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A B S T R A C T

As global energy demand grows, our oceans are becoming increasingly industrialised. In the North Sea, one of the 
world's most developed marine regions, offshore infrastructure is shifting from isolated hydrocarbon platforms to 
large multi-turbine offshore wind farms (OWFs). These structures support diverse epibiotic assemblages which 
can influence structural integrity, alter ecological processes, and affect ecosystem service provisioning (e.g. water 
filtration). While epibiotic assemblage composition and zonation is well characterised on solitary structures, little 
is known about this varies at the intra-OWF scale. Our study explores this variation using ROV footage from a UK 
OWF; the foundations of two jacketed turbines situated at both the edge and centre of the OWF footprint were 
surveyed across all legs and depths, and the cover of five dominant epibenthic taxa quantified using a combi
nation of structure-from-motion photogrammetry and machine-learning-based taxonomic segmentation. Epi
biotic assemblages were dominated by anemones (Metridium senile) at intermediate depths, with increasing 
abundance of other target taxa at greater depths. While depth was the primary structuring factor, assemblage 
composition also appeared to vary with cardinal orientation and turbine position, with higher coverage of most 
target taxa at the OWF centre (notably soft corals (Alcyonium digitatum)). These patterns may be influenced by 
turbine-induced changes in downstream turbulence, stratification, and resource availability. While a limited 
sample size, our results suggest intra-OWF epibiotic heterogeneity, implying assemblage structure varies beyond 
depth zonation. As offshore wind development accelerates, research is needed to determine this variability's 
extent and drivers, helping to manage the consequences of an industrialised seascape.

1. Introduction

Over 6000 offshore fixed and floating oil & gas (O&G) structures 
have been installed in the world's oceans, with a further 5000 wind 
turbines (34 GW) added to our seas in the last 30 years (Gourvenec et al., 
2022). As the world's energy requirements continue to rise, and nations 
seek to improve their energy security, the demands on offshore energy 
developments have never been so high. In our efforts to avoid the worst 
effects of climate change, global society is also pursuing a net zero 
agenda, which means the nature of offshore energy is changing. If we are 
to avoid a 1.5 ◦C temperature rise, then global offshore wind capacity 
needs to reach almost 500 GW by 2030 (IRENA, 2023), requiring a 
dramatic increase in the number of offshore structures (~13,000) in the 
coming decade (McCoy et al., 2024).

Regardless of the energy source, all offshore developments require 
some form of infrastructure in the marine environment, the presence of 

which contributes to “ocean sprawl” (Duarte et al., 2013; Firth et al., 
2016) and is recognised as having significant ecological impacts at 
local and regional scales (Coates et al., 2014; Harris et al., 2025; Perrow 
et al., 2011; Slavik et al., 2019). As hard substrates (steel or concrete) of 
varying complexity in what are often soft-sediment dominated envi
ronments, man-made structures (MMS) represent a substantial increase 
in available (artificial) hard-substrate habitat; in parts of the Gulf of 
Mexico it is estimated that MMS contribute nearly 30% of the regions 
reef habitat (Bull and Love, 2019). Acting as “de-facto” artificial reefs, 
the epibiotic flora and fauna which colonise these MMSs (collectively 
known as biofouling or “marine growth”) can substantially add to (and 
surpass) local biodiversity and biomass (Coolen et al., 2020b; 
Friedlander et al., 2014; Krone et al., 2013). The marine growth also has 
the potential to affect the structure and function of the wider environ
ment; e.g. influencing local primary productivity through extensive fil
ter feeding communities (Krone et al., 2013), spillover of marine growth 
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species into the neighbouring environment (Wilhelmsson and Malm, 
2008), or increased habitat provision and enrichment of adjacent sedi
ment through detachment and deposition of turbine-associated biota 
and waste (Coates et al., 2014; Lefaible et al., 2023). At a regional scale, 
MMS can act as stepping stones, enhancing connectivity between 
disparate benthic communities (in both natural and artificial habitats) 
and expanding their distribution (including endangered (Henry et al., 
2018; McLean et al., 2022) and non-native species (Kerckhof et al., 
2011)) into regions where they were previously absent (Bishop et al., 
2017; Molen et al., 2018; Sammarco et al., 2014).

In the North Sea, which is one of the most developed bodies of water 
on the planet, and one of the most researched (Lemasson et al., 2024; 
Squire et al., 2026), we arguably have a better understanding of the 
ecological effects of MMS installation than anywhere else in the world. 
When an MMS is introduced to the marine environment in the North Sea, 
colonisation by (macro) marine growth occurs within months (Kerckhof 
et al., 2010; Todd et al., 2021). While the initial community of pioneer 
species can be highly diverse (20-50 macrobenthic species), these early 
colonisers are soon succeeded by different, more competitive species, 
with an intermediate peak in species richness until a stable mature 
community comprised of fewer, depth-zonated, dominant species is 
eventually reached (Kerckhof et al., 2010; Lefaible et al., 2023). Shallow 
depths (surface-20 m) are covered by macroalgae and the mussel Mytilus 
edulis; at intermediate depths (20-60 m) the anemone Metridium senile 
dominates and the soft coral Alcyonium digitatum is common; and below 
60 m the cold water coral Desmophyllum pertusum can form large reef 
structures (Whomersley and Picken, 2003; Gass and Roberts, 2006; 
Krone et al., 2013; Van Der Stap et al., 2016). The reported timeline for 
the succession process differ between studies (6-10 years; Kerckhof 
et al., 2019; Whomersley and Picken, 2003) and it has been argued 
this presents an oversimplification of the situation with no permanent 
stable community observed on one Belgian offshore wind farm (OWF) 
after 11 years of immersion (Zupan et al., 2023). The likelihood is that 
marine growth assemblage composition is not a simple linear succes
sional process but rather a complex and dynamic one, subject to 
continual change over time, possibly with multiple stable communities 
(Oshurkov, 1992; Sutherland, 1974). Fluctuations could arise not only 
from increasing immersion period but also from interacting factors such 
as predation, parasitism, disease, storm disturbance, and the arrival of 
non-native species, all of can vary with depth. Broader-scale drivers, 
including climate change and shifts in regional productivity, could 
further influence community composition across multiple spatial and 
temporal scales.

The question of spatial scale is important, because as we transition 
from predominantly hydrocarbon extraction to renewable energy pro
duction, the nature and scale of MMSs is changing. Where once, in
stallations were either solitary jackets or grouped in small clusters, now 
installations are networks encompassing potentially hundreds of turbine 
foundations spread over thousands of square kilometres (Burdon et al., 
2018; Nieradzinska et al., 2016). Understandably, previous research 
on marine growth communities has tended to focus on single structures 
(mostly O&G platforms; e.g. Forteath et al., 1982) or multiple uncon
nected structures (e.g. Schutter et al., 2019). Where the monitoring of 
marine growth has been reported in OWF arrays, these tend to have low 
replication and do not explicitly account for spatial variation (Dubois 
et al., 2025; Karlsson et al., 2022). Rarely has there been a detailed 
comparison of how marine growth communities vary across the scale of 
a single large OWF, although Maar et al. (2009) documented significant 
differences in the abundance of M. edulis between adjacent turbines. 
Community composition could be expected to vary over the scale of an 
OWF given that most sessile marine growth fauna are filter feeders, and 
we know that vertical mixing is increased within OWFs, reducing 
stratification and potentially enhancing plankton growth (Floeter et al., 
2017; Dorrell et al., 2022) – i.e. increasing food availability.

Understanding intra-OWF marine growth community dynamics is 
important, but the tools we use to assess and manage their ecological 

impact largely assume marine growth equivalency across all turbines. 
For instance, ecosystem models commonly used to assess the ecological 
effects of such developments (e.g. Ecopath with Ecosim, EwE) are often 
not designed to operate at fine spatial scales. They typically assume a 
uniform biomass per square metre for a given depth or habitat type 
across the OWF footprint within a broader ecosystem (e.g. Raoux et al., 
2019, 2017). Even studies employing spatially explicit models that are 
capable of resolving intra-wind farm variation in marine growth 
biomass (e.g. Ecospace) rarely do so in practice, and often focus on a 
single taxa (e.g. Le Marchand et al., 2025).

Part of the problem is that the majority of our understanding of 
marine growth community dynamics comes from the analysis of in
dustry video data collected using remotely operated vehicles (ROVs) as 
part of regular structural integrity inspections (e.g. Schutter et al., 2019; 
Thomson et al., 2018; Todd et al., 2020, 2021; Van Der Stap et al., 2016). 
These “free” data can be extensive but engineering priorities rather than 
ecological questions dictate ROV survey procedures; footage is often low 
resolution, often targeting specific components and rarely standardized 
across turbines or depths (see review by McLean et al., 2020). The 
resulting imagery provides poor spatial resolution for detecting subtle 
intra-wind farm variation in marine growth dynamics, and the poor or 
inconsistent image quality further complicates accurate taxonomic 
identification and quantitative analysis. Rather than repurposing GVI 
footage, McLean et al. (2020) suggest a better approach is to opportu
nistically use industry ROV “downtime” to conduct dedicated scientific 
surveys, and that ROVs can be augmented with higher definition cam
eras, even in stereopairs, to produce spatially referenced 3D models of 
marine growth using Structure from Motion (SfM) photogrammetry. 
Photogrammetric 3D models can be scaled and orientated, to derive the 
area (Palma et al., 2018) or volume (Marlow et al., 2024) of specific 
taxa, and workflow efficiency can be enhanced with machine-learning 
based automatic species identification (Marlow et al., 2024; Pierce 
et al., 2021).

In this study, we conducted preliminary ROV surveys as an explor
atory assessment of intra-wind farm spatial heterogeneity in marine 
growth dynamics. Our objectives were to 1) conduct ROV surveys of 
wind turbines within a large North Sea OWF, targeting turbines at the 
edge and centre of the wind farm footprint, 2) use a combined machine 
learning and SfM photogrammetry approach to assess variation in the 
abundance of dominant and conspicuous marine growth taxa in relation 
to depth, turbine position and orientation, and 3) assess the ecological 
and environmental implications of any intra-wind farm variability.

2. Methods

The methods for this study are explained in the sections below and 
outlined in Fig. 1.

2.1. Study site and ROV data

ROV video data was provided by an anonymous renewable energy 
operator of an OWF in the northern region of the UK sector of the North 
Sea, located approximately 15 km offshore. The area is characterised by 
predominantly westerly–northwesterly winds, with storm events driving 
an energetic wave climate, where significant wave heights are typically 
~1–2 m but can exceed ~5–7 m during storms. Currents (~0.3 – 
0.8 m s− 1) are primarily driven by the semi-diurnal tidal regime 
(although exceeding this during storm surges) and generally flow along 
a SSW–NNE axis (and vice versa). Substrate types comprise a mixture of 
sand, gravelly sand and, to a lesser extent, sandy gravel, with periodic 
seabed disturbance driven by combined wave–current forcing. The 
water column is typical of the northern North Sea, exhibiting seasonal 
stratification (thermocline ~10 – 30 m in summer) but is well mixed in 
winter. The water temperature ranges from approximately 6 - 12 ◦C from 
winter to summer, with a 1 ◦C difference between the stratified layers.

The OWF was comprised of ~80 jacket-based turbines (average 
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depth ~35-40 m) of steel construction and approximately 1 m diameter. 
Each jacket had four legs with cardinal orientations of North-northeast 
(NNE), East-southeast (ESE), East-southeast (ESE), South-southwest 
(SSW) and West-northwest (WNW). Due to time restrictions, surveys 
were only conducted on four turbines, representing the wind farm edge 
(n = 2) and centre (n = 2), and at each jacket all four legs were surveyed. 
The structures had all been installed within a 16-week period in early 
autumn to early winter, and at the time of survey had been in place for 
between 3 years 6 months (edge) and 3 years 9 months (centre). Edge 
turbines were located along the southern and western margins of the 
array, whereas centre turbines were situated approximately 2.4–2.8 km 
and 5–6 km from the nearest and furthest array boundary respectively.

The data was obtained during ROV downtime during normal survey 
operations, following instructions from the authors. The ROV pilots 
were instructed to conduct a single pass down the outside of each leg, 
from the surface to the seabed, aiming for an average speed of 
~0.1 m s− 1. The observation class ROV (Outland 2500, Outland Tech
nology, Slidell, LA, USA) was equipped with laser scalers (20 cm 

separation) and a HD camera (GoPro™ Hero 8 camera, GoPro Inc., San 
Mateo, CA, USA) collecting video imagery with the camera set to 2.7k 
resolution, 60FPS, no image stabilisation, and “wide” lens setting.

2.2. Marine growth taxa

We conducted a preliminary visual assessment of the ROV imagery 
across all the structures to identify the target taxa for our study. This 
revealed that the most dominant and conspicuous species were the 
anemone M. senile, the soft coral A. digitatum, the hydroid Tubularia 
indivisa, the urchin Echinus esculentus, and the keel worm Spirobranchus 
triqueter (see example images in the Supplementary Material). These 
taxa are a commonly reported component of North Sea marine growth 
(e.g. Andersson et al., 2009; Van Der Stap et al., 2016; Zintzen et al., 
2008a,b) and were the target taxa for our study and our machine 
learning model.

Fig. 1. Workflow for quantifying marine growth on OWF foundations in this study. Panels numbers represent sequential method steps and colours represent major 
workflow stages. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.3. Machine-learning model

For each jacket leg video, framegrabs were extracted from the ROV 
video at 0.5-s intervals using Agisoft Metashape™. The objective was to 
segment these images by target taxa following the methods described in 
Marlow et al. (2024). However, our pre-existing convolutional neural 
network (CNN) had only been trained (700 images from a wide variety 
of North Sea ROV footage) on A. digitatum, E. esculentus and M. senile, 
and required additional training for S. triqueter and T. indivisa.

Additional training used 250 framegrabs selected to be representa
tive of the entire dataset; across each of the jackets, jacket leg orienta
tions and across all depths. During this process it was noted that many of 
the framegrabs exhibited colour distortion caused by light absorption 
and scattering, particularly at depth, which was exacerbated by insuf
ficient lighting on the ROV at the time of capture. To avoid ambiguity 
caused by this distortion during image annotation, it was decided to aid 
the annotation process by enhancing all the ROV framegrabs prior to 
annotation, training and segmentation using the Deep WaveNet frame
work (Sharma et al., 2023), chosen for its high performance in under
water image restoration.

Following the additional training, all framegrabs from each jacket 
were segmented using a Mix Vision Transformer encoder (from Seg
Former, Xie et al., 2021) combined with a simple U-net decoder (see 
Marlow et al. (2024) for more information), implemented using PyTorch 
Segmentation Models (Iakubovskii, 2019). The segmentation assigned a 
unique RGB colour value to each of the identified target taxa.

2.4. Photogrammetric model creation

SfM photogrammetric 3D models of each jacket leg were made in the 
software Agisoft Metashape™. The original, non-segmented framegrabs 
were used for image alignment and dense cloud creation steps (as per 
Marlow et al., 2024). Scaling was achieved by manually applying targets 
to the laser scaler points in the images and creating scale bars; a mini
mum of four scale bars equally placed along the length of the jacket, 
with a minimum acceptable total error of 5 mm. The dense cloud was 
correctly orientated by adding three targets to the seabed at the base of 
each jacket leg with known x,y and z distances. Prior to mesh creation, 
the dense cloud was classified (as per Pierce et al., 2021) by marine 
growth taxa using machine-learning based RGB classified semantic 
segmentation of the original ROV imagery.

2.5. Measuring taxa-specific abundance

Meshes for each of the jacket legs were manually trimmed within 
Agisoft Metashape™ to remove any components that were not explicitly 
part of the leg structure (e.g. seabed, vertical diagonal members, export 
cables). Meshes were then exported as individual ply. files into a custom 
python batch processing pipeline built using PyVista (Sullivan and 
Kaszynski, 2019), a 3D plotting and mesh analysis interface for the 
Visualization Toolkit (VTK). The pipeline consisted of the following 
three steps, 1) cropping of the mesh by 5 m depth intervals (6 intervals 
across 10-40 m depth), 2) segmenting the mesh with an RGB colour 
threshold to isolate each taxon, before 3) measuring the surface area of 
the resulting mesh/taxa and exporting values to.csv. The abundance of 
each taxon was subsequently measured as the surface area of each taxon 
as a function of the total mesh surface area for each 5 m depth interval. 
This taxa abundance by depth & jacket-leg matrix formed our key output 
and was used as the basis for subsequent multivariate analysis.

2.6. Statistical analysis

Abundance data was assessed in terms of assemblage compositional 
differences across depth (5 m depth bands), aspect (cardinal orientation 
of turbine legs) and position within the wind farm (centre vs edge). All 
data analyses were performed in R v4.4.1 within the interface Rstudio 

v2024.04.2.
To assess differences in benthic assemblage composition, a permu

tational multivariate analysis of variance (PERMANOVA) was con
ducted using the adonis2() function from the vegan package. Species 
abundance data were fourth-root transformed to down-weight the in
fluence of highly dominant taxa and Bray–Curtis dissimilarity was used 
as the distance measure. To account for potential non-independence of 
abundance data from the same jacket, permutations were stratified by 
jacket, treating “Jacket ID” as a random blocking factor. Each term in the 
model was assessed independently using marginal sums of squares 
(by = “margin”), analogous to Type III or ‘partial’ sums of squares tests 
(Oksanen et al., 2025). The analysis tested for the effects of depth and 
aspect, but position (centre vs edge of the wind farm) was not included 
in the model due to its confounding with “Jacket ID”; with only four 
turbines (two per position category), there was insufficient replication to 
independently assess this effect within the stratified design.

To visualise patterns in assemblage composition, non-metric multi
dimensional scaling (nMDS) was performed using Bray–Curtis dissimi
larity and the metaMDS() function from the vegan package. This 
ordination approach was selected due to its flexibility in handling non- 
linear relationships and high-dimensional ecological data. Ordination 
plots were labelled by position (edge vs centre) and included 2D bubble 
plots of individual species abundance to explore potential spatial pat
terns not included in the main PERMANOVA model.

To further examine which taxa contributed to compositional differ
ences between depths, aspect and position, Similarity Percentage 
(SIMPER) analyses were conducted using the simper() function. 
Although position was not included in the main PERMANOVA model 
(due to confounding with the blocking structure (Jacket ID)), if the 
nMDS suggested an effect of position, the SIMPER was used in an 
exploratory capacity to identify species contributing most to observed 
dissimilarities between these groups.

3. Results

3.1. Models

The video allowed for good photogrammetric representation of the 
jacket legs with high proportion of images aligned across all structures 
(mean 72.7% ± 3.9 SE). The overwhelming majority image alignment 
failure was in the shallowest regions of the structures (0 - 10 m), and the 
models failed to reconstruct these regions. This was anticipated as these 
regions were dominated by highly mobile macroalgae (primarily Lami
naria hyperborea, Alaria esculenta and rhodophyte turf, J. Marlow pers. 
Obs) which are known to create problems in image alignment (Spyksma 
et al., 2022). There was also concern that image alignment would fail in 
the deeper regions of the structures (due to the poor ROV illumination), 
but all models showed good alignment even in these areas.

3.2. Machine learning

The Segformer model performed well on the dataset, demonstrating 
a high Intersection over Union (IoU) score of 0.86 and accuracy of 0.98, 
with performance by taxa summarised in the confusion matrix in Fig. 2. 
For all taxa, the most common misclassification was a false negative; the 
taxon being missed and segmented as background (or no marine 
growth), suggesting an underestimate for all taxa. There were inter-taxa 
differences in the model performance; the worst performing class was T. 
indivisa, followed by S. triqueter (Fig. 2). Examples of the combination of 
photogrammetric and machine learning processes can be seen in Figs. 3 
and 4.

3.3. Benthic assemblage composition

The epibiotic assemblage was dominated by the anemone M. senile, 
which across all structures and depths had a mean percentage cover of 
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48% (±3.3 SE). This was followed by S. triqueter (6.9 ± 1.1% SE), 
A. digitatum (5.1 ± 0.80% SE), T. indivisa (1.3 ± 0.43% SE) and 
E. esculentus (0.10 ± 0.032% SE). On average, 33% (±2.4 SE) of the 
epibiota was labelled as unidentified.

Depth had a strong and significant effect on assemblage composition 
(PERMANOVA, F = 22.754, R2 = 0.547, p = 0.001). The SIMPER 
analysis showed that the greatest depth-based dissimilarity (55.7%) was 
between the shallowest (10-15 m) and deepest (35-40 m) regions, with 
all target taxa exhibiting significantly different abundances (Supple
mentary Material). M. senile dominated from 10 to 25m but subse
quently reduced in abundance at greater depths, concurrent with 
increases in the abundance of all other species, particularly A. digitatum 
and S. triqueter (Fig. 5).

Aspect had a significant but moderately weak effect on assemblage 
composition (PERMANOVA, F = 2.4, R2 = 0.035, p = 0.017). The 
SIMPER analysis revealed a mean dissimilarity of 31-33% between as
pects, driven mostly by differences in the cover of A. digitatum and 
S. triqueter, but most species contributions were not statistically signif
icant (p > 0.05), suggesting that differences between aspects are subtle 
(Supplementary Material). The only significant differences were asso
ciated with a relatively high cover of T. indivisa on the ESE facing jacket 
legs (4 ± 4% SE); significantly higher than on SSW (0.7 ± 0.8% SE, 
p = 0.022) and WNW facing legs (0.5 ± 0.2% SE, p = 0.046), and 
although also higher than on the NNE facing legs (0.5 ± 0.8% SE), this 
was not statistically significant (p = 0.070). A low abundance of keel 
worm S. triqueter on WNW facing jackets legs also contributed to the 
aspect-based differences in assemblage composition, although the 
SIMPER analysis showed that this was only significant (p = 0.032) in 

relation to the NNE facing legs.
The NMDS plots (Figs. 6 and 7) indicated a large divergence in 

assemblage composition between turbines at the edge and centre of the 
wind farm, particularly at depths greater than 25 m. This was supported 
by the SIMPER analysis (Supplementary Material) which showed an 
overall 35.5% dissimilarity in assemblage composition between centre 
and edge communities; the percentage cover of all taxa, bar M. senile, 
was higher at the centre than the edge of the wind farm (M. senile 
showed a slight abundance decrease). The SIMPER analysis indicated 
that A. digitatum had the greatest impact on the positional dissimilarity 
(32% contribution; mean cover of 11 ± 9.5% SE at the centre vs 
0.18 ± 0.33% SE at the edge ~ 5800% increase), followed by S. triqueter 
(24% contribution; mean cover of 10 ± 15% SE at the centre vs 
3.4 ± 5.3% SE at the edge ~ 200% increase). While variation in E. 
esculentus contributed only 8% to positional dissimilarity due to its 
relatively low abundance on both centre and edge turbines, the urchin 
was over 470% more abundant on the former (0.074 ± 0.12% SE vs 
0.013 ± 0.13% SE).

4. Discussion

Our study is, to our knowledge, the first to apply a combination of 
machine learning and SfM photogrammetry to industry ROV footage of 
marine growth, although these techniques have previously been used in 
isolation (machine learning: Gormley et al., 2018; Signor et al., 2023; 
SfM photogrammetry: Bayley et al., 2024). The combination provides an 
efficient method to visualise and quantitatively assess assemblage 
composition at ecologically and structurally relevant spatial scales. Like 

Fig. 2. Confusion matrix from SegFormer Backbone/U-Net on test data.
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all image-analysis, our automated taxonomic identification was con
strained by what is visible in ROV imagery and by the training data. 
Consequently small or cryptic marine growth taxa (e.g. Jassa herdmani), 
which can be both abundant and diverse (Coolen et al., 2020b), were too 
small to be reliably detected and not included in our analysis. Never
theless, our target taxa accounted for the majority of the spatial 
coverage on the structures and overall, our AI model performed very 
well in their detection. Where there was uncertainty, this was reflected 
in the regions that are segmented black in the 3D models and the higher 
proportion of false negatives for T. indivisa and S. triqueter in the 
confusion matrix. These particular taxa were minority classes in the 
training data and also restricted to the deeper regions of the structures, 
where the poorly illuminated footage showed the most colour distortion 
and image degradation. Human annotation was challenging in these 
regions, despite our enhancements, so similar difficulties in model per
formance were expected. In contrast, segmentation failures in the shal
lowest portions of the jackets were largely due highly mobile 
macroalgae, which is known to hinder image alignment (Spyksma et al., 
2022), and deliberately not included in our training.

Dedicated marine growth surveys are prohibitively expensive and 
logistically challenging for scientific research and ecological moni
toring, especially across large spatial scales. Consequently, most studies 
rely on industry GVI footage as a more accessible data source, and while 
this data may be free and extensive, the limitations and biases are 
numerous and well documented (McLean et al., 2020). Here we used an 
intermediate approach, using ROV “down-time” to conduct dedicated 
photogrammetric surveys and augmenting standard ROV equipment 
with high-definition cameras and laser-scalers. The resulting footage 
was of sufficient quality to produce high fidelity scaled 3D models of the 
marine growth, and to enable our machine-learning pipeline to produce 
accurate coverage estimates of our target taxa. However, while the 
surveys were conducted according to our guidance, we were not on site 
to review the data nor adapt methods and priorities in real time. The lack 
of oversite contributed to the inadequate illumination and insufficient 
spatial replication across the wind farm array. While this directed but 
remote approach is clearly an improvement over passively receiving GVI 
data, it remains a poor substitute for real-time survey supervision 

(whether remote or in-person), which we recommend whenever 
feasible.

Depth was the most important determinant of assemblage composi
tion, consistent with observations from other North Sea OWFs (Coolen 
et al., 2020b; De Mesel et al., 2015; Krone et al., 2013). The upper 
sections of MMS are often characterised by intertidal taxa and macro
algal dominance (Karlsson et al., 2022), which is considered an impor
tant impact of MMS expansion within the North Sea, where intertidal 
substrates are largely absent from the offshore environment (Kerckhof 
et al., 2011). Although quantitative sampling of this zone was not 
possible in our study, macroalgae was observed to be dominant but 
notably, the mussel Mytilus edulis was absent, despite being a frequent 
and often highly abundant shallow species on other North Sea structures 
(20-30,000 individuals m− 2; Coolen et al., 2020a; Joschko et al., 2008). 
This absence may reflect local constraints such as limited larval supply 
(Coolen et al., 2020a; Forteath et al., 1982), insufficient water move
ment or predation pressure (Langhamer, 2010), illustrating how 
site-specific factors can effect assemblage composition within otherwise 
comparable depth zones. Below the macroalgal zone, M. senile was 
universally dominant across all structures to 25 m depth, consistent with 
other relevant studies (Coolen et al., 2020b; Karlsson et al., 2022). The 
species is known to be highly competitive and is thought to impede the 
survival of neighbouring recruits by smothering them with its pedal disk 
(Nelson and Craig, 2011). Below 25 m, M. senile abundance declined, 
and a more diverse assemblage was present, with higher abundances of 
all other target species. This pattern supports the negative relationship 
between M. senile dominance and species richness reported by Coolen 
et al. (2020b) and aligns with higher diversity observed near the 
seabed on other structures (Spielmann et al., 2023). Whomersley and 
Picken (2003) postulated that depth zonation is the product of both 
physical and biological mechanisms; shallow depths are structured by 
disturbance (waves) and light availability, intermediate depths by 
competition for food and space, and near-bottom communities by scour 
and sediment re-suspension. The evidence from our study broadly agrees 
with this analysis, but the absence of common taxa such as M. edulis 
demonstrates that taxonomic composition and dominance patterns 
within individual depth bands can vary substantially between studies. 

Fig. 3. Photogrammetry and automated taxonomic annotations workflow; original ROV framegrabs (A) textured mesh using original ROV imagery (B), enhanced 
imagery textured mesh (C) and mesh annotated by machine learning taxa (D).
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Fig. 4. Photogrammetric 3D models with automated taxonomic annotations (colours as per Fig. 3). Images are examples of annotated meshes of one leg (East- 
southeast) from each of the jackets; outer two are edge jackets and inner two are centre jackets. Depth contours are shown but note different maximum and 
minimum depths. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Consequently, depth zonation on MMS is broadly comparable across the 
North Sea, but not sufficiently uniform to justify extrapolation between 

sites without local validation.
The cardinal orientation of subtidal surfaces might be expected to 

Fig. 5. Kite diagram of abundance (% cover) of target species across depth (10-40 m) across all structures. Note abundance scales specific to each taxa.

Fig. 6. Non-metric multidimensional scaling (NMDS) plot of wind farm marine growth assemblage composition. Differences in colour tone indicate different survey 
depths and data point shape show the relative position of turbine within the wind farm footprint. The 2-D NMDS solution had a stress of 0.104. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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have some influence on assemblage composition through exposure to 
differing hydrodynamics, light and (consequently) temperature. How
ever this has rarely been documented in subtidal communities (e.g. 
Angiolillo et al., 2016; Martins et al., 2013). In the context of marine 
growth, no studies to our knowledge have directly examined how car
dinal orientation shapes assemblage composition on MMS, although 
jacket interior vs exterior differences have been reported (Guerin, 
2009). In this study, some of the aspect-related variation was associ
ated with the hydroid T. indivisa which was particularly abundant on 
east-southeast facing jacket legs. The hydroid is recognised as an early 
coloniser of bare substrates (Hiscock et al., 2010; Zintzen et al., 2008a, 
2008b) but can also be seasonally dominant on high flow reefs in the 
Northeast Atlantic (Stamp et al., 2023). According to the principle of 
flow over bluff bodies, aspects perpendicular to the direction of current 
(i.e. ESE and WNW at our study site) would experience the greatest flow 
acceleration. While high abundance on the ESE aspect is therefore 
consistent with a high flow preference, the absence of a similar pattern 
on the WNW side remains unexplained.

Low replication meant that we could not generate precise parameter 
estimates for the effect of a turbines position within the wind farm 
footprint. However, our observations are commensurate with depth- 
driven transitions in species composition being influenced by spatial 
position. Although M. senile remained the dominant taxon at interme
diate depths, deeper zones revealed divergent assemblage trajectories: 
conditions at the wind farm edge seem to promote continued M. senile 
dominance with increasing S. triqueter coverage, while central locations 
favour assemblages where A. digitatum and S. triqueter become domi
nant, accompanied by relatively greater numbers of E. esculentus and 
T. indivisa. Dominance by M. senile is typically associated with later 

successional stages (~4 years) in marine growth communities, whereas 
earlier stages are characterised by hydroids and tube worms 
(Whomersley and Picken, 2003). Higher abundances of these pioneer 
taxa on central structures could therefore indicate differences in suc
cessional stage; however, as central jackets were installed earlier (early 
autumn) than edge jackets (early winter), the opposite pattern would be 
expected if succession alone were driving the observed differences. 
Nevertheless, the timing of installation can be crucial as larval supply is 
highly seasonal (Want et al., 2017), with peak spawning in late summer 
for M. senile and in early winter for A. digitatum (Hartnoll, 1975; 
Lombardi and Lesser, 2010), with a similar larval duration for both 
species (~200 days; Molen et al., 2018). Consequently, the assemblage 
differences in later years could reflect differing larval availability at the 
time of installation or subsequent months. Alternatively, turbine posi
tioning may directly influence assemblage composition by modifying 
local water column properties through enhanced downstream turbu
lence and mixing (Christiansen et al., 2023; Schultze et al., 2020). These 
changes could affect marine growth assemblage composition by 
affecting larval settlement or food availability through changes in flux or 
water column stratification. The latter mechanism remains poorly un
derstood, with evidence suggesting that offshore turbines could both 
strengthen or weaken local stratification depending on background 
conditions and tidal–wind interactions (Daewel et al., 2022; Floeter 
et al., 2017). These effects, in turn, influence primary production and 
zooplankton abundance, altering the depth and intensity of the sub
surface chlorophyll maximum. This may be particularly important when 
explaining intra-wind farm differences in assemblage zonation, given 
the majority of the dominant epibiota are suspension feeders. Moreover, 
the high abundance of these suspension feeding taxa could further shape 

Fig. 7. Non-metric multidimensional scaling (NMDS) plot of wind farm marine growth assemblage composition. Points represent 5m survey sections of each leg and are 
categorised by wind farm position. Overlapping 2D bubble size represents percentage cover of A) A. digitatum, B) E. esculentus, C) M. senile and D) S. triqueter.

J. Marlow et al.                                                                                                                                                                                                                                 Marine Environmental Research 220 (2026) 108180 

9 



downstream (internal wind farm) communities through the depletion of 
available food sources, as has been observed inside mussel farms where 
phytoplankton and zooplankton concentrations can decline by up to 
80% relative to ambient conditions (Maar et al., 2009; Petersen et al., 
2008). This may be particularly relevant for M. senile, which is a selec
tive filter feeder with a zooplankton diet that differs markedly from soft 
corals (Alcyonium siderium; Sebens and Koehl (1984)). Preferential 
removal of specific zooplankton prey by dense upstream M. senile 
communities could generate downstream conditions that are unsuitable 
for conspecifics but remain unaffected (or even advantageous) for 
competitors such as A. digitatum, facilitating a shift in dominance at the 
centre of the OWF.

Although exploratory, the observed spatial variability in dominant 
taxa may have important ecological and engineering implications if 
representative of wider OWF systems. From an ecological perspective, 
differences in the relative abundance of suspension-feeding organisms 
could influence local ecosystem functioning and ecosystem service 
provisioning, particularly through variation in water filtration rates, 
nutrient cycling and secondary habitat provision. For example, sus
pension feeding on turbines dominated by dense mussel aggregations 
are likely to have differing effects on the adjacent water column than 
those dominated by anemones or soft corals, through both different 
filtration efficiencies and prey selectivity. This may also influence the 
rate and composition of faeces and pseudofaeces deposition to the 
adjacent benthos, with potential consequences for benthic–pelagic 
coupling and local benthic community composition. These effects could 
be compounded by contrasting effects of epibenthic mortality (turbine 
drop-offs), with hard-bodied taxa such as mussels providing important 
secondary habitat (Lefaible et al., 2023), especially in soft sediment 
areas lacking scour protection. From an engineering perspective, spatial 
heterogeneity in biofouling composition may result in uneven distribu
tions of biomass and hydrodynamic drag across structures, as different 
marine growth taxa are known to have differing densities and maximum 
thickness (Dubois et al., 2025; Marlow et al., 2024). This is particularly 
relevant for floating OWFs dynamic cable systems, which may be more 
sensitive to additional loading and changes in flow-induced forces than 
fixed-bottom infrastructure, and have additional concerns related to 
thermal insulation by marine growth (Maksassi et al., 2022, 2024). 
Consequently, improved understanding of fine-scale variability in ma
rine growth could support more accurate cable design, maintenance 
planning, and ecological monitoring strategies.

Our exploratory study was inherently constrained by a focus on five 
conspicuous (but spatially dominant) taxa and limited turbine replica
tion. As such it's important to acknowledge that our data only represents 
a subset of the full epibiotic assemblage and our observations of spatial 
heterogeneity should be interpreted with caution. Nevertheless, if the 
observed patterns are more widespread, these fine-scale spatial dy
namics are currently underrepresented in ecosystem modelling and post- 
construction monitoring, despite consequential implications for both 
structural integrity and local ecological processes. As offshore wind 
developments continue to expand, determining the extent, driver and 
impact of intra-wind farm epibiotic variability should be a priority for 
future research, improving our understanding of how large OWFs 
interact with local and regional marine ecosystems.
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Joschko, T.J., Buck, B.H., Gutow, L., Schröder, A., 2008. Colonization of an artificial hard 
substrate by Mytilus edulis in the German Bight. Mar. Biol. Res. 4 (5), 350–360. 
https://doi.org/10.1080/17451000801947043.
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