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ABSTRACT

. . . ARTICLE HISTORY
A novel system was developed to deploy settlement panels to monitor biofouling growth Received 25 June 2020

in situ and evaluate antifouling coatings at depths representative of operational conditions Acce

. . . . X R . . pted 4 May 2021
of full-scale marine renewable energy devices. Biofouling loading, species diversity, and Published Online 14 June 2021
succession were assessed at depths ranging from 25-40m at four tests sites in Orkney (UK)
featuring extreme wave and tidal current exposure to more sheltered conditions. Evaluations KEYWORDS
were carried out over a period of 8 months with intermediate retrieval of samples after biofouling; marine renewable
3months. Early pioneer fouling communities, comprised of colonial hydroids, were succeeded energy; settlement panels;
by tube-forming amphipods across sites while solitary tunicates dominated in greater shelter. ~ Wave; tidal; ocean energy
The highest biofouling loading was observed on high-density polyethylene (HDPE) panels
(6.17kgm=2) compared with coated steel (3.34kgm=2) panels after 8 months. Distinct
assemblages were present at exposed vs sheltered sites. Better understanding of fouling
and antifouling strategies may provide guidance to more effectively manage biofouling
impacts in this sector.

Introduction et al. 2014). The European Marine Energy Centre
(EMEC) was established in 2003 to test MRE devices
in the high-energy waters around Orkney (EMEC
2020). As the MRE sector develops the importance
of biofouling is being recognised, including issues
specific to this industry.

Increased weight and drag from biofouling may
compromise MRE device functioning by affecting
hydrodynamic performance influencing power deliv-
ery, and by increasing structural loading on the
device and/or its moorings (Orme et al. 2001;
Langhamer et al. 2009; Walker et al. 2014). The eco-
nomic consequences of poorly managed biofouling
include performance reduction, costs incurred during
removal and prevention of growth, and replacement
of corroded components (Swain 1998; Yebra et al.
2004; Schultz et al. 2011). MRE-specific biofouling
issues include: impacts on moving parts unique to
these technologies (Tiron et al. 2015); the use of
novel materials in ways that have not been trialled

As part of societal and governmental objectives to
tackle climatic change, renewable energy technologies
are being developed to generate electricity while min-
imising the emission of greenhouse gases (Kern and
Rogge 2016) Cooper and Hammond 2018). The
Scottish Government has set the objective of deliv-
ering at least 50% electricity from renewable technol-
ogies by 2030 (Scottish Government 2019). A
significant proportion of the practically extractable
resources to achieve this both globally and nationally
can be derived from marine renewable energy (MRE)
(Khan et al. 2017, Neill et al. 2017) provided the cost
of generated energy can be reduced to competitive
levels (Allan et al. 2011; Ocean Energy Systems 2015;
Arup 2016). This assessment of the potential for
renewable generation from marine sources has created
significant interest in Orkney, which has been iden-
tified as a suitable location for large-scale deployment
of wave and tidal energy converting devices (Neill
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before (Polagye and Thomson 2010); and, deployment
into habitats where structures have not been previ-
ously installed and studied (e.g. strong tidal flow
areas) (Want et al. 2017; Sheehan et al. 2020).
Limitations in effectiveness of antifouling coatings
are expected when applied to components featuring
greater structural and hydrodynamic complexity, such
as ‘niche’ areas, e.g. couplings and manifolds.
(Edyvean 1987; Coutts and Taylor 2004). Antifouling
and anti-corrosion efficacy provided by coatings is
expected to be further reduced in high-current speeds

through greater shear stress and increased rate of
antifoulant dissolution (Kiil et al. 2002). Coatings
may be further compromised by sediment abrasion
(Walker et al. 2014) with potential impacts on
cathodic protection and electrical conductivity (Yerba
et al. 2004; Klijnstra et al. 2017). In addition, the
functionality of sensors (e.g. data buoys, acoustic
Doppler current profilers, and cameras) used to char-
acterise energy resource and monitor device perfor-
mance may be compromised by biofouling (Want
et al. 2017) (Figure 1).

Figure 1. Biofouling of marine renewable energy infrastructure (clockwise from top left): heavy barnacle fouling after only
8months deployment of a Waverider buoy used to assess wave resource; tunicates dominating the fouling on a tidal device
subunit; barnacles and hydroids on an acoustic Doppler current profiler used to assess tidal current flow; and, heavy
animal-dominated fouling on an offshore ‘tether-latch assembly’ mooring system (Tether-latch assembly image courtesy of

EMEC).



There are relatively few published studies on bio-
fouling in this sector owing partly to the early tech-
nology readiness level of MRE devices, and to
commercial sensitivities (Shields et al. 2011).
Furthermore, in situ studies comparing coating per-
formance in the MRE sector are absent from
peer-reviewed literature (Loxton ef al. 2017). MRE
studies have included biofouling assessments of buoys
(Langhamer et al. 2009; Macleod et al. 2016) and
have described the role that vessels and harbours,
may play in the movement of fouling species (Nall
et al. 2015). Studies specific to the biofouling in
Orkney waters have included: monitoring of intertidal
indicator species (Want et al. 2014); classification and
quantification of fouling on a wave device (Nall et al.
2017); and, characterisation of biofouling assemblages
at wave, tidal, and harbour sites including devices,
fixed infrastructure, data buoys, and sublittoral sen-
sors (Want et al. 2017).

Earlier MRE studies in biofouling have chiefly
focussed on limited opportunities to observe fouling
from seabed moorings and surface-bound floating
structures (Langhamer et al. 2009; Macleod et al.
2016; Nall et al. 2017; Want et al. 2017; Sheehan et al.
2020). One of the key obstacles to studying biofouling
in this sector is the challenge of collecting data in
high exposure environments. High current flow con-
ditions may not be practical for survey work using
divers or ROVs (Gormley et al. 2018), and a critical
knowledge gap exists in fouling characterisation of
MRE structures deployed at ‘mid-depths, e.g. posi-
tioned in the water column where tidal turbines opti-
mally operate (Kolekar and Banerjee 2015). While a
rich body of biofouling studies on static oil and gas
infrastructure now exists (Wolfson et al. 1979;
Forteath et al. 1982; Relini et al. 1998; Page et al.
2006), the importance of marine fouling in that sector
was initially overlooked and underestimated (Edyvean
1987). Given the early developmental stage of the
MRE sector where installation, operation and main-
tenance costs are likely to be elevated, comprising a
significantly larger proportion of project costs and
leading to an increased levelised cost of electricity
(LCOE) compared with equivalent energy generation
technologies (Ocean Energy Systems 2015). As such,
the ability to monitor fouling and the capacity to test
coating performances in situ in high tidal flow hab-
itats and on moving parts (e.g. rotating blades) is
particularly important. This creates strong drivers for
developers to pre-emptively design equipment and
systems that reduce servicing requirements and costs
as an essential part of their economic development
(EMEC 2014, Topper et al. 2019).
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This sector would benefit from the ability to gather
critical depth and time-dependant data, including
seasonal and successional studies, using a monitoring
and testing system capable of easy deployment and
retrieval, allowing sampling independently of other
operations (Underwood and Anderson 1994). Early
work by Crisp and Stubbings (1957) used panels sus-
pended at the surface in the tidal channel at the
Menai Strait, in order to investigate the influence of
current flow on barnacle settlement patterns. A
mid-depth biofouling monitoring system has recently
been deployed at a wave exposed site in Chile which
may, in future, be used to test wave energy devices
(Navarrete et al. 2019, 2020). Monitoring seasonal
recruitment onto settlement panels of organisms with
planktonic larvae may serve as an effective method
of identifying important life history stages of prob-
lematic fouling species (Sutherland and Karlson 1977;
Underwood and Anderson 1994; Marraffini et al.
2017; Susick et al. 2020).

Biofouling of Renewable Energy Environments -
Marine (BioFREE) is a collaborative project between
Heriot Watt University and EMEC. The overarching
aim of this project is to address key knowledge gaps
of biofouling in the data-poor, high-exposure envi-
ronments where devices are being deployed. The
objectives of the study were to: (1) design and man-
ufacture a standardised monitoring system for deploy-
ment and retrieval at appropriate depths within the
water column; (2) test the system in high wave energy
environments; (3) test the system in high tidal flow
environments; (4) present preliminary results follow-
ing initial deployments of the system, and; (5) discuss
these results in the context of the suitability of this
system for assessing biofouling at locations of interest
to the MRE industry and for long term monitoring
of these sites.

Material and methods
The BioFREE monitoring and testing system

To fulfil the key objective of the BioFREE project, a
system was designed to be physically robust, to with-
stand extreme hydrodynamic forces, and statistically
robust, accommodating sufficient test panels to allow
testing of materials and coatings in a
hierarchically-designed study (Townend 2002).
Additional design factors considered included mate-
rial selection, cost, and ease of ‘stand-alone’ deploy-
ment and retrieval, independent of other marine
operations. System design also required that it can
be replicated by various manufacturers throughout
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Figure 2. BioFREE biofouling monitoring and testing frame:
coating and material testing systems have been designed,
manufactured and deployed following extensive consultation
with MRE operational staff and developers, hydrodynamicists,
and statisticians. In this image, the frame has been rotated
90°, showing the hoist at the top. Note: heavily fouled mooring
structures in background.

the world, emphasising the required simplicity of the
final units.

The BioFREE monitoring and testing system consists
of a frame (measuring 796 mm (length); 672mm
(height); and, 25mm (width)) populated with an array
of 12 settlement panels. The frame is comprised of
high-density polyethylene (HDPE) (Whitford Ltd, UK)
except for a single vertical weight-bearing hoist com-
posed of marine grade (316) stainless steel (Hamnavoe
Engineering, UK) (Figure 2). This cylindrical hoist
(measuring 672mm (length); 50mm (diameter)) is
sealed and fitted at top and bottom with steel anchoring
points and catalytically protected by a sacrificial anode.

Extensive consultation was undertaken with marine
operational staff and hydrodynamicists in the design
of the mooring and recovery component of the
BioFREE system with the aim of ensuring survivabil-
ity over long-term field tests in both tidal and wave
dominant sites. Individual component design was
considered with respect to buoyancy and drag con-
tribution at sea, including increased buoyancy and
reduced drag profile elements in the frame. Tidal

stream and wave-induced forces were accounted for
in the system design (line length, buoyancy units,
frame) and mooring anchor. Installation depths at
each test site were considered with regards to miti-
gating wave-induced forces closer to the surface, espe-
cially at the high-wave site; frames were positioned
relatively close to the seabed. Specific attention was
made to drag forces generated by the tidal stream.
Drag forces will act upon all components of the sys-
tem causing the position and orientation of the frame
to shift from vertically above the seabed at slack
water, to a more acute angle, closer to the seabed,
increasing with tidal velocity. At sufficiently high cur-
rent flows, the frame could be expected to contact
the seabed, possibly damaging the system and affect-
ing collection of fouling data. The analysis, along with
the application of a factor of safety (2.0) to account
for uncertainties in current flow, drag coefficients and
wave forces, informed the final design of the system
to ensure survivability at the selected sites.

The system is anchored to the seabed via a simple
clump weight mooring system (500kg) attached by
shackle to anchoring line leading to the frame hoist.
The frame hoist was connected to lines above and
below using shackles and thimbles (20 mm). All com-
ponents were connected using 18 mm polypropylene
rope (of near neutral buoyancy), the width chosen
for its ease of manual handling, as well as for its high
tenacity and lower drag compared with thicker ropes.
Subsea buoyancy above the frame is necessary to
maintain a near vertical orientation of the array.
Buoyancy is provided through frame components and
280 mm subsea trawl floats attached to the hoist by
a line extending to a surface buoy, necessary for relo-
cation. A small, 75mm, ‘recovery’ buoy is attached
to the surface buoy to aid in retrieval. A simplified
schematic drawing illustrating drag forces and buoy-
ancy used to determine angular deviation of each
system component of the deployment system, includ-
ing connecting rope lengths, is presented in Figure
3. Modification of Length 1 and Length 3 allow the
system to be deployed in varying depths and heights
above the seabed, respectively.

Materials under investigation

Following discussions with industry developers to
identify materials of greatest concern, HDPE, uncoated
‘mild’ steel, and ‘mild’ steel treated with an
anti-corrosion coating were selected for settlement
studies. Panels measuring 124 x 124 x 3 mm were man-
ufactured by Whitford Ltd (UK). Steel panels (S355)

were treated with an experimental, organic
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Figure 3. Schematic design of the BioFREE monitoring and testing system simplified for clarity. Determination of drag forces
and buoyancy on each component was necessary to calculate the maximum angle of displacement (theta) between system

components, and the position of frame relative to the seabed.

polytetrafluoroethylene (PTFE)-based, thin-film pro-
tective coating designed by Whitford Ltd. While this
coating was primarily designed for its anti-corrosion
properties, PTFE-based coatings have been shown to
reduce biofouling and may be a cost-effective solution
to address both issues (Zhao et al. 2005). Using a
randomised block experimental design (Townend
2002), four pre-weighed panels of each substratum
type were assigned positions within each array and
secured within BioFREE frames using plastic cable ties.

Study sites

The European Marine Energy Centre operates four
test sites in Orkney waters: a full-scale tidal test site
at the Fall of Warness (59° 08.852° N; 002° 48.101
W); a full-scale wave test site at Billia Croo (55°
58.795 N; 003° 23.029° W); a more moderate scale
tidal test site at Shapinsay Sound (59° 00.165" N; 002°
53.183° W); and a more sheltered wave test site at
Scapa Flow (58° 53.657” N; 002° 57.128" W) (Figure 4).

Deployment of paired systems occurred at all four
EMEC test sites in July 2018 (i.e. TO) using a 26m
Multi-cat vessel (MV C-Odyssey, Leask Marine, UK).
Deployment depth varied between sites; maximum
height of the frame above the seabed (i.e. Length 3)
was adjusted depending on the tidal current profile
at each site (Table 1). At the Fall of Warness, with
current flows approaching 4.0ms™!, frames were
deployed 15m above the seabed in 40m of water; at
Billia Croo, frames were deployed 3m above the sea-
bed in 45m of water; at Shapinsay Sound, with current
flows around 1.0ms™!, frames were deployed 5m
above the seabed in 25m of water; and at Scapa Flow,
frames were deployed 3m above the seabed in 25m
of water. All sites were similar to one another in dis-
tance to shore and sea distance to nearest port. Sea
surface temperature in Orkney waters seasonally varies
from around 7-13° C; salinity is not expected to vary
substantially between these well-mixed, open-water
locations with no major freshwater sources within
about 50km (OIC 2021). All settlement panels were
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Figure 4. Map of test sites used by the European Marine Energy Centre: (1) Fall of Warness (59° 08.852" N; 002° 48.101" W); (2) Billia Croo
(55° 58.795’ N; 003° 23.029' W); (3) Shapinsay Sound (59° 00.165" N; 002° 53.183" W); (4) Scapa Flow (58° 53.657' N; 002° 57.128' W).

Table 1. Environmental and operational parameters of BioFREE frames deployed at European Marine Energy Centre test sites
in July 2018.

He Current flow Water depth Maximum height Distance to shore Nearest port
Site (m) (m s (m) (m) (km) (km)
Fall of Warness 0.9 2.0-4.0 40 15 0.58 6.90
Billia Croo 3.0 0.2-0.4 45 3 1.27 7.54
Shapinsay Sound 0.5 0.4-1.1 25 5 0.93 5.90
Scapa Flow 0.5 <0.2 25 3 0.71 7.14

H,, mean significant wave height (m); current flow (m s'); water depth (m) and maximum frame height above the seabed (m).

deployed at aphotic depths in a zone ~20-40m below  Characterisation of biofouling communities
the surface. These depths were selected as best rep-
resentative of operational conditions of full-scale MRE
devices, and to minimise the effects of surface waves
on frame movements and survivability.

BioFREE systems were recovered approximately every
3 months beginning in October 2018 (i.e. T3), all
panels (n=96) were imaged using a digital SLR



camera (dSLR) (Canon 60D, Japan), and a pre-selected
quarter of panels were removed for further analysis
to determine species identification and fouling mass.
Removed panels were replaced by new panels of the
same treatment into the same position in the array.
Quarterly study and replacement of selected panels
was designed to allow analysis of seasonal recruitment
and successional changes in fouling - consideration
of seasonality is particularly important in temperate
water studies (Underwood and Anderson 1994). In
this manner, for each seasonal interval, recruitment
of biofouling can be observed on substrata provided
‘fresh’ in each season, as well as on substrata
pre-fouled during earlier seasons.

Data collection from recovered panels occurred in
the laboratory. Panels were immersed in seawater and
analysed under a dissecting microscope (Leica M125;
8x-100x magnification). A comprehensive list of mac-
rofouling species present and species richness (S) was
determined for each panel following identification to
lowest practicable taxonomic level, ideally to species
level. The analysis team was comprised of trained
experts in major fouling groups including barnacles,
bryozoans, hydroids, and macroalgae. Photographic
records were made using a dSLR (Leica MC170 HD,
Germany). The most dominant species were identified
based on qualitative assessment of percentage cover
contribution to total biofouling.

Each panel was weighed in air to determine wet
mass of biofouling. Each panel was then placed in
an oven (~70°C) to remove all water and reweighed
until a stable dry weight could be recorded. Biofouling
mass was determined using a 500g capacity balance
(Oertling OB152, UK) recorded to the closest 0.01g.
Weight of recovered panels was compared against
pre-deployed weight to determine fouling growth and
expressed as kgm™.

Statistical analysis

Analysis of variance of biofouling variables was under-
taken using the Im’ function in the R statistical pack-
age (R Core Team 2020). Dry and wet weights of
biofouling matter were log-transformed for normality
after inspection of model diagnostics. Frame was
treated as being nested within site as a factor variable.
Type II tests were undertaken using the ANOVA' func-
tion of the car package (Fox and Weisberg 2019).
Materials were treated as being fully randomised
among the rows and columns of the frames.
Statistical analysis of fouling assemblage compo-
sition was performed on species occurrence data
using Primer v6 software (Clarke and Gorley 2006).
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Bray-Curtis similarities (Digby and Kempton 1987)
were used to quantify resemblance of species pres-
ence-absence composition between survey samples
between sites and over the two sampling periods.
Survey samples with similar species were identified
using average-linkage cluster analysis and non-metric
multi-dimensional scaling (MDS). Analysis of sim-
ilarity (ANOSIM) function was used to explore how
biofouling assemblages differed between test sites
and over time. Similarity percentage analysis
(SIMPER) was used to identify which species were
most responsible for differences between groupings
(Clarke 1993).

Results
The BioFREE monitoring and testing system

In mid-October 2018, following 3 months of deploy-
ment (i.e. T3), all systems were successfully recovered.
The subsequent retrieval was delayed, owing to
inclement winter sea conditions, occurring in March
2019 (i.e. T8). During the latter recovery operation,
the marker buoy from one of the Billia Croo systems
could not be relocated and the panels from this frame
could not be retrieved. The reason for this apparent
loss is unknown but may be the result of vessel entan-
glement with the surface buoy. Based on recovery of
all 8 frames at T3 (Oct. 2018) and 7 of the 8 frames
at T8 (Mar. 2019), in total 15 out of 16 retrievals
were successfully completed, giving an overall recov-
ery rate of 94%.

Materials under investigation

Synoptic images of one frame representative of each
site at recovery intervals T3 (Oct. 2018) and T8 (Mar.
2019) are presented in Figure 5. In these images,
panel composition can be identified by colour with
HDPE as black, coated steel as blue, and uncoated
steel as rust. Oxygen levels were not recorded during
these studies, however, observations of the condition
of retrieved panels indicated higher levels of oxida-
tion of uncoated steel panels at the Fall of Warness
and Shapinsay Sound, compared with Billia Croo and
Scapa Flow sites This is consistent with the expec-
tation of greater oxidation occurring in high current
flow sites (Table 1). Oxidation of these surfaces led
to extensive loss of corroded outer layers of uncoated
steel panels preventing accurate assessment of bio-
fouling; these panels were not included in further
analysis. In continuing studies beginning in March
2019, panels constructed of uncoated ‘mild’ steel are
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Figure 5. Synoptic images of BioFREE settlement panels deployed at EMEC test sites between July 2018 and March 2019.
Lefthand side: retrieval in October 2018; righthand side: retrieval in March 2019. From the top: Fall of Warness; Billia Croo;

Shapinsay Sound; and Scapa Flow.

replaced by uncoated marine grade (316) stainless  Study sites

steel. A comparison of biofouling wet and dry weight Fouling wet weight on settlement panels recovered
between substrata recovered for study at T3 (Oct. ¢ . study from each test site at T3 (Oct. 2018) and
2018) and T8 (Mar. 2019) is shown in Figure 6. T8 (Mar. 2019) is presented in Figure 7. The greatest
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Figure 6. Effects of substratum on biofouling. Mean wet weight (g) of biofouling on panels of high-density polypropylene
(HDPE) and coated steel treated with an anti-corrosion agent deployed at EMEC test sites from mid-July (n=8) to mid-October

2018 (n=7) (£SE).

initial settlement and growth occurring up to T3 (Oct.
2018) was observed on HDPE panels deployed at the
full-scale tidal test site at the Fall of Warness. The
second greatest increase in wet weight was recorded
on HDPE panels deployed at the scale tidal test site
in Shapinsay Sound. The most striking contrast at T3
(Oct. 2018) between wet weight of biofouling between
test substrata was initially observed at the Fall of
Warness, although not of statistical significance. At
this time, the mean weight from fouling on settlement
panels was 0.72kgm™2 on HDPE and 0.20kgm™ on
coated steel (F,, = 2.9122, p = 0.230).

At T8 (Mar. 2019), the greatest amount of fouling
was observed on HDPE panels at the Scapa Flow and
Shapinsay Sound sites; the least amount of fouling

was observed at the highly exposed wave test site at
Billia Croo. By T8 (Mar. 2019), the greatest contrast
in fouling growth between test substrata was observed
at the scale tidal test site at Shapinsay Sound: mean
wet weight of fouling on panels was 7.54kgm™ on
HDPE and 3.16kgm™ on coated steel (F,,=91.272,
p=0.0108).

Characterisation of biofouling communities

Species richness (S) and a preliminary identification
of the most abundant ‘pioneer’ species are presented
in Table 2. Images of some of these key early suc-
cessional fouling species are presented in Figure 8.
As a general observation, late summer fouling was
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Figure 7. Biofouling wet weight recorded at EMEC test sites. Mean wet weight (g) of biofouling from replicate panels (2) deployed
at EMEC test sites from mid-July 2018 to March 2019. FW: Fall of Warness; BC: Billia Croo; SS: Shapinsay Sound; and, SF: Scapa
Flow (£S.E.). Top: high-density polypropylene (HDPE) panels; bottom: coated steel (CS), treated with anti-corrosion agent.

Table 2. Species richness (S) and results of most abundant ‘pioneer’ fouling organisms recruiting to new panels deployed at
wave and tidal test sites operated by the European Marine Energy Centre.

Site S Dominant fouling organisms

FW T3 8 Ectopleura larynx Jassa falcata Celleporella hyalina

FW T8 15 Jassa falcata Diplosoma spongiforme Ectopleura larynx

BC T3 16 Anomia ephippium Electra pilosa Spirobranchus triqueter
BC T8 18 Jassa falcata Celleporina hassalli Spirobranchus triqueter
SS T3 13 Ectopleura larynx Ascidiella aspersa Plumaria setacea

SS T8 16 Jassa falcata Diplosoma spongiforme Botryllus schlosseri

SF T3 13 Spirobranchus triqueter Anomia ephippium Ascidiella aspersa

SF T8 12 Jassa falcata Spirobranchus triqueter Anomia ephippium

T3, July to October 2018; T8, July 2018 to March 2019; FW, Fall of Warness; BC, Billia Croo; SS, Shapinsay Sound; SF, Scapa Flow.

Figure 8. Key early successional fouling species on MRE substrata in Orkney waters include (from left): the saddle oyster Anomia
ephippium; colonies of bryozoan such as Celleporina hassalli; the hydroid Ectopleura larynx; and the tube-building amphipod
Jassa falcata. Scale bar 0-5mm.

dominated by a turf of colonial hydroids. This was  was much reduced at the scale wave test site at Scapa
particularly apparent at both tidal test sites where  Flow. This location is the most sheltered and features
fouling during this period was dominated by a thick  the lowest tidal flow rate of the four study sites.
turf of the hydroid Ectopleura larynx; hydroid fouling ~ Instead, initial fouling at the Scapa Flow site was
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Table 3. Analysis of variance of log-transformed biofouling weight, using Type Il tests: (a) dry weight; (b) wet weight.

(a) Dry weight
Term SS df MS F P
Site 2.404 3 0.801 1.976 0.1816
Material 0.668 1 0.668 1.648 0.2282
Period 23.596 1 23.596 58.199 0.0000
Site(Frame) 2.758 4 0.689 1.701 0.2258
Site x Period 5.209 3 1.736 4.283 0.0346
Site X Material 0.459 3 0.153 0.377 0.7716
Material x Period 1.303 1 1.303 3.213 0.1033
Site X Material x Period 2.752 3 0917 2.263 0.1436
Error 4.054 10
(b) Wet weight

Term SS df MS F P
Site 4.308 3 1.436 9.976 0.0024
Material 0.613 1 0.613 4.255 0.0661
Period 36.516 1 36.516 253.654 0.0000
Site(Frame) 1.927 4 0.482 3.346 0.0552
Site x Period 7.509 3 2.503 17.387 0.0003
Site x Material 0.701 3 0.234 1.623 0.2456
Material x Period 0.027 1 0.027 0.189 0.6729
Site X Material X Period 2.346 3 0.782 5.433 0.0178
Error 1.440 10

dominated by the encrusting calcareous tubeworm
Spirobranchus triqueter. The greatest number of spe-
cies were identified at Billia Croo (16), and the fewest
at the Fall of Warness (8).

During the autumn recruitment season, biofouling
on new panels was dominated at all sites by colonies
of the tube-forming amphipod Jassa falcata. The colo-
nial sea-squirt Diplosoma spongiforme was a major
contributor to pioneer fouling during this season at
the high tidal flow sites. Small colonies of several
species of bryozoans were common at all locations.
The organisms with the highest profile observed were
solitary tunicates, e.g. Ascidiella aspersa. These organ-
isms began settling before T3 (Oct. 2018) and grew
into dominance by T8 (Mar. 2019) with the most
pronounced fouling occurring at the relatively shel-
tered site in Scapa Flow. Species richness generally
increased over the study period.

Noticeably absent from all panels deployed from
July to March were barnacles — one of the key groups
of fouling organisms. This illustrates the importance
of seasonality in fouling settlement; barnacle fouling
is expected to dominate spring and early summer
seasons (Southward 2008). In combination with addi-
tional biofouling studies (Want et al. 2017), >200
marine fouling organisms have been identified in
Orkney waters on artificial substrates used routinely
by the MRE industry.

Statistical analysis

Accumulation of material between periods was found
to be the dominant pattern in dry weight, with some
differences in the rate of accumulation between sites

(Table 3, F;,,=4.283, p=0.035). Wet weight showed
similar patterns, but with some evidence of differences
between materials depending on both site and period
(Table 3, F,,,=5.433, p=0.018).

The multi-dimensional scaling (MDS) plot of foul-
ing communities shows clear distinctions between
deployments at EMEC test sites over the study period
(Figure 9). The 2-D stress of the MDS plot is 0.05,
indicating that the similarities between samples are
well represented in the plot (Clarke 1993). Analysis
of average-linkage similarities indicated distinct clus-
ters of biofouling assemblages associated with high
exposure test sites and more sheltered scale test sites
at T3 (Oct. 2018). At T8 (Mar. 2019), assemblage
clusters further diverged between the more sheltered
test sites.

ANOSIM confirmed that there was a highly sig-
nificant statistical separation in community compo-
sition between all groups (global R=0.929; p=0.001).
ANOSIM based on each factor indicated highly sta-
tistically significant between sites (global R=0.535;
p=0.001), but greater mixing was indicated between
periods, although group separation was still statisti-
cally significant (global R=0.253; p=0.03). Pairwise
testing between sites confirmed that the biofouling
assemblages at the highest exposure sites at Billia
Croo and the Fall of Warness were most similar; the
greatest differences in assemblages were observed in
pairwise testing between higher exposure versus more
sheltered sites (Table 4).

SIMPER analysis of dissimilarities in fouling
assemblages between deployment periods identified
that assemblages recorded at T3 (Oct. 2018) across
the test sites featured comparative abundances of the
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Figure 9. MDS plot using biofouling community data collected using replicate BioFREE systems at test sites operated by the
European Marine Energy Centre. BC: Billia Croo; FW: Fall of Warness; SF: Scapa Flow; and SS: Shapinsay Sound. A: October 2018;
B: March 2019. Ellipses represent groups identified by average-linkage cluster analysis based on Bray—Curtis similarities.

Table 4. One-way analysis of similarities (ANOSIM) showing
the R statistic (significance level) comparing biofouling assem-
blages surveyed from wave and tidal test sites operated by
the European Marine Energy Centre.

FwW BC SF
BC 0.13 (0.314)
SF 0.99 (0.029) 0.74 (0.029)
SS 0.62 (0.029) 0.32 (0.114) 0.35 (0.057)

FW, Fall of Warness; BC, Billia Croo; SF, Scapa Flow SS; Shapinsay Sound.
Global R=0.535; p=0.001. Significant dissimilarities (p<0.05) are
indicated in bold type.

colonial hydroids Ectopleura larynx, Obelia dichot-
oma, and Plumularia setacea, and the bryozoan
Electra pilosa. At T8 (Mar. 2019), a more diverse
assemblage was present with calcareous tubeworms
of the genus Hydroides and the colonial tunicate
Diplosoma spongiforme making the greatest contri-
bution to dissimilarities between time periods. The
main species contribution of fouling assemblage sim-
ilarities observed at each test sites were: Billia Croo
with the saddle oyster Anomia ephippium, the bryo-
zoans Celloporella hyalina, Electra pilosa and
Tubilopora lilacea, Diplosoma spongiforme, the arthro-
pods Jassa falcata and Nymphon gracile, and the

calcareous polychaete Spirobranchus triqueter; Fall of
Warness with Celloporella hyalina, Jassa falcata, and
the cocoon-dwelling polychaete Eusyllis lamelligera;
Scapa Flow with Anomia ephippium, the solitary tuni-
cate Ascidiella aspersa, and Spirobranchus triqueter,
and; Shapinsay Sound with Ascidiella aspersa and
Jassa falcata.

Discussion

Published studies using independently deployed panels
in habitats important to the MRE sector are limited.
Early in situ experiments were conducted using sur-
face supported panels with the purpose of studying
barnacle orientation during settlement in a tidal chan-
nel at the Menai Strait in North Wales with an esti-
mated flow rate of 1.2ms™' (Crisp and Stubbings
1957). Navarrete et al. (2019) recently reported bio-
fouling at wave-exposed locations off the coast of
Chile using a subsea frame populated with panels
constructed from three substratum types, albeit at a
location with reduced wave exposure (maximum wave
height averaging about 2.5m) relative to Billia Croo
(Orkney) and without design elements to allow



survival in high tidal flows. In the present study the
BioFREE system has successfully been deployed and
retrieved for the purpose of capturing critical data in
these highly energetic environments, with a 94%
recovery of settlement panels through harsh winter
conditions in the North Atlantic. Studies of in situ
biofouling in high tidal current flows and extreme
wave environments typically rely on limited oppor-
tunities to examine fouling, i.e. infrequent access to
surface deployments or seabed moorings during main-
tenance and other operations (Langhamer et al. 2009;
Macleod et al. 2016; Nall et al. 2017; Want et al.
2017). In contrast, the BioFREE system is inde-
pendently deployed and retrieved, allowing greater
operational flexibility and experimental control
regarding location and timing of data collection.
Using this system, fouling data can be captured from
appropriate chosen depth within the water column
- there may be wave-induced constraints created by
deploying too near the surface and frame placement
too close to the anchoring is at risk of making contact
with the seabed, especially in high currents.

Managing extreme drag encountered in high-tidal
flows has played a major role in design of the
BioFREE system. By necessity, the panel array is a
as large as possible without exceeding the buoyancy
capacity provided by system components; in less
challenging areas, greater capacity for testing and
replication could be possible through design of a
larger array. Calculations of drag and buoyancy pro-
vided estimations of appropriate frame position
relative to the seabed at different tidal velocities.
These calculations mitigated against the risk of fail-
ure of the system and allowed successful deployment
and survivability at locations with tidal currents of
up to 3.0ms™!' and mean significant wave height of
up to 3.0m, far in excess of previously reported
studies.

Wave-induced forces may have important hydro-
dynamic consequences to the benthic community even
in relatively deep waters (Denny 1987). The role that
wave-induced oscillations through the water column
may have on biofouling settlement and growth is an
important knowledge gap concerning subsurface infra-
structure (Navarrete et al. 2020). Earlier studies by
Want et al. (2017) reported predictable biofouling
assemblages on infrastructure with contrasting wave
climates. These findings were based on presence/
absence data rather than quantifiable measurement
of biofouling weight or species abundance and were
not predominantly based on mid-depth surveys. In
macroalgal aquaculture applications, moderate wave
exposure appears to reduce biofouling (Andersen et al.
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2011; Peteiro and Freire 2013) and algal biomass is
expected to be reduced with greater wave exposure
(England et al. 2008). The role of wave exposure as
a major determinant of hard substratum assemblages
and as a limiting force in growth of hard substratum
organisms is well established (Lewis 1964; Denny
1999; Blanchette et al. 2000). In the current studies,
after 8 months of deployment, fouling mass at the
high wave-exposure site at Billia Croo was markedly
less than the other sites and dominated by low-profile
encrusting species.

Following discussion with MRE developers and
EMEC, substrata relevant to the sector were selected
for manufacture of settlement panels. These were
employed as representative surfaces for the purpose
of collecting preliminary biofouling data while trial-
ling the operation of the monitoring and testing sys-
tem. In future, performance testing of any materials
and protective coatings can be fitted to this system
as determined by researcher interests. Additional rel-
evant components, identified by the industry, can be
fitted to the system for further testing. In this study,
fouling was greater on uncoated HDPE panels when
compared with coated steel panels. Differences in
fouling between these substrata were most apparent
at sites of greatest tidal flow, at least in the short-term.
While it might be expected that antifouling properties
associated with the coated steel may account for
observed reductions in fouling compared with HDPE,
in the current trial study, there are not the controls
necessary to test whether these differences are owing
to substratum type or coating treatment. Results from
designated control panels were excluded from this
study after it was discovered that steel of an insuf-
ficient marine grade was erroneously supplied leading
to unacceptable corrosion (Melchers and Jeffrey 2005)
creating an unstable substratum for biofouling
organisms.

Initially, at T3 (Oct. 2018), fouling was greatest on
HDPE panels deployed at tidal tests sites when com-
pared with wave test sites and dominated by the
hydroid Ectopleura larynx. The greatest differences in
fouling between substrata were seen at the high tidal
flow sites at the Fall of Warness and Shapinsay Sound.
These results suggest that, while flow conditions at
this site may favour settlement and growth on HDPE
panels, the short-term efficacy of protective coatings
applied to the steel panels may be most apparent in
high-tidal flows. In other words, high current flow
may promote recruitment and growth, i.e. through
enhanced larval and nutrient transport (Bourget and
Crisp 1975; Roughgarden et al. 1988; Gaylord and
Gaines 2000; van der Molen et al. 2018), but also
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create sufficient drag forces to dislodge certain organ-
isms adhering to surfaces protected by fouling-release
coatings. Considerable caution must be used in inter-
preting comparisons in this limited trial.

At T8 (Mar. 2019), the greatest growth in fouling
was observed at more sheltered sites where large sol-
itary sea-squirts proliferated. These sites also featured
the biggest differences in biofouling mass between
HDPE and coated steel panels observed over this
interval. It is plausible that this may be the result of
enhanced prevention of attachment by large organisms
on protected surfaces. At T8 (Mar. 2019), there were
no longer differences in fouling mass between HDPE
and coated steel panels at the Fall of Warness. It is
not clear why this is but perhaps the initial efficacy
of the PTFE-based coating at this site was reduced
after longer exposure to this challenging habitat.

While the system has been designed to be as sym-
metrical as possible and no differences in species
diversity or compositions were observed when com-
paring the front and back of individual panels, it is
conceivable that differences in fouling might occur
between sides. Additional analysis is necessary to test
the presence of an ‘edge’ effect which might be a
factor in fouling comparisons between panels located
in the centre vs the periphery of the frame (Lim et al.
2014), as well as the potential effects of position rel-
ative to the frame hoist in the event of possible
flow-induced vibrations and location-specific turbu-
lence, especially in higher tidal flow conditions. While
these additional and necessary analyses are not yet
completed there is no preliminary evidence of differ-
ences in fouling on BioFREE systems based on panel
position. Fluid dynamic modelling of flow through
the system with and without biofouling is planned.

Biofouling assemblages

Fouling organisms may be highly specific to location
based on a variety of physical and biological factors
including depth, substratum orientation, salinity, tem-
perature, distance to shore, competition, and larval
and nutrient supply (Connell 1961; Page 1986; Lewbel
et al. 1987; Roughgarden et al. 1988; Smith and
Witman 1999; Gaylord and Gaines 2000; Glasby and
Connell 2001). Some studies have demonstrated pre-
dictability in the composition and sequence of fouling
communities (Sutherland and Karlson 1977; Bram et
al. 2005), perhaps owing to relatively stable physical
factors (Vance 1988). However, short-term changes
in supply of larvae and nutrients might be expected
to contribute to considerable variation in successional
stages of fouling as found in other studies (Osman

1977; Dean and Hurd 1980). Dominant fouling spe-
cies may also vary considerably based on timing of
deployment, i.e. seasonality of settlement is often
highly species-specific (Forteath et al. 1984;
Underwood and Anderson 1994; Bram et al. 2005).
In the current studies, contrasting tidal flow and wave
regimes but similarities in other physical factors
between sites, suggests that hydrodynamic forces may
play an important role in determining biofouling
assemblages. Drag, lift, and acceleration forces will
impact survivability of organisms settling onto these
substrata (Denny 1987) and tidal and wave regimes
will influence the supply of nutrients and larvae
(Roughgarden et al. 1988; Gaylord and Gaines 2000).

The current studies corroborate earlier work iden-
tifying predictable species assemblages and abun-
dances at sites with contrasting hydrodynamic
conditions in Orkney waters. Surface devices and
buoys will often feature considerable fouling from
several macroalgal species, including larger kelps such
as Laminaria hyperborea, and, in more wave exposed
areas, Alaria esculenta (Want et al. 2017). Several
animals are key foulers on intertidal and shallow sub-
littoral structures at these test sites including: the
barnacle, Semibalanus balanoides; the blue mussel,
Mpytilus edulis; and hydroids, such as Amphisbetia
operculata and Ectopleura larynx (Want et al. 2017).
The effects of light and wave exposure will decrease
with depth; in deeper waters, the fouling assemblage
rapidly transitions to an animal-dominated group of
key fouling organisms. At more sheltered, deeper
water MRE ‘scale’ sites in Orkney, biofouling is dom-
inated by relatively large solitary tunicates, especially
Ascidiella aspersa. In faster current speeds, (e.g.
approaching 0.5ms™' at the full-scale wave test site
at Billia Croo) aphotic fouling assemblages comprise
a mixture of soft-bodied animals such as Alcyonium
digitatum, Metridium dianthus and several species of
hydroids, and hard-bodied encrusting animals includ-
ing barnacles, bryozoans, and saddle oysters (Anomia
ephippium). As current speeds increase, soft-bodied
organisms are less likely to be found (except in lim-
ited ‘niche spaces of relative shelter) presumably
because of direct hydrodynamic stress or indirectly
through current-driven scour (Coutts et al. 2010).
With less competition for space resource, hard-bodied
foulants flourish in higher flow conditions (e.g.
>2.0ms™!), such as those targeted by tidal energy
technologies, i.e. the full-scale tidal test site at the
Fall of Warness. Many of these encrusting species (i.e.
bryozoan colonies and saddle oysters) are of small
size and low profile, with relatively minor hydrody-
namic and hydrostatic impacts expected (although



component corrosion may be an ongoing issue with
unmanaged biofouling). From a hydrodynamic stand-
point, when compared with other fouling organisms
in this environment, high profile, non-compliant bar-
nacle shells create greater impacts on drag (Denny
1987; Gaylord 2000). The dominant fouling role of
the sublittoral barnacle Chirona hameri in high-current
velocities and its large size relative to most fouling
organisms makes it an obvious concern to technolo-
gies working in tidal environments in the North
Atlantic (Want et al. 2017).

The current studies have found that abundant early
recruitment of hydroids, as well as other key ‘pioneer’
organisms such as encrusting calcareous tube-worms
(e.g. Spirobranchus triqueter), bryozoans (e.g.
Celleporina hassalli) and saddle oysters (Anomia
ephippium) dominate the fouling assemblages at these
locations. Hydroids (especially Ectopleura larynx) typ-
ically form a turf, often associated with colonies of
tube-building amphipods (e.g. Jassa falcata) (Bradshaw
et al. 2003; Page et al. 2008). This turf forms the
major part of autumnal macrofouling assemblages
recorded at EMEC test sites, although notably less
abundant at the Scapa Flow test site featuring rela-
tively little tidal flow. While fouling from higher-profile,
non-compliant, encrusting organisms (e.g. barnacles)
may produce a greater hydrodynamic performance
penalty than more flexible, turf-forming species such
as hydroids (Christie and Dalley 1987; Denny 1987;
Schultz 2004), the latter group of foulants provide
biogenic structure (Turner et al. 1999; Bradshaw
et al. 2003) which may substantially increase drag and
mass, and promote corrosion of unprotected compo-
nents. Early successional ‘pioneers’ may also play an
important role, inhibiting other species by dominating
space resource (Connell and Slatyer 1977; Sutherland
and Karlson 1977). For example, studies of seasonal
settlement of oysters and macroalgae found subsequent
recruitment of barnacles was reduced (Underwood and
Anderson 1994; Pham et al. 2011).

While data collected using the BioFREE system
has allowed detailed characterisation of seasonal and
successional biofouling at these deployment sites, the
preliminary findings discussed here represent limited
studies as part of system sea-trials during late summer
to spring seasons when rates of settlement and growth
are expected to decline. The main fouling species
during this period may not be representative of the
overall key foulants whose impacts have greatest effect
upon, for example, device performance . For example,
balanoid barnacles which often form major compo-
nents of fouling communities typically have settlement
periods in spring and summer (Southward 2008).
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Completion of data collection over at least an annual
cycle is necessary to understand issues of seasonality
and successional changes in fouling communities
(Underwood and Anderson 1994; Jenkins and Martins
2010). Longer term studies are required to understand
the dynamics in the ecological processes of the bio-
fouling communities (Osman 1977; Dean and
Hurd 1980).

Future studies and directions

The BioFREE system will be developed further by
investigating its behaviour underwater with specific
regards to the effects of surface waves and peak tides
on frame position within the water column, and to
the degree of ‘strumming’ and frame motion which
may occur in high tidal currents. Attachment of pres-
sure transducers in future studies allowing the posi-
tion of the frame relative to the surface to be tracked
throughout the tidal cycle, will provide further
detailed data regarding the behaviour of the frame
in different environmental conditions, e.g. such as
those likely to be experienced in future by floating
offshore wind developments. This may lead to design
modifications allowing greater testing capacity by
expanding frame size; ideally, sufficient capacity for
a Latin-square design of panel placement is recom-
mended (Benschop et al. 2018). Options are being
considered to mitigate loss of surface buoys necessary
for retrieval. Potential choices include the use of
acoustic release systems, adding redundancy to the
retrieval system, and deploying additional systems to
compensate for potential losses. Further data analysis
will be conducted on each panel using automated
image analysis to quantifiably determine the percent-
age cover of all macrofouling species using random-dot
image analysis (Meese and Tomich 1992; Drummond
and Connell 2005).

Summary

Success of the emerging MRE and offshore floating
wind industry depends on maximising energy capture
and lowering the levelized cost of electricity genera-
tion. Growth of fouling organisms leads to reduced
efficiency of energy capture, accelerated corrosion of
subsea structures, increased loadings on cables, as
well as affecting accuracy of sensors used to assess
performance and the hydrodynamic resource (Orme
et al. 2001; Langhamer et al. 2009; Walker et al. 2014;
Want et al. 2017); existing antifouling and corrosion
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strategies are costly and time consuming, impacting
capital and operational expenses (Yebra et al. 2004;
Schultz et al. 2011). Purposeful collection of biofoul-
ing data including testing antifouling coatings, mate-
rial choices, and coating application methods will
contribute further to reducing costly impacts of
marine growth. BioFREE frames may provide rigorous
in situ studies of both biofouling and coating perfor-
mance necessary for their evaluation in high-tidal
flow and extreme wave conditions world-wide. When
combined with a greater understanding of biofouling
processes in these environments, developers can use
wider project design and operational strategies to
avoid and minimise impacts (Morandeau et al. 2013;
Gray et al. 2017), and avoiding operational costs asso-
ciated with reactive maintenance and servicing of
devices (EMEC 2014; Topper et al. 2019). Avoiding
periods of major settlement, and timing cleaning
operations to maximise removal of the most prob-
lematic foulants, may form part of an effective sched-
uling strategy to minimise the consequences from
fouling. Improved device efficiency and maintenance
will provide greater harvesting of energy creating
greater return on investments while also delivering
substantial benefits in terms of reduced annual carbon
emissions (EMEC 2020; SIMEC 2020).

While these studies have focussed on less well-studied
habitats used by the MRE sector, there are broader
implications of biofouling impacts and mitigations, e.g.
the loading and drag consequences of fouling on moor-
ing functioning and survivability. Capturing biofouling
data from hard-to-access marine habitats and providing
a platform for testing coatings and materials are also
important objectives for developers of floating wind,
floating solar and aquaculture installations.
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