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A B S T R A C T

Mooring lines of floating offshore wind turbine (FOWT) provide a substrate for diverse biofouling species, thus 
ultimately influencing both ecological dynamics and their own structural performance. This study presents an 
analysis of spatial and temporal variations in community composition, coverage and thickness from the surface 
to the seabed through a four-year monitoring of biofouling development on two mooring lines of the FLOATGEN 
prototype. Along these lines, three distinct biofouling zones were identified with hard-bodied species dominating 
the water surface, mobile organisms prevalent at intermediate depths and soft-bodied species in deeper regions. 
Over time, biofouling coverage and thickness increased in deeper sections of the mooring lines, reflecting a 
progressive shift in community structure. A significant association was observed between fouling class (hard or 
soft), coverage and thickness, particularly in relation to depth. These results contribute to a better understanding 
of biofouling dynamics on floating offshore structures and underscore the need for reliable and standardized 
monitoring methods.

1. Introduction

Biocolonization communities (i.e. biofouling) play a key role in 
structuring marine ecosystems by impacting local biodiversity, trophic 
interactions and habitat availability (Markert et al., 2013; Rife, 2018; 
Sarà, 1986). The proliferation of man-made structures in the marine 
environment is increasing year on year, particularly as a result of 
offshore energy exploitation (Coolen et al., 2018; De Mesel et al., 2015; 
Vinagre et al., 2020), and these structures are undergoing this bio-
colonization. Since the 1990s, the offshore wind sector has experienced 
significant growth. Among the pioneering countries, Denmark, Ger-
many, the Netherlands, the United Kingdom (Díaz and Guedes Soares, 
2020) have turned their attention to such developments. It is also worth 
noting that these wind farms are being monitored, even though not in 
detail, not exclusively for scientific objectives but primarily to assess 
both the structural health condition and their effects on the maritime 
environment and ecosystems (Degraer et al., 2012, 2021). Any sub-
merged structure at sea is bound to be promptly colonized by diverse 
organisms, and offshore renewable energy infrastructure is no exception 

(Boukinda Mbadinga et al., 2007; Jusoh and Wolfram, 1996; Picken, 
1984; Want et al., 2023). Among these, offshore wind turbines also serve 
as fully functional habitats as they can promote species recruitment, 
provide shelter and food (Causon and Gill, 2018; Raoux et al., 2018), 
and modify local hydrodynamics (Warby et al., 2024). However, phys-
ical and chemical parameters such as depth, substrate composition and 
hydrodynamic exposure can lead to distinct community assemblages 
(Vinagre et al., 2020).

Because of their inherent novelty and dynamic mooring systems, 
Floating Offshore Wind Turbines (FOWTs) pose distinct challenges for 
biofouling research and indicate that our understanding of the actual 
impacts of biocolonization on these types of structures is limited 
(Karlsson et al., 2022). The peculiar placement (e.g. vertical, sloping, or 
other) and constant movement in the water column of mooring lines can 
lead to intricate biofouling patterns, which may result in ecological 
niches that are distinct from those on stationary offshore infrastructures 
(Boukinda Mbadinga et al., 2007; Maduka et al., 2023; Pham et al., 
2019a). Additionally, anthropogenic structures raise concerns regarding 
biological invasions (Elliott and Birchenough, 2022) and their impact on 
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native biodiversity as they can act as a vector for non-indigenous species 
(NIS; De Mesel et al., 2015; Kerckhof et al., 2011; Mavraki et al., 2023) 
through the so-called stepping-stone effect (Bishop et al., 2017; Leclerc 
et al., 2019). Beyond these ecological considerations, biofouling in-
troduces engineering challenges for developers of FOWTs as it can alter 
hydrodynamic loads (Decurey et al., 2020), increase the mass and drag 
forces, and create thermal insulation effects on submerged power cables 
(Maksassi et al., 2022, 2024). The accumulation of marine growth (i.e. 
biofouling) intrinsically modifies the roughness, the diameter and 
weight of FOWT’s mooring lines (Marty et al., 2021, 2022), affecting 
their mechanical behavior and increasing maintenance costs (Ameryoun 
et al., 2019; Schoefs and Tran, 2022) and ultimately decreasing their 
service life. Biofouling can be categorized into several compartments 
comprising hard fouling organisms, including mussels, oysters, and 
tubeworms (Warby et al., 2024), or soft fouling organisms such as sea 
anemones, algae or soft corals (Coolen et al., 2018; De Mesel et al., 2015; 
Shi et al., 2012; Vinagre et al., 2020). These differences of classification 
can play a key role in drag forces exerted on the submerged components 
(Pham et al., 2019a). Indeed, soft fouling species are difficult to model, 
and therefore difficult to take into account in structural reliability 
assessment. Finally, soft fouling species have a different impact on 
component roughness, and therefore ultimately on hydrodynamic load, 
than hard fouling species (Decurey et al., 2020; Maduka et al., 2023).

Despite the growing number of operational floating wind farms, 
biofouling monitoring on FOWTs, and especially long-term studies, re-
mains limited and restricts our understanding of their combined 
ecological and engineering implications. This study investigates the 
spatio-temporal evolution of biofouling communities on the mooring 
lines of FLOATGEN prototype, one of the world’s first operational 
FOWTs deployed off the coast of Loire-Atlantique department in France 

(Atlantic Ocean), to address this gap. It assesses species diversity, 
coverage of biofouling, and its thickness but also the potential impact of 
these parameters on the hydrodynamic loading of the mooring lines 
sampled. By examining two mooring lines with identical design, 
installation conditions and environmental exposure, the study aims to 
provide valuable and new insights into the biofouling processes on 
floating wind components and their broader implications for offshore 
wind farm monitoring and marine biodiversity.

2. Material & methods

2.1. FLOATGEN prototype and its mooring lines

The SEM-REV test-site, located 22 km off the coast of Le Croisic in the 
Atlantic Ocean at the South of Brittany in western France (Pays-de-la- 
Loire, France) with an area of 1 km2, was established from Ecole Cen-
trale de Nantes and now administered by the OPEN-C Foundation 
(Fig. 1). The floating wind turbine sampled in this paper, FLOATGEN, is 
a semi-submersible concept equipped with Vestas V80 model with a 
capacity power of 2 MW. This FOWT was the inaugural French grid- 
connected offshore wind turbine, it was installed on-site on April 2018 
and has been operated by BW IDEOL since that time. The square floater 
has dimensions of 36 m per side, a height of 9.5 m and a draft of 7.5 m, 
was constructed from reinforced concrete (patented Damping Pool® 
technology from BW IDEOL). The seakeeping is ensured by a semi-taut 
mooring system of six synthetic fiber (nylon) lines. The wind turbine 
is situated 12 nautical miles offshore at a water depth of 33 m (according 
to chart datum). The 50-year return value for the significant wave height 
is 9.6 m. The predominant and strongest current originates from the 
southwest tidal flow, with an average velocity (across the entire water 

Fig. 1. Overview of the SEM-REV test site with the orientation of FLOATGEN’s mooring lines (ML on the figure). Color gradients represent bathymetric levels (based 
on chart datum) with greater depth in blueish color and shallower depths for a yellowish color. The four buoys delimiting the site are represented with the MS 
acronym (Coordinate system EPSG: 32,630). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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column) ranging from 0.2 to 0.4 m/s, while peak surface velocities reach 
up to 1.2 m/s and around 0.7 m/s a few meters above the seabed 
(Thilleul and Perignon, 2022).

During the summer of 2017, the mooring lines were installed on-site 
and wet stored a few meters above the seabed for nearly eight months 
(until April 2018), secured in place by anchors and floaters until the 
wind turbine was hooked up. FLOATGEN was integrated into the elec-
trical grid in the end of 2018 summer.

2.2. Sampling method

The mooring lines have been regularly monitored since their instal-
lation using various Remotely Operated Underwater Vehicles (ROVs) 
and operators. The video recordings (samples) from these surveys, for 
two given mooring lines (ML4 and ML6 from Fig. 1), were used for the 
present study (Table 1). These lines were chosen because of their com-
parable exposure to currents and waves predominantly originating from 
the southwest. The similarities among these mooring lines maximized 
statistical robustness during testing. Additionally, one purpose was to 
examine whether there were key patterns of colonization along the lines, 
this information being crucial regarding predictability of bio-
colonization’s modeling in time and depth (e.g. in terms of colonization 
kinetics, community evolution, notable species and fouling classes).

Video recording (i.e. sampling) started near the water surface (3 m 
deep) and ended at a maximum depth of 34 m, depending on tide level. 
The recording was conducted in segments, comprising a total of 47 
videos reviewed in their entirety all maintaining a resolution of 1024 by 
576 pixels. The durations ranged from 56 s to 9 min and 40 s, resulting in 
nearly 2 h of video content analyzed. Video analysis was carried out as 
follows: the video was paused, selecting the best-quality frame at that 
depth. The same frame was used to estimate biocolonization coverage, 
followed by the calculation of its thickness. This was repeated at 1-m 
depth intervals. If the video frames were not of good quality (blurry, 
turbid, dark, ROV too far away) then an attempt was made to analyze 
them around 50 cm deeper. The mooring lines had diameters D of either 
216 mm or 221 mm, respectively depending on the presence or absence 
of a special abrasion protection coating at particularly vulnerable sec-
tions of the mooring lines. This was indicated by a variation in color and 
texture of the line. Knowing the clean diameter x on the picture, the 
scale was obtained (Fig. 2).

This allowed the determination of biofouling thickness by calcu-
lating the difference between the actual diameter and the initial diam-
eter using the standard equation: 

th=
1
2
(((y*D) / x) − D) (1) 

where th stands for the thickness, D for the cylinder’s (line) diameter, x 
the equivalent diameter on the picture, and y the colonized diameter 
(called effective diameter De in Maduka et al., 2023). The diameter of 
the colonized mooring line was measured at three distinct points, 

approximately 25–30 cm apart (see Fig. 2), on the same frame to get an 
average value for every meter of depth, thus minimizing the impact of 
outliers and measurement uncertainty as per Schoefs et al. (2009). ROVs 
were not equipped with a ruler comparable to Aksi3D® (Decurey et al., 
2020; Schoefs et al., 2021) or with laser pointers to estimate lengths. As 
a consequence, the scale depicted in the image required a discernible 
section of uncolonized line. If the line was obscured or of poor quality 
(blurry, turbid, dark, ROV too far away), an attempt was made to 
measure 50 cm deeper; if the calculation remained unfeasible, a NA 
indicating uninterpretable data was entered for that frame. Conse-
quently, the NA value can be explained by two primary factors: 

- No reference on the image
- Poor image quality

This biofouling thickness computation yields a global thickness that 
encompasses the non-visible portion of the line, resulting in a uniform 
thickness around the entire line. The coverage is then computed based 
on the proportion of length (of the line) obscured by species, indicating 
that the original line is no longer visible. Biofouling coverage was 
visually estimated on a scale from 0 % to 100 %, with a 5 % increment. 
This factor has been shown to considerably influence the loading on 
cylinders (Schoefs et al., 2022; Zeinoddini et al., 2017).

Finally, a taxonomic examination of the biofouling was conducted on 
the same frames as the thickness and coverage calculations. Taxonomy 
was performed to the lowest possible level (species, genus, order, class 
or phylum). The outcome was heavily contingent upon the quality of the 
ROV footage (with 2019–2020 being the lowest) and the proximity to 
the line. Consequently, if the analyzed image failed to facilitate taxo-
nomic determination at any level, a NA was reported in the database for 
that image. NA denotes as follow: 

- NA in thickness quantification
- NA in taxonomic determination

Each relative taxon abundance (presence) found on the frame was 
rated on a semi-quantitative scale ranging from 1 (few individuals) to 5 
(many individuals). For data harmonization, all taxa were categorized 
based on the lowest identified common taxonomic level, which was the 
Family, or the Class for one specific taxon (i.e. Anthozoa). This identi-
fication facilitated the categorization of the taxa into a fouling class, 
which was classified as either soft (e.g. algae), hard (e.g. mussel) or 
mobile (e.g. sea urchin). Mobile fouling was analyzed separately from 
sessile biofouling. Finally, based on the reported quantities of each 
identified taxon in the image, the predominant (most prevalent of the 
image) fouling class was reported (i.e. hard, soft or mobile) for the 
image.

2.3. Data analysis

In the video analysis, the sample represented a single frame of the 
image, where all analyses were conducted. Based on the data on species 
occurrences beyond 16 m and the complexity of the collected data, 
depths were classified into three categories: 0–10 m, 11–15 m, and 
16–33 m. Although the three categories showed varying amplitudes, this 
method allowed to gather a sufficient number of samples in each cate-
gory, leading to acceptable confidence intervals when computing 
average values of thickness and coverage across multiple depths. These 
averages were then used to construct 95 % confidence intervals for each 
range.

The effect of the mooring line on biocolonization was assessed using 
an Unpaired Two-samples Wilcoxon test (Mann and Whitney, 1947; 
Wilcoxon, 1945) for each fouling category, as the data failed to meet the 
criteria for normal distribution as determined by the Shapiro test. Due to 
the complexity of the data, the impacts of depth and time were examined 
separately. A one-way ANOVA was conducted, contingent upon the 

Table 1 
Different ROVs and Vessels used for the mooring lines monitoring.

Year of 
Monitoring

ROVs Models Recording features Vessels

June 2019 BlueROV2 1080p 
(30 fps)

110◦ horizontal, 
0.01 lux

JLD- 
MAELY

June 2020 ACHILLE 720p 
(30 fps)

2 * 250 W and 1 * 
50 W halogen 
light

MINIBEX

June 2021 ARGOS ROV 1080p 
(30 fps)

4 * CTechnics 
Lights (4800 
Lumen)

MINIBEX

June 2022 DEEP TREKKER 
REVOLUTION

1080p 
(30 fps)

0.001 lux, 260◦

Total range of 
view

ALKA 
BULLDOG
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adherence to data normality and homogeneity, thereafter succeeded by 
a Tukey HSD test (Miller, 1981; Yandell, 1997). If not, a Kruskal-Wallis 
test was conducted, followed by a pairwise Wilcoxon rank sum test. All 
analyses were conducted utilizing R-studio (v2023.12.1 + 402) and R 
software (v4.3.1), incorporating the following packages: stats (v3.6.2), 
corrplot (v0.92), ggplot2 (v3.4.3), plyr (v1.8.8), and cowplot (v1.1.d). 
To visualize the depth distribution of each taxon, the kernel density 
estimation (KDE) was used with the geom_density function from the 
ggplot2 package in R. This approach provides a smoothed representation 
of the relative frequency of taxon occurrences along the depth gradient. 
Note that in this context, ‘density’ refers to the probability density 
function of the depth distribution and not to the ecological concept of 
density (e.g. number of individuals per unit area). The models for eval-
uating the relationship between biofouling thickness and coverage were 
computed using the fundamental R software packages, particularly the 
‘lm ()’ and ‘subset ()’ functions. The models analysis performed were 
replicated: measurements from the two lines for each year are compiled 
into a single database. The relationship between thickness and coverage 
was evaluated using both a linear, a quadratic (second-degree poly-
nomial) and a logarithmic regression models for each fouling class. 
Model selection was based on adjusted R2 to assess explanatory power 
while accounting for complexity, and on p-values to ensure statistical 
significance. Residual diagnostics, including normality and homogene-
ity checks, were conducted to validate model assumptions. The final 
model for each fouling class was chosen based on the best balance be-
tween fit quality and statistical validity.

3. Results

3.1. Biofouling diversity

A total of 170 frames were evaluated and extracted from recorded 
media (about 85 each line), with 48 not applicable (NA) reported for 
thickness evaluation and 16 NA for taxonomy determination, repre-
senting 28.2 % and 9.4 %, respectively. The aforementioned percentages 
are deemed acceptable, as these inspections are not designed for a 
quantitative evaluation of marine growth (Boukinda Mbadinga et al., 
2007; Picken, 1984).

Eight classes were detected throughout the survey: Anthozoa, 
Asteroidea, Bivalvia, Cephalopoda, Echinoidea, Gastropoda, Ophiur-
oidea and Phaeophyceae. However, further identification was hindered 

by video resolution, insufficient lighting or distance from the specimen 
for three of these classes: Anthozoa, Cephalopoda and Gastropoda. Eight 
distinct families were recorded as constituents of the biofouling com-
munity on the mooring lines: Alcyoniidae, Asteriidae, Corallimorphidae, 
Laminariaceae, Metridiidae, Mytilidae, Ophiotrichidae, and Par-
echinidae. Specimens were identified to the species level for eight taxa: 
Alcyonium digitatum, Asterias rubens, Corynactis viridis, Laminaria digitata, 
Metridium senile, Mytilus edulis, Ophiothrix fragilis, and Psammechinus 
miliaris. Few specimens of the Porifera phylum were recorded. No non- 
indigenous species (NIS) were recorded in the monitored duration of 
four years (monitored during early summer) and on two lines, but no 
physical sampling was carried out.

On the four years and two lines combined, the first 10 m were 
dominated by Mytilidae, with Laminariaceae being less proeminent 
(Fig. 3). A transition occurred between 10 and 15 m in depth, charac-
terized by the co-occurrence of Anthozoa-like organisms and member of 
the Anthozoa family: Metridiidae, alongside a few individuals of Myti-
lidae (Fig. 3). Fouling communities below 15 m were predominantly 
composed of Metridium senile (Metridiidae) and Alcyonium digitatum 
(Alcyoniidae; Fig. 3). Beyond 20 m, the community was dominated by 
Alcyoniidae. The gradient in community composition resulted in a 
notable transition (pairwise Wilcoxon test, p-value <0.001; Fig. 4) from 
predominantly hard fouling communities, which were solely located 
above 15 m depth, to a deep soft-fouling community found below this 
threshold. In addition, the transition zone was characterized by a sig-
nificant presence of mobile fouling such as Asteriidae and Parechinidae 
(Fig. 4; Appendix 1). Furthermore, no significant difference (Wilcoxon 
tests, p-value >0.05; Fig. 4) between the two mooring lines examined 
was shown regarding fouling class assemblage, indicating that compa-
rable exposure to current and wave conditions leads to similar distri-
bution of species (section 2.2). In the first year of observation for both 
lines, all biofouling classes (i.e. soft, hard, mobile) were confined to 
near-surface depths, and by 2020, a trend of deeper colonization 
exclusively by soft fouling organisms (e.g. Metridii- and Alcyonidae) 
emerged (Fig. 5). Conversely, hard fouling was always restricted to 
shallow parts of the mooring lines (close to the water surface). Mobile 
fouling taxa, including Asteriidae and Parechinidae, were recorded at 
depths ranging from 3 to 24 m, with their distribution confined to 
shallow waters, particularly in 2020 (Fig. 5). Predation events of Asteria 
rubens on Mytilus edulis were also recorded multiple times during video 
footage analysis, particularly in the first two years of monitoring 

Fig. 2. Illustration of the lengths measured on one frame. Three positions (y1 to y3) were selected for equivalent diameter assessment to be compared with the 
reference diameter (x).
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(Appendix 2).

3.2. Depth and time impacts on coverage

The statistical analysis of biofouling coverage highlights a depth- 
dependent pattern with significantly higher values recorded at 
[16–33] meters in 2022 with 95 % in average covered by biofouling 
compared to an average 62.5 % at [11–15] meters and 40.9 % at [0–10] 
meters depth (Fig. 6A). In deeper sections of the mooring lines ([16–33] 
meters), the coverage exceeds 80 % after one year, while in contrast, the 
other monitored years exhibit substantial variability (95 % confidence 
intervals), leading to non-significant differences across time (Fig. 6B). 
The temporal analysis further reveals that biofouling coverage at [0–10] 
meters was significantly greater in 2020 with 80.2 % covered in average 
compared to 2022 (Fig. 6B). However, at intermediate depths ([11–15] 
meters), coverage fluctuated over the four-year monitoring period, 
preventing the identification of clear statistical trends. Although 

variations appear visually distinct at [16–33] meters, statistical tests 
were unable to prove a clear trend.

3.3. Spatio-temporal evolution of thickness

Biofouling thickness displayed marked spatial and temporal fluctu-
ations (Fig. 7A and B). The highest thickness was recorded at [0–10] 
meters in 2020 (third year post-immersion) with 69.51 mm in average, 
whereas at [16–33] meters, maximum values occurred in 2022 (fifth 
year post-immersion) with a peak at 46.72 mm in average. Over time, 
thickness at greater depths increased significantly from the fourth year 
(i.e. 2021; Fig. 7B). A trend suggesting an increase at [0–10] meters was 
observed, yet statistical validation was lacking. The accumulation of 
biofouling resulted in thickness increases of the mooring lines ranging 
from +7 % ([11–15] meters in 2020) to +32 % ([0–10] meters in 2020), 
with an overall increase of +16 %. These variations have direct impli-
cations for structural loading, particularly in shallower sections where 
biofouling-induced mass gain is more pronounced.

3.4. Coverage - thickness relationship depending on fouling class

The kernel density estimation analysis reveals a clear distinction 
between mobile fouling and the classes of hard or soft fouling classes 
regarding their coverage (Fig. 8, upper density plot). The mobile fouling 
class predominantly exhibits coverage on mooring lines ranging from 
0 to 60 %. Conversely, soft and hard fouling predominantly exhibit 
higher coverage percentages, typically ranging from 50 % to 100 %, 
while hard fouling exhibits a more consistent distribution, ranging from 
approximately 5 to 100 %, compared to soft fouling. The mean thickness 
of the mooring line indicates that each fouling class shows a peak rep-
resentation within the range of 0–50 mm (Fig. 8, right density plot). 
Nonetheless, the hard fouling class exhibits a more consistent distribu-
tion for the thickness parameter and is the sole category to attain 
remarkable values exceeding 75 mm. With regard to soft fouling, this 
class was mostly distributed between 25 and 75 mm thickness, with a 
corresponding coverage of between 75 and 100 %.

The scatter diagram (Fig. 8, center plot) reveals a significant overall 
relationship between thickness and coverage. The analysis indicates a 
statistically significant linear regression model (p < 0.001), accompa-
nied by a low r2 (r2 = 0.26). Upon analysis of the three fouling classes, it 
is observed that the optimal fitting model (r2 = 0.724, p-value <0.001) 
for the hard fouling data is represented by a non-linear quadratic model 
of the following form: 

Thickness= 0.027*Coverage2 − 2.181*Coverage + 54.295 (2) 

Another non-linear model is found to better fit the mobile fouling 
class (r2 = 0.31, p-value <0.01) with the form of an affine function: 

Thickness=0.19*Coverage + 13.277 (3) 

4. Discussion

4.1. Distribution of biofouling community across space and time

4.1.1. Zonation and competition
Our investigation revealed a hard-fouling community in the upper-

most layers of the water column, transitioning to soft organisms at 
greater depths (i.e. beyond 15 m), a typical stratification as described by 
Picken (1984) or Boukinda Mbadinga et al. (2007). A community 
dominated by Bivalvia (Mytilidae) and their predators (Asteriidae) was 
observed from the water surface to 10 m, followed by a transitional 
assemblage from 11 to 15 m (Appendix 3). Soft fouling organisms such 
as Metridium senile (Metridiidae) and Alcyonium digitatum (Alcyoniidae) 
became dominant below 15 m depth (Fig. 3). Colonization patterns 
evolved over time, with an initial settlement in shallower sections of 
mooring lines progressively extending to deeper sections. These 

Fig. 3. Sessile taxa distribution along the depth profile - All year & line com-
bined. Caption: Dashed lines represent the mean depth for each taxa. Anthozoa: 
14.8 m, Mytilidae: 6.6 m, Metridiidae: 20.1 m, Alcyoniidae: 23.9 m, Laminar-
iceae: 5.6 m. Kernel density estimation (KDE) was used to represent the relative 
frequency of occurrences along the depth gradient. Density values correspond 
to the probability density of taxon occurrence, not individual abundance.
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dynamics reflect the depth preferences of each species and their 
ecological interactions. Mytilus edulis exhibits a marked preference for 
the intertidal zone where higher nutrient inputs are available (e.g. 
phytoplankton) and lower competition creates favorable conditions 
(Seed and Suchanek, 1992; Tyler-Walters, 2008). In contrast, M. senile 
and A. digitatum favor deeper hard substrates, a trend supported by 
observations on artificial structures at depths of 25–35 m (Torquato 

et al., 2021; Want et al., 2023). Similar zonation patterns across depths 
were also documented on fixed offshore wind farms (e.g. De Mesel et al., 
2015; Coolen et al., 2018).

The distribution of fouling classes (Fig. 8) indicated that soft or-
ganisms covered a greater area compared to hard or mobile species. This 
phenomenon may be explained by the reproductive strategies of these 
species (i.e. M. senile and A. digitatum). M. senile demonstrates asexual 

Fig. 4. Difference of depth occurrence for each fouling class depending on the mooring line surveyed, all years combined. Caption: no significant difference is found 
between mooring lines (Wilcoxon tests, p-value >0.05), black brackets indicate a significant difference between fouling classes all year and lines combined (pairwise 
Wilcoxon test, ***: p-value <0.001); squares indicate the mean depth for each class.

Fig. 5. Difference of depth range for each class of fouling depending on the monitored year, both lines combined. Caption: red brackets indicate a significant 
difference between year, pairwise Wilcoxon tests (*: p-value <0.05 and ***: p-value <0.001). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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reproduction (cloning) for rapid habitat colonization and sexual repro-
duction for enhanced genetic diversity, facilitating effective coloniza-
tion (Hiscock and Wilson, 2007). These organisms have the ability to 
move by sliding and cover other organisms (Nelson and Craig, 2011), as 
is frequently observed in mussel colonies. They can use their cnidocytes 
to sting adjacent organisms as a competitive strategy for spatial acqui-
sition (Hiscock and Wilson, 2007). Numerous studies have shown that 
M. senile can significantly diminish species richness (Coolen et al., 2015, 
2018; van der Stap et al., 2016; Whomersley and Picken, 2003) sup-
porting its strong competitive advantage. Finally, all video recordings 
were unable to reveal the presence of natural predators of this anemone, 
such as Spondyliosoma cantharus. The species’ dominance and apparent 
lack of predation could explain its proliferation over the years on the 
mooring lines. A similar lack of predation was also noted for Alcyonium 
digitatum as none of its predators were documented: small mollusks that 
inhabit areas linked with A. digitatum such as Simnia patula and Tritonia 
hombergi (Budd, 2008). Conversely, a high abundance of mobile pred-
ators, including Asterias rubens and Psammechinus miliaris, was docu-
mented during the first years of monitoring featuring multiple predation 
events of A. rubens on Mytilus edulis. A marked decline in predation was 
recorded post-2020 alongside a diminished presence of M. edulis, 
potentially due to increased predatory pressure. It is well acknowledged 
that predation is a key driver in structuring communities (De Mesel 
et al., 2015; Osman, 1977). The grazing behavior of P. miliaris may have 
significantly influenced species dominance on the mooring line by 
selectively feeding on small, solitary individuals, hence creating op-
portunities for fast-reproductive and rapidly growing species such as 
M. senile or A. digitatum.

Another plausible factor influencing fouling community distribution 
is the disturbance of the mooring lines, influenced by the localized im-
pacts of waves and currents on the organisms, as recognized by both 

industry and scientific fields (Almeida and Coolen, 2020; van der Stap 
et al., 2016). Indeed, the combination of motions of submarine assets 
and the waves and currents on fluid velocity can result in high local 
relative fluid velocities that may affect biofouling. The composition of 
mooring lines itself can also influence biocolonization in the context of 
“cleaning”. Indeed, nylon can undergo several types of deformation, 
either longitudinally or radially (torsion). This can affect the mechanical 
tension and micro-spaces between the nylon fibers, changing the sub-
strate properties for organism attachment.

4.1.2. Succession and evolution
All evidence found in our study in the Atlantic Ocean suggests a 

community succession pattern comparable to that observed in the North 
Sea on artificial substrates (Degraer et al., 2012; Karlsson et al., 2022; 
Kerckhof et al., 2019) expected to evolve to a low-species-richness 
biotope (Connor et al., 2004) dominated by M. senile to potentially 
reach the EUNIS MC1-2281 habitat (PatriNat, 2023), or also JD-1.1 
habitat (Lutrand et al., 2020). Nonetheless, it is crucial to compare 
these findings with long-term studies, such as those conducted at the 
Belgian Offshore Wind Farm. The first monopiles were installed in 2009, 
displayed a variable community composition within the first five years 
after immersion followed by a semblance of stable community; yet, after 
11 years of immersion and monitoring, no definitive stable state (i.e. 
climax) was found (Zupan et al., 2023). Annual, seasonal, and sporadic 
events continuously alter the community, complicating predictions; 
even 11-year or 18-year monitoring periods may be inadequate or 
insufficient to reveal a temporal pattern on offshore structures such as 
oil platform (Almeida and Coolen, 2020; Whomersley and Picken, 
2003). Concluding on a stable community is further complicated for 
example by the fact that Oshurkov (1992) demonstrated decades ago 
that mussel communities frequently exhibit cyclical dynamics lasting 

Fig. 6. A. Depth-driven variability in biofouling coverage (in %) across years. Caption: error bars represent Interval Confidence at 95 % threshold; Red brackets 
indicate a significant difference between two depth ranges Pairwise Wilcoxon test (**: p-value <0.01 and ***: p-value <0.001). B. Temporal evolution of biofouling 
coverage (in %) at the different depth class. Caption: error bars represent Interval Confidence at 95 % threshold; Red bracket indicates a significant difference (One- 
way ANOVA, *: p-value <0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

A. Dubois et al.                                                                                                                                                                                                                                  Estuarine, Coastal and Shelf Science 320 (2025) 109302 

7 



around 10–20 years, rather than representing a permanent climax state. 
Our observations, along with previous studies (Coolen et al., 2018; 
Whomersley and Picken, 2003), suggest that in the absence of strong 
predation or competition, a relatively persistent assemblage dominated 
by Metridium senile and Alcyonium digitatum may establish over time 
(Appendix 4), while a fully stable climax community is unlikely (Zupan 
et al., 2023). The dominance of suspension feeders is consistent with 
long-term trends observed in other biofouling communities. Offshore oil 
rigs in the North Sea displayed a similar assemblage even after 40 years 
post-installation (Van Der Stap et al., 2016). Soft fouling species typi-
cally prevail in moderate current speeds (0.5 m/s) due to their relatively 
long body, which are susceptible to be damaged by higher current 
speeds (Budd, 2008; Hiscock and Wilson, 2007; Koehl, 1977). This could 
explain their low presence in the first 15 m of the water column (Fig. 4) 
where higher velocities are typically found. The vertical distribution of 
Mytilus edulis observed in this study, primarily restricted to the upper 10 
m, may be partially explained by hydrodynamic exposure near the 
surface. M. edulis is known to dominate wave-exposed intertidal zones 
due to its strong attachment via byssal threads and dense patch com-
munities, which are actively produced in response to wave action 
(Carrington, 2002). This morphological and behavioral adaptation 
likely provides a competitive advantage over soft-bodied species such as 
M. senile and A. digitatum in high-energy environments. Conversely, in 
deeper, more hydrodynamically stable conditions, soft-bodied species 
may be better suited to persist and outcompete bivalves. The dominant 
species found in our study were generally of significant stature and 
larger body size in comparison to other prevalent biofouling species such 
as tubeworms, barnacles or oysters (e.g. Want et al., 2023). This has 
broader ecological implications, as when scaled to an entire wind farm, 
these colonized substrates can significantly impact the pre-existing 
ecosystem. This was already observed in various offshore wind farms 

(Causon and Gill, 2018; Kerckhof et al., 2019; Spielmann et al., 2023; 
Zupan et al., 2023) and work began to take the entire ecosystem into 
account in modeling (Maar et al., 2009; Niquil et al., 2020; Pezy et al., 
2020). Indeed, the introduction of species previously absent can lead to 
trophic shifts, attracting predators and restructuring the associated food 
web (Couce Montero et al., 2025; Reubens et al., 2014). Such changes 
can qualitatively alter ecosystem dynamics, emphasizing the need for 
long-term studies of artificial offshore structures.

4.2. Biofouling growth patterns and quantification

Biofouling thickness and coverage are typically assessed in two ways: 
on test coupons that are designed to mimic real components in shape or 
material and during the early stages of research projects, or they can be 
directly assessed on actual structures after several years, often in the 
context of maintenance planning (e.g. 4–7 years in Picken, 1984; <4 
years in Almeida and Coolen, 2020; >10 years in Boukinda Mbadinga 
et al., 2007). In terms of reference values, standards such as NORSOK 
(2007) provide benchmarks for established marine growth in the North 
Atlantic with a mean thickness of 100 mm observed between depths of 2 
and 40 m, and 50 mm beyond 40 m. Decades ago, these types of values 
were already considered in the standard (Jusoh and Wolfram, 1996) on 
offshore oil platforms in the North Sea. This paper presents a comple-
mentary analysis in which these parameters are evaluated on an actual 
full-scale structure during the first years. The analyses carried out in this 
study revealed a significant relationship between biofouling thickness 
and coverage (Fig. 8). Although no statistically significant difference 
was found (Fig. 7A & B), a trend was observed indicating increased 
thickness near the surface and followed by a transition to lower thick-
ness near the seabed. The thickness appears steady post-2021, with 
Alcyonium digitatum as the primary colonizer. Still, the average thickness 

Fig. 7. A. Depth-driven variability in biofouling thickness (in mm) across years of monitoring. Caption: One-way ANOVA, p-value <0.001 (***); error bars represent 
Interval Confidence at 95 % threshold; Red lines indicate a significant difference between two depth ranges. B. Temporal evolution of biofouling thickness (in mm) at 
the different depth class. Caption: error bars represent Interval Confidence at 95 % threshold; Red brackets indicate a significant difference between two years, 
Pairwise Wilcoxon test (**: p-value <0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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should be approached with caution considering the average height of 
this species, which can readily attain 200 mm (Budd, 2008). Ultimately, 
statistics indicate the necessity of separating soft and hard fouling for the 
assessment of thickness and coverage percentage (Almeida and Coolen, 
2020) as well as for conducting a targeted examination. This is further 
emphasized in the subsequent section, particularly when addressing is-
sues of hydrodynamic engineering.

4.3. Hydrodynamic implications of biofouling

The assessed and observed quantities of biofouling in this research 
are critical input data for the load computation of submarine cables: 

- Qualitatively, the alteration in marine growth type modifies the 
shape exposed to the marine environment, thus affecting the hy-
drodynamic flow. Although the effects of various artificial shapes 
have been examined since the 1970s, beginning with Sarpkaya’s 
(1976) pioneering research and subsequently by Wolfram and 
Naghipour (1999), the influence of actual shapes was studied more 
recently, particularly concerning hard fouling and, more specifically, 
mussels (Decurey et al., 2020; Warby et al., 2024). The roughness 
induced by biofouling has been shown to be the critical parameter for 
component fatigue. Nonetheless, the randomness of individual ar-
rangements (Ameryoun et al., 2019; Schoefs et al., 2021) and the 
difficulty in evaluating this parameter under real conditions 
(O’Byrne et al., 2014) make a quantitative assessment of fine-scale 
roughness along the entire length of each line actually unattain-
able without meticulous sampling. Yet understanding the species 
involved elucidates the severity of colonization, as highlighted by 

Signor et al. (2023), through a comparison of the impacts of barna-
cles, mussels and tubeworms.

- Quantitatively, the knowledge of biofouling thickness and type is 
essential for updating the weight, a key parameter for the static 
design and maintenance of mooring lines and dynamic power cables. 
It also helps in updating the conductivity, another crucial metric for 
the maintenance of dynamic power cables (Maksassi et al., 2022). 
Finally, the knowledge regarding the percentage of cover and 
thickness is essential for calculating dependability criteria (Schoefs 
and Tran, 2022), with the drag force being linearly dependent on the 
diameter (thickness) and the drag coefficient (percentage of cover 
and roughness). Schoefs et al. (2022) proposed an equation for 
computing the drag coefficient in steady flow:

CDs =M

⎡

⎣1.3 − 0.76× e
− 14.5

(

k/D

)

× e− 0.23(SC)

⎤

⎦ (4) 

Where M is a coefficient depending on the layers of biofouling, (k/D) 
represents the relative roughness and SC is the percentage of cover.

Understanding, measuring and monitoring these biological factors is 
critical, as their effects on maintenance have been demonstrated 
(Schoefs and Tran, 2022). Likewise, it has been shown (EMEC, 2018; 
Want et al., 2023) that omitting one cleaning visit per year can result in 
savings of up to 25,000 GBP. For a park of 10 offshore wind turbines 
over 25 years, this cost could represents almost 6 million GBP.

5. Study limitations and recommendations for the industry

This study assessed biofouling communities over time on two 
mooring lines using ROV-collected data. While variations in ROV 

Fig. 8. Biofouling thickness in function of biofouling coverage depending on the major fouling class. Caption: on a sample (frame of analysis) the thickness and coverage 
were calculated and the main fouling class (most abundant) of the same sample was reported. Only significant models are shown in the figure.
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models or operators led to inconsistencies in image quality across the 
survey period, the overall methodology still allowed the identification of 
trends and species. Consequently, the method remains a viable approach 
for the monitoring of submerged offshore structures and components. A 
standardized methodology is essential to improve data consistency and 
measurement reliability. Thus, recommended enhancements to ROV 
systems include the integration of a reference point (e.g. ruler, caliper, 
laser markers) for improved thickness measurement, as well as a robust 
diffusing lighting system and UHD-quality video acquisition. An addi-
tional significant update is the application of photogrammetry or ste-
reoscopy, which could improve the reading and analysis of profiles 
along the line (O’Byrne et al., 2018a, 2018b). Automatic detection, 
classification and segmentation through machine learning are also 
promising methods (O’Byrne et al., 2018c, 2020). This facilitates 
cost-effective and time-efficient monitoring, provided it is executed 
properly (e.g. maintaining a constant low speed and measuring prox-
imity to the substrate). It is strongly recommended to employ supple-
mentary procedures, such as sample collection (e.g. quadrat scraping), to 
identify small and cryptic organisms residing within biofouling com-
munities. This method, though necessitating increased financial and 
time investment and requiring an altered organizational framework, 
was efficient in the North Sea for Marine Renewable Energies in-
frastructures and NIS species, such as Jassa marmorata or Mono-
corophium acherusicum, which were detected using this approach 
(Coolen et al., 2018; De Mesel et al., 2015; Kerckhof et al., 2019; Mav-
raki et al., 2023). Such species might have gone unnoticed in this study 
under the NA data for instance. Moreover, another bias was possibly 
introduced in this study because only a visible surface was filmed 
(“apparent coverage”), which may be greater or equal to the real surface 
(“effective coverage”) on the line. For example, the area covered by the 
pedial disk of M. senile on the mooring line should be the basis of the 
measurement. The direct measurement of this surface would compen-
sate for this bias, as gaps may be present between each individual 
(Appendix 5). The implementation of a continuous monitoring program 
throughout the lifespan of the offshore structure is essential, as previ-
ously suggested and endorsed in multiple surveys (Almeida and Coolen, 
2020; Boutin et al., 2023; Zupan et al., 2023). Unlike the method used in 
this study, multiple monitoring and sampling efforts should be executed 
to mitigate the impact of seasonal or exceptional events on the results 
and analysis. A study of lines subject to varying currents may reveal 
differences in the kinetics of colonization and community evolution.

6. Conclusion

This study examined biological colonization on two of the six 
mooring lines of France’s inaugural floating offshore wind turbine 
FLOATGEN, using ROVs visual surveys. The analysis revealed a clear 
vertical distribution of biofouling communities: hard fouling, such as 
mussels, dominated the upper sections, while soft fouling taxa, including 
anemones and soft corals, became increasingly prevalent with depth. A 
dominance of soft fouling was observed over time in deeper sections of 
the mooring lines, resulting in notable increases in fouling coverage and 
thickness. In contrast, the upper sections showed greater inter-annual 
variability, including a peak in hard fouling thickness during one 
particular year. These trends translated into increases in mooring line 
thickness ranging from +7 % to +32 %, depending on the year and 
depth, which could have implications for structural loading over time.

The results underline the importance of robust and standardized 
monitoring protocols to accurately capture biofouling dynamics and 
their impacts on offshore infrastructure components. In particular, the 
use of high-resolution and calibrated recording significantly improves 
measurement precision and enables more reliable exploitation of visual 
data across varying coverage levels. Although the study does not directly 
assess structural or ecological impacts, it highlights the operational 
value of consistent visual monitoring for tracking long-term trends in 
fouling development. Future work could benefit from extending the 

spatial range of observations or incorporating advanced imaging tech-
niques to refine community analyses and support model calibration ef-
forts. Another perspective relies on improving the quantification of the 
impact of marine growth on the reliability of synthetic mooring lines, 
especially concerning fatigue behavior (Pham et al., 2019b; Thuilliez 
et al., 2023).
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