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Abstract: Biofouling is a major problem shared among all maritime sectors employing submerged
structures where it leads to substantially increased costs and lowered operational lifespans if poorly
addressed. Insight into the ongoing processes at the relevant marine locations is key to effective
management of biofouling. Of specific concern for the marine renewable energy (MRE) sector is
the fact that information on biofouling composition and magnitude across geographies is dispersed
throughout published papers and consulting reports. To enable rapid access to relevant key biofouling
events the present work describes a European biofouling database to support the MRE sector and
other maritime industries. The database compiles in one document qualitative and quantitative data
for challenging biofouling groups, including non-native species associated with MRE and related
marine equipment, in different European Ecoregions. It provides information on the occurrence of
fouling species and data on key biofouling parameters, such as biofouling thickness and weight.
The database aims to aid the MRE sector and offshore industries in understanding which biofouling
communities their devices are more susceptible to at a given site, to facilitate informed decisions.
In addition, the biofouling mapping is useful for the development of biosecurity risk management
plans as well as academic research.

Keywords: biofouling; colonization; macrofouling; mapping; marine renewable energy; maritime;
non-native species

1. Introduction

Marine biofouling, the settlement of organisms on marine man-made structures, generate
various and extensive challenges for industries developing technologies and working in the marine
environment worldwide. Many of those industries, for example the diverse marine renewable energy
(MRE) sector including offshore wind and ocean energy (such as wave and tidal) technologies,
include marine installations and submerged equipment of ranging size and shape which are deployed
at sea for long periods of time. For those, biofouling is a key challenge to overcome for the equipment
to maintain a long and efficient operational lifespan [1,2].

A major economic impact of biofouling to the MRE relates to loss of structural integrity and
performance caused, for example, by the added weight and thickness/rugosity to devices and
components and obstruction of sensors. Key macrofouling organisms, such as acorn barnacles, mussels,
calcareous tubeworms, bryozoans and kelp, are those most frequently referred in the literature as
responsible for those impacts [3–5]. Other major economic impacts to the MRE relate to corrosion
promoted by microfouling and macrofouling organisms. Corrosion may be induced and/or accelerated
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by anaerobic marine microorganisms via so-called microbiologically influenced corrosion (MIC) [6,7].
Macrofouling may further facilitate MIC initiated by the microbial communities that grow under the
macrofoulers in oxygen-depleted conditions. Furthermore, some macrofoulers may promote localized
corrosion as they employ endogenous compounds to adhere to (e.g., acorn barnacles) or perforate
(e.g., boring bivalves) substrata [8,9]. Corrosion may be further accelerated if the coating of fouled
devices is physically damaged by the attached organisms, for example when exposed to the pulling
forces of waves and currents or upon their removal during maintenance.

To offer new and improved antifouling protection for the MRE sector, the European OCEANIC
project (OCEANERA/0005/2014; http://oceanic-project.eu) was launched. OCEANIC aimed at
developing a long-lasting (>10 years), “one-fit all”, protection system against both biofouling and
corrosion for the MRE sector. By combining two different strategies, the low emission antifouling
(LEAF) approach developed by Pinori and co-workers [10,11] and thermally sprayed aluminum
(TSA), it was projected to produce an antifouling solution which was efficient and both economically
and environmentally sustainable. While much of the OCEANIC project was based on technological
developments, a specific output was the development of a European biofouling database/mapping,
which is presented in this paper.

The database includes qualitative and quantitative data on species belonging to the five
biofouling groups mentioned above—acorn barnacles, mussels, calcareous tubeworms, bryozoans and
kelp—together with other relevant organisms such as hard-shelled organisms and gooseneck barnacles.
It provides information about the occurrence of the organisms on MRE equipment and other structures,
such as from the oil and gas sector, deliberate artificial reefs and test panels. It further contains
information such as location coordinates, distance from land, water and wave height conditions of the
sampled sites and the type of equipment and depth sampled. In addition, key biofouling parameters
to the MRE sector such as biofouling thickness and weight are included.

Such a readily available database aims to provide to the developers, operators, regulators and
researchers a quick overview of geographical biofouling distribution to facilitate informed decisions
and help planning their projects, for example with site selection and subsequent probable frequency
of maintenance. The mapping is useful in predicting the development of non-native species (NNS)
populations [12] and, therefore, supports the development of biosecurity risk assessment/management
plans to prevent the establishment and spread of NNS as a condition of their projects.

This paper is structured into two sections. Section 2 provides a brief review of important aspects
regarding biofouling. It describes the colonization process and some of the factors influencing biofouling
composition and abundance. Furthermore, an overview of key biofouling groups to the MRE sector
and their impacts on equipment, biofouling control strategies, environmental issues and legislation
applicable is included. Section 3 describes the design, development and status of the European
biofouling database. It presents the database main findings and a summary of the data encompassed in
it and thus provides the reader with an overview of what information is available and how to access it.

2. Review of Biofouling Aspects

2.1. Colonization of Artificial Substrata

Biofouling is a complex process that involves colonization by microfouling organisms, such as
viruses, bacteria, cyanobacteria, fungi, protozoa and microalgae, and larger macrofouling organisms,
including macroinvertebrates and macroalgae [13]. Macrofouling comprises calcareous hard-fouling
organisms such as acorn barnacles, mussels and tubeworms and soft-fouling organisms such as
non-calcareous algae, sponges, anemones, tunicates and hydroids.

The colonization process is often broadly described as a succession of four main stages, as shown
in Figure 1a [13–15]:

http://oceanic-project.eu
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• Within minutes to hours of submersion, the substrata adsorb a biochemical conditioning biofilm,
consisting of organic material such as glycoproteins, proteoglycans and polysaccharides naturally
dissolved in the seawater.

• Within hours, primary colonizers, assemblages of unicellular organisms that secrete extracellular
polymeric substances (EPS) adhere to the substrata. Together, the microorganisms and EPS
facilitate the settlement of macrofoulers.

• Within days to weeks, secondary colonizers consisting of sessile macrofoulers, including soft-
and hard-foulers, develop and overgrow the microfouling. As they grow and age, macrofoulers
provide “micro-habitats” that attract further settlements.

• Within weeks to months, the substrata are fouled by tertiary colonizers which typically reside
within the sessile biofouling. The biofouling communities reach maturity within a few years,
accompanied by an increase in species diversity and richness. The communities are characterized
by a variety of sessile and mobile benthic and epibenthic organisms.
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Figure 1. Schematic models of marine biofouling colonization: (a) “successional” model (after [13,14]);
and (b) “probabilistic” model (after [16,17]).

While this classic “successional” model may represent major patterns of biofouling development,
it oversimplifies the colonization process as implying causality from stage to stage. It is now widely
accepted that colonization follows a more dynamic and “probabilistic” model (Figure 1b), in which the
absence of a stage does not impede the occurrence of another stage. For example, some acorn barnacle
and bryozoan species may settle on a substratum without the presence of a conditioning biofilm [18].
Colonization is thus greatly dependent on the type and number of organisms, whose settlement is
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independent of one another, that could attach to or colonize the substratum [16,17,19]. In the absence
of a substratum, foulants may aggregate and form marine snow [16], which remains in seawater and
may eventually attach to a substratum. Living organisms such as invertebrate larvae and algal spores
trapped in the marine snow grow after attachment [20].

2.2. Factors Influencing Marine Biofouling

The composition of biofouling communities varies greatly geographically, seasonally and locally
across depths or in different levels of wave exposure and is influenced by numerous abiotic and
biotic factors [13]. The abiotic factors include the physical-chemical characteristics of seawater,
such as temperature, pH, dissolved oxygen and organic matter content. In addition to those factors,
abiotic factors include hydrodynamic conditions such as current velocity, wave exposure, distance to
shore and depth. Substratum features such as the material composition (for example, metal vs. plastic),
color, roughness, period of submersion and motion (for example, free moving equipment such as
tidal turbines vs. static structures such as foundations) also influence settlement and growth [21–23].
Among biotic factors, the biology of the different organisms will dictate how likely a settlement is on a
submerged substratum. This, in turn, depends on many species–specific interactions and can differ
greatly from species to species in different locations. In addition, chemical cues released in response to
competition, reproduction, grazing and predation also play a big role in the settlement and surface
recruitment of different organisms [24–26]. Many of the factors are interrelated, and all are directly or
indirectly affected by seasonality and location.

While the biofouling process evidently is complex and highly dependent on physical, geographical,
and biological parameters, the current paper will focus on a selection of important abiotic factors.

2.2.1. Seawater Temperature

Seawater temperature is related to latitude and seasonality and is a major geographical determinant
of the composition of marine communities, including biofouling composition, influencing the spawning
period, settlement, growth and reproduction of organisms [27]. Generally, biofouling growth rate
increases with temperature and therefore less biofouling is expected closer to Polar areas owing to
the lower temperatures (<5 ◦C). In those regions, biofouling occurs typically during mid-summer
when temperatures are higher. In contrast, in tropical to sub-tropical locations, biofouling is generally
more intense since the warmer temperatures (>20 ◦C) allow continuous reproduction throughout the
year, enabling an increased growth rate of the biofouling organisms. In temperate areas, with mild
temperatures (5–20 ◦C), biofouling will occur throughout the year and show strong seasonality,
with most spawning and growth occurring from spring (beginning of April) to early autumn
(end of October) [21,28]. The temperature of the substrate where organisms grow have significantly
less influence on the growth [29].

2.2.2. Depth and Light Availability

Depth and light availability greatly affect the composition and growth of biofouling organisms.
Macrofoulers, especially photosynthetic organisms such as macroalgae, are usually more abundant in
sections within the euphotic zone (0–40 m) [30]. This zone is generally warmer, presents higher light
levels and is rich in plankton, which serve as the main food resource for many non-photosynthetic
organisms. As a consequence of a decreased light intensity with depth, within this zone, the biofouling
growth and biomass generally decrease with depth [21,29]. Despite the decrease in biofouling pressure
with depth, the settlement of sessile, filter-feeding invertebrates such as acorn barnacles and mussels,
which often constitute the bulk of macrofouling, occurs down to great depths [31].

2.2.3. Currents and Distance to Shore

Both the composition and extent of biofouling on a colonizable substratum are affected by currents
and the distance from shore [29]. Many organisms such as mussels, barnacles and tubeworms benefit



J. Mar. Sci. Eng. 2020, 8, 495 5 of 27

from currents as they feed on particles suspended in the water or on nutrients dissolved in the
water [15]. The motile larvae of many invertebrates and the spores of algae are carried offshore by
currents and, the closer is the substratum to the shore, the higher is the probability of colonization
success, especially of fixed structures such as platforms [29]. The impact of currents and water flow
on biofouling communities will depend on the velocities and shear forces that are generated near
the substratum [32]. For example, while sessile filter-feeding organisms may benefit from high flows
in terms of receiving particles as food resource, strong currents may dislodge organisms from the
substratum. To cope with dislodgement when in the adult form, many sessile organisms such as
barnacles have developed sophisticated mechanisms for strong surface adhesion [33–35]. On the other
hand, lower flows may facilitate the settlement of larvae/spores of some organisms.

2.2.4. Material of Substrata

The different materials used as artificial substrata will dictate their reactivity and toxicity and,
therefore, influence the biofouling susceptibility of the substrata. The physical-chemical properties of
materials can affect the water chemistry and seawater–substratum interface chemistry, influencing the
formation and nutrient composition of the macromolecular conditioning layer. These properties
affect the bacteria present on the substratum, usually with greater diversity being associated
with biologically and chemically inert substrata which are more stable, thus facilitating rapid
macromolecular conditioning and subsequent biofilm formation [36]. This, in turn, may affect
macrofouling settlement and growth. It has been reported that aluminum, carbon steel and bronze
are more susceptible to biofouling than some non-metallic substrata such as glass fiber, polyethylene,
polyamide and rubber [1,37]. Among metallic substrata, aluminum-based substrata appear to present
much less biofouling compared to for example bronze- and Monel-based ones (Vinagre et al. 2019
unpublished data). However, the response of biofoulers to materials is not universal and different
biofouling groups or different species within-group may display different responses to the same
material depending on factors such as temperature and depth.

2.2.5. Topography and Wettability of Substrata

The topography of substrata influences the physical and environmental conditions offered to
the organisms. Higher heterogeneity of the substratum will allow for different microhabitats by
providing a larger surface area, which enables higher diversity and lower competition between species.
The level of microtopography, roughness and texture may also influence the ability of organisms to
adhere to that surface affecting, for example, biofilm accumulation and subsequently the biofouling
extent [32,38–40]. Many algae have non-motile spores with low or no selectivity for substratum and
to those the microtopography is important in physically restraining the spores and allowing them to
adhere. Moreover, settlement of many invertebrate larvae is affected by microtopography, acting as
cues assisting larval site selection [4,32]. Therefore, smoother surfaces are generally less susceptible to
biofouling than rougher surfaces [39,40].

The microtopography of a substratum affects its wettability, and this influences the adhesion of
biofouling organisms as the wetting process determines the actual contact area and interaction force
between the adhesive and the substratum. However, no unique relation can be established between the
hydrodynamic characteristics of the surface and the adhesion strength of the organism. For example,
while the adhesive strength of acorn barnacles seems to be greater on high wettability surfaces [18],
different species appear to settle at a higher rate on hydrophobic substrata (Balanus improvisus)
or hydrophilic substrata (B. amphitrite) [41].

2.2.6. Color of Substrata

The color of a substratum relates to the amount of energy reflected and absorbed by the substratum,
as well as to the temperature of the substratum, which can be determinants of biofouling settlement [42].
It has been shown that the color of a substratum exerts a greater influence on the early stages of
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biofouling and is thus mainly a factor to consider for equipment that are submersed for short periods.
Larvae and spores of many organisms show a negative phototaxis and prefer darker and less reflective
substrata during settlement [41–43]. In addition, bacterial biofilms are affected by substratum color and
could thus be important in dictating the subsequent biofoulers which may not be directly influenced
by the substratum color [43–45]. Over time (months-years), as the biofouling communities become
more complex, differences between darker and lighter substrata should become negligible [45].

2.3. Key Macrofouling Groups to the MRE Sector

Biofouling is complex and differs significantly depending on location and over 4000 different
marine organisms have been associated with biofouling [22,46]. While the number of microfoulers can
be very high on a substratum, the less diverse macrofouling organisms make up the bulk of the weight
and/or hydrodynamic load and thickness. Five groups of macrofoulers have been identified as those
causing the greatest impact to MRE structures deployed at sea via different mechanisms [3–5], namely:
(i) kelp (soft-fouling); (ii) bryozoans (soft- to hard-fouling, depending on the species); (iii) mussels;
(iv) acorn barnacles; and (v) calcareous tubeworms (hard-fouling). This section provides an overview
of these groups in European waters, with their impact to the MRE sector being described in Section 2.4.

2.3.1. Kelp (Phylum Ochrophyta, Class Phaeophyceae, Order Laminariales)

Overview

Kelp (Figure 2) are large intertidal and subtidal brown algae of the Order Laminariales
(e.g., Laminaria spp., Saccharina latissima and Saccorhiza polyschides) that often form large populations in
temperate-cold seas (e.g., Northern Europe). Kelp are usually found from the tidal zone down to a
depth of 30 m depending on light availability and exposure to waves and currents [47]. Some species
can populate deeper waters [30] due to a high concentration of fucoxanthin, a pigment that allows
them to use the blue part of the solar radiation spectrum [48]. European kelp has a lifespan of
approximately 15 years and assemblages generally reach 5 m in length with the largest kelp in the
world, Macrocystis pyrifera, reaching up to 50 m in length [48]. M. pyrifera is originally a South Pacific
species but has been reported as an NNS worldwide including Europe, thus also representing a
biofouler in European regions [49,50].
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Figure 2. Kelp (Laminaria digitata; accessed at https://eol.org).

Life Cycle

The life cycle of the Laminariales displays a strong seasonality in most species [30,48,50].
Light, temperature and the photoperiod greatly influence growth, especially of the adult sporophyte,
not only influencing the photosynthetic activity but also acting as a trigger for the regulation of
seasonal growth [30]. In Europe, temperate-cold species grow at 0–20 ◦C while warm-temperate
species can grow at up to 23–24 ◦C [30]. In the North Sea, S. latissima and L. hyperborea grow in winter
and early spring, while L. digitata grows from spring to the end of summer [30]. Fruitification generally
takes place during periods of low or no growth. Therefore, many Laminaria commonly fruit from
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autumn to winter coinciding with decreasing light conditions and temperatures, and only a few species
fruit mainly in summer. The motile spores (meiospores, 5–7 µm [15]) can be released over several
months [30].

2.3.2. Bryozoans (Phylum Bryozoa)

Overview

The Phylum Bryozoa (Figure 3) includes three Classes—Stenolaemata, Gymnolaemata and
Phylactolaemata. Bryozoans (moss animals) form characteristic dense colonies composed of numerous
individual units—zooids—which act coordinated within the colonies. The colonies range in shape and
form. Many “encrusting” to “bush-like” forms exist, which can be either calcareous or non-calcareous.
Colony size is variable and ranges between millimeters to meters depending on the species [51].
Attachment to substrata is facilitated by strong underwater bioadhesives [52] and bryozoans may
reach abyssal depths, depending on the species and its larval development mode [53].
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Figure 3. Bryozoans (cf. Bugula sp.) growing on test panels.

Life Cycle

The bryozoan colonies expand generally during summer via asexual budding which includes the
formation of clones from the primary zooid or group of zooids which remain attached to the colony.
In addition, as the colony matures, some zooids undergo gametogenesis, producing male spermatozoa
and female eggs. Fertilized eggs develop into larvae (250–300 µm [51]) which metamorph into adults
within a few hours after being released [53]. The lifespan of bryozoans is undefined since budding
may occur continuously at different parts of the colony.

The larvae of most bryozoan species display positive phototaxis when released, generally becoming
partially/totally photonegative at settlement [15,51]. Settlement on artificial substrata may be observed
within 1 h to 1 day of submersing an artificial substratum [18] and it is often highly specific and
strongly influenced by the chemical properties of the substratum. Settlement is generally more
frequent on substrata with initially low critical surface energy [18]. Some species prefer to settle on
biofilmed substrata (Bugula neritina and B. stolonifera), while others (B. flabellata and Celleporella hyalina)
prefer substrata without established biofilms [51,54,55]. Furthermore, some larvae are able to detect
the presence of mature individuals, allowing the selection of suitable substrata to settle [52].
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2.3.3. Mussels (Phylum Mollusca, Class Bivalvia, Family Mytilidae)

Overview

Mussels (Figure 4) are dominant organisms in the intertidal to subtidal zones and they can survive
in different and diverse marine ecosystems [56]. Mussels tolerate a wide range of environmental
conditions, for example of salinity and water temperature, and display both great reproductive
potential and fast growth [57,58]. Altogether, this allows mussels to be both a highly adaptive and
potentially effective invasive organism. Many species of mussels grow up to over 100 mm and often
live for more than 10 years, with some species having significantly longer lifespans [58,59]. Mussels
frequently dominate marine growth on offshore structures in the upper 30 m of the water column [56,60]
but can live at least down to a depth of 100 m [57]. The two most common mussels associated with
biofouling in European waters are the blue mussel (Mytilus edulis) and the Mediterranean mussel
(M. galloprovincialis).
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Life Cycle

Mussels reach reproductive maturity generally within 1–5 years, depending on factors such as
water temperature, depth, currents and exposure. Breeding and broadcast-spawning may happen
throughout the year but most often it occurs during spring to late summer [58]. The planktotrophic
larvae of mussels (250–300 µm) are motile and may persist in seawater for up to six weeks [58,59].
Larvae generally prefer to settle on rough, hydrophobic and/or biofilmed substrata or filamentous
algae [58,61]. Settled larvae and juveniles are capable of voluntarily detaching from a substratum to
find a suitable site to reattach [15,55,61]. After settlement, the larvae metamorph into adults.

2.3.4. Acorn Barnacles (Phylum Arthropoda, Subphylum Crustacea, Infraclass Cirripedia)

Overview

Barnacles are crustaceans from Infraclasses Ascothoracica and Cirripedia. Superorder Thoracica
(Cirripedia) includes the most common barnacles, i.e., the gooseneck/stalked/pedunculate barnacles
and acorn barnacles (Figure 5) [31]. Barnacles represent the only crustaceans living attached to substrata
as sessile adults [31].
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and a clump measuring 33 mm tall.

Barnacles (henceforth referring to acorn barnacles) constitute a potentially dominant macrofouling
group in a variety of locations and pose a great threat to many marine structures [62]. Barnacles are
greatly resistant to dislodgement by currents and waves as their adhesion strength is very high
(0.02 MPa in juveniles to over 2.00 MPa in adults), although variable with substratum, species and
age/size of individuals [33,63,64]. In European waters, barnacles are commonly found in the tidal and
the sublittoral zones (0–100 m) with some species also being found in deeper waters [31]. Barnacles are
generally small but certain species can reach up to 75 mm tall (e.g., Chirona hameri [65].

Life Cycle

Barnacles have a complex life cycle undergoing several stages of development which includes
six naupliar (planktotrophic) and a cyprid (non-feeding) instars, the juvenile stage and the sessile
adult [31,66,67]. Barnacle development is mostly influenced by temperature [68]. The spawning of
barnacle larvae is generally synchronized with spring phytoplankton blooms to assure the conditions
are optimal for survival [18,69]. The larvae are free-swimming and can stay in the plankton for up to
two months until they find a suitable substratum for settlement.

A major driver of larval settlement is conspecific chemical cues indicating the presence of
other barnacles [70,71] while on the other hand they may be repelled by the presence of predatory
organisms [26]. During this process, the larvae hover across the substrata and secrete temporary
adhesives to guide other incoming larvae to settle nearby resulting in a higher number of cues left by the
larvae on attractive substrata [71]. Larvae seem to have a selective preference for hydrophilic substrata
and with initially high critical surface energy [18]. Established bacterial biofilms may have either an
inhibitory, neutral or attractive effect on barnacle larval settlement, depending on the species [72,73]
and the settlement can be seen already within 1 h after submersing a substratum [18]. After settlement,
the cyprid metamorphs into a juvenile barnacle with calcified shell plates. The barnacle continues to
expand its base and side plates as it grows and molts throughout its life. Effective attachment to the
substrata is assured using an insoluble cement composed of proteinaceous materials with an outer
lipidic layer which hardens very fast after secretion [67,74].
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2.3.5. Calcareous Tubeworms (Phylum Annelida, Class Polychaeta, Family Serpulidae)

Overview

Calcareous tubeworms (serpulids; Figure 6) are sedentary suspension-feeding organisms that live
in calcareous tubes which they build to attach to the substrata (generally hard-substrata but can also
be macroalgae). Serpulids can reach considerable lengths of up to 70 mm (e.g., Serpula vermicularis)
and may be found at depths down to 200 m [75].J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 10 of 25 
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Life Cycle

Small species brood lecithotrophic larvae (~200 µm) while medium-large species broadcast-spawn
planktotrophic larvae (~125–300 µm) [76,77]. Besides sexual reproduction, some serpulids also
reproduce asexually by scissiparity. Development and reproduction are greatly affected by water
temperature. In Europe, the spawning of serpulids may occur throughout the year and the settlement
season may extend over several months [76]. Many serpulids show gregarious settlement and form
conspecific complexes where derived individuals form tubes that branch off from their parent tubes [78].
Settlement can be elicited by the presence of a single adult and is delayed in the absence of cues
associated with conspecifics [75–77]. Settlement can also be either induced or inhibited by biofilms
and by macroalgal compounds [76]. After settlement, larvae metamorph into juveniles which begin
to build the tube. Longevity correlates to size, with smaller species showing a lifespan of few years
(e.g., 1.5–4 years for Spirobranchus triqueter) and larger species having longer lifespans (e.g., 18–35 years
for S. giganteus) [76].

2.4. Impact of Key Biofouling Groups to MRE Equipment

The impact of biofouling is most often associated with alterations of the hydrodynamic properties,
structural mass and roughness of submersed devices/components leading to loss of integrity and of
performance or functionality [79,80]. A summary of each impact is presented below:

• Added weight to MRE equipment

Among the five biofouling groups mentioned above, mussels, barnacles and kelp are the most
problematic with regards to added weight. Mussel assemblages rapidly add substantial weight to
structures. For example, in one study offshore the Portuguese West coast, M. galloprovincialis registered
~24 kg fresh weight m−2 on test panels submersed for 12 months at 5 m depth (Vinagre et al., 2019,
unpublished data). In another study in the Mediterranean Sea, after a much longer period of equipment
submersion (offshore gas platform piles submersed for ~17.5 years) assemblages of M. galloprovincialis
registered ~155 kg fresh weight m−2 near the surface [81]. While not as heavy as mussels, barnacles and
bryozoans may also add considerable weight to structures. For example, offshore the Portuguese West
coast, the barnacle Perforatus perforatus and the bryozoan cf. Bugula sp. registered ~4–5 kg fresh weight
m−2 on test panels submersed for 12 months, at depths of 10 and 5 m, respectively (Vinagre et al., 2019,
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unpublished data). Colonies of the bryozoan Schizoporella errata from the Mediterranean Sea
(on offshore gas platform piles submersed for ~17.5 years) have further been recorded to also
reach ~5 kg fresh weight m−2 at a depth of 12 m [81]. Kelp assemblages regularly amount to great
weights in their natural environment (e.g., up to 40 kg of fresh weight m−2 [30]). However, since they
are close to neutrally buoyant, to MRE equipment kelp mainly cause increased drag of the moving
parts [82].

• Added thickness/roughness to MRE equipment

Mussels, barnacles and, to lesser extent serpulids, bryozoans and kelp, further greatly increase the
surface diameter/thickness and roughness of submersed devices and components leading to increased
drag and reduced mobility of moving parts [82]. Furthermore, it is possible that the increased surface
diameter/thickness of components could damage other, more sensitive components such as sealings
from hydraulic components.

• Corrosion in MRE equipment

As mentioned in the Introduction, corrosion of MRE equipment may be induced and/or accelerated
by micro- and macrofouling organisms [7,8]. Anaerobic marine microorganisms may induce MIC
and macrofoulers may facilitate MIC initiated by those organisms growing under the macrofoulers
in hypoxic/anoxic conditions. In addition, some macrofoulers may promote localized corrosion as
they use chemicals to adhere to or perforate substrata [8,9]. While each of the five biofouling groups
addressed in the current paper are capable of strongly adhering to substrata to different degrees,
barnacles and serpulids generally show the greatest adhesion strength [83]. Of the two, barnacles
are usually more difficult to remove from MRE equipment compared to serpulids, and they usually
cause more severe implications [84]. This is often because it is frequently not possible to entirely
remove barnacles without scratching the surface as their cement remains adhered to the surface upon
removal, and this scratching may expose the surface to marine water and induce accelerated corrosion.
The adhesion strength of barnacles specifically can be reduced using silicone coatings to which their
attachment is weaker [85]. Kelp, mussels and bryozoans generally show weaker adhesion strength and
are easier to remove during maintenance. However, the forces generated on these settled assemblies of
organisms by currents and waves may cause abrasion of the devices/components due to their great
weight or volume and accelerate corrosion as a consequence.

Maintenance plans for MRE projects are of paramount importance as maintenance is a very costly
process that may account for up to almost a third of the operating costs for an MRE project [86].
Maintenance such as repair and inspection activities of MRE structures are carried out in situ,
frequently offshore, during the service life of the setup [87]. Those activities require specific and
expensive operational logistics such as vessels, professionals and equipment, and they further hinge
on environmental conditions and weather. Since MRE equipment/structures are designed to optimally
perform from 10 to 30 years, maintenance is especially relevant during mid to later stages of the
operational lifespan, as current antifouling solutions may not be functional during the entire lifetime
of the project [87,88]. Furthermore, maintenance activities also lead to downtime, preventing energy
production and consequently causing loss in revenue. Because of the variable nature of biofouling and
of its impacts on MRE structures/equipment, the biofouling database could be of especial importance
for players in the MRE sector allowing them to be more aware of site-specific biofouling and aiding
them in defining adequate maintenance plans including nature and frequency of activities.

2.5. Biofouling Control

Biofouling control has evolved especially in the last decade and it is anticipated that it will continue
to do so, in particular in response to the changing environment [89]. Several extensive reviews have
been published on the topic over the last 60 years (Table 1).
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Table 1. Key reviews on the theme of biofouling control over the last 60 years.

Author Title

Redfield and Ketchum, 1952 [90] Marine fouling and its prevention (Part III: Prevention of fouling)

Fisher et al., 1984 [91] Technology for control of marine biofouling—A review

Wahl, 1989 [13] Marine Epibiosis. I. Fouling and antifouling: Some basic aspects

Swain, 1999 [92] Redefining antifouling coatings

Yebra et al., 2004 [46] Antifouling technology—Past, present and future steps towards
efficient and environmentally friendly antifouling coatings

Chambers et al., 2006 [93] Modern approaches to marine antifouling coatings

Fusetani and Clare, 2006 [94] Antifouling compounds

Almeida et al., 2007 [95] Marine paints: The particular case of antifouling paints

Hellio and Yebra, 2009 [28] Advances in marine antifouling coatings and technologies

Magin et al., 2010 [96] Non-toxic antifouling strategies

Salta et al., 2010 [97] Designing biomimetic antifouling surfaces

Callow and Callow, 2011 [98] Trends in the development of environmentally friendly
fouling-resistant marine coatings

Cao et al., 2011 [22] Progress of marine biofouling and antifouling technologies

Dafforn et al., 2011 [99] Antifouling strategies: History and regulation, ecological impacts
and mitigation

Lejars et al., 2012 [5] Fouling release coatings: A nontoxic alternative to biocidal
antifouling coatings

Buskens et al., 2013 [100] A brief review of environmentally benign antifouling and
foul-release coatings for marine applications

Gittens et al., 2013 [101] Current and emerging environmentally-friendly systems for fouling
control in the marine environment

Legg et al., 2015 [102] Acoustic methods for biofouling control: A review

Ciriminna et al., 2015 [103] Ecofriendly antifouling—Marine coatings

Amara et al., 2018 [104] Antifouling processes and toxicity effects of antifouling paints on
marine environment: A review

Xie et al., 2019 [105] Dynamic surface antifouling: Mechanism and systems

Verma et al., 2019 [106] A review on protective polymeric coatings for marine applications

Until recently, antifouling solutions mainly resided in the use of biocidal substances,
mostly tributyltin (TBT) or copper-based [99]. While TBT was very effective, its pronounced persistence
in sediments and bioaccumulation combined with substantial evidence of its significant environmental
impacts on numerous non-targeted marine species such as mollusks and fish led to its global ban
in 2008. As an alternative to TBT, the use of copper/zinc and booster biocides (e.g., Irgarol 1051,
SeaNine 211 and Diuron) in antifouling paints became more frequent. Although these compounds
are considered less harmful to the environment than TBT, similar problems associated with their
toxicity and accumulation in the marine environment from their use have been reported [46,99,104].
These methodologies rely on the release of a biocidal or repelling compound to counter the settlement
of organisms and the coating/paint in which those substances are incorporated need to be reapplied at
regular intervals.

Having a coating where the organisms attach poorly is an alternative strategy and, to date,
the majority of applied antifouling technologies rely on such fouling release-based coatings, which were
extensively reviewed by Lejars et al. [5]. This has led to the development of numerous biocide-free
antifouling solutions, such as silicone-based foul release coatings (e.g., Intersleek 900) capable of
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acting against both micro- and macrofouling organisms due to their amphiphilic surface nature and
hydrogel paints (e.g., Hempasil X3) that form a water-retaining polymeric network over the coated
surface and make the fouling organisms perceive the coated surface more as a liquid rather than a
solid surface [103]. The fouling release coatings are efficient when employed under suitable conditions;
however, the technology is optimized for moving objects and relies on the sheer forces induced from
movement to remove the settled organisms [5]. As such, many of the silicone-based technologies are
not optimized for the ocean energy sector with its many slow-moving or stationary marine installations.

With the development and expansion of maritime sectors such as ocean energy and aquaculture,
the antifouling industry has grown proportionally [88,107]. Alternative antifouling technologies are
therefore under constant development. While new technologies are being developed, they must
adhere to the legislation applicable to antifoulants, namely The Biocidal Products Regulation
(BPR, Regulation (EU) 528/2012) which governs the use of antifouling coatings and other products.

Creating coatings that are effective and repellent to settlement under stationary conditions is
challenging and many different strategies are under development and consideration in addition to classic
biocide and fouling release technologies. Some examples include mechanical cleaning, physical control
by applying acoustics [102], pressure or UV radiation [108], electro-chemical treatment [109],
iodine vapor [110] and the development of repellent micro- and nano-textures [111]. Several of
these approaches are inspired by how stationary marine organisms cope with the threat of being
overgrown and colonized [112,113]. Stationary and slow-moving marine organisms regularly employ
either a physical or a chemical defense to prevent being overgrown and colonized by marine micro-
and macroorganisms and many of these approaches are being investigated [114–116]. Biomimicry of
natural repelling topographies such as shark skin, crab shells and plant leaves are thus under
investigation [117,118]. Numerous antifouling natural products exert their repelling effect in a non-toxic
reversible manner, and being able to mimic nature would potentially allow for environmentally-friendly
coating technologies [114,119,120]. A challenge here lies in the economical production of large amounts
of these compounds synthetically to meet demand, and structural simplification is one route to lower
production costs [114,116]. In addition, reducing the release to a minimum or employing contact-active
biocides embedded in a soft coating would lower the environmental burden [10,11].

For the marine energy sector, it is crucial that the antifouling is efficient, long acting and economical
as these stationary structures are deployed for many years and repeated maintenance represents
high costs for the sector [87]. Several types of structures may not need total protection from settling
organisms, while, for other more delicate, moving parts, it is crucial. In addition, given the spread in
devices employed, it is unlikely that single solutions would be applicable to the entire sector [121].

2.6. Artificial Reef Effect: Non-Native Species and Regulatory Framework

Any artificial structure deliberately placed in marine conditions will act as an artificial reef,
attracting marine organisms and mimicking the functions of natural reefs [122]. Offshore structures,
although serving a different purpose, can be regarded as artificial reefs creating new surfaces on which
the organisms attach, settle and grow [123,124]. Therefore, offshore structures may act as promoters of
ecosystem diversity and function and often present communities more diverse and abundant than
those in the surroundings, including natural reefs and soft substratum [124]. Additionally, this may
result in fish attraction and aggregation when compared to surrounding soft-bottom areas [122,123].

However, offshore structures may contribute to the propagation of NNS (including macroorganisms
and microorganisms such as pathogens and parasites) in the marine environment, serving as
“stepping stones” for the organisms [124–126]. The introduction of NNS often impacts biodiversity,
habitats or ecological processes, and it may pose both ecological and economical threats [12].

Although requirements to biofouling control per se are non-existent worldwide, as a vector of NNS
propagation, the biofouling aspect of maritime sectors has received attention especially in the last two
decades and is now regarded in several international/European legislative frameworks (and in other
national ones), for example:
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• 2004: The United Nations International Maritime Organization (IMO; http://www.imo.org) hosts the
International Convention for the Control and Management of Ships’ Ballast Water and Sediments
(BWM) which provides standards and guidelines to prevent, minimize and furtherly eliminate
the transfer of harmful organisms and pathogens in ballast waters and sediments.

• 2008: The EU Marine Strategy Framework Directive (MSFD, Directive 2008/56/EC; https://ec.
europa.eu) enters into force aiming at a more effective protection of the marine environment and
biodiversity. The MSFD intends for the Members States to achieve “Good Environmental Status”
with assessment of 11 Descriptors including the D2—Non-Indigenous Species, through an adaptive
management approach which must be kept up-to-date and reviewed every six years.

• 2011: The IMO Marine Environment Protection Committee (MEPC) adopts the IMO guidelines
for the control and management of ships’ biofouling to minimize the transfer of invasive aquatic
species (resolution MEPC.207(62)), which was further supplemented by the 2012 guidance for
minimizing the transfer of invasive aquatic species as biofouling (hull fouling) for recreational
craft (MEPC.1/Circ.792).

• 2015: The EU Regulation on invasive alien species (IAS Regulation 1143/2014; https://ec.europa.eu)
enters into force setting out rules to prevent, minimize and mitigate the adverse impacts caused
by invasive species. The Regulation requires the Member States to study the introduction routes
and spread of invasive species and to set up surveillance systems and action plans to ascertain the
adequate preventive measures, among others.

Having all legislation pieces into account, it makes necessary to players in the MRE sector to
develop biosecurity risk assessment/management plans aiming to predict and prevent the establishment
and propagation of NNS as a condition of their projects. In this sense, the biofouling database presented
in this paper could be especially useful since it provides beforehand a mapping of non-native species
found across European waters. This awareness, in turn, may be helpful in the development of
maintenance plans (mentioned in Section 2.4).

3. European Biofouling Database

3.1. Database Description

The biofouling database compiles data obtained from sampling biofouling communities in test-sites
along European test-bed facilities as a part of the OCEANIC project. In addition, the database contains
extensive data from peer-reviewed literature and reports, most of which are aimed at characterizing
the biofouling communities growing on specific substrata in European waters. The search for literature
included terms such as biofouling, macrofouling, fouling, marine growth, colonization and assemblages,
combined with others such as artificial structures, European, marine renewable energy, ocean energy
and offshore.

The compiled information describes the following attributes at each site to provide relevant
biofouling information for the MRE sector:

• Realm, Province and Ecoregion (after [127]): Allows an overview of the countries encompassed in
the mapping and provides insights of possible biofouling community patterns.

• Country and Site: Defines the country and location of the sampled. Non-European sites in the
Mediterranean were included.

• Distance to shore: Defines the distance between the sampled site and the closest shore.
• Type of equipment/structure: Describes the surfaces surveyed, including equipment/structures

from the MRE and oil and gas sectors; deliberate artificial reefs and test panels were included.
• Period of submersion: Defines the period (months/years) during which the biofouling could grow

(i.e., from the equipment deployment until data was gathered).
• Depth: Defines the depth at which data was retrieved.

http://www.imo.org
https://ec.europa.eu
https://ec.europa.eu
https://ec.europa.eu
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• Temperature and wave height: Presents temperature and wave height data in the area
sampled (or for the closest area). Data were retrieved from the cited work or from WindGuru
(http://www.windguru.cz) for the area and fouling period.

• Biofouling data: Includes qualitative and quantitative information on samples collected in the
field and on biofouling organisms found in the samples: kelp, bryozoans, mussels, acorn barnacles
and calcareous tubeworms and other relevant sessile biofoulers including NNS. Taxonomy was
standardized according to WoRMS (World Record of Marine Species) (http://www.marinespecies.
org). Quantitative data on samples include biofouling weight and thickness and the biofoulers
weight and size (length or height, depending on the species). Weight was standardized mainly to
kg fresh weight m−2.

• Reference: Identifies the source of the biofouling data presented.

3.2. Database Indicators

The European biofouling database presented was initiated at the end of 2017 and has been
available for download at the OCEANIC project website (http://oceanic-project.eu/biofouling-database)
since mid-November 2018. It was presented at the ICOE 2018 conference and was disseminated
at several international events about biofouling and/or the MRE sector (for example, EIMR 2018,
ICMCF 2018, Business2Sea 2018, WavEC Annual Seminar 2018 and EWTEC 2019). The database has
been downloaded from 20 countries worldwide, mostly from companies working in the MRE sector
(Figure 7).
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offshore. The data span a depth range from the surface to 90 m depth and the submersion time ranges
between 10 days and 39 years. The database describes and characterizes the settlement colonies on a
range of different man-made structures and materials relevant to the MRE sector. Among the literature
reviewed, more records were available for the North Sea Ecoregion in comparison to for example the
Celtic Sea and White Sea Ecoregions (Figure 8). An overview of the data available for the different
Ecoregions is summarized in Table 3 and the reader is referred to the database for detailed information
about each site.

Table 2. Regions included in the European biofouling database.

Region Ecoregion Countries

I South European Atlantic Shelf Portugal, Spain (north coast), France (west coast)
II Western Mediterranean Sea Italy (west coast)
III Adriatic Sea Italy (east coast)
IV Aegean Sea Turkey (west coast)
V Levantine Sea Turkey (south coast), Egypt
VI Celtic Seas Ireland

VII North Sea England, Scotland, Belgium, Netherlands, Germany,
Denmark, Sweden (west coast), “North Sea”

VIII Baltic Sea Sweden (east coast), Poland
IX White Sea Russia (west coast)
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Sites key (white squares): area and number of biofouling sampling records (surveys undertaken at
different sites or during different periods at the same site). Base map: Google Earth.
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Table 3. Overview of the origin of the data used to generate the biofouling database.

Region Country/
Location Records a Structures Period

(months)
Depth

(m)
Distance

(km)

I France 1 Moorings 17–19 0–25 20

I Portugal 5 Metallic and plastic panels, Rubber
seals 7.5–17 0–10 Onshore–0.4

I Spain 2 Metallic and plastic panels 5 and 9 25 1.7
II Italy 3 Buoys, panels 3–70 0–39 55 and 68.5
III Italy 2 Gas platform piles 204–209 0–12 10.5
IV Turkey 5 Asbestos-cement panels 3–12 3 0.1
V Egypt 1 Polystyrene panels 1 0–5.5 0.5
V Turkey 3 Wood panels 13 0–1 0.1
VI Ireland 1 Gas platform piles 15–51 3–90 50
VII Belgium 4 Monopiles, concrete foundations 2–45 0–25 30 and 49
VII Denmark 1 Monopiles 12–42 0–10 14
VII England 2 Monopiles 31 0–10 10–50
VII Germany 1 Jacket foundation 21–51 0–28 45
VII Netherlands 6 Monopiles, jacket foundations 18–468 0–43 18–177
VII North Sea 4 Oil and gas platforms, clamps 36–180 0–67 100–115

VII Scotland 21
Jacket foundations, piles, buoys,
chains, ADCP, WEC, pontoons,
harbor walls, metallic panels

11–60 0–90 0.1–195

VII Sweden 1 Concrete foundation 2–26 0–25 2
VIII Poland 1 PVC panels 0.3–2 3–7 0.35
VIII Sweden 3 Bridge pillars, monopiles, boulders 24–300 1.5–5 Onshore–12
IX Russia 1 Ceramic panels 2–13 1.5 0.1

a Surveys undertaken at different sites or during different periods at the same site.

Each separate location in the database is closely mapped and the extent of the biofouling of
the investigated structure/materials is characterized and described in terms of weight, thickness and
species composition. An example of a summarized data entry from the database is shown in Table 4.

There is a wide range in the time exposed to the marine environment with some structures being
exposed for a few months while others were analyzed after 17 years in the ocean. While this provides
highly relevant insights into the biofouling process on made-made structures over time, caution is
warranted when comparing the absolute amounts between sites. The biofouling community structures
changes among the Ecoregions and significantly within each Ecoregion, and different organisms
become frequent in the communities at different depths. Nonetheless, the biofouling groups dominant
in the communities were frequently the same; for example, the bulk of the biofouling weight was most
frequently associated with colonization by mussels and acorn barnacles reaching as high as 150 kg/m2

accumulated over 17 years in the Adriatic Sea (Region III). A very general zonation pattern reflecting
the literature and reports reviewed could be described as follows:

• The number of species increases with depth within the euphotic region down to about 40 m.
Upper sections present greater biofouling weight (0–10 m) and thickness (0–20 m).

• Upper intertidal sections (0–6 m) are dominated by ephemeral green, red and brown algae and
barnacles (e.g., Semibalanus balanoides). Below, kelp (e.g., Laminaria sp.) may develop down to mid
water column sections depending on light availability and on seawater temperature, especially in
the North Sea.

• From the lower intertidal to the infralittoral (down to about 30 m), bands of barnacles (e.g., S. balanoides,
Balanus crenatus) and mussels (e.g., M. edulis, M. galloprovincialis) occur. The biomass of these
organisms decreases with increasing depth down to 90 m. They are accompanied by a plethora
of additional sessile organisms including serpulids (e.g., Spirobranchus sp., Hydroides sp.),
anemones (e.g., Metridium senile, Sagartia sp.), hydrozoans (e.g., Tubularia/Ectopleura sp.), soft corals
(e.g., Alcyonium digitatum) and sea-squirts (e.g., Ascidiella aspersa). In addition, a great variety of
mobile organisms such as crustaceans (e.g., decapods: Pachygrapsus marmoratus, Pilumnus hirtellus;
amphipods: Jassa sp.) and echinoderms (e.g., Asterias rubens, Paracentrotus lividus) is found.
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• The seabed is occupied by mobile organisms such as decapods and starfishes which predate on
organisms such as mussels and barnacles and restrict their lower (deeper) limit.

Table 4. Example of the European biofouling database structure.

Sampling Location Information

Realm a Temperate Northern Atlantic
Province a Lusitanean

Ecoregion a South European Atlantic Shelf
Country-city Portugal-Peniche

Site AW-Energy WaveRoller test site
Coordinates 39◦22′56.64” N, 9◦18′58.68” W

Distance to land 0.4 km
Equipment Metallic and plastic test panels

Fouling period 12 months
Depth 5–10 m

Temperature 12.9 ◦C (January)–20.2 ◦C (August)
Wave height 1.6 m (September)–3.1 m (February)

Biofouling Sample

Sample maximum thickness 83.7 mm (at 5 m)
Sample maximum weight 33.5 kg fresh weight m−2 (at 5 m)

Biofouling Organisms

Group b Sub-group b Species b Common Name b Max. Size c Max Weight d

Polychaeta Serpulidae Hydroides sp. Tubeworm - -
Spirobranchus sp. Christmas tree worms - -

Bryozoa Gymnolaemata Bugula sp. Bryozoan - 3.7 e

Crustacea Cirripedia Perforatus perforatus Acorn barnacle 22.1 e 5.1 e

Mollusca Bivalvia Anomia ephippium Saddle oyster 5.9 f 0.001 f

Hiatella arctica Wrinkled rock borer 12.1 e 0.05 e

Musculus costulatus Flat striped shell - -
Mytilus galloprovincialis Mediterranean mussel 89.6 e 23.8 e

a Ref. [127]; b WoRMS, http://www.marinespecies.org; c in mm; d in kg fresh weight m−2; e at 10 m; f at 5 m.

The literature review allowed the identification of 18 marine NNS (Table 5). The NNS were found
mostly within the North Sea and at the intertidal section of submerged structures and included eight
hard-foulers (six barnacles, one bivalve and two gastropods) and one soft-/hard-fouler (bryozoan).

http://www.marinespecies.org
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Table 5. Non-native species identified in the literature reviewed and countries where they were reported.

Biofouling Group a Species Common Name Country b

Algae

Soft-fouling

Cl. Phaeophyceae Colpomenia peregrina Oyster thief Sco
Ph. Chlorophyta Codium fragile fragile Sponge seaweed Sco
Ph. Rhodophyta Dasysiphonia japonica Siphoned Japan weed Sco

Invertebrates

Or. Diptera Telmatogeton japonicus Marine splash midge Bel, Den, Net, Swe

S.Ph. Crustacea
Jassa marmorata Amphipod Bel, Den, Eng, Net
Caprella mutica Japanese skeleton shrimp Den, Net, Sco

Hemigrapsus sanguineus Pacific crab, Asian shore crab Bel

Ph. Chordata Corella eumyota Orange-tipped sea squirt Sco

Hard-fouling

Ph. Bryozoa Schizoporella japonica Orange ripple bryozoan Sco

S.Ph. Crustacea

Amphibalanus amphitrite Striped barnacle Bel
Austrominius modestus Australasian barnacle Bel, Sco, Eng, Net, Pt

Balanus glandula North American barnacle Bel
Megabalanus coccopoma Titan acorn barnacle Bel, Net

Megabalanus tintinnabulum Sea tulip Bel
Perforatus perforatus Acorn barnacle Bel, Net

Ph. Mollusca
Magallana gigas Pacific oyster Bel, Ger, Ita, Net

Crepidula fornicata American slipper limpet Bel
Patella vulgata Common limpet Bel

a Species groups: Ph., Phylum; S.Ph., Sub-Phylum; Cl., Class. b Countries: Bel, Belgium; Den, Denmark; Eng, England; Ger, Germany; Ita, Italy; Pt, Portugal; Net, Netherlands; Sco, Scotland;
Swe, Sweden.
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4. Discussion

The complex biological origin and subsequent management of biofouling is widely reviewed
and discussed, particularly in relation to its impacts and control in the maritime sectors (Table 1).
Despite this significant amount of published material, it has been argued recently that the information
is not being well or sufficiently transferred among developers, regulatory bodies and ecologists across
the MRE sector [2]. The number of published studies may also complicate extracting key information
relating to the MRE sector. These challenges may lead to improper design of operation and maintenance
methodologies, consequently translating to increased costs and delays for MRE sector.

The development of the present European biofouling database was envisioned in the OCEANIC
project to allow the MRE sector and other maritime sectors easy access to relevant biofouling
data allowing more informed and quick decisions with regards to for example site selection and
maintenance frequency. At present, the database includes in one document qualitative and quantitative
data on key biofouling groups to the MRE sector, gathered during the three years of the OCEANIC
project and from peer-reviewed papers and reports. The database, which is downloadable from
the OCEANIC project website (http://oceanic-project.eu/biofouling-database) will continuously be
updated with data from published papers and reports and with data shared by other projects,
for example the recently finished H2020 project WaveBoost (https://ec.europa.eu/inea/en/horizon-2020/

projects/h2020-energy/ocean/waveboost) and the recently started OCEANERA-NET project SeaSnake
(https://oceanenergy-sweden.se/seasnake). WavEC Offshore Renewables researchers will be in charge
of the ongoing database updates. Collaboration between groups developing biofouling databases [128]
is anticipated to be useful to develop a database as robust and applicable as possible.

For the present database, biofouling data were selected/discarded according to some attributes
to make them as standardized, relevant and robust as possible. In addition to the geographical,
physical and biological parameters presented in Table 4, the following design/selection criteria were
applied to the database entries:

• Only sessile organisms were included. Mobile organisms such as decapods, amphipods or starfish
may still be a dominant constituent of the communities at certain depths (regarding density or
coverage, since the bulk of weight and thickness is generally associated to sessile organisms).
Sessile organisms are unable to freely move along artificial structures and allow for an easier
understanding of biofouling zonation across depths. Furthermore, the stationary fouling organisms
represent the main challenge associated with cleaning and maintenance of marine structures.

• The weight and thickness of the biofouling communities were used throughout the study and
extracted from the literature as the biofouling parameters most responsible for the impacts to the
MRE as opposed to density (number of organisms) and/or coverage percentage. This is because
weight and thickness better reflect the magnitude of the biofouling impact such as loading,
potential increased drag or altered hydrodynamic properties. Furthermore, several of the attached
organisms are challenging to quantify by other means and large coverage or density does not
necessarily translate into a great weight or thickness.

• The month/season during which data were obtained and the bathymetry where the sampled
structured is placed were not included due to scarcity of data. Time of sampling remains an
important factor, particularly for short periods of biofouling growth where sampling after the
spring–summer period (which is the period when growth and reproduction rates are enhanced)
could yield different results compared to sampling after the autumn–winter period (when severe
environmental conditions may not only cause reduced growth and reproduction rates, but also
may cause the displacement of organisms by larger waves). Nonetheless, the database includes
data from an extensive range of submersion periods (up to 17 years) which is perceived as
extensive enough to cover for seasonality bias. The depth (bathymetry) influences the structure of
biofouling communities, especially in shallow waters which are generally more turbulent and have
greater variation in physical-chemical parameters such as temperature and turbidity that influence

http://oceanic-project.eu/biofouling-database
https://ec.europa.eu/inea/en/horizon-2020/projects/h2020-energy/ocean/waveboost
https://ec.europa.eu/inea/en/horizon-2020/projects/h2020-energy/ocean/waveboost
https://oceanenergy-sweden.se/seasnake
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the biofouling composition and abundance (biomass, density and coverage), compared to deeper
waters. The bathymetry parameter may be added to the database in the future (including for the
present sites).

As acknowledged by researchers, predicting and modeling biofouling composition and magnitude,
either at the micro- or macrofouling level or both, can be a daunting task, which makes biofouling
management highly complex. The differences in biofouling communities at different geographic
locations and biotopes adds further complexity and illustrates the need for tailormade and flexible
antifouling solutions. The biofouling database can be used to assess the likely biofouling pressure at
different locations and Europe and allows for informed decisions on antifouling countermeasures.

Modeling biofouling is expected to be further aggravated by the current scenario of climate change
leading to ocean warming and acidification and sea level rise, among other impacts (IPCC 2013).
Consequently, several environmental parameters influencing the biology of marine organisms including
biofoulers have been and will be affected [89]. Key changes in the biofouling communities’ structure
are expected worldwide because of increased water temperature, for example in facilitating biological
invasions especially in polar and temperate regions where cold-water native species may be replaced
by warm-water NNS. Structural changes may further be aggravated by the decreased pH which may
be detrimental to the calcification of hard-fouling organisms such as barnacles, mussels and bryozoans,
possibly causing them to lose dominance in biofouling assemblages to soft-fouling organisms such as
tunicates and algae [89].

Bearing in mind the impact of climate change in biofouling communities, the European biofouling
database could be especially useful in the future as it will be updated regularly allowing for comparison
of biofouling patterns across different time scales and locations. As such, the database is expected to be
a useful and versatile tool for understanding the fouling pressure on different substrata in European
waters and it is anticipated to find continued use in both commercial and academic research settings.
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