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Fouling community
composition on a pilot floating
solar-energy installation in the
coastal Dutch North Sea

Ninon Mavraki™*, Oscar G. Bos?, Brigitte M. Vlaswinkel?,
Pauline Roos?*, Wim de Groot®, Babeth van der Weide,
Oliver Bittner* and Joop W. P. Coolen™**

Wageningen Marine Research, Den Helder, Netherlands, 2?Oceans of Energy, Valkenburg, Netherlands,
3Aquatic Ecology and Water Quality Management Group, Wageningen University,
Wageningen, Netherlands

The increasing need for renewable energy has led to the transition of renewable
energy devices to the marine environment. Currently, mainly offshore wind
farms have been completely developed and are operational in the North Sea.
The solar energy sector is also rapidly evolving and floating photovoltaics are
continuously created and deployed. In this study, we investigated the
colonisation patterns and community changes with time of fouling fauna on
the first floating photovoltaics in the coastal Dutch North Sea. Samples were
collected by divers from the underwater side of 4 floaters, coated with different
anti-fouling techniques (Intersleek, GreenPowerNano PPDura, Finsulate and
Pato) at two different moments, shortly after the deployment of the floaters
and approximately a year later. In total, 72 fouling taxa were identified on the
floaters, from which ca. 11% are known to be non-indigenous species for the
region. The anti-fouling coating Intersleek seemed to work the most efficiently
against fouling colonisation, since the fouling community sampled from this
floater contained the least taxa. However, the small number of samples
collected from the different floaters did not allow for a direct comparison
between the anti-fouling coatings. The communities evolved with time, with
young communities accommodating a larger number of individuals and old
communities having less individuals but higher biomass, indicating that the
organisms become bigger in size and compete for the available space.
Nevertheless, the communities had not reached a stable climax yet, while this
process might take multiple years due to the dynamic environment in which
floating photovoltaics are deployed. Monitoring the fouling communities
occurring on floating photovoltaics in the North Sea for a long-term is
necessary to understand the effects of these new man-made structures on
the marine environment, especially since floating photovoltaics are moving to
offshore locations and will be possibly co-located with offshore wind farms in
the future.
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Introduction

Renewable energy plays a major role in decarbonizing the global
energy supply. In offshore areas, wind energy is the fastest growing
industry with a capacity of 56 GW on a global scale in 2021, and a
total of 370 GW expected to be installed by 2031 (GWEC, 2022).
However, solar energy is also emerging, with the use of floating
photovoltaics (‘floatovoltaics’ or FPV) (Oliveira-Pinto et al., 2020;
Hooper et al, 2021), reaching a capacity of 5.2 GW in 2022 in
inshore waters (SERIS, 2019). Marine demonstrations of
floatovoltaics have been established among others at an offshore
site in the North Sea (Netherlands), in deep fjords (Norway), and
tropical lagoons (Maldives) (Hooper et al., 2021; Vlaswinkel et al.,
2023), while there is a continuously increasing demand for and
construction of floatovoltaics all around the world (Sahu et al., 2016;
Pimentel Da Silva and Branco, 2018).

Effects of floatovoltaics on the environment are currently
mainly known for inshore locations such as pontoons, basins,
lakes and lagoons in the UK (Exley et al., 2021), Brazil (Pimentel
Da Silva and Branco, 2018), Spain (Redon Santafe et al., 2014),
Australia (Rosa-Clot et al., 2017), and other countries. Studies at
these locations mainly include effects of floatovoltaics on
evaporation rates and water quality (Redon Santafe et al., 2014;
Sahu et al., 2016; Pimentel Da Silva and Branco, 2018). On the
contrary, our knowledge on the effects of offshore floatovoltaics on
the environment remain scarce (Vlaswinkel et al., 2023). Possible
offshore effects of floatovoltaics include impacts on substrates due to
anchors and cables, and disturbances during installation, such as
sediment resuspension, creation of electromagnetic fields and
obstructing light penetration (Sahu et al., 2016; Pimentel Da Silva
and Branco, 2018; Hooper et al., 2021). For offshore locations in the
North Sea, a water column modelling study has predicted a small
reduction of primary production when the platform coverage
exceeds 20% of the model surface (Karpouzoglou et al., 2020),
which translates to very extensive (tens to hundreds of kilometres
of) coverage of the water surface, which is considered unrealistic for
future large-scale offshore solar farms. The water column model
also suggested a reduction of sediment suspension due to less
turbulence under the floatovoltaics (Karpouzoglou et al., 2020),
which could eventually result in clearer waters.

Offshore floating installations provide new artificial habitat that
can get rapidly colonised by fouling organisms. This habitat is
considered novel for fouling organisms (Holloway and Connell,
2002) and its introduction increases the local biodiversity. Fouling
communities may contain up to 115 taxa per floating installation
(Nall et al., 2017). The composition of such communities is different
compared to that of fixed structures (Holloway and Connell, 2002),
such as oil and gas platforms and offshore wind turbine
foundations. For example, floating structures may contain ~10
times higher presence of non-indigenous species compared to
fixed installations (Leclerc et al., 2020), while community
functionality varies between floating and non-floating structures
(Figueroa et al., 2021). These differences could be explained by the
variation of the physical properties of the installations (e.g.
complexity, materials, roughness, etc.) but also by the variability
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of environmental conditions (e.g. depth, water motion, disturbance
regimes, etc.) (Holloway and Connell, 2002; Giachetti et al., 2020).
Fouling organisms increase the weight of floating structures. For
example, fouling fauna occupying the shallow subtidal parts (0-
0.25 m) of floating structures in Scotland, increase the total
structure weight, by a mean of approx. 2.5 kg m™ wet weight
(Nall et al., 2017). From fixed structures in the German North Sea,
wet weight biomasses of up to 67 kg m™ have been reported at 1
meter depth (Krone et al,, 2013). Fouling organisms may roughen
the structures, elevate corrosion and corrosion fatigue and increase
maintenance costs (Edyvean, 1987; Yang et al., 2017). On fixed
structures in the North Sea, a thickness of up to 40 cm of mussels
have been reported (Krone et al, 2013). Moreover, fouling
organisms could also spread into the splash zone and potentially
cover the photovoltaic surfaces, reducing the light absorption by the
panels (Harris et al., 2013). Therefore, the effectiveness of anti-
fouling technologies or other environmentally friendly alternatives
have been and continue being investigated (Gittens et al., 2013) to
be applied on many offshore structures, including floatovoltaics.
In the North Sea, Oceans of Energy (OOE) is currently
developing the first offshore solar system in high waves that will
cover an area of ~ 6400 m? equivalent to a capacity of 1MW
(https://oceansofenergy.blue/north-sea-2/). From 2020 until 2021,
OOE conducted a pilot study (50 kW - https://oceansofenergy.blue/
north-sea-1/) at a near-shore location (Brouwersdam, Figure 1) to
investigate the functionality of their high wave offshore solar design.
Various environmental observations were carried out, such as
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FIGURE 1
Map of the Netherlands with inset of pilot location in the south west
province of Zeeland.
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biodiversity and abundance of birds on the platforms, monitoring
of light and water quality parameters underneath the floating
structures compared to a reference location, and sampling of the
sediment underneath and around the floating structures
(Vlaswinkel et al., 2023). Moreover, several different anti-fouling
solutions were applied on the submerged parts of the floaters to
examine whether there would be differences in fouling community
composition (thickness, fouling community composition, etc.). The
aim of this study is to describe the fouling communities on the first
deployed floaters of floatovoltaics in the North Sea. The fouling
community composition was analysed and compared between the
different anti-fouling coatings.

Methodology
Sampling area and sample collection

Sampling was conducted at 4 floaters of floatovoltaics (NSI-3,
NS1-4, NS1-5 and NSI1-6) that were placed coastally at
approximately 500-1000 meters from the Brouwersdam shore, in
a water depth of 4-7 meters in June 2020 and March 2021 (Figure 1;
51.77N and 3.85E). All floatovoltaics had the same floater design
(Figure 2), while they had different anti-fouling coatings and
installation dates (Table 1).

Fouling organisms were collected by SCUBA divers, who used a
putty knife, a quadrat and a sampling net (mesh size 0.5 mm) to
scrape off and collect samples with a surface of 0.05 m® from the
underwater part of the floatovoltaics (Figure 3). In total, 3 scrape
samples were randomly collected from every floatovoltaic per
sampling event. Each scrape sample was placed in a separate
numbered net by the divers. All fouling organisms collected were
carefully flushed with seawater from the sampling nets into plastic
containers (2.5 - 5 L) containing ethanol (99.9%). The ethanol was

10.3389/fmars.2023.1223766

renewed 24 h later to assure the preservation of the fouling
organisms until further analysis. The fouling communities
sampled had different ages (17 - 428 d), depending on the day of
installation of the floaters (Table 1).

Taxa identification

In the laboratory, the samples from the containers were sieved
through a 212 um sieve and sorted into large taxonomic groups.
Taxa were then identified by taxonomists to the lowest taxonomic
level possible under a stereomicroscope. The World Register of
Marine Species (https://www.marinespecies.org/) was used to
extract the accepted scientific names of the taxa sampled. Species
were considered indigenous or non-indigenous based on the Dutch
North Sea species list (Bos et al., 2017). For taxa that were not
identified to the species level, it was not possible to be defined as
indigenous or non-indigenous. All countable individuals belonging
to the same taxon were counted. On the contrary, the total colony
surface area of colonial species was registered per sample, to the
nearest cm®. For colonies that expand vertically below the
floatovoltaics, this means that their surface area could expand the
10,000 cm? m2. Finally, the biomass of the different taxa found in
every sample was measured (wet weight - WW in g).

Data analysis

Data deriving from this study were stored in a single dataset.
Colonial taxa were included in the analysis as cm” coverage instead
of number of individuals m™. When individuals were identified to a
taxonomic level above the species-level in a single sample, they were
combined with the species that belongs to the same taxon, when
only one species from that taxon occurred in that same sample.

FIGURE 2

Image of two floaters placed at the Brouwersdam location in the province of Zeeland, The Netherlands (source OOE).
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TABLE 1 The different anti-fouling coatings that were used at the four sampled floatovoltaics.

Floatovoltaic ID

Anti-fouling coating/technique

Installation date

Sampling dates Days after installation

NS1-3 A: Intersleek1100SR 26/05/2020 12/06/2020 17
23/03/2021 301
NS1-4 B: GreenPowerNano PPDura 26/03/2020 12/06/2020 78
23/03/2021 362
NS1-5 C: Finsulate 20/01/2020 12/06/2020 144
23/03/2021 428
NS1-6 D: Pato 20/01/2020 12/06/2020 144
23/03/2021 428

When more than one species belonging to this taxon were present
in the same sample, the abundance of the higher taxon was
proportionally split among the identified taxa. When no species
of the same taxon were collected in the same sample, then
organisms identified to a higher level remained at the higher level
in the dataset. Differences in species richness, numbers of
individuals m™ and biomass (WW in 2) m between the different
floatovoltaics were analysed with a PERMANOVA (9999
permutations, Bray-Curtis similarity index — Bray and Curtis,
1957). The PERMANOVA was performed on the untransformed
data using the adonis2 function from the vegan package (Oksanen
et al,, 2022). Differences in community composition between the
four sampled floatovoltaics coated with different anti-fouling were
visualized using non-metric multi-dimensional scaling (MDS, using
Bray-Curtis similarity index and 2 dimensions) by applying the
metaMDS function (vegan package).

A Generalized Additive model (GAM) was used to model
species richness using the date of sampling as a smoothed variable
to identify potential succession of the community composition.
GAMs are non-parametric generalizations of multiple linear
regressions and have less limitations regarding the underlying
data distribution (Hastie and Tibshirani, 1990). The GAM model
was created using the gam function of the mgcv R-package (Wood,
2011). The model used the Poisson distribution with log link,
included coating type as a factor variable and the number of
knots for the smoother age was set to 5. The residuals of each
model were plotted against the fitted values and inspected to

confirm assumptions of homogeneity of variance and normality
were met. Model fit was assessed by plotting residuals versus all
variables in the model as well as fitted values. All data analyses were
performed using R version 4.2.1 (R Core Team, 2022) and Rstudio
version 2022.07.0 (Posit Team, 2023).

Results

Most floatovoltaics were fully colonised by fouling fauna
(Figures 4, 5; Table S1). Algae, hydrozoans, amphipods and
bryozoans were the first colonisers, while more species occupied
the available habitat with time. In total, 72 taxa were recorded on all
the floatovoltaics, with coating A (Intersleek) being colonised by the
lowest number of taxa (26) and coating C (Finsulate) by the highest
number of taxa (43- Table 2). B (GreenPowerNano PPDura) and D
(Pato) coated floaters were colonised by 38 and 39 different taxa,
respectively. Ten taxa occurred at every floatovoltaic floater: the
New Zealand barnacle Austrominius modestus, the Japanese
skeleton shrimp Caprella mutica, the encrusting bryozoan species
Conopeum reticulum and hairy sea-mat Electra pilosa, the
amphipods Jassa marmorata and Monocorophium acherusicum,
the blue mussel Mytilus edulis, the doubletoothed hydroid Obelia
bidentata, the polychaete worm Platynereis dumerilii and organisms
belonging to the infraorder Brachyura. Obelia bidentata covered the
largest surface area of the floater coated with B (Finsulate) (17,427
cmz), while M. edulis was the second most abundant species on the

FIGURE 3

Images of the sampling method used. (A) shows the placement of the quadrat that was used to collect samples from a known surface area and (B) is
a sampling net, containing a sample that is numbered as number 6 (source: Oscar Bos/Wageningen Marine Research).
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FIGURE 4

10.3389/fmars.2023.1223766

Image of the underwater part of the floatovoltaics completely colonised by fouling fauna, and especially mussels of the species Mytilus edulis

(source: Oscar Bos/Wageningen Marine Research).

B coated floater (13,390 ind. m™2) and the most abundant on the D
(Pato) (13,940 ind. m™) and B (GreenPowerNano PPDura) (7,573
ind. m™) coated floaters (Table 2). Six plant taxa were also recorded
on the floatovoltaics, while they were mainly occurring at the edges
of the floaters, where more light was available.

Eight taxa were found to be non-indigenous for the North Sea
(Table 2), four of which (A. modestus, C. mutica, J]. marmorata, and
M. acherusicum) occurred in all the floatovoltaics under study.

The number of individuals m™ (and, respectively, for colonial
species the surface area of their bodies per m* - Figure 6A), WW m”
% (Figure 6B) and species richness (Figure 6C) per sample varied
between the floatovoltaics with different anti-fouling coatings, but
these differences were not significant (p values >0.05). The MDS
analysis revealed that the fouling communities are divided into a
younger (up to 144 days after installation) and an older (from 299
up to 426 days after deployment) community (Figure 7).
Furthermore, the fouling communities on coating A remarkably
differed from those on the other floaters (coatings B, C and D).

The GAM on richness explained 77.8% of the variation in the
response variables, the wet weight GAM explained 89% and the
abundance GAM explained 72%. The GAM output indicated that

species richness per sample varies with time (p<0.05), with a peak at
around 180 days after deployment, while it seemed to increase again
400 days after the introduction (Figure 8A). However, variation in
richness was high and, in particular around the peak, the prediction
errors were very large. Wet weight increased with time since
deployment (p<0.05 - Figure 8B), while the number of
individuals decreased with time (p<0.05 - Figure 8C), indicating
an increase in the weight of the average individual with time.

Discussion

This study explored for the first time the community
composition of fouling fauna colonising floaters of floatovoltaics
in the coastal Dutch North Sea. The communities developed
through time, with younger assemblages (up to 144 days after
installation) differing from the older ones, while species richness,
wet weight and number of individuals per sample significantly
varied with time. Therefore, we are certain that the communities
had not reached their final successional stage at the time of the last
sampling event. This has been observed with fouling communities

FIGURE 5

Fouling communities as they were found and sampled during the first sampling event from the different floaters: (A) Intersleek — 17 days after
installation; (B) GreenPowerNano PPDura — 78 days after installation; (C) Finsulate — 144 days after installation; (D) Pato — 144 days after installation.
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TABLE 2 Mean numbers (or mean surface area covered by colonial species) per taxon m™ + standard error (shown as NA for single sample
observations) rounded to zero decimals collected from the floatovoltaics with different anti-fouling coatings/techniques: A (In: Intersleek), B (GPN:

GreenPowerNano PPDura), C (Fi: Finsulate) and D (Pa: Pato).

Scientific name

Coating A (In)

Coating B (GPN)

Coating C (Fi)

Coating D (Pa)

Annelida
Autolytinae 0+0 20+NA 0+0 0+0
Eulalia viridis 20+NA 20+NA 0+0 20+NA
Flabelligera affinis 20+NA 0+0 0+0 0+0
Flabelligeridae 20+NA 0+0 0+0 20+NA
Harmothoe globifera 0+0 0+0 0+0 20+NA
Harmothoe impar 0+0 20+NA 0+0 0+0
Myrianida 0+0 40+NA 20+NA 0+0
Mpysta picta 20£NA 0+0 00 0+0
Nereididae 20+NA 0+0 0+0 40+NA
Nereis zonata 0+0 0+0 0+0 20+NA
Platynereis dumerilii 60+NA 80+35 20+NA 200+23
Proceraea 130+50 0+0 20+NA 80+tNA
Spirobranchus triqueter 0+0 0+0 180481 20+NA
Syllidia armata* 0+0 0+0 0+0 20+NA
Arthropoda
Amphilochidae 20+0 20+NA 0+0 0+0
Anoplodactylus pygmaeus 0+0 20+NA 0+0 0+0
Aora typica 20+NA 0+0 0+0 0+0
Aoridae 20+NA 40+NA 0+0 0+0
Austrominius modestus* 37£NA 1296+610 210£10 11134439
Balanomorpha 2027+1322 0+0 57+32 0+0
Balanus crenatus 0+0 1380+469 0+0 1563+690
Brachyura 371742443 40+20 20+NA 40+NA
Caprella mutica* 28+8 93+55 20+NA 170487
Caprellidae 1098+818 60+NA 0+0 0+0
Corophiidae 0+0 20+NA 0+0 20+0
Gammarus 20:NA 0+0 20£NA 0+0
Gammarus salinus 0+0 80+NA 0+0 0+0
Hemigrapsus sanguineus* 37tNA 0+0 0+0 0+0
Insecta 40£12 0+0 00 20£NA
Jassa 0£0 0+0 30+NA 0+0
Jassa herdmani 0+0 53+29 0+0 320+80
Jassa marmorata* 255+150 6631297 53+18 300+200
Melita palmata 77151828 253+64 0+0 627+310
Melitidae 153+41 0+0 20+NA 0+0
Microdeutopus anomalus 0+0 0+0 0+0 40+NA
Monocorophium acherusicum* 0+0 20£+NA 100+60 113452
(Continued)
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TABLE 2 Continued

Scientific name

Coating A (In)

Coating B (GPN)

Coating C (Fi)

10.3389/fmars.2023.1223766

Coating D (Pa)

Pilumnus hirtellus 137+22 20+NA 0+0 20+NA
Pontocrates altamarinus 0+0 20£NA 0+0 0+0
Stenothoe monoculoides 0+0 0+0 0+0 0+0
Stenothoidae 100+NA 20+NA 0+0 0+0
Tanaidacea 20£+NA 0+0 0+0 0+0
Telmatogeton japonicus* 28+8 20£NA 00 0+0
Verruca stroemia 20£NA 00 00 20£NA
Zeuxo holdichi* 37+NA 20+NA 0+0 0+0
Bryozoa

Aspidelectra melolontha 40£20 0+0 60£31 0+0
Conopeum reticulum 0+0 280+NA 140+NA 273+87
Electra pilosa 267107 27+7 190£130 152498
Farrella repens 104+65 0+0 0+0 0+0
Tricellaria inopinata 1+NA 40+NA 0+0 20+NA

‘ Chlorophyta
Chlorophyta 0+0 1010 1+0 41+30
Cladophora 0+0 20+NA 0+0 0+0
Ulva 0£0 10£10 0£0 80+20

‘ Chordata
Ascidiacea 80+NA 0+0 0+0 0+0
Ascidiella aspersa 2010 100+NA 0£0 140+NA

‘ Cnidaria
Actiniaria 0+0 20+0 0+0 53+33
Bougainvilliidae 20+0 0+0 0+0 1+NA
Coryne 0+0 0+0 0+0 0+0
Ectopleura larynx 1+NA 0+0 1+NA 1+NA
Obelia 0£0 0+0 1250£1150 1+0
Obelia bidentata 1+0 2594+1082 160+88 4840+1123
Tubulariidae 17427+14426 30+10 0£0 7+6

‘ Entoprocta

‘ Entoprocta 200 0+0 1+NA 0+0

‘ Mollusca
Doto 0£0 0+0 40+NA 0£0
Mpytilidae 0£0 0+0 780+380 0£0
Mytilus edulis 0£0 75731193 140+NA 13940+1651
Nudibranchia 13390+3609 73+24 0£0 40£12
Tergipes tergipes 211 0+0 120+80 0+0

‘ Nemertea

‘ Nemertea 0£0 1053+663 0£0 1020+242
(Continued)
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TABLE 2 Continued

Scientific name Coating A (In)

Coating B (GPN)

10.3389/fmars.2023.1223766

Coating C (Fi) Coating D (Pa)

Ochrophyta

Phaeophyceae 440+90 0+0 0+0 0+0
Platyhelminthes

Platyhelminthes 1+NA 40£12 0+0 70+30
Rhodophyta

Ceramium 0+0 0+0 1+NA 0+0

Rhodophyta 1+0 0+0 0+0 1+NA

Taxa marked with an asterisk (*) are considered exotic for the Dutch North Sea.

on artificial habitats in the southern North Sea, which may not
reach a permanent stable climax even 11 years after the installation
of the artificial hard substrates (Zupan et al., 2023). The
simultaneous decrease of number of individuals per sample and
increase of wet weight per sample indicates a general increase in the
weight of the average individual with time. As individuals become
larger in size, they need more space, outcompeting other attached
individuals or dominating against potentially new colonisers. This
could be the first step towards a stable fouling community.
However, whether this could be developed on floatovoltaics,
which are installed in highly dynamic offshore environments and
are prone to bad weather conditions, is yet to be examined. Finally,
the anti-fouling coating A (Intersleek) seemed to function

effectively against the colonisation of fouling fauna, while the
coating C (Finsulate) was considered the most inefficient to
prevent fouling fauna from attaching to the surface. However, no
significant differences in species richness, number of individuals m™
and WW m™ were observed between the different types of
antifouling coatings, likely due to the low number of samples per
floater/anti-fouling technique.

The first colonisers included algae, hydrozoans, bryozoans and
amphipods, while at a later stage the hydroid Obelia bidentata and
the blue mussel Mytilus edulis were the most abundant species on all
the floaters. Mytilus edulis has also been observed to dominate
floating structures in the Swedish west coast (Langhamer et al,
2009), in Orkney waters and the Pentland Firth (Want et al., 2017).
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Differences between samples collected from the four floatovoltaics with the different anti-fouling coatings on: (A) the number of individuals per m?
(or body surface area for colonial species), (B) wet weight (WW) per m? and (C) species richness. The boxes represent 50% of the data, the horizontal
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Multidimensional scaling analysis, with which it is visible that the fouling communities on the floatovoltaics can be divided into young (up to 144 days

after installation) and old (from 299 up to 426 days after deployment).

Similarly, hydroids are also considered dominant (in surface
coverage degree) epibenthic organisms on floating structures
(Langhamer et al.,, 2009). On the contrary, sea squirts
(Ascidiaceae) and calcareous serpulid worms (Spirobranchus
triqueter) were not dominantly present in our samples, while they
were found in great abundances in other floating structures (Moate,
1985; Langhamer et al., 2009). The abundant presence of S. triqueter
might also contribute to the colonisation of new hard substrates by
fouling fauna (Moate, 1985), but this has not been observed in our
study, since this species occurred only on two floaters and it was not
abundantly present.

Early colonisers occupy most of the available habitats and might
prevent other species from establishing on the newly introduced
structures by predating on their larvae, a process named inhibitory

response (Coolen et al, 2022). On the contrary, other early
colonisers might facilitate the attachment of other fouling species
(see below). The season of larval release in combination with the
time of installation of artificial structures are crucial for the
establishment of organisms on the available habitats (Kerckhof
etal, 2010). The A coated floater was deployed in late spring 2020,
while the other three floaters were installed earlier in the year.
Therefore, the planktonic larvae of species that reproduce earlier in
the year had likely already disappeared from the water column
when the A coated floater was deployed. On the contrary, species
that breed and settle later in the year may have benefitted from the
lack of competition for the available space and quickly colonised
this floater. For example, the hydrozoan Obelia bidentata produces
medusae that can be found in May and June in the North Sea
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Generalised additive model output on: (A) species richness per sample with time, (B) wet weight (g) per sample with time and (C) number of
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(Cornelius, 1995). This species can attach to a wide variety of
substrates but it shows preference for areas with water movement
and low light conditions (Gili and Hughes, 1995), which suggests
that the floaters of floatovoltaics are the ideal settlement habitat for
this species. The late installation of the A coated floater also explains
why this was the only floater that was sampled in June 2020 that was
not colonised by the blue mussel Mytilus edulis. Mytilus edulis
larvae primarily settle on filamentous red and green algae and/or
hydrozoans (Bayne, 1964; Dobretsov and Wahl, 2001). Thus, the
relatively bare habitat of the Intersleek-coated floater was not ideal
for mussel colonisation during the first few weeks after installation.
However, during the second sampling event, mussel larvae have had
the time and the appropriate habitat (provided by the initial
colonisation of the floater by O. bidentata) to colonised the A
coated floater, as well. Individuals of M. edulis were observed to
create grape-vine clumps hanging from the hydroids, exploiting the
entire surface area of these organisms as available habitat for
colonisation. Therefore, it is suggested that O. bidentata could
potentially provide secondary habitat for colonisation.

Another potential reason for the low colonisation observed on
the A coated floater could be the initial absence of M. edulis from its
surface. The shells of M. edulis create secondary hard substrates that
increase habitat heterogeneity and, subsequently, lead to increased
species richness (Krone et al., 2013; Coolen et al., 2020). Indeed, the
presence of M. edulis has been mainly linked to high species
diversity (Norling and Kautsky, 2007). However, in some cases,
this species might monopolise the habitats, contributing to a high
biomass of fouling assemblages on offshore artificial structures, a
phenomenon known as “Mytilusation” (Krone et al., 2013). The
shell drop-off from mussels attached on renewable energy devices or
suspended mussel aquacultures also creates secondary habitat on
the seafloor and attracts multiple epifauna species (Krone et al.,
2013; Wilding and Nickell, 2013). This suggests that the seafloor
underneath floatovoltaic farms could also be enriched with shells.
First sedimentary observations underneath the same floatovoltaic
systems did not reveal an organic matter enrichment (Vlaswinkel
et al., 2023), but possibly this could happen after longer periods of
time, underneath larger farms, or at other, less dynamic locations. A
potentially increased habitat availability due to mussel shells could
eventually lead to enhanced local benthic biodiversity, since a
variety of species would find the ideal conditions (habitat- and
food-wise) to inhabit.

Numerous studies have indicated that marine sprawl
(including marine renewable energy devices) supports the
settlement (and potentially also the reproduction) of non-
indigenous species, acting as stepping stones promoting their
success (Vaselli et al., 2008; Airoldi et al., 2015; De Mesel et al.,
2015; Leclerc et al., 2020; Taormina et al., 2020). In this study,
approx. 11% of the identified taxa occurring on the floaters of
floatovoltaics were characterised as non-indigenous for the
southern North Sea. This percentage is higher than the one
found on a 3-year-old floating wave energy device in Scotland
(< 5%) (Nall et al., 2017), but much lower than that found on
buoys on Belgian coastal waters, where 9 out of the 11 identified
species were considered non-indigenous (Kerckhof and Cattrijsse,
2001). These differences could be explained by the variation of
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environmental conditions, differences in the structure materials
and/or the period of deployment and sample collection. The wave
energy device was placed in the Northern North Sea, a location
which experiences high waves from both the north-west and the
south-east directions and are able to propagate in the area
(Lawrence et al., 2009). This could have implications on the
success of settlement of many species, including the non-
indigenous ones. The high percentage of non-indigenous species
on the Belgian buoys could be explained by the difference time of
sampling after installation, since these buoys were sampled
between 4 and 24 months after deployment (Kerckhof and
Cattrijsse, 2001). Communities evolve with time, a process that
may last more than a decade (Zupan et al., 2023). It is, thus,
possible that the floaters of the floatovoltaics could also sustain a
larger amount of (non-indigenous) species multiple months/years
after installation.

Some of the main non-indigenous species (i.e. Caprella mutica
and Austrominius modestus) that occurred on the floaters have also
been observed on navigational buoys in UK waters (Macleod, 2013).
Furthermore, we observed similarities on the composition of non-
indigenous species between the floaters and Belgian offshore wind
turbine foundations (e.g. the amphipod Jassa marmorata, the splash
midge Telmatogeton japonicus and the New Zealand barnacle
Austrominius modestus) (De Mesel et al., 2015). Surprisingly,
none of the non-indigenous species occurring on the floaters were
found on the buoys sampled from the Belgian coastal waters, where
mainly species of the genera Balanus and Megabalanus colonised
the floating structures (Kerckhof and Cattrijsse, 2001). The non-
indigenous species J. marmorata, T. japonicus and A. modestus
occurred on the floaters within the first year after the installation,
while some of them were the most abundant species on these newly
introduced habitats. It is, therefore, possible that offshore solar
energy installations could function as stepping stones for the
increased distribution of these species. Finally, some coastal non-
indigenous species were present on the floaters, e.g. Caprella mutica,
indicating that the location of the introduced artificial structures
plays a significant role on the community composition and on the
species settlement and may thrive on these structures (Coolen
et al., 2016).

To conclude, this study analysed the community composition of
fouling fauna on floaters of the first floatovoltaics in the coastal
Dutch North Sea. It was indicated that the fouling organisms
comprised of a typical coastal community, with known non-
invasive species for the region. The variability of richness,
number of individuals and wet weight per sample with time
indicated that the fouling communities present on the underside
of the floaters are still developing. At the same time, individuals
were gradually becoming larger in size, since the number of
individuals per sample decreased, while the wet weight increased.
The floatovoltaics have already been transferred to offshore
locations in the Dutch North Sea and, in the future, they might
be located within offshore wind farm areas. Therefore, long-term
monitoring of fouling fauna on floatovoltaics is necessary as it could
facilitate the design of floating systems (i.e. relating with the weight
of the fauna to colonise the new surfaces) and provide us with
significant information as to how the deployment of floatovoltaics,
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their co-location with offshore wind farms and the subsequent
colonisation of these man-made surfaces by fouling organisms
could affect the wider marine environment.
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