappearing due to anthropogenic pressures (Sampaio et al, 2022) including 
commercial, climate related and recreational issues (Henly, 2021). Associated species disappear with 
them leading to big losses in these ecosystems (van der Zee et al, 2012). 

Direct human dangers to mussel reefs are overfishing, trawling and dredging, coastal construction 
and pollution. Unsustainable and destructive fishing is a major environmental and social problem 
which can cause shifts to alternative ecological states (Airoldi & Beck, 2007; Erlandsson et al, 2011; 
Wilcox et al, 2020). Trawling and dredging decreases mussel habitat due to “physical impacts by 
bottom contacting gears” (Stounberg, 2021), destabilizes beds and sediments by removing hard 
substrate (van der Heide, 2014), makes them more vulnerable to dislodgements (zu Ermgassen et al, 
2020), and reduces complexity and quality of mussel habitats (McLaverty et al, 2020). Through that, 
mussel clumps get destroyed, epifauna removed (Sampaio et al, 2022) and extra nutrients are released 
into the water which can contribute to additional problems like eutrophication (Holmer et al, 2003). 
Recovery of mussel reefs after dredging events can take multiple years up to multiple decades 
(Cranfield et al, 2004). 

Coastal construction “is associated with a variety of negative impacts on the ecology of coastal 
habitats via changes in important physical, chemical and biological processes, which can strongly 
impact the structure and functioning of coastal habitats” (Cacabelos et al, 2019). The biggest example 
for this are coastal defense structures which are bad at replacing natural shores due to their lack of 
topographic complexity which is important for many marine organisms (Cacabelos et al, 2019). 
Further, those structures alter ecological connectivity and can have large downstream effects 
“influenc[ing] genetic structure and size of populations, the distribution of species, community 
structure and ecological functioning” (Bishop et al, 2017). 

Pollution is another big danger for mussel reefs (Stoehr, 2021). Common pollutants include organic 
compounds, heavy metals (Sampaio et al, 2022), microplastic (Seuront et al, 2021), pharmaceuticals 
(Oskarsson et al, 2014), nitrogen and phosphorus from human activities (Cottrell et al, n.d.) and other 
toxins or hazardous substances (Pinho et al, 2022; Heckwolf et al, 2021). While mussels are quite 
resilient towards pollution compared to other species, they can still die due to heavy contamination 
(Sampaio et al, 2022). Long exposure to microplastic and its leachates can lead to reduced byssal 
thread production and attachment strength in Mytilus edulis (Seuront et al, 2021). Pharmaceuticals 
are highly biologically active, can accumulate in blue mussels and lead to increased mortality rates 
(Oskarsson et al, 2014). Further they can lead to toxic effects, which increase in combination with 
other issues like water acidification or high temperatures, and affect behaviour and reproduction like 
changed larval development and shell malformations, decreased metabolism, lower growth rate and 
bysses thread production, oxidative stress and reduced feeding rates (Madikizela & Ncube, 2022). 
Other hazardous substances like Polycyclic aromatic hydrocarbons (PAHs) are also often detected in 
mussels and come from activities like “fuel, wood and coal burning [as well as] ship traffic” (Pinho 
et al, 2022). As these substances are resistant to biodegradation they remain in the environment and 
get absorbed, accumulating in the gills and digestive gland of the blue mussels (Pinho et al, 2022). 
This can lead to damages to the gill epithelium, altered detoxification activity, organ damages, 
reduced reproduction abilities, DNA damage and changed behaviour (Pinho et al, 2022). Similar to 
the pollution for pharmaceuticals the toxicity of these substances changes with changing 
environmental conditions (Pinho et al, 2022). 

Nitrogen and phosphorus reaching the marine environment as run-offs lead to nutrient enrichment 
and through that to eutrophication leading to oxygen depletion in bottom waters and hypoxia events 
and higher local mortality rates (Cottrell et al, n.d.). Eutrophication reduces the mussel reef 
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distribution in the Baltic Sea (Stoehr, 2021) as the decreasing oxygen concentration (Bosch-Belmar 
et al, 2022; Cubillo et al, 2021) that comes with it impairs metabolism and feeding performance of 
the mussels, thus reducing the shell growth and survival (Bosch-Belmar et al, 2022). 

As seen above, climate change increases problems for mussel reefs. Climate change is a “critical 
issue affecting marine and coastal environments worldwide” (Maltby et al, 2022) and might further 
decline the existence of mussel reefs due to an increase in intensity and frequency of heat events 
(Commito et al, 2018; Seuront et al, 2019; Cottrell et al, n.d.). Warmer winters are leading to less 
recruitment in the last 15 years due to higher predation (Stoehr, 2021). The higher general 
temperatures lead to more oxygen demand and higher metabolic and ingestion rates producing stress 
on filtering and feeding ability and efficiency (Bosch-Belmar et al, 2022; Cubillo et al, 2021). 
Additionally, the warming affects growth and reproduction, timing of ontogenic transitions and 
biogeography (Thomas & Bacher, 2018), with the most temperature-sensitive life stages of mussels 
(e.g. spawning) being especially at risk (Cubillo et al, 2021). Climate change can also lead to changed 
chlorophyll a and salt concentration in the water, negatively affecting mussels (Cubillo et al, 2021; 
Cottrell et al, n.d.), increased storminess (Cubillo et al, 2021) and increase negative harmful algal 
blooms which can lead to lethal toxic effects (Rolton et al, 2022; Cubillo et al, 2021) 

Ocean acidification is a consequence of increasing CO2 emissions which get dissolved in marine 
water leading to a decrease of water pH values, decreasing carbonate ion and calcium carbonate 
concentration worldwide (Cooley & Doney, 2009). This decrease in seawater pH can shape 
ecosystem functioning (Bosch-Belmar et al, 2022; Cubillo et al, 2021) and the lack of calcium 
carbonate hinders the growth of mussel shells by impairing crystal formation and can affect the 
shell’s ultrastructure (Cooley & Doney, 2009; Stapp et al, 2017). Further, the acidic water 
environment impairs digestion rates and food intake (Stapp et al, 2017) and thus leads to a metabolic 
depression or energy re-allocation within the mussels, decreasing growth and reproduction, ciliary 
beat frequency, mitochondrial capacities and filtration mechanisms (Stapp et al, 2017). 

All those stressors can change biofouling compositions and lead to a spread or introduction of non-
native and outbreak-forming species (e.g. benthic colonial cnidarians) which further impair mussel 
organism fitness (Bosch-Belmar et al, 2022; Cubillo et al, 2021). Cano et al (2022) found the presence 
of intracellular microcolonies and bacteria (IMCs) and other pathogens and symbionts in their 
histology analysis of blue mussel cells. Those IMCs are a novel organism which is known for high 
mortality and population reductions in France and the UK, and can lead to inflammations in the host 
(Cano et al, 2022). While the severity of infection with those was considered low, environmental 
factors like described above can increase their severity (Cano et al, 2022). 

Non-native species invading mussel reefs can also lead to a reef decline (Commito et al, 2018; Cubillo 
et al, 2021) but even native predator pressures can negatively impact dynamics and stability of 
mussel beds (especially young mussel reefs) (Stoehr, 2021) leading to recruitment failures and loss 
of facilitation mechanisms (van der Heide, 2014).  

This loss of facilitation mechanism and self-facilitating feedback at low mussel densities is one of 
the reasons why Mytilus edulis reefs are so difficult to restore (Schotanus et al, 2020b). To maintain 
a mussel reef a certain “size and density threshold needs to be surpassed to develop feedback 
mechanisms” which can be impaired by dislodgement and stressors caused by hydrodynamics and 
waves, especially regarding newly transplanted mussels in restoration projects (Schotanus et al, 
2020b). 

2.6. Management Propositions in existing literature  

Practically, increasing efforts to reduce eutrophication and using sustainable fishing methods (Stoehr, 
2021) are important starting points and can be achieved by creating marine reserves and establishing 
restrictions (Sampaio et al, 2022) but are not necessarily enough to restore and protect mussel reefs. 
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According to scientific literature for the best possible results current policy (Storie et al, 2021) and 
management approaches (Jetoo & Tynkkynen, 2021) need to be improved, including ecosystem 
engineering for conservation and protection (e.g. van der Heide, 2014) and being informed by 
improved research and data (e.g. Bishop et al, 2017).  

Regarding the improvement of policies, protection from destructive fishing is a central point but not enough 
to really protect mussel reefs (Stounberg, 2021; Storie et al, 2021). Key parameters like density and 
stability indicators should be aligned between different nations and effectively reflect the dynamic nature 
of mussel reefs (Stoehr, 2021). Here 10% coverage, inclusion of shells and shell hash in density and 2 
cohorts as stability indicator are recommended (Stounberg, 2021). Further both intertidal and subtidal reefs 
should be included to achieve healthy and diverse ecosystems while the different requirements of those zone 
should be met as well (Stoehr, 2021; Gain et al, 2021). For that it might be helpful to design new ecosystem-
specific policies based on objectives, evidence (Stoehr, 2021) and targeted research for the prospective 
regions (Cooley & Doney, 2009; Maltby et al, 2022). Additionally, for more understanding and compliance 
to the policies ecosystem services and human health and wellbeing should be incorporated into policies to 
not only address human impacts on the environment but also the value of ecosystem services of reefs for 
human populations and policy makers (Storie et al, 2021; Acott et al, 2022). This can also be done in form 
of a stakeholder dialogue with the public and policy makers to incorporate a wider expression of relational 
valuation of the habitat for the people which might be difficult to see in quantitative or economic 
approaches (Acott et al, 2022). To achieve more compliance and willingness for implementation of policy 
makers and managers financial valuation of the habitats might be an additional helpful factor in improving 
policies by making conversation an interesting business case that is interesting for investment (Gacutan et 
al, 2022; Carnell et al, 2022; Rees et al, 2018). This could e.g. be done through willingness to pay and direct 
interviewing methods or ocean accounting frameworks (Madani et al, 2020; Gacutan et al, 2022). 
Willingness to pay and interviews (e.g. one-and-one-half-bound approach) can be used to estimate the 
economic value people assign to habitats and their conservation (Madani et al, 2020) but might be less 
objective as it is influenced by personal opinions and not necessarily reflects the economic value of the 
services the habitat provides. Ocean Accounting on the other hand extends existing (inter)national 
accounting standards to “measure the contribution of the ocean to society and the economy” (Gacutan et al, 
2022) and structurally collects environmental and economic data of past and future trends in ecosystems 
and their benefits as well as benefits of different management options (Carnell et al, 2022).While this might 
be the more objective approach and can demonstrates that “ecosystem service benefits outweigh the cost of 
management action” (Carnell et al, 2022), it lacks direct influence of stakeholder valuation. Therefore, a 
combination of willingness-to-pay including interviews and ocean accounting might be the optimal finance-
based solution to identify costs, as well as investment and job opportunities (Rees et al, 2018) and the 
subjective value of habitats for humans.  

Regarding improvement of management approaches, Jetoo & Tynkkynen (2021) see it as crucial that and 
ecosystem approach is used, which addresses interactions within the ecosystem and between the ecosystem 
and society, as well es how the management has impacts outside its sectoral boundaries, engaging a 
multitude of stakeholders and sectors. Stoehr (2021) agrees with this opinion as “conservation measures 
need to consider species interactions and structural functioning of the ecosystem as a whole to improve the 
ecological status” (Stoehr, 2021). They see this as especially important in European marine environment as 
there currently “sectoral and fragmented measures fall short” (Jetoo & Tynkkynen, 2021). Stakeholder 
participation is a central point in this kind of management, also to develop and support management 
solutions (Jetoo & Tynkkynen, 2021). Adding a precautionary approach to this would include a 
differentiation between subtidal and intertidal habitats (Stoehr, 2021) as they are slightly different 
ecosystems with different needs as can be seen in the beginning of this thesis. Management strategies should 
be based on evidence (Stoehr, 2021). Approaches should be coordinated at regional scales (Cooley & 
Doney, 2009) based on regional climate change risk assessments but also region-wide to be able to identify 
commonalities and differences in needs for intervention (Maltby et al, 2022). According to Storie et al 
(2021), integrated management approaches are needed. Such approaches are for example:  

- Integrated Water Resource management, which “promotes the coordinated development and 
management of water, land and related resources in order to maximize economic and social welfare in an 



12 

equitable manner without compromising the sustainability of vital ecosystems” (Gain et al, 2021) and is 
visible in the EU’s Water Framework Directive (Gain et al, 2021).  

- The Water Energy Food Nexus, which “acknowledges the links between water, energy and food in 
management, planning and implementation as three equally important parts […but has] a new focus on 
security concerns” (Gain et al, 2021) and sees the management as opportunity for the creation of sustainable 
businesses, public-private partnerships and interconnectedness across sectors, space and time (Gain et al, 
2021).  

- Nature-based solutions, which include ecosystem-based adaptation and disaster risk reduction and is 
defined as ‘the use of biodiversity and ecosystem services as part of an overall adaptation strategy to help 
people to adapt to the adverse effects of climate change” (Gain et al, 2021). Its goal is to use ecosystems 
services for human wellbeing while restoring, maintaining and improving the health of the ecosystem, using 
local and external knowledge (Gain et al, 2021). 

- Socio-Hydrology, which is based on water resources systems analysis and integrated water resource 
management but focused on practical implementation, “integrating the entire hydrological cycle, different 
water stakeholders, engineering, economic, social, ecological and legal aspects as well as multiple spatial 
scales and perspectives” (Gain et al, 2021).  

Further, additional to being ecosystem-based, evidence-based and integrative, biological stressors like 
predation and bioturbation need to be included in management planning (Schotanus et al, 2020) and 
management objectives should be flexible at ecosystem level, especially in a complex ecosystem like the 
Baltic Sea (Jetoo & Tynkkynen, 2021). Here, adaptive management “should be aiming at taking action, 
[…] try to improve the situation over biological time scales, […] assess an ecosystem’s behavior or marine 
water quality, without being considered as the ‘absolute’ knowledge in environmental matters and insisting 
for long-term monitoring projects” (Karydis, 2022). Assumptions and data need to constantly be reassessed 
during the management to include experiences and changes in the environment (Karydis, 2022).  

Restoration and Conservation of bivalve reefs is needed to protect existing mussel reefs and improve 
coastal habitats and their ecological status (Stoehr, 2021). Conservation should be preferred over restoration 
as it is economically and ecologically more viable (Stounberg, 2021) but this argument comes too late for 
many reefs making both approaches necessary. These efforts should “focus on protecting and restoring 
internal facilitation mechanisms [by reducing anthropogenic disturbances] and reduce excessive 
predation by restoring natural food web dynamics” (van der Heide, 2014). Further, it is necessary to 
create mussel beds artificially to make new mussel recruitment possible again in degraded reefs, which 
can be done by reseeding juvenile mussels and protecting them with artificial shelters (Tummon Flynn et 
al, 2020; Wilcox et al, 2020). Here, the coexistence of different habitat-forming species (e.g. blue mussels 
& eelgrass) can reduce predation threats predation and increase success rates (Tummon Flynn et al, 2020). 
Therefore, it is important to choose restoration sites carefully to reach the highest possible restoration and 
conservation success as well as resilience (Gagnon et al, 2019). The same counts for the genetic variability 
and resilience of the transplanted mussels (Stapp et al, 2017) and larval supply at the chosen reef site 
(Wilcox et al, 2020). “In the case of insufficient larval supply, it is frequently necessary to enhance the size 
of the effective adult breeding populations and ensure there are larval pathways to restoration sites. Whereas, 
when there is inadequate larval settlement substrate it is necessary to provide sufficient suitable substrate 
that is free of competing species to ensure recruitment” (Wilcox et al, 2020). The pattern in which mussels 
are transplanted matters as well. Bivalves transplanted in clumps following the natural patchiness, 
promote the development of self-facilitating processes, and therefore improve restoration success 
(Schotanus et al, 2020b). 

Ecosystem engineering can be a very helpful measure in the protection and restoration of mussel reefs by 
reducing environmental stressors (Cubillo et al, 2021). On the one hand this applies to coastal (defence) 
structures that can be enhanced by adding topographic features to increase biodiversity and providing 
microhabitats (Cacabelos et al, 2019). On the other hand, cages can exclude predators, fences can trap 
dislodged mussels, breakwaters and attachment substrates can reduce hydrodynamic stress leading to 
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higher success in transplanting mussels and initiating self-facilitating interactions (Schotanus et al, 2020 & 
2020b). It is important to make sure the used engineering tools fit to the area and goals of the restoration 
and to account for all possible uncertainties to reduce risks and costs in this form of practical conservation 
management (Schotanus et al, 2020).  

“Future conservation projects should diversify the parameters used to measure their success, using not only 
ecological but also social outcomes to analyse its effectiveness, as the success of humans and local 
communities is a vital element of shellfish conservation” (Toone et al, 2021). Further, scientific evidence is 
an important base for the success chances of conservation and restoration of mussel reefs, making research 
and new data crucial for it (Toone et al, 2021). Research and data are needed regarding a lot of topics 
connected to mussel reefs. This includes for example the investigation of natural mussel reef’s capacity to 
mitigate eutrophication (Kotta et al, 2020) and climate change risk assessments identifying and prioritizing 
risks for biodiversity, ecosystems, industries and communities (Maltby et al, 2022). Joint research of 
different disciplines demonstrating the ecosystem services the Baltic Sea provides for human health and 
well-being (Storie et al, 2021) could develop new models and hypotheses to predict environmental patterns 
regarding climate change and needed defenses beyond local abundance and interactions (Bishop et al, 2017). 
Further, the lack of primary data regarding ocean sprawl and ecological connectivity to maximise the 
effectiveness of ecological engineering should be addressed (Bischop et al, 2017), “capturing people's 
perceptions, choices and willingness-to-pay for maintaining or enhancing marine ecosystem services, 
affected by cultural aspects, past experiences or education” (Heckwolf et al, 2021). Also needed are, 
quantitative information on ecosystem services in the Baltic Sea combined with socio-economic information 
(Heckwolf et al, 2021) and the development of “data-driven and easy-to-use tools of cumulative impact 
assessment of human pressures on ecosystem services” ( Heckwolf et al, 2021) as well as integrative data 
for sustainable marine resource management (Heckwolf et al, 2021). In this, it should be analysed, how 
important “process‐based understanding of benthic population response to seawater warming [is], which 
will be necessary for forward planning of resource management and strategies for conservation and 
adaptation to environmental changes” (Thomas & Bacher, 2018). Apart from that, research already now 
provides means to policy makers and marine managers to improve the conservation of important habitats 
like mussel reefs. Those include molecular methods and comprehensive monitoring programs to detect 
problematic species quickly and cost-effective (Rolton et al, 2022), larvae dispersal simulations, satellite 
data and mussel models allowing the evaluation of suitable biological sites (Brecht et al, 2022), a range of 
quantitative (data-based, statistical, simulations) and qualitative (participatory mapping, role-playing) 
assessment methods (Gain et al, 2021), which quantify ecological phenomena, impacts from human 
activities, describing future trends, testing scenarios and possible solutions and more (Karydis, 2022). While 
scenario planning “can guide forecasting of future events for long-term planning” (Jetoo & Tynkkynen, 
2021) and scientific data helps coming up with good policy and management approaches, they should 
always be used carefully. It should always be remembered that they come with uncertainties (Karydis, 2022) 
leading to a need of rational management and accounting for “theoretical understanding of cause-effect 
relationships, relevant descriptive information and limitations resulting from the built-in errors and 
uncertainties regarding the results of data processing” (Karydis, 2022). 

2.7. Marine Protected Areas 

While Marine protected areas fall under management approaches, they receive a lot of attention in 
literature, and therefore got their own part in this study for a more detailed insight.  

“Marine protected areas (MPAs) are among the most widely accepted methods of marine 
management” (Gacutan et al, 2022). They are seen as important tool to maintain “marine ecosystem 
functionality, health and ecosystem integrity, through the conservation of significant species, 
habitats, or entire ecosystems” (Rees et al, 2018; similar: Chamberlain et al, 2022). In the best case, 
their planning process aligns MPA networks with economic development, environmental 
sustainability and social inclusion, requiring multisectoral planning and multi-state collaboration 
(Rees et al, 2018; Chamberlain et al, 2022). “MPAs should retain their ecological integrity and be 
ecologically representative, containing adequate samples of the full range of ecosystems and 
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ecological processes in natural conditions” (Chamberlain et al, 2022), which is why the decision 
where MPAs will be placed should be based on the local ecological processes including catastrophic 
disturbance, demography, dispersal (exchange of individuals as larvae, juveniles, adults among 
marine population), primary productivity (functional indicator measuring ecosystem health e.g. 
nutrient cycling, ecosystem metabolism), flows of nonliving materials (nutrients, pollutants, 
sediments), physiology (response of organisms to change and stressors) and lineage diversification 
(possibility for diversification in natural selection in environmental change) (Chamberlain et al, 
2022). 

Advantages of MPAs are, that if they are implemented in form of a representative network (including 
full range of ecosystems, habitats, biotic diversity, ecological processes, environmental gradients), 
they are likely to reduce the risk of loss of ecosystem services within the network (Rees et al, 2018). 
Like that they are effective in achieving conservation objectives and provide investment opportunities 
(Rees et al, 2018). Nevertheless, they are not always placed in a way “that they can maximize impact 
on conservation and livelihoods” (Gacutan et al, 2022). Often, they are rather ecosystems that are 
“less economically valuable for commercial use indicative of residual placement” (Gacutan et al, 
2022) but as anthropogenic threats are mostly the greatest direct problem for these ecosystems 
designing MPAs in areas with little human impact will also have only little conservation impact 
(Gacutan et al, 2022). Additionally, a poor ecological coherence of MPAs leads to dysfunctions in 
the performance of the protected ecosystems and their services also negatively impacting human 
well-being (Rees et al, 2018). Furthermore, geopolitical boundaries as well as social and political 
opposition to non-take MPAs can stand in the way of MPA implementation and connectivity (Rees 
et al, 2018). Representation of mussel habitats in MPAs is not enough to ensure the “long-term 
protection of species and ecosystems […as long as] the MPA does not include full protection [… and 
does not include] ecological processes [like larva dispersal] sufficiently” (Chamberlain et al, 2022). 
This often happens when “countries use percentage targets to designate large, remote MPAs with the 
least value for extractive uses and little or no conservation benefits” (Chamberlain et al, 2022).  

In the future the size and number of MPAs should be increased “by formalizing procedures to track 
the performance of MPA management measures against socio-economic outcomes [alongside 
conservation objectives]” (Rees et al, 2018), and MPA planners should have a greater awareness for 
the relevance of ecological process in the planning of conservation (Chamberlain et al, 2022).  

3. Methods 

The method of this study was a combination of fieldwork and processing of video data to create a 
map of the chosen area (Figure 3) and will be further explained in this section.  

 

Fig. 3: Method workflow 
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3.1. Study site 

The fieldwork part of this study took part in the Roskilde Fjord, close to Copenhagen. The Roskilde 
fjord is located in the east of Denmark and is connected to the Kattegat Sea, which makes it a part of 
the Baltic Sea (Figure 4). Generally, the Baltic Sea is an ecosystem with low biodiversity (Oskarsson 
et al, 2014) and a lot of natural and anthropogenic stress being considered as one of the most polluted 
seas in the world (Oskarsson et al, 2014). Its brackish water and enclosed location make it very 
sensitive to intensification of anthropogenic usage (Storie et al, 2021). It has high salinity gradients, 
hermo- and haloclines and irregular inflows of oxygen rich water from the Atlantic (Oskarsson et al, 
2014). Further, excess nutrients and toxic substances are major pressures on its ecosystems 
(Heckwolf et al, 2021). This makes it an optimal location for this study as here every species is 
important, as the functional redundancy of this ecosystem is low (Oskarsson et al, 2014). 
Nevertheless, its marine and coastal environment provide a high number of ecosystem services 
(Storie et al, 2021). Heckwolf et al (2021) counted 1740 ecosystem service records that it provides 
of which 26% are prescribed to mussel beds. Due to those, the Baltic Sea region is of “significant 
socio-economic importance in the northern hemisphere” (Heckwolf et al, 2021). 

The Roskilde Fjord itself is a catchment estuary spanning 1200km2 (Pedersen & Rasmussen, 2016; 
Baden et al, 2022). It is 30km long and shallow (Staehr et al, 2017), with a depth of 3m to 32m 
(Pedersen & Rasmussen, 2016; Staehr et al, 2017; Baden et al, 2022). It is microtidal (Asmala et al, 
2018) and shaped like a basin with a narrow opening in the north to Kattegat (Pedersen & Rasmussen, 
2016; Staehr et al, 2017; Asmala et al, 2018). Due to the limited water depth, Roskilde Fjord heats 
up quickly (Pedersen & Rasmussen, 2016). The water salinity is relatively stable (Haraguchi et al, 
2022), with the southern inner part of the fjord having a lower salinity due to freshwater supply from 
streams (Pedersen & Rasmussen, 2016; Baden et al, 2022). The water column of the Roskilde Fjord 
is well mixed (Staehr et al, 2017; Haraguchi et al, 2022) which combined with its shallowness keeps 
the water well oxygenated (Asmala et al, 2018). In the deeper parts of the Fjord stratification can 
occur occasionally (Staehr et al, 2017). The land use in the fjord is dominated by agriculture (67%) 
(Staehr et al, 2017; Asmala et al, 2018) which causes a high nutrient input from run-offs and through 
that increases primary production and eutrophication (Asmala et al, 2018; Haraguchi et al, 2018). 
This is supported by high light input as the water is shallow (Asmala et al, 2018), making the Roskilde 
Fjord an eutrophic, brackish area (Asmala et al, 2018). Wind shear is the main driver for replacement 
of water in the fjord, forcing the water in or out of the fjord depending on its direction, leading to 
currents on those days and changes in water levels (Hansen et al, n.d.). Since the 1960s, the water 
quality of the fjord has improved due to an improvement of sewage treatments and less phosphate 
entering the water, but after rainy winters the water quality is still decreases due to leaching of 
nutrients from agricultural areas (Hansen et al, n.d.). Long hot summer periods can lead to more algae 
growth, as well as less mixing of oxygenated surface water with deeper water due to lack of wind, 
both leading to a decreased oxygen availability on the seafloor (Hansen et al, n.d.). Due to its location 
close to Copenhagen, the fjord is heavily used for recreation (Hansen et al, n.d.), while commercial 
vessels dredge blue mussels in its northern part (Baden et al, 2022), as well as professional and 
recreational fisheries catching wild eel (Pedersen & Rasmussen, 2016), turbot and European flounder 
among others in the area (Baden et al, 2022).  

The Fjord’s seabed contains mainly sandy and muddy habitats and eelgrass meadows (Baden et al, 
2022). It is a Natura 2000 area and several species and habitats in it are protected by the EU 
regulations (Baden et al, 2022), mainly including bird species, and the southern part of the fjord is 
part of the ‘Skjoldungernes Land’ national park (Hansen et al, n.d.). Mytilus edulis forms the most 
important and biggest population of mussel species in the fjord, and can be found in numerous areas 
(Hansen et al, n.d.). The mussels are usually too small in size to be used as human food (Hansen et 
al, n.d.). According to a previous study the amount of Mytilus edulis in the fjord is so high, in the 
southern part of the fjord, that they might be forming a biogenic reef (Dahl et al, 2019). However, as 
that study focused on other issues, they did not analyze its size and location. Should the reef meet 
regulatory requirements it has to be protected accordingly. The study transects in which Dahl et al 
(2019) found mussels (Table 2) were used as orientation points for the planning of the SearchArea.  
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Table 2: Table transects former study in Selsøhage (Source: Dahl et al, 2019:39) 

Transect Depth Latitude 
(WGS 84) 

Longitude 
(WGS 84) 

Sand Eelgrass Blue 
Mussels 

S.S. 2.1 3.8m 55.43,769 12.03,501 90% 10% ? 

 2.6m 55.43,742 12.03,481 - 100% ? 

 2.0m 55.43,762 12.03,501 95% 100% ? 

S.S. 2.2 4.1 55.43,666 12.03,560 - - 40% 

 1.2 55.43,745 12.03,6617 - 15% - 

S.S. 2.3 3.0 55.43,643 12.03,637 - 2% 30% 

 2.7 55.43,653 12.03,658 95% 20% 80% 

The transects points in which Dahl et al (2019) found high percentages of mussel cover are visually 
represented in Figure 10 as S2.1, S2.2, S2.3. An area of approximately 310m x 243m (red square in 
Figure 4) has then been chosen as appropriate SearchArea for this study, to ensure it is large enough 
to be termed a biogenic reef under Danish definition but still remain reasonable for the limited amount 
of time available. The depth of the area is approximately 1-5meters.  

 

Fig. 4: Location Studysite (map source: google maps) 

3.2. Data collection 

The data collection has been carried out in form of fieldwork in the above described SearchArea in 
the Roskilde Fjord, in the manner shown in Figure 5 and further described in this section. 

 

Fig. 5: fieldwork workflow 
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Data was collected in the Roskilde Fjord from 01 February 2022 to 31 March 2022. Practically, that consisted 
of driving out into the fjord with a RYDS 485 boat steered by local, voluntarily helping fishermen. 
Coordinates as starting points were planned in QGIS, partly based on the previous study of Dahl et al 
(2019:38). Once arrived at the pre-planned GPS coordinates, a BlueROV2 (©bluerobotics.com), a remotely 
operated underwater vehicle (ROV), was applied, driving transects underwater to produce video recordings 
of the seabed. Its real-time GPS position was simultaneously recorded using a waterlinked UGPS system 
(WaterLinked, n.d.). The BlueROV2 is a low-cost ROV, with a size of 457mm x 338mm x 254mm and 
a weight of 11-12kg (BlueRobotics, n.d.). It can reach a maximum driving speed of 1.5 m/s 
(BlueRobotics, n.d.). The ROV includes a low-light HD USB Camera and is powered by exchangeable 18 
Ah batteries (BlueRobotics, n.d.). The camera has a wide-angle, low distortion lens based on a Sony 
IMX322/323 sensor, using a large sensor (1/2.9”) and low pixel count (2MP, 1080p) and a chip for onboard 
video processing on the laptop (BlueRobotics, n.d.). Using a 100m tether, the ROV was connected to a 
computer which was set up on the boat and connected to the boat’s energy supply. The length of the tether 
also meant that transects were limited to a maximum length of 100 meters. The waterlinked UGPS 
(WaterLinked, n.d.) was connected to the ROV with a location transmitter sitting on the drone (beige front 
right) and four receivers which had to be set up on the boat as well and were connected to the computer as 
well as an external GPS for control via a black masterbox and a blue connecting box (Figure 6). Of the four 
receivers, two were located on each the left and right side of the boat, two being at the front and two at the 
back (Figure 8). The receivers had to hang over the railing with the receivers being one meter below the 
water, to be able to receive the location of the ROV and transmit that information to the GPS black box 
(Figure 6). The information the black box received on board was automatically compared to the positioning 
data of the external GPS. From here the information was transmitted further to the blue box and through 
that to the computer (Figure 6). The distance of the receivers’ location from the black box had to be put into 
https://192.168.2.94/#/receivers (Figure 9), which recorded the location of the ROV and made the telemetry 
data visible and recordable for ArduSub’s QGroundControl (ArduSub, n.d.). QGroundControl (Figure 7) is 
the user interface for controlling the BlueROV2, over which the videos were recorded and the drone steered, 
with the help of a wireless controller. Over that interface it was also possible to see the depth, camera angle, 
speed and direction of the ROV. A depth control, levelling the ROV on a fixed hight above the seafloor, was 
used whenever possible. Transects were first driven in a radial style (outgoing from the WP into all 4 
geographic directions) due to several drone issues and in later tours in form of strip transects (Sward et al, 
2019). 

    

Fig. 6: Drone & GPS connections setup   Fig. 7: QGroundcontrol 

                         

Fig. 8: GPS receiver setup on the boat.                     Fig. 9: GPS waterlinked control input 
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In detail, the study took part at the days seen below in Table 3. The table describes which Waypoints 
were used to anchor the boat on those days, which simultaneously makes them the starting points for 
all driven transects. The table additionally gives the exact GPS coordinates for those points as well 
as information on the visibility of mussels, transect driving style and what was good or problematic 
on those days. The location of the waypoints is additionally shown visually in Figure 10.  

Table 3: Detailed waypoint table (Coordinates in WGS-84, decimal degrees) 

Date Waypoints 
(WP) 

Coordinates (ETRS89, 
UTM zone 32N) 

Fauna/flora 
differences 

Video info 
+ transect 
style 

Limitations 
of the 
fieldtrip 

Lat Lon 

16 
Feb 
22 

1 55,7241 12,0568667 No mussels All 
directions, 
With 
Michelle 

6 m/s wind, 
Strong 
waves, Rain 2 

55,72895 12,0592333 
Many 
mussels  

02Mar 
22 

3 

55,7291333 12,0596 

Many 
mussels in 
all 
directions 

All 
directions, 
With 
Michelle 

 

09Mar 
22 

4 
55,7279333 12,0588333 

Mussels, 
more algae 
than before 

All 
directions, 
With 
Michelle 

Problems 
with GPS 
setting 
which 
showed 
after the 
fieldtrip 

5 

55,7283667 12,0576167 

Few 
mussels 
visible, 
covered 
with algae 

25Mar 
22 

- - - - - Leak in 
drone, trip 
canceled 

12Apr 
22 

6 55,728917 12,055683  All 
directions + 
transects 

Strong 
currents & 
wind, 
drifting of 
the boat, 
more WPs 
necessary,  
pushed out 
of planned 
area, depth 
control 
failed 

7 55,729783 12,05495 

8 55,726067 12,060933 

9 55,725883 12,0607 

10 55,72615 12,060333 
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Date Waypoints 
(WP) 

Coordinates (ETRS89, 
UTM zone 32N) 

Fauna/flora 
differences 

Video info 
+ transect 
style 

Limitations 
of the 
fieldtrip 

Lat Lon 

12Apr 
22 

11 55,728533 12,0608    

23Apr 
22 

12 55,7292 12,057483  All 
directions + 
transects 

 

13 55,728333 12,0591 

14 55,7278 12,058933 

25Apr 
22 

15 55,727383 12,06055  All 
directions + 
transects 

Some GPS 
problems 
due to 
drone 
overheating, 
strong 
streams 
underwater 

16 55,727733 12,059667 

17 55,72815 12,057533 

 

Fig. 10: Locations of waypoints (in QGIS) 

3.3. Creating the map  

A range of software is mentioned by other studies as being used to create habitat maps. So did Strong et al 
(2022) use ArcMap to mark positions, Sward et al (2021) extracted terrain covariates in QGIS and Siljeg et 
al (2022) used a semi-automatic point cloud post-processing approach. De Falco (2022) used the software 
Global Mapper and De Luca et al (2022) processed video material using VideoLAN VLC and combined it 
with GIS tools to produce a map out of those. 
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In this study, first the video and telemetry data was downloaded from the ROV onto a computer. The 
telemetry data was saved in a binary format and had to be convert into readable data using python. 
The gained GPS data was put into QGIS (GNU General Public, 1991) in form of point layers 
(Waypoints WP) to analyse if the ROV and GPS system worked properly that day and which area 
was covered. The video data was cut into short video sequences using lightworks (LWKS, 1989), to 
crop out unstable/irrelevant parts (e.g. too much bubbles, still over water, getting in position) and 
make sure in one clip the height over ground and direction is stable. Recordings with inadequate data 
quality were discarded. At the same time a table was created showing from which video a sequence is, 
giving the sequence a number and noting the start and end GPS position of that sequence, as the GPS 
values are only visible if the video is opened in VLC (VideoLAN, 2001) and won’t be visible on the 
picture strips. Those video sequences were then converted into image sequences using the export 
function in VideoPad (NCH Software, 2008). Next, those image sequences were opened in the 
‘Stripmaker’ software in Matlab, which Stage et al (2011) developed at DTU Aqua to mosaic video 
data for mapping. It searches for similarities in images and through that manages to stitch them 
together in the right place to make long image strips out of former videos. Finally, those picture strips 
were georeferenced in QGIS by first putting the start and end coordinates in QGIS and then 
referencing the picture strips to those points. Doing this led to the realization that the GPS coordinates 
could not be entirely correct as will be shown in the next section. As there was not enough time to 
search for a way to fix the coordinates themselves, as a next step the correct size of the picture strips 
was calculated using the video width, duration and driving speed. Then for those picture strips where 
it was not clear if the mussel coverage is more than 30%, a k-means clustering analysis was carried 
out in Matlab (MathWorks®, 2022) to get a clear answer of how much area in the respective picture 
strip is covered by mussels. With the results of this it was calculated how much percent of the area 
around the waypoints 12-14 is covered by more than 30% mussels and how much by less mussels 
and mainly algae or eelgrass. This was then put into QGIS in form of circles showing the size of the 
areas, with their locations being based on the GPS coordinates of the drone telemetry data and the 
start/end coordinates to see where approximately the algae area should be located. The measuring 
tool in QGIS was then used to evaluate the size of the respective areas. 

4. Results 

4.1. Results of ROV work  

All planned trips visible above in Figure 12 were inside the SearchArea visible as red square in Figure 11 
below, which has a size of 310m x 243m. Due to wind and current conditions the Waypoints 6-10 and the 
recordings of the 12th April ended up being outside of that area. Taking all days together, 61 videos of in 
sum 10h 13m 03s of video material were recorded. On the days were the GPS system worked properly the 
area visible in green and yellow in Figure 11 was covered. On the other days areas in a radius of 
approximately 40-100m around the Waypoints 2, 3 and 5 visible as pink circles in the Figure below were 
covered, producing good video material but unusable GPS data due to an internal error. Here, the smaller 
radius has been chosen to not overestimate the numbers, but it is probable that the covered area was actually 
bigger. While the weather in February was very rainy and stormy, March had more sun leading to rapid 
algae and eelgrass growth. This led to the seabed having a (sometimes quite thick) cover of algae, especially 
after sunny weeks in march, making it partly impossible to see that or if mussels are below. In those cases, 
the drone was steered all the way down occasionally, to prove if there are mussels below the algae cover. 
Further, in the last few trips hundreds of jellyfish were observed as well as a few small fish and one flounder. 
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Fig. 11: covered area 

4.1.1. Habitat and data differences in the different fieldtrips 
 
In this part, it is described and shown in pictures which area was covered on which day and how the ground 
looked surrounding the waypoints of those days. 
 
16.February  
 
On the 16th of February an area around WP2 was covered. Due to a GPS error the area had to be estimated 
and is shown as a pink circle with a radius of 30m (Figure 13). Due to the bad weather conditions of strong 
wind and rain the videos of this day are quite unstable and dark but the ground is mainly covered in mussels 
(more than 30%) with a little bit of eelgrass mixed in.  
 
WP2 

 
Fig. 12: Ground WP2                   Fig. 13: Area WP2 

02.March 
 
On the 2nd of March the Area around WP3 was covered. It is, in figure 14, shown as a pink circle with a 
radius of 45m as there is no useable GPS data available for this day. Due to the length of this fieldtrip and 
using the entire 100m long tether to drive around with the ROV it is highly likely that the area was actually 
bigger than shown. The ground here was mainly covered by mussels with some red algae on top. There 
were a few, mussel and algae covered, boulders visible as well as a few smaller sandy patches in between, 
eelgrass mixed between the mussels and a few worm craters. Overall, the mussel cover is higher than 30%. 
Further, this was the first day with a few jellyfishes swimming around.  
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Fig. 14: Area WP3 

WP3 

 
Fig. 15: Ground WP3 

09. March  
 
On the 9th of March the Areas around Waypoints 4 and 5 were covered. Here the GPS data again was not 
recorded in a useable way due to an error. Therefore, the areas are shown again as pink circles in figure 16, 
with a radius of 45m each. As above it is likely that the actual area was bigger.  Around Waypoint 4 (Figure 
17) the ground was sandy but covered more in mussels than sand. Some areas had a very high mussel cover, 
some patches were only sand and a few dead mussels, but partly the ground cover also was a mix of mussels, 
eelgrass and algae. One big area was completely covered by a thick algae cover with possibly mussels 
below. Here, lots of jellyfish were visible as well as one sponge and a few boulders. Around Waypoint 5 
(Figure 18) the ground was made of sandy patches, mussel patches, and algae patches with some boulders, 
eelgrass, and a lot of worm craters in between. Also here, one big area was completely covered by algae 
potentially with mussels below which could be connecting to the one around WP4. In the last video an area 
with a lot of mussels, most probably driving towards the deeper water is visible. Like at WP4 lots of jellyfish 
were visible here.  

 
Fig. 16: Area WP 4+5 
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WP4  

 
Fig. 17: Ground WP4 

WP5  

 
Fig. 18: Ground WP5 

12.April 
 
On the 12th of April the boat kept drifting out of the planned area due to strong wind, therefore so many 
waypoints were recorded, with only WP11 actually being inside the planned area (Figure 19). Nevertheless, 
the GPS system worked properly that day which is why the figure below can demonstrate accurately which 
area was covered. The area around waypoints 6 and 7 (Figure 20) had thousands of jellyfish looking like 
snow under water. The video quality of this area is low due to the angle of incoming sunlight and unstable 
due to currents. The seabed has a patchy sand/red algae structure. The patchiness of the algae makes it seem 
like they are holding onto mussel patches, which is confirmed in some places where the ROV was steered 
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further down. Some patches also show only mussel cover with eelgrass growing in it. Around waypoints 
8-10 (Figure 21) thousands of jellyfish were visible everywhere as well and the water was foggy. The seabed 
is mainly covered by mussels and sandy patches. It tended to be difficult to recognize the mussels here but 
it was easier to see that the dark areas are mussels when steering the ROV all the way down to the ground. 
This area was deeper than WP 6 and 7, one big area was again completely thickly covered in algae with low 
visibility in that area. Towards the end the ground got sandier with less mussel patches and many sponges 
being visible. Around waypoint 11 (Figure 22) big areas of mussel cover were visible with lots of red, 
brown and green algae and a little bit of eelgrass growing on top of it. There were smaller patches of sandy 
ground in between, some big boulders. Here the visibility of the mussels was higher in less than in shallow 
water as the algae cover on top was less thick there, driving closer to the shore in shallower water led to 
reduced mussel visibility, also due to the high number of jellyfish. 
 

 
Fig. 19: Area WP6-11 

WP6 14:09 – WP7 15:20 (took point before and after driving ROV due to drifting) 

 
Fig. 20: Ground WP6+7 
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WP8 15:44/ WP9 15:52 start – WP10 16:32 end of driving ROV 

 
Fig. 21: Ground WP8-10 

WP11 16:40 

 
Fig. 22: Ground WP11 

23.April 
 
On the 23th April both the GPS system and the depth control were functioning properly. Due to that the 
area around waypoints 12-14 is demonstrated correctly in figure 23 below and the data of this day was used 
to attempt creating a map in the following part of this thesis. Around waypoint 12 (Figure 24) the ground 
was mainly covered in a thick blanket of algae, but the mussel covered seabed was still visible when diving 
down into the algae. Only one area here was a bit sandier with a lot of worm craters. Many jellyfish were 
visible everywhere. Around waypoint 13 (Figure 25) the ground mainly had a mussel cover, often 
additionally covered by algae but not everywhere. There were some smaller sandy areas in between, lots of 
jellyfish and a few sponges. Around waypoint 14 (Figure 26) the area was mainly covered by mussels on 
sandy ground. Here the mussels have a higher visibility than before, potentially because the water is deeper. 
One big area was covered in algae – possibly with mussels below - with sandy areas at its outskirts. Here a 
lot of jellyfish were visible as well but only one kind of algae and nearly no eelgrass.  
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Fig. 23: Area WP12-14 

WP 12 11:25  

 
Fig. 24: Ground WP12 

WP13 13:05  

 
Fig. 25: Ground WP13 
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WP14 14:34  

 
Fig. 26: Ground WP14 

25.April 
 
The 25th of April was the last tour and started with GPS (red points in figure 27) and video problems due 
to overheating of the ROV. This might have been due to strong currents against which the ROV was driving 
and was solvable by waiting. After that the GPS worked mainly properly again, showing the covered area 
around waypoints 15 -17 in yellow in figure 27. Around waypoint 15 (Figure 28) big patches with thick 
mussel coverage with some sandier patches in between were visible as well as some boulders, and one patch 
covered entirely by algae with mussels below. Around waypoint 16 (Figure 29) the ground looked like one 
big area with thick algae cover, with it being difficult to see what is below. In some places it looked like 
there could be mussels below, while there were a few small sandy patches in between. In the end the algae 
cover got a bit less thick showing some mussels below. Here one flounder was seen as well.  Around 
waypoint 17 (Figure 30) it was similar like in WP16. The ground was mainly one big area with thick algae 
cover, were it looked like there might be mussels below and with a few small sandy patches in between. 
Where the algae was less thick, mussels were visible as well as a worm craters. 
 

 
Fig. 27: Area WP15-17 
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WP15  

 
Fig. 28: Ground WP15 

WP16  

 
Fig. 29: Ground WP16 

WP17  

 

 
Fig. 30: Ground WP17 



29 

4.2. The map  

Due to time constraints only the video data where both GPS and video data was good was processed 
for this study. The data of the 23th April 2022. 2h 28m 06s of video data (16 videos), were cut into 
145 video sequences of stable video material, removing all unstable video parts and noting their start 
and end coordinates. Those were then turned into 145 picture strips (like Figure 31), using the 
Stripmaker software (Stage et al, 2011) as explained in the method part. Strips in which the GPS 
coordinates seemed like they could not be correct due to e.g. being double were taken out.  

 

Fig. 31: Example picture strip 

To be able to put those strips into QGIS to create a map first their start and end coordinates were put 
into QGIS and the strips then georeferenced using those points as references for their start and end 
(see figures 32 & 33 below).  

 

Fig. 32: start & end coordinates (blue&green) 

 

Fig. 33: Map with all picture strips  
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Fig. 34: picture strips, zoomed in to WPs 

While all picture strips showed up in the right place between the given coordinates, their respective 
size/length and the area they cover does not correspond to the actual area covered this day and does 
not make it possible to see how much area of the ground is actually covered by mussels. This shows, 
that the GPS coordinates taken from the videos cannot be correct. Some picture strips are way to 
short or to long (see Figure 34 & 35) regarding the duration of the respective video and the length it 
should have when calculating the video duration * driving speed. To give a practical example, video 
99 is 301 seconds long and the respective strip shown as 3.43m long, while video 101 is 26 seconds 
long and the respective strip shown as 2.63m long, while both were driven at the same speed (Figure 
35).  

 

Fig. 35: Example wrong coordinates  

Therefore, in a next step the actual size of the picture strips was calculated using the video duration, 
width and driving speed. Then for those picture strips where it was not clear if the mussel coverage 
is more than 30%, a kmeans cluster analysis was carried out in Matlab to get a clear answer of how 
much area in the respective picture strip is covered by mussels (e.g. Figure 36). In the example in 
Figure 39, 35% of the area is covered by mussels (yellow).  

 

Fig. 36: Example kmeans cluster 
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With the results of those steps, it was calculated how much percent of the area around the waypoints 
12-14 is covered by more than 30% mussels (blue circles in Figure 38) and how much percent by less 
mussels and mainly algae or eelgrass (green circles in Figure 38). This was then put into QGIS in 
form of circles showing the size of the areas, with their locations being based on the GPS coordinates 
of the drone telemetry data (Figure 37) and the start end coordinates (blue/green points in Figure 37) 
to see where approximately the algae covered area should be. The resulting map is shown below as 
Figure 38.  

 

Fig. 37: orientation coordinates 

 

Fig. 38: Map showing areas covered by mussels (blue) and algae (green) 

According to this map around waypoint 12 an area of 3116.45m2 is covered by more than 30% mussels 
and 1910.08m2 by algae. Respectively, around waypoint 13 an area of 4309.63m2 by more than 30% 
mussels and 226.82m2 by algae. Around waypoint 14 an area of 2501.49m2 by more than 30% mussels 
and 1346.95m2 by algae. In this analysis it has not been included if there are mussels existing under 
the algae cover. If only algae were visible in a picture strip this was counted as algae area. In a more 
detailed analysis, the dives showing that there are mussels existing under the algae could be added 
as well. But even without that, all areas around WPs 12-14 include a mussel cover which is bigger 
than required by the Danish definition (2,500 m2) for biogenic blue mussel reefs. 
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5. Discussion 

5.1. Interpretation of findings  

5.1.1. Answering the Research Questions  

RQ1: Is there a biogenic reef (according to the Danish definition) existing in the Roskilde Fjord?  

RQ2: If yes: to what extent and at what location? 

In Denmark a blue mussel bed is considered to be a mussel reef if it covers “at least 2500m2 with an 
average blue mussel cover of at least 30% and the presence of at least 3 cohorts of blue mussels” 
(Miljøstyrelsen, 2018). Two of the definition parameters are met by the analysed mussel bed in the Roskilde 
Fjord, as the study showed, that at all three waypoints the area meets the requirement of being at least 
2500m2 big with a minimum mussel cover of 30%. This area might be even bigger considering that there is 
a potential of mussels being hidden under the algae cover as well as that other waypoints of which the data 
was not analysed in depth also showed big areas with blue mussels.  

Regarding the “3 cohorts of blue mussels” (Miljøstyrelsen, 2018), this has not been analysed in the present 
study because it remains challenging using video recordings but could possibly be confirmed by diving and 
measuring the mussel sizes. Nevertheless, as mussels do not depend on time but on how much sediment/ 
shell building material they are able to retain (Stounberg, 2021), it is questionable how much sense this 
measure makes to begin with. Regardless of that, as the study of Dahl et al (2019) found between 30-80% 
of blue mussel cover on their transects S.S. 2.2 and S.S. 2.3, and the video recordings around Waypoints 4, 
11, 14, 15 and 16 of the present study also show a high degree of mussel cover, it is likely that the mussel 
bed existed for at least 3 years and should therefore be able to fulfil the criteria of 3 year-classes (cohorts). 

The present study is consistent with the findings of Dahl et al (2019) and strongly suggests that a blue mussel 
reef is present in the Roskilde Fjord.  

The areas around Lat 55,7292 Lon 12,057483 (WP12), Lat 55,728333 Lon 12,0591 (WP13) and Lat 55,7278 
Lon 12,058933 (WP14) can be confirmed as mussel reef with this study with a size of 3116.45m2 around 
WP12, 4309.63m2 around WP13 and 2501.49m2 around WP14.  

Additionally, when regarding the videos of the other waypoints which have not been included in the map, it 
is clear that there also are mussel beds around those points, partly potentially even with a higher percentage 
of mussels (e.g. WP2 & 3) making it likely that the mussel reef spans a bigger area inside the SearchArea or 
even breaching that area, as WP6-11 also showed mussels. In a next research step this data will therefore be 
analysed in more detail, as far as possible.  

5.1.2. Implication of the findings 

Regarding that Denmark seems to just do what they feel obliged to under the EU Habitat directive if it is 
absolutely backed in science and a reef that is significant enough, the go to consequence if the present reef 
is also seen as significant by decision makers might be to just do what most member countries do and declare 
the area the reef lies in as a marine protected area (MPA) (European Commission, 2020). This should 
include the legal protection of this blue mussel reefs and the blue mussels themselves, a regulation of the 
exploitation of blue mussels in the fjord and stricter management of marine traffic on the fjord (EEA, 2013). 
Further, a reduction of negative fishing and other anthropogenic impacts on the blue mussel reef should be 
achieved in such a MPA (European Commission, 2020).  
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On the one hand, the implementation of such an MPA to protect the blue mussel reef might be good and 
right as MPAs are an effective tool in achieving conservation objectives and providing investment 
opportunities (Rees et al, 2018) and other recent evaluations of spatial policies have also found positive 
environmental, financial and social welfare developments from marine conservation in the Baltic, especially 
regarding no-take zones (Silva et al, 2022). Further, the Roskilde Fjord already is a designated Natura 2000 
area (Baden et al, 2022), which should – but so far does not, list 1170 reefs under which blue mussel reefs 
fall, as protected habitats. It could therefore be easier to include 1170 reefs in this Natura 2000 area as 
policies and responsible people are already in place for that, then to develop a new MPA just for the blue 
mussel reef. For the Management of the Natura 2000 area in the Roskilde Fjord, this might even bring 
additional benefits, regarding that they are currently not able to fulfil the requirements of the water 
framework directive requiring better conditions for eelgrass and less chlorophyl a in the water (Baden et al, 
2022). The blue mussel reef might be able to mitigate this issue and reduce the chlorophyl a level in the 
water through the filtering activities of the blue mussels (Heckwolf et al, 2021; Oskarsson et al, 2014).  

On the other hand, it is not always enough to just declare an area as MPA. This can be due to several 
factors, for example, that MPAs are not always placed in a way “that they can maximize impact on 
conservation and livelihoods” (Gacutan et al, 2022) and therefore due not lead to the full wanted success as 
they do not include full protection and all ecological processes (Chamberlain et al, 2022). Importantly, 
policymakers often tend to forget about socioeconomic consequences of conservation efforts in the planning 
process, which hinders successful conservation on the long run as overlooked costs to the social system lead 
to “economic decisions towards activities that damage the ecological system as well” (Silva et al, 2022). 
Further, stakeholders associate negative impacts like loss in productivity and opportunity costs with this 
kind of policies (Silva et al, 2022) and if those associations become reality combined with a lack of 
institutional rigidity and enforcement, there is a high chance of protection failure through lack of compliance 
(Silva et al, 2022; Buglass et al, 2018). Finally, MPA’s often come without specified conservation goals 
and verifiable management objectives or monitoring programs, which is another crucial factor in why they 
tend to be negatively seen as just costly, time-intensive (Buglass et al, 2018). 

Therefore, to ensure the highest success possible, the planning of an MPA should be not only be aligned 
with the EU Habitat directive, but also with the economic development in the Roskilde Fjord, 
environmental sustainability (including WFD reef 1170 directives) and social inclusion which is why as 
many stakeholders and sectors as possible should be included in the process (Rees et al, 2018; Chamberlain 
et al, 2022). Also, the placement of the MPA is a big factor in success potential and should be based on 
local ecological processes like catastrophic disturbance, demography, dispersal, primary productivity, flows 
of nonliving materials, physiology and lineage diversification to not accidentally create a barrier in those 
and achieve opposite consequences (Chamberlain et al, 2022). For more compliance with restrictions and a 
higher understanding of how MPA’s can lead to a win-win situation for everyone it might make sense to 
combine spatial conservation measures with aspatial policies to improve ecological as well as economic 
outcomes (Chávez et al, 2018). Those could for example be taxes, gear restrictions, license restrictions but 
also livelihood programs, enabling ecological improvements while mitigating burdens on other stakeholders 
(Silva et al, 2022) and thus avoiding the conflict between conservation and socioeconomic objectives which 
often arises in the context of MPA’s (Chávez et al, 2018) but might not be as big in Denmark as less people 
directly rely on using the fjord area for their livelihood and mussel dredging does only occur in the north of 
the fjord (Hansen et al, n.d.). As potential burdens due to restrictions and protection of an area tend to be 
overestimated, it makes sense to scientifically estimate the burdens certain Stakeholders might experience 
to quantify those and design compensation mechanisms like income diversification (Silva et al, 2022). 
Additionally, relational and financial valuation of the blue mussel reef might increase the understanding of 
stakeholders for its value and through that the compliance with protective restrictions (Storie et al, 2021). 
Relational and recreational values in this case might for example be a reduction in eutrophication thanks to 
the water filtration of the blue mussels and due to that, better conditions for activities like diving and 
swimming as well as scientific values for research and policy-making (Bostedt et al, 2020).  

It might also be an option to close an area only for certain activities like fishing and dredging but keep it 
open for non-consumptive uses like diving and wildlife watching (Bostedt et al, 2020). Such closures can 
be permanent or periodic/temporary and maintain the local community’s access to the area (Bostedt et al, 
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2020). Here it would have to be evaluated how much sense this makes for a blue mussel reef, and in the 
case of temporary closures achieved conservation success like increases or at least lack of decreases in 
biomass, are often rapidly lost after reopening, making constant monitoring necessary (Bostedt et al, 2020).  

No matter which type of protection measure is chosen, it is important to keep in mind that the work does 
not just end by deciding on a measure and designating an area as protected. The area will always need to be 
managed, best case with an integrated ecosystem approach keeping biological stressors in mind and 
remaining flexible and adaptive to how the reef develops and covering all maritime sectors and activities 
(Karydis 2022, Schotanus et al, 2020; European Commission, 2020). There should be clear conservation 
objectives, based on best available scientific knowledge (European Commission, 2020; Silva et al, 2022; 
Bishop et al, 2017) which need to be tracked constantly to be able to react to changes e.g. due to climate 
change (Silva et al, 2022).  

Nevertheless, as the main dangers to mussel reefs in the Roskilde Fjord are not only recreation and 
destructive dredging in relation to fishing practices (Baden et al, 2022; Pedersen&Rasmussen, 2016) which 
might be reduced through designating the area as an MPA, but also excess nutrients and toxic substances 
(Heckwolf et al, 2021), and eutrophication due to nutrient run-offs from agriculture (Amala et al, 2018; 
Haraguchi et al, 2018), which might worsen through hot summers and climate change (Hansen et al, n.d.), 
“just” protecting the reef area might not ensure a quick enough improvement in status and stop of detoriation 
(European Commision, 2020). Additional measures might be needed like, reduction of pollution pressures 
(European Commission, 2020), improvement of water quality (EEA, 2013) which might need additional 
restrictive policies regarding nutrient use in agriculture around the fjord and wastewater treatments. Also, 
actively working on the reef in addition to protecting it would ensure a quick and more certain improvement 
in its status. This could be done by artificial transplanting juvenile mussels (Tummon Flynn et al, 2020; 
Wilcox et al, 2020) and ecosystem engineering measures like breakwaters and attachment substrates 
(Cubillo et al, 2021; van der Heide, 2014). 

To ensure success and notice needs of improvement quick enough, it is further crucial to always monitor 
and assessing the chosen protection measure on its effectiveness (Buglass et al, 2018), best by using divers 
parameters regarding not only ecological but also social outcomes and comparing before-after control-
impact data (Toone et al, 2021; Buglass et al, 2018). Only then, sound decision-making and reef 
management can be ensured and long-term positive impacts on biodiversity as well as stakeholders be 
achieved (Buglass et al, 2018).  

5.2. Method discussion 

Working with local fishers apart from economic reasons, had the advantage that they have immense 
knowledge of the area, which has been very helpful in the planning and conducting the fieldtrips in this study. 
Further, as the fishers are direct stakeholders of consequences regarding the reef and legal regulations, other 
fishers and different stakeholders might accept changes easier and trust the data more if they know that local 
fishers were part of the study.  

An advantage of working with an ROV instead of relying on divers is that limitations like air-tank capacity, 
depth and fatigue can be cut out as an ROV does not need oxygen supply and is powered by exchangeable 
batteries which makes the time possible to spend in the water extendable (Teague et al, 2022). Further a 
drone drives faster than a human swims and can therefore cover larger areas in less time (Teague et al, 
2022). The use of a ROV makes it possible to carry out studies with reduced personnel, needs less 
preparation and survey time and can be safer and cheaper than scuba diving (Buscher et al, 2020). This is 
confirmed by the present study as it only took one day to learn how to steer the ROV, entire days were spent 
on the water diving the drone around for up to 6 hours, covering large areas of seafloor (between 7621m2 - 
18395m2 per day) with video recordings. Nevertheless, the fieldwork was very weather dependent, each trip 
had to be planned shortly before in case of last-minute changes in weather conditions. Also, the ROV had 
significant problems driving against currents, quickly leading to overheating and 30 – 60 minutes of waiting 
times for it to cool down which speaks a bit against the time efficiency of working with it. This also is the 



35 

case for the amount of time it took to set up all equipment on the boat and get the GPS systems to work 
properly. 

It is unusual to collect video data of the seafloor without this being combined with the collection of sonar 
data as that leads to a “more uniform spatial distribution of data” (Ruby, 2017). In those kinds of studies 
ROV videos are mainly used as confirmation of sonar data and not as primary information source (Ruby, 
2017). As video data from ROV dives often entails unsystematic dive tracks some authors see this kind of 
operation as more convenient for characterizing habitats and not for mapping those (Ruby, 2017). This 
statement is supported by several (e.g. Subarsyah et al, 2021; Neves et al, 2014; Strong et al, 2022; De Luca 
et al, 2022; Siljeg et al, 2022; De Falco, 2022). ROVs are also used in studies creating digital twins of marine 
areas (Lambertini et al, 2022) which contrary to Ruby (2017) shows that it is also possible to create accurate 
data from ROV videos. Other styles of fieldwork also used ROVs with several cameras filming the seafloor 
from different angles and using USBL for positioning (Sward et al, 2021; Fallati et al, 2022) or used laser 
systems on them which produces data with which 3D reconstructions can be built (Prampolini et al, 2020). 
Due to restrictions in policies of DTU and knowledge or the student it was not possible in this study to work 
with an additional sonar system. It might have been useful to collect sonar data to cover a bigger area in less 
time and have clearer findings on mussel coverage but this could also be done in future studies. Apart from 
that, this study confirms that unsystematic dive tracks of ROV dives make it difficult to map the data those 
produce, like Ruby (2017) found. Nevertheless, it definitively is possible to produce data which is useable 
for mapping, confirming the statement of Lambertini et al (2022) if systematic, as straight as possible, 
transects are driven given that the GPS system functions properly. This might further be facilitated by pre-
programming transects and using an auto-pilot option, which has not been possible in the present study but 
could be done in the future.  

5.3. Study limitations 

The biggest limitations of this study were either time, technical or knowledge related. There was a 
fixed amount of time (3 months) available for fieldwork which was further impaired by bad (too 
windy and rainy) weather as well as technical issues with the ROV like leaks, overheating, or GPS 
and depth control malfunctions. Regarding image analysis, limitations were that the ROV did not 
record the driving direction, making it difficult to analyse videos when the GPS data was incorrect. 
Further, from March on, presumably due to higher amounts of sunlight, algae growth was suddenly 
and immensely impairing the visibility of the mussels and making it difficult to steer the ROV into 
shallow waters as the algae were getting caught up in its thrusters. When analysing the video pieces 
and pictures strips, GPS coordinates that previously seemed to have been correct turned out to be 
faulty. Possibly, the GPS recorder did not record at all times or in steps bigger than needed for short 
video pieces. As there generally were difficulties while setting up the GPS system on the boat and 
with making it work continuously, this might be a bigger issue in need of more research. The recorded 
GPS data can potentially deviate between 5-10meters. Due to this problem the numbers and 
calculations mentioned in this study should be used with caution and will be improved in further 
research steps. 
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6. Conclusion 

To conclude, blue mussel reefs are highly important for ecological (ecosystem engineers, biodiversity 
hotspots) but also social and financial reasons, so for the sustainability of the entire region around 
them. Nevertheless, they suffer under anthropogenic pressures, putting the reefs and all services they 
come with in danger. The analysed mussel bed in the Roskilde Fjord constitutes a blue mussel reef 
under the Danish definition, and should therefore be protected according to the EU habitat directive. 
The decision of policy makers on how to protect this reef should include as many stakeholders as 
possible and be based on scientific data, including ecological coherence as well as social and financial 
aspects to lead to a win-win situation for everyone and the highest possible conservation success. 
This should not only include protecting the area in form of an MPA but also policies regarding water 
quality improvements through less pollution regarding wastewater and nutrient run-offs. For faster 
success in status, improvement of the reef through restoring and engineering efforts might be helpful. 
Here, additional research of several disciplines could ease the process of finding the right policy 
measures. 

Research and new data are crucial for success in conservation and restoration of mussel reefs (Toone et al, 
2021), making future research around this topic highly important. It would be the best if joint research of 
different disciplines would be carried out (Storie et al, 2021). This point of Storie et al (2021) can definitely 
be confirmed by this study. For carrying out a similar project it might be useful to achieve accurate data by 
working in a bigger and diverse team including IT specialists, potentially engineers regarding ROV issues, 
biologists that know what different flora and fauna demonstrate, but also social and economic scientists to 
be able to include those topics in the research and lead to results perfectly useable for policy making. 
Regarding potential topics, it would be interesting to investigate how the ROV method can be simplified 
e.g. developing a tool that can be attached to the boat of fishers to collect video data which provides stable 
data and could use the boats GPS system as a backup. Also, social and financial valuations of the blue 
mussel reef here in the Roskilde Fjord could be carried out to support policy and management decisions. 
This could e.g. look similar to what Madani et al (2020) did, using a contingent valuation approach to 
calculate a financial value stakeholders assign to a habitat. 
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