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Figure 6. Windfarm near Hilbre Island, United Kingdom.
Photo: Matthew Thomas, Wirral Council

Biofouling

Very few reports on biofouling at windfarms provide
identification of specific biofouling species, and are
limitedinidenti cation to mussels and barnacles. The true
picture, however, is that the biofouling is very diverse after
afew seasons (Figure 10; Appendix 2). Often the structures
are first colonized by the local dominant species (e.g.,
hydroids, mussels) and the community will develop very
fast, will develop very fast, within one season in temperate
regions’. Most windfarms are currently operating in cold-
temperate regions around the North Sea, English Channel,
Irish Sea, and northeast Atlantic. Based on experience
from aquaculture structures (D rr and Watson, 2010),
the expectation is that a biofouling community will be
dominated within the rstyear by the blue mussel Mytilus
edulis, ascidians such as Ciona intestinalis, and barnacle
species, and later by kelp species such as Laminaria
spp. and Alaria esculenta in the rst5 to 10 metres (e.g.,
DHI Water and Environment, 2005; Leonhard et al., 2006;
Bouma and Lengkeek, 2009; Canning, 2020; Degraer et al.,
2020; Figure 5). Deeper regions will slowly be colonized
by, for example, anemones (e.g., Metridium senile).
Some examples of biofouling IAS identi ed on windfarms
were the barnacle Austrominius modestus, which is
already naturalized in the region, the hydroid Tubularia
(now Ectopleura) larynx, the Paci c oyster Crassostrea
gigas, and the Atlantic slipper limpet Crepidula fornicata
(Bouma and Lengkeek, 2009; Canning, 2020; Degraer et
al., 2020). For more detailed information see Table 3 for
IAS speci cally identi ed on ORE structures.

Biofouling management

Interviews with relevant marine renewable energy
companies indicated that there are very few biofouling
management plans for windfarm structures in operation.
Some companies include with their environmental
impact assessment an outline invasive non-native
species management plan which includes biofouling
management generally (e.g., SSE Renewables, 2022a),
whereby biofouling is not recognized as an issue for the
ecosystem (e.g., SSE Renewables, 2022b). Nexer et al.
(2019) recommend a management plan be in place for
windfarms and that components for windfarms (e.qg.,
foundations, oats) should not be stored in ports.

Overall, subsea areas of the structures are not treated with
antifouling coatings, nor are they cleaned. It is unclear if
the steel components receive an anticorrosion treatment.
Discussions with industry representatives revealed that
during the planning phase, and only in some countries,
environmental surveys are conducted and evaluated by the
environmental regulators. Past the planning phase, the aim
and focus are on construction, not maintenance. There is
apparently no requirement for a biofouling management plan
per se by regulators in any of the countries with currently
operating windfarms. While there are subsea surveys of the
structures, these are technical engineering surveys, there
are no biofouling or IAS surveys required, and, if surveys are
done, they are to demonstrate the presence of an arti cial
reef. In fact, many windfarm companies seem to be unaware
that biofouling or IAS may result in serious environmental
issues. This may be the consequence of limited transparency
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Best practice

There are no known biofouling management plan (BFMP)
documents for windfarm structures. Best practices
for support vessels include antifouling coatings,
cleaning, and ballast water treatment as required by
shipping regulations.

Consequences of unmanaged biofouling
on windfarms

The lack of comprehensive biofouling management plans
(and therefore enforcement of preventative measures)
leads to biofouling communities on the windfarm structures
as well as on cables and ropes, often referred to by industry
as arti cial reefs (Rivier et al., 2018; Raoux et al., 2017,
2019, 2021). The biofouling community on the windfarm
structure will release algal propagules and larvae (Crisp,
1984) which will be carried to the next windfarm unit
and will colonize these neighbouring structures with
a similar community developing. Individual windfarm
units are usually close enough together that re-seeding
of structures can be achieved within a season, even after
disturbances. The biofouling community on cables, ropes,
and other structures are dif cult to predict, particularly for
long cable arrays of many kilometres (Bulleri and Airoldi,
2005; Sammarco et al., 2012; Bishop et al., 2017). Given that

species can colonize this infrastructure over a wide local
dispersal span and additionally expand their population on
the cable by growth of the colony, the potential for long-
distance exchange of species is high. Floating windfarms
pose additional risks of IAS (see Nall et al., 2022) because
of the added issue of potential failure of anchorage;
the likelihood of such a risk is increased by biofouling
load and storms. Escaped oating windfarm units may
drift with currents for long distances and their associated
biofouling, and IAS may function as founder populations en
route. This may mean that oating windfarms are not just
stepping stones for IAS (Boehlert and Gill, 2015; Shields et
al., 2011; Adams et al., 2014; Bishop et al., 2017), but also
function as passive vectors.

Structural effects

The dominant species found on the windfarm structure
described for cold-temperate regions in Europe are
so-called heavy species. On salmon aquaculture farms
in Scotland, a 1-ton net can easily gain another 10 tons over
the summer from mussel spatfall (D rrand Watson, 2010).
The same situation can be seen at the windfarm structures
as the biofouling load multiplies exponentially, as the
gravity foundation mass will increase, and that is to some
extent a positive effect for the structure. The additional
load will, however, very likely not be distributed evenly,

Figure 11. The ATOC/Pioneer Seamount cable (California, USA) in an unconsolidated sandy silt area showing three
Metridium farcimen settled on the cable.
Source: Taormina et al., 2018.
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Figure 12. The BassLink cable (Tasmania, Australia), protected by a cast-iron half-shell, showing a heavy encrustation
of algal and invertebrate species on the underlying basalt reef.
Source: Taormina et al., 2018.

as the species are lIter-feeders and position themselves
vertically to maximize exposure to food particles.
This uneven weight load may compromise the gravity
factor of the pylon in the sediment and stability, structural
integrity, hydrodynamic inef ciency and may, in the worst-
case scenario, lead to the failure and decommissioning
of the unit (Jusoh and Wolfram 1996; Raoux et al., 2021;
Schoefs et al., 2022).

Biofouling on the building materials for windfarm subsea
structures, metal, and concrete, cause corrosion and
erosion (Little and Lee, 2022). The biofouling species use
species-speci c arrays of adhesives to attach to a surface
and often create cavities in the materials (e.g., barnacles).
Biofouling facilitates the colonization of a microbiome
that supports marine corrosion, (e.g., sulphate-reducing
bacteria that cause anaerobic corrosion on metal).
On concrete, the attached species erode the material
which can lead to failure and to decommissioning of the
structures with potential need of a re-build. Cable and rope
materials may experience fatigue due to species adhesion,
stretching caused by biofouling weight, or complete
failure (e.g., Theophanatos and Wolfram, 1989; Jusoh
and Wolfram, 1996; Det Norske Veritas, 2004, 2013, 2015,

2021; Murugan et al., 2020; Canning, 2020; Ren et al., 2021;
Zhang et al., 2022; Maduka et al., 2023).

Environmental effects

Invasive aquatic species (IAS) are opportunistic and colonize
artificial surfaces quickly and successfully (Brodin and
Andersson 2009; Ruiz et al., 2009). Thus, it can be assumed
that the biofouling communities on windfarm structures
will include IAS components. Given the limited survey
data on biofouling on these structures (e.g., DHI Water
and Environment, 2005; Leonhard et al., 2006; Bouma
and Lengkeek, 2009; Canning, 2020; Degraer et al., 2020;
see Table 3 for more detailed information), there is little
information available on species composition, dispersal
dynamics between windfarm units, or origin of IAS. Focus
is rather on an artificial reef effect (Rivier et al., 2018;
Raoux et al., 2017, 2019, 2021). As the IAS release their
planktonic algal propagules and larvae that disperse in

ow, itis assumed that these will spread between windfarm
units and potentially further distances from there. Thus,
each unit (and each farm) is a potential stepping stone
for IAS to relocate into the local ecosystem and change
the composition, dynamics, structure, and instigate local
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Tidal and wave energy generators
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Figure 14. Open Hydro Centre Turbine at European Marine Energy Center (EMEC) tidal test site.

Source: https://www.emec.org.uk/; https://twitter.com/emec_ltd/status/955469431148343297.

It remains to be seen if biofouling management plans will
be required for generators in operation and eventually by
the regulator. Adherence to a comprehensive management
plan is needed, not only after commercialization,
but also during demonstration trials to avoid IAS transfer.
Importantly, it is also unknown if the industry considers
the organisms biofouling their structures to be potential
IAS for other locations. Support vessels are required to
have a biofouling management plan and record book as per
shipping regulations when servicing the demonstrators
and therefore will have applied antifouling coatings,
cleaning, and ballast water treatment, as required. These
vessels will then pose only limited risk for IAS transfer
due to mitigation of antifouling if these precautions are in
place. If devices have to be wet-towed to ports, however,
this may result in a high risk for new IAS reaching the
ecosystem (lacarella et al., 2019; Nall et al., 2015, 2022;
Figures 19, 20, 21). Cables and ropes are likely not under
a biofouling management plan and will harbour biofouling.
As cables reach extended distances, the risk of transfer
of IAS from origin (generator unit) to end and vice versais
high (see Box 1, 2; Figures 1, 2, 3).

Unlike for windfarms, in the wave and tidal energy
industry, materials and coatings are tested for corrosion
and antifouling/foul-release ef cacy at the potential site
(Polagye and Thomson, 2010; Katsuyama et al., 2014;

Want and Porter, 2018; Want et al., 2017, 2021; Linden
et al., 2022). Husbandry (timing of settlement of fouling
organisms), paired with cleaning, have been highlighted
as important elements for both tidal and wave generators
(Want and Porter, 2018; Want et al., 2017, 2018, 2021,
Vinagre and Fonseca, 2022).

Best practice

Best practices in place (or not) are unknown, as all of these
generators are in development phases and information is
confidential; however, it should be noted that on some
demonstrators, antifouling coatings were tested and a
combination of husbandry (spatfall) with cleaning was
suggested (Want and Porter, 2018; Want et al., 2017, 2018,
2021; Vinagre and Fonseca, 2022).

Consequences of unmanaged biofouling
at the tidal or wave generators

For general information, see section on Windfarms.

Structural effects

With the high diversity in function, form, and materials
of tidal and wave demonstrators, it is dif cult to predict
the structural effects of biofouling on a commercialized
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tidal or wave energy generator. Generally, biofouling may
have impacts on loading of devices such as increased
structural diameter, displacement volume, structural
weight, mass, ow instability, and physical obstructions
(see Jusoh and Wolfram, 1996; Schoefs et al., 2022). Nall et
al., (2017) summarized some of the technical issues for
wave energy generators (Table 2). Generally, the weight
of biofouling on the oating generators in cold-temperate
regions will be very high (Miller and Macleod, 2016) within
a season (D rr and Watson, 2010). That may lead to the
generator slowly sinking and the generator may become
dysfunctional. For hinged generators, like any movable
section, the hinges may be very sensitive to corrosion
resulting from biofouling and lead to malfunctioning. In the
case of generators using propellers to produce energy,
these will be very sensitive to biofouling and will be of great
concern for the industry (Orme et al., 2001; Polagye and
Thomson, 2010; Katsuyama et al., 2014; Walker et al., 2014;
Miller and Macleod, 2016; Stringer and Polagye, 2020).
A propeller with biofouling may stop completely or the
ef cacy of rotation will be decreased. The hydrodynamic
response on wave-monitoring buoys may be dampened
by biofouling (Want et al., 2018), though it might help to
determine biofouling during operation. Langhamer et al.

(2009) found no impact of biofouling on the response of
the wave-generating buoys. Regarding general impacts
on steel material, cables and ropes, and support vessels
(see section on Windfarms), Miller and Macleod (2016)
suggested that biofouling is an important knowledge gap
for engineering decision-making, and that suggestion
holds today.

Environmental effects

Please see section on Windfarms, regarding floating
windfarms in particular.

There are some speci ¢ ndings from the tidal and wave
energy industry with regard to IAS risks. Biofouling IAS
presence in harbours in northern Scotland was found
to be positively associated with floating tidal and wave
structure presence and their support vessel activity (Nall
etal., 2015), and IAS were found at marinas and harbours
close to test sites (Ryland et al., 2014; Loxton et al., 2017,
Want et al., 2017). This suggests that the development of
wave and tidal energy may have the potential to facilitate
the invasion of IAS.

Figure 15. Two electrical connection hubs, one on top of the other, used at the wave test site of EMEC (Orkney, Scotland)

and expanded view of barnacle colonization after three years at sea.

Source: Taormina, 2019.
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Figure 24. Photo of P3 mooring buoy deployment.
Photo: Peter Enderlein, British Antarctic Survey.

but often the sensor surface and housing cannot be
treated as it would interfere with data quality. This loss of
functionality of sensors is caused by the components of the
coatings (e.g., metals). Meier et al. (2013) recommended
consideration of mitigation measures for biofilm on
sensors for deep sea deployments. Sensors, instruments,
and parts of the monitoring array are cleaned by the
visiting vessels in irregular intervals (Figure 26). Please
see section on Biofouling Management of Windfarms,
Tidal, and Wave Generators for the biofouling management
of support vessels, cables, and ropes.

Best practice

Please see section on Best Practice for Antifouling of
Floating Windfarms (best practice of support vessels,
cables, and ropes). Best practice is only available for
support vessels.

Consequences of unmanaged biofouling
at monitoring stations

Structural effects

Depending on the location of the station, biofouling weight
can be a problem. Stations in the high seas will not have

a weight problem, but rather a problem as the sensors
and instruments become defunct, with biofouling and
bio Im leading to deterioration of data quality or complete
loss of data. Decurey et al. (2020) recommend routine
replacement of mooring lines on oating structures.

Environmental effects

Even with monitoring stations well distant from each other
and without a routine schedule of visits by the same vessel,
as opposed to visits by multiple vessels from different
locations, there may be a risk of IAS transfer via visiting
vessels. The monitoring stations may work to some degree
as stepping stones, or a biofouled hub that can transfer
IAS to other ports. This will depend on the geographic
location of the monitoring station. When sensors and
instruments are cleaned on board the visiting vessels,
there may be a risk of transporting fragments to the next
port. Additionally, with these vessels visiting multiple
monitoring stations, biofouling residue from cleaning may
reach even deeper arrays of the next mooring station and
introduce shallow ecosystem IAS into a very sensitive and
mostly unknown ecosystem.
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Appendix 1. Websites and databases

AquaNIS Information system on aquatic
non-indigenous and cryptogenic species
http://www.corpi.ku.lt/databases/index.php/aquanis

Baltic Marine Environment Protection Commission
https://helcom.

Ecospeed Hull Coating
https://subind.net/coatings/ecospeed

European Alien Species Information Network (EASIN)
https://easin.jrc.ec.europa.eu/easin

European Wave and Tidal Energy Conference Series
(EWTEC) https://ewtec.org/

GloFouling Partnerships project
https://www.glofouling.imo.org/knowledge

International Maritime Organization
https://www.imo.org/en/About/Conventions/Pages/
International-Convention-on-the-Control-of-
Harmful-Anti-fouling-Systems-on-Ships-(AFS).aspx

International Seabed Authority
https://www.isa.org.jm/about-isa/

National Estuarine and Marine Exotic Species
Information System (NEMESIS)
https://invasions.si.edu/nemesis/

OCEANIC
http://oceanic-project.eu/biofouling-database/

Offshore Solar Power
https://www.rwe.com/en/research-and-
development/solar-energy-projects/offshore-solar/

OpenHydro
https://www.emec.org.uk/about-us/our-tidal-clients/
open-hydro/

Oslo and Paris Commission (OSPAR)
https://www.ospar.org

PELAMIS wave energy converter
https://www.emec.org.uk/about-us/wave-clients/
pelamis-wave-power/

PRIMRE
https://openei.org/wiki/PRIMRE/
Search?g=biofouling

Submarine Cable Map
https://www.submarinecablemap.com/

Support Vessels
https://www.dco.uscg.mil/OCSNCOE/Renewable-
Energy/Support-Vessels/

Tethys
https://tethys.pnnl.gov/summaries/short-science-
summary-offshore-wind-farms-stepping-stones-
non-indigenous-species

World Register of Introduced Marine Species (WRiIMS)
https://www.marinespecies.org/introduced/
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