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ABSTRACT 

PERSUADE investigated how climate change influences the known effects of fouling fauna in 

offshore wind farms on the marine environment and assessed how additional aquaculture 

activities within such OWF have added effects. We focused on three important fouling species 

(the blue mussel M. edulis, the amphipod Jassa herdmani and the plumose anemone Metridium 

senile) and two important sediment-inhabiting species (the sand mason Lanice conchilega and 

the white furrow shell Abra alba) to investigate how climate change (a combination of ocean 

warming and ocean acidification) would affect ecosystem functioning (focus on nutrient cycling 

and food webs) in OWF, and whether additional aquaculture activities would result in 

additional activities. In a second step, we developed new in-situ and experimental techniques 

and equipment allowing for community-wide experiments and subsequent modeling, paving 

the way towards a better understanding of the effects of multiple human activities in a changing 

environment. Our results indeed show that the presence of offshore wind farm has important 

consequences for the marine environment, ranging from the release of the potent greenhouse 

gass N2O to filtering large amounts of sea water. Climate change generally altered these effects, 

both in the water column and the sediment, caused by behaviourial adaptations of organisms 

surviving in a warming and acidifying environment. Our modeling work suggests that climate 

change will not have an adverse effect on bivalve aquaculture within OWFs but suggest a 

competition for food with the fouling fauna on the turbines and indicate an increased release of 

N2O in future climate conditions. 

 

Keywords: offshore wind farms, bivalve aquaculture, climate change, food web, nutrient 

cycling, ecological modelling 
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1. INTRODUCTION 

Recently, ocean sprawl – the proliferation of artificial structures in the sea (Duarte et al. 2013) – 

is moving further offshore, not in the least due to the increasing construction of offshore wind 

farms (OWF) in an attempt to the energy revenue from renewable sources. In 2020, 6651 turbines 

were operational in 112 offshore wind farms in Europe, which is predicted to increase to 16850 

turbines in 172 offshore wind farms in 2030 (Soares-Ramos et al. 2020). They provide subtidal 

artificial hard substrate in areas dominated by soft sediments, and they span the entire water 

column, creating intertidal habitat in offshore areas. Both the turbines and the surrounding scour 

protection layers are inhabited by large numbers of colonizing fauna (Degraer et al. 2020), 

arranged along a vertical gradient (De Mesel et al. 2015) and attracting larger crustaceans (Krone 

et al. 2013) and benthic and benthopelagic fish (Reubens et al. 2014, Mavraki et al. 2020a). This 

fauna affects primary producer stocks in the water column (Slavik et al. 2019, Mavraki et al. 

2020c), the spatial distribution of organic matter deposition (Ivanov et al. 2021), benthic 

mineralization processes (De Borger et al. 2021) and spatial distribution of macrobenthos (Coates 

et al. 2014).  

While it is clear that the presence of OWF results in both local and regional changes, these 

changes need to be investigated in the context of global change. Sea surface temperatures in 

European waters are increasing at a rate of 0.2 °C per decade (EEA 2022) and pH is decreasing 

as the oceans absorb 25% of the annual anthropogenic CO2 emissions i.e., 26.8 Gton CO2 

between 1994 and 2007 (Watson et al. 2020). The combination of warming and acidification 

leads to modifications of animal behaviour which ultimately cascade into altered species 

interactions and ecological processes (Nagelkerken & Munday 2016). As such, it is to be expected 

that functional changes observed because of the presence of OWF will interact with change 

caused by OWF. 

On top of an increasing installation of OWF, the marine coastal area is increasingly being used 

for aquaculture activities. In response to this emerging Blue Growth activity but anticipating on 

the race for space in the marine area, the Belgian Marine Spatial plan allows for colocation of 

OWF installations with aquaculture installations. Judging from recently finished (EDULIS) or 

ongoing (H2020 UNITED) projects, the development of bivalve (blue mussel Mytilus edulis) or 

flat oyster (Ostrea edulis) aquaculture in Belgian OWF zones seems realistic. While structurally, 

this encompasses an increase in densities and biomass of a species of commercial interest, it can 

have far reaching functional consequences. Bivalves are suspension feeders, filtering large 

quantities of organic matter from the water column (Kellogg et al. 2013); they provide surface for 

biofilms involved in nutrient cycling (Stief 2013) and deposit faecal pellets to the sediment 

beneath the installations (Gadeken et al. 2021), thereby affecting both the water column and the 

local benthic-pelagic coupling. While aquaculture in the current conditions is an efficient way to 

harvest proteins from the marine environment (van der Schatte et al. 2020), the future of this 

activity is uncertain as the ocean acidification aspect of climate change hampers the development 

of bivalve early life stages (Tan & Zheng 2020).  

It is clear that the combination effects of local human activities – including multi-use of the marine 

space – and global change (ocean warming and ocean acidification) will lead to changes in the 

marine environment. However, as such changes might be non-linear (synergistic or antagonistic), 

they are difficult to predict without targeted research based on experimental approaches and 
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careful upscaling to the real environment. Such approach would lead to an increased 

understanding of the functioning of marine ecosystems in future climate settings and guide local 

policy makers in decision-making processes concerning the sustainable use of the marine space. 
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2. STATE OF THE ART AND OBJECTIVES  

Future coastal ecosystems will be challenged with a multitude of ecosystem-level stressors, 

resulting from both local anthropogenic activities and environmental change acting at the global 

scale. The installation of offshore wind farms (OWFs) is currently a major human activity in the 

coastal North Sea area, resulting in the introduction of large surfaces of artificial hard substrates 

(AHSs) in an otherwise sandy environment. These AHS are rapidly colonized by large quantities 

of fouling fauna, including non-indigenous species (NIS) (De Mesel et al. 2015). This in turn 

attracts fish (Reubens et al. 2014, Mavraki et al. 2021) and large crustaceans (Krone et al. 2017), 

and affects local phytoplankton communities (Slavik et al. 2019, Mavraki et al. 2020c) and organic 

matter deposition (Ivanov et al. 2021), cascading in altered sediment properties, sediment-

inhabiting fauna (Coates et al. 2014, Hutchison et al. 2020) and carbon mineralisation pathways 

(De Borger et al. 2021).  

Currently, most OWF are installed in coastal ecosystems, which are well-known sites of N-

removal through microbial activity, thereby counteracting eutrophication processes (Seitzinger 

2000). A drawback of this process is the production of N2O during the first step of nitrification or 

by ‘nitrifier denitrification’ (see Heisterkamp et al. 2013). N2O is a highly potent greenhouse gas 

that significantly contributes to global warming (Forster et al. 2007) and the destruction of the 

stratospheric ozone layer (Ravishankara et al. 2009). While the effect of macrobiota on N-cycling 

is mainly investigated in sediments (i.e. Braeckman et al. 2014), there is recent evidence that 

fouling fauna can contribute substantially to N2O production, either through their own activity or 

through their microbiome (Heisterkamp et al. 2013, Moulton et al. 2016). As such, the presence 

of large quantities of fouling fauna on OWF can have important consequences for the air-sea 

exchange of greenhouse gasses in coastal areas, and therefore have a negative feedback on 

climate regulation, which is then strengthened by adding large quantities of bivalves through 

aquaculture activities. 

Finally, all of these local effects need to be evaluated in the light of climate change, as a lot of the 

currently quantified effects of the presence of OWF and/or bivalve aquaculture operations are 

susceptible to climate change and therefore the capacity of the marine ecosystem to remove 

nutrients or provide food (Kitidis et al. 2011, Braeckman et al. 2014b, Tan & Zheng 2020, Liberti 

et al. 2022). 

The general objective of PERSUADE was therefore to investigate ecosystem-wide responses to 

local and global stressors to quantify how future anthropogenic activities will contribute to the 

production of the greenhouse gas N2O in a future climate setting, by quantifying the interactions 

between the biotic and abiotic compartments in an OWF environment. At the same time, we 

will investigate how the transfer of energy among the different compartments of the coastal 

ecosystem will evolve. By integrating the results in an ecosystem model, we will be able to run 

climate impact scenarios at scales (temporal, ecosystem-wide, with and without aquaculture) that 

are relevant for the sustainable management of the coastal ecosystem. 
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3. METHODOLOGY 

PERSUADE research focused on investigating behavioral responses of key fouling and benthic 

species in current and future climate settings and on quantifying resulting changes in ecosystem 

processes. Key fouling species included the blue mussel Mytilus edulis (dominant in the 

infralittoral zone of the turbines), the tube-building amphipod Jassa herdmani (dominant in the 

sublittoral zone of the turbine) and the plumose anemone Metridium senile (dominant at the 

lower part of the turbine) (Fig. 1).   

 

Figure 1. Fouling fauna key species, with indication of the depth zone on a turbine where they are 

dominant (modified from De Mesel et al. 2015) 

The relative importance of these model species in the overall OWF ecosystem, i.a. in terms of 

total densities, filtration capacity and competitional dominance (Jak & Glorius 2017, Coolen et 

al. 2020), makes them ideally suited to assess functional implications at OWF AHS community 

level. Given the importance of the microbiome inhabiting outer bivalve shells (Heisterkamp et al. 

2013) for N2O production, we used additional molecular techniques to document the effect of 

climate change on the structural and functional composition of the biofilm.  

In the sediment, key species in the Belgian part of the North Sea are the white furrow shell Abra 

alba and the sand mason Lanice conchilega (Braeckman et al. 2010) (Fig. 2). Especially L. 

conchilega is observed in increasingly higher abundances in sediments adjacent to the OWF 

turbines (Lefaible et al. in prep., Braeckman et al. 2020). The biodiffusion and sediment 

ventilation activity of A. alba and L. conchilega, respectively, stimulate sediment biogeochemistry 

(Braeckman et al. 2010). 
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Figure 2: The white furrow shell Abra alba (left) and the sand mason Lanice conchilega (right). 

Pictures by Ulrike Braeckman and Hans Hillewaert. 

 

As the PERSUADE research strategy involved experimental work with benthos and fouling fauna, 

experimental methodology to conduct species specific, community- and ecosystem-wide 

experiments needed to be developed. While sampling of sediment-inhabiting organisms for 

incubation in experimental set-ups is standard practice, this was not at all the case for fouling 

organisms. These are generally collected by scraping them from a hard substrate (De Mesel et al. 

2015, Mavraki et al. 2020a), thereby often damaging the organisms and making them unsuitable 

for further experimental work. Therefore, the methodological strategy for PERSUADE consisted 

of developing (1) an Artificial Hard Substrate Garden to harvest undamaged fouling organisms for 

further experimental work; (2) an experimental setting for climate change experiments on the 

individual species; (3) large-scale experimental systems allowing climate change-related 

functional research at the ecosystem scale, and (4) ecological models to upscale the experimental 

results to the level of the OWF. 

3.1 Artificial Hard Substrate Garden 

The design of the Artificial Hard Substrate Garden (AHSG) needed to comply with several 

boundary conditions. 

 

1. Hard substrates were to be provided on a mooring where divers could sample the 

epifauna and bring it to the surface without scraping the organisms off the substrate. The 

AHSG needed to provide the opportunity to collect the entire community without 

damaging the biolayer.  

2. The substrates needed to be sampled by divers, because bringing an entire mooring on 

deck of a vessel causes significant loss of fauna. 

3. A standard sampling of the epifauna was a prerequisite and each sample was provided by 

a plastic plate of 150x150mm. Each mooring had to provide enough samples (approx. 50 

/ mooring). 

4. An easy and fast collection of the substrates by divers. 

5. A lightweight compact mooring that can be quickly located by the dive team. 

6. The AHSG needed to provide fauna from the surface waters, from midwater and from 

near the seabed. 

The environmental conditions created extra issues for the design. Tidal currents in the area where 

the AHSG needed to be moored can mount above 1.5Kn. Attempting to minimize the impact of 

©
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currents on the mooring, the structure holding the artificial substrates was kept to a minimum size 

and consequently a 3D shape was needed. A spherical shape would have better hydrodynamic 

characteristics to withstand tidal currents, but a box shape was finally choosen as its construction 

is much easier and cheaper. Using a box shape also allowed all substrates to be positioned in a 

similar direction in the water column.  

Each cage measures 800x800x800mm and is made of galvanized L-profiles with lats on the side 

for further reinforcement and for mounting the artificial substrate plates. Each side of the cube can 

hold 12 plates. The top and bottom sides of the cube can also hold the same number of plates if 

needed (Fig. 3).  

 

Figure 3. Cage of the AHSG mooring, holding 48 plates  

 

The cages were anchored with a concrete block and the cage was maintained at the desired depth 

with a subsurface and a surface float. As the project continued, the mooring underwent several 

technical changes and adaptations to remediate problems encountered: 

- The first trial included a rope between the cage and the anchor weight and between the 

cage and the surface float. The cage was attached with 4 short chains to the rope. 

- The ropes were too susceptible to biofouling which increased their weight and caused 

sinking of the cage. A second setup used only chains to connect the anchor, cages and 

floats 

- To minimize the impact of waves, smaller surface floats were used in a second trial and 

extra subsurface floats were used.  

- The weight of the anchor was increased. 

In the final design, the cages were attached to an anchor weight of 1250 kg. The mooring chain 

was kept to 10mm diameter. From the bottom and top side of the cage a chain sling (4legs) 

attached the cage to the mooring chain line. The cube, chainslings and the plates weigh approx. 

50kg.  
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Surface floats were omitted in the final design as the wave impact caused loss of the surface floats 

and that also exerted too much force on the total mooring. Surface floats help divers to locate the 

mooring immediately and were initially provided for that purpose. In case a dive team needs too 

much time to locate the mooring, they may lack time for a complete sampling. An experienced 

dive team can relocate a mooring relatively fast without the surface floats if the position of the 

mooring is well registered when deployed.  

The top of each mooring line held a 250L subsurface float to keep the mooring at the desired 

depth. The surface cage, which is moored at 5m depth, caused a navigational hazard and needed 

a surface marking buoy. This surface buoy was eventually omitted, and the cage was positioned 

at 7m depth as a compromise, significantly reducing any risks for navigation in the area.  

All substrate plates were mounted to the frame with plastic tie wraps that could easily be cut by 

divers. To prevent loss of plastic tie wraps while collecting the plates, each tie wrap holding the 

plate to the frame was fixed to the plate with another tie wrap.  After cutting the tie wrap, the 

plate was placed in a plastic bag and sealed before bringing it to the surface.  

The design of the mooring allowed to keep the cage in place for over one year. Moorings were 

placed in early spring and recovered before winter. After a full spring and summer, the cages and 

floats can become overgrown with epifauna to such an extent that the total weight effectively 

diminishes or even exceeds the floating capacity of the subsurface float. Upon retrieval, 

components that got corroded or degraded were replaced for the redeployment.  

 

3.2.  Climate change experiments : single-species experiments and molecular approach 

3.2.1 General set up 

PERSUADE research was directed towards investigating the separate and combined effects of 

climate change (respectively ocean warming (OW), ocean acidification (OA) and the integrated 

Climate Change (CC)) on individual fouling fauna or sediment inhabiting key species. Therefore, 

a generic experimental system, allowing controlled manipulation of temperature and pH to which 

dedicated experimental units for fouling of benthic fauna were connected, was set up. 

The general system consists of a series of header tanks (2000 – 4000 liter), where the water 

remained unmanipulated (control treatment – CTRL), or where temperature, pH or both were 

manipulated. Seawater temperature was regulated using TECO TK2000 heaters or Aqua Medic 

Titan 8000 professional units. pH was manipulated by controlled bubbling of seawater with 100% 

CO2  using an IKS AquaStar aquaristic computer system or a personalized Fleuren & Nooijen 

JUMO microprocessor. Glass pH electrodes were calibrated weekly using Hanna Instruments TM 

NIST Buffer Solutions (4.01 and 7.01). All temperature and pH data were logged every 15 minutes 

throughout the experiments with the IKS Aquastar system. Tank water was further sampled weekly 

and filtered through GF/C filters for determination of Total Alkalinity (TA) using a CONTROS 

HydroFIATMTA alkalinity system. The carbonate chemistry of the seawater was calculated using 

the CO2SYS software (Pierrot et al. 2006) and thermodynamic constants (Mehrbach et al. 1973). 
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3.2.2 Fouling fauna experiments: ecophysiology 

Experimental set-up (after (Voet et al. 2022) 

Ecophysiological responses of the key fouling species to changes in ocean warming, ocean 

acidification and the integrated climate change effect were investigated during a 6-week 

experiment (Fig. 4) to arrive at a newly developed community-wide metric, the so-called 

maximized cumulative clearance potential. In summer 2017, 2018 and 2019, hard-substrate 

fauna was collected from turbine D6 in the C-Power wind farm (51°33.04’N - 02°55.42’E), as 

well as from an aquaculture pilot project approximately 10km off the Belgian coast (51°11.02’N 

- 02°39.88’E). Mytilus edulis was sampled by hauling an aquaculture longline on deck, while 

Jassa herdmani and Metridium senile were collected from the OWF turbine foundation by 

scientific divers at 7m and 18m depth, respectively. All samples were stored in aerated seawater 

and transported to the experimental facilities within 4 hours. All animals were randomly assigned 

to one of four experimental treatments. Mytilus individuals (nTOT = 800) with an average length 

of 44.76 ± 0.42mm (SE) were distributed across four identical aquaria (100 x 45 x 70cm) 

equipped with a continuous flow-through mechanism with a total of approximately 400L in 

circulation per system, allowing for homogenisation of the seawater. Jassa individuals (nTOT = 

600; length > 5mm) were equally divided among a total of 12 cylindrical aquaria (Ø 12cm x h 

25cm) equipped with a 1mm mesh for the animals to attach to (Mavraki N., personal 

communication, 2018). Metridium individuals (nTOT = 480) with an average pedal disc diameter 

of 24.13 ± 0.53mm (SE) were divided among 12 replicate aquaria (40 x 20 x 30cm). All 

experimental units were connected to the experimental system as described in section 3.2.1. 

 

 

Figure 4 Methodology flowchart (CTRL: control, OA: ocean acidification, OW: ocean warming and CC: 

climate change). 
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After allowing the animals to acclimatise for 48h under ambient conditions, seawater temperature 

was increased by 1°C per day and pH was decreased by 0.1 pH unit per day for three days, 

resulting in seawater of +3°C and/or -0.3 pH units in the corresponding treatments compared to 

the control settings. The level of manipulation was chosen in accordance with the IPCC RCP8.5 

projections for ocean warming and acidification towards the end of this century. These conditions 

were maintained for 21 days in the Jassa experiment and 42 days in the Mytilus and Metridium 

experiments. 

Survival in each experimental treatment was monitored every two to three days throughout the 

experiment using a dedicated batch of individually numbered organisms (M. edulis and M. senile) 

or using the total population in the aquaria (J. herdmani). Dead animals were routinely removed 

from the aquaria. The overall high mortality of Jassa individuals limited the duration of this 

experiment to three weeks, as opposed to the six-week Mytilus and Metridium experiments. The 

ecophysiological parameters measured for all three species were respiration rate (RR) and 

clearance rate (CR). 

Volumetric growth was measured for M. edulis and M. senile (J. herdmani was excluded because 

it moults). To measure RR and CR, triplicated individual closed-core incubations were set up in 

each experimental treatment. Each incubation core held one individual, along with manipulated 

seawater from the respective treatment, and was kept at the correct temperature throughout the 

incubations. Seawater inside was kept in motion to ensure an evenly mixed water column using 

either stirring discs (Fig. 5). (M. edulis and M. senile) or a shaking table (J. herdmani). The 

incubation core volume was corrected with the biovolume (mL) of Mytilus and Metridium 

individuals, measured by water displacement in a 500 ± 2mL graduated cylinder, while the 

biovolume of Jassa individuals was considered negligible. 

 

Figure 5 Experiment set-up 

Survival (%) was calculated as the proportional survival per experimental treatment, with 100% 

survival at the start (day 0), according to Equation 1: 

Equation 1  Survival (%) = 
Ni

N0
×100  

with N0 and Ni the number of living individuals in the dedicated batch of organisms in each 

experimental treatment at day 0 and day i of the experiment, respectively. The number of 

individuals in each experimental treatment dedicated to the monitoring of survival was N0 = 75 

for M. edulis, N0 = 132 for J. herdmani and N0 = 58 for M. senile. 
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Respiration rates (RR) were assessed from the decrease in dissolved oxygen during the closed-

core incubations. Seawater oxygen concentration (μmol L-1) inside the incubation cores was 

measured continuously (M. senile and J. herdmani) or discretely (M. edulis) using PyroScience™ 

robust optical oxygen probes (M. edulis and M. senile) or sensor spots (J. herdmani) with 

REDFLASH-technology connected to a PyroScience™ FireSting O2 logger. The closed-core 

respiration measurements were done weekly in a volume of 1.5L, 8.15L or 5mL and lasted 3h, 

2.5h or 1h for M. edulis, M. senile and J. herdmani, respectively. Respiration rates were calculated 

using Equation 2 (M. edulis) or Equation 3 (J. herdmani and M. senile): 

Equation 2  RR (μmol g-1 h-1) = 
V (C0-C1)

g (t1-t0)
  

Equation 3   RR (μmol g-1 h-1) = 
V 

g 
× regression slope 

where V is the seawater volume (L) of the incubation core after correction for the biovolume of 

the organism, C0 and C1 are the respective dissolved oxygen concentrations (μmol L-1) at the start 

and end t0 and t1 (h) of measurement, respectively, g is the dry weight (g) of the animal’s soft 

tissue, and the regression slope is that of the linear regression through continuous oxygen 

measurements. A separate, simultaneous incubation for each experimental treatment was used to 

correct for background changes in dissolved oxygen, e.g. due to bacterial respiration or 

phytoplankton photosynthesis.  

Clearance rates (CR), as a measure of the volume of water cleared by the organism, were 

calculated as the decline in algal cells, Artemia nauplii or mixed zooplankton over time in the 

incubation cores with M. edulis, J. herdmani and M. senile, respectively. To do this, incubation 

cores with and without organisms were set up in each experimental treatment and a known 

quantity of the respective food items was added to each core. The CR incubations were done in 

week 3 and 6 of the M. edulis experiment and weekly in the J. herdmani and M. senile 

experiments. After an initial mixing period of 30 minutes, discrete water samples were taken every 

50 minutes throughout the 150-minute incubation with M. edulis and every 30 minutes 

throughout the 90-minute incubation with J. herdmani and M. senile. 

Algal cell concentrations were determined using a BECKMAN Coulter Multisizer (100µm 

aperture) and the number of Artemia nauplii or assorted zooplankton was determined using a 

HydroptiC zooSCAN. Clearance rates were calculated according to Equation 4, following  

Riisgård (2001) and Coughlan (1969): 

Equation 4 R (L g-1 h-1) = 
V

g × t
(ln

C1

C0
-ln C1'

C0'
) 

where V is the seawater volume of the incubation core (L), corrected for the biovolume of the 

organism; g is the dry weight (g) of the animal; t is the duration of the incubation (h); C0 is the 

food concentration at the start of the incubation, C1 is the concentration at the end, while C0’ and 

C1’ are the food concentrations at the start and end of the empty control incubation, respectively. 

For every calculation, the condition of linearity of  

ln
C0

C1
 i in Equation 4 was confirmed (Riisgård 2001). 
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Volumetric growth (%) was calculated using weekly measurements of individually numbered 

Mytilus (ntot = 72) and Metridium (ntot = 48) individuals in all four experimental treatments. 

Mytilus individuals were measured weekly in three dimensions (length x width x height) to 

calculate the volume of an ellipsoid, approximating the shape of the closed mussel shell (Equation 

5; Figure 4). The volume of an ellipsoid can be described as: 

Equation 5 V (cm3) = 
4

3
π × a × b × c 

with a, b and c (cm) the three axes of the ellipsoid and the double axes 2a, 2b and 2c (cm) the 

length, width and height of the closed mussel shell, respectively (Figure 6).  

 

 

Figure 6. Ellipsoid (with three axes a, b and c) as an approximated volume of a closed mussel shell. 

 

The growth of Metridium individuals was calculated by measuring the displaced water of the 

animal as a proxy for its biovolume (mL). Volumetric growth was expressed as percentage in- or 

decrease in ellipsoid volume (cm3, M. edulis) and biovolume (mL, M. senile) compared to that at 

the start of the experiment (Week 0). 

Maximised cumulative clearance potential was then calculated based on the ecophysiological 

results obtained in the experiment and published results (Voet et al. 2022). Using the mean 

individual biomass (gDW ind-1), total density (ind m-2) and total surface area (m2) occupied by M. 

edulis, J. herdmani and M. senile, the estimated total biomass (gDW) present on a monopile 

foundation was calculated. These species-specific total biomasses were multiplied with the 

species-specific mean clearance rates (L gDW-1 h-1) and corrected with the respective proportional 

survival (%) and the estimated fraction of feeding individuals (%), since thumbed J. herdmani 

males do not feed excessively (estimated to make up ± 16% of individuals in the field (Beermann 

& Franke 2012). These results were then amended according to the CTRL and CC treatments to 

estimate the species-specific total volume of seawater potentially cleared around a monopile 

foundation per day (m3 d-1) in current and future climate (CTRL and CC, respectively) and 

subsequently summed, which was justified by this region’s well-mixed water column (van 

Leeuwen et al. 2015). Monopile foundation dimensions were used to convert these calculated 

total volumes into a more perceivable measure, the maximised cumulative clearance potential: 

the estimated radial distance around the monopile foundation (m) equal to the width of a 

cylindrical sleeve with a volume equivalent to the seawater volume being cleared daily due to 

the presence of the AHS epifaunal community (Fig. 7).  
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Figure 7. Schematic representation of the cumulative clearance potential as a cylindrical sleeve of seawater around a 

monopile foundation, with width = radial distance (white arrows) and height = depth of the water column (from 

Voet et al. 2022 

Data Analysis (from Voet et al. 2022) 

A Cox proportional hazards regression model was fitted for mortality events in each species. The 

effect of the manipulated experimental treatments on survival, compared to that in CTRL, was 

evaluated using hazard ratio (HR) with 95% confidence intervals. Additionally, a pairwise 

proportion test with Bonferroni correction was used to test for differences in survival between all 

four treatments at the end of the experiment.  

The effects of temperature (current or elevated) and pH (current or lowered) on the 

ecophysiological parameters were investigated using a series of linear mixed effects models, 

where incubation core, individual organism identity and/or time (weekly incubations) were added 

as random factors to the models. If none of the random factors significantly contributed to 

explained left-over variance, a linear regression model was fitted. Significance of the two-way 

interaction ‘temperature x pH’ and post-hoc pairwise comparison of the group means were used 

to identify possible additive, synergistic, antagonistic or potentiating combination effects of 

increased temperature and lowered pH. For each parameter, normality of the residuals and model 

assumptions were checked, and data was transformed if necessary. Appropriate Gaussian or 

Gamma error distributions were used and model selection was based on the parametric bootstrap 

and Kenward Roger methods for mixed model comparison (Halekoh & Højsgaard 2014). 

Analyses were conducted using R v3.6.1 with RStudio v1.4.1106 (RStudio Team 2016; R Core 

Team 2019). Cox survivorship models were fitted using the R packages survival (Therneau 2021) 

and coxed (Kropko & Harden 2020), linear regression models were fitted using the stats package 

(R Core Team 2019), linear mixed effects models were built using the R package lme4 (Bates et 

al. 2015) and the conditional R2 (R2c) for linear mixed effects models (to be interpreted as the 

variance explained by the entire model, including both fixed and random effects) was calculated 

using the MuMIn package (Barton 2020).  
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Species-specific mean clearance rates were summed to estimate the maximised cumulative 

clearance potential of the OWF AHS community and an appropriate cumulative standard error 

on this estimate was calculated by taking the square root of the quadratically summed standard 

deviations (i.e. the summed variances), considering the species-specific mean clearance rates are 

derived from independent experimental set-ups. The estimated cumulative clearance potential 

was compared between both current and future climate (CTRL and CC, respectively) using an 

ANOVA approach for summarised data in the R package rpsychi (Okumura 2012). 

3.2.3. Fouling fauna experiments: N2O production 

In order to quantify N2O emissions by bivalves, with emphasis on the contribution of the shell 

biofilm to the total N2O production, and to improve understanding of the N2O production 

pathway, a series of experiments were initiated using the general set-up as described above. N2O 

can be the product of several processes within the nitrogen cycle. This was investigated by a 

combination of experiments in which some of the pathways were chemically blocked (all N2O is 

then produced in the ‘allowed’ pathways) or through tracing sources of N2O using a dual stable 

isotope approach (Fig. 8).  

Experimental set-up (based on Voet et al. in prep.) 

In summer 2018 and 2020, a respective total of 800 and 240 adult blue mussels (Mytilus edulis), 

with a mean soft tissue dry weight ± SD of 0.79 ± 0.28g, were sampled from a M. edulis longline 

in an offshore aquaculture pilot project approximately 10km off the Belgian coast (51°11.02’N - 

02°39.88’E).  
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Figure 8. – Relevant pathways in the marine nitrogen cycle with possible sources of N2O emission [NIT: 

oxic nitrification; DNO2: suboxic nitrifier denitrification; DNO3: anoxic denitrification in NCD] and 

targeted inhibition by NaClO3. Adapted from Zhu et al. (2013). 

All samples were stored in aerated seawater and transported to the experimental facilities within 

4h. On both occasions, organisms were randomly distributed across four identical aquaria (100 

x 45 x 70cm). These were equipped with a continuous flow-through mechanism, allowing the 

homogenisation of approximately 400L natural seawater in circulation per system. All aquaria 

were continuously aerated and pre-set at laboratory conditions mimicking the seawater salinity, 

temperature and pH at the time of sampling. After an initial acclimatisation period of minimum 

48h under ambient conditions, both seawater temperature and pH were manipulated individually 

across the aquaria. This resulted in a 2x2 factorial design with four experimental treatments: a 

control treatment [CTRL: current temperature and pH], an ocean acidification treatment [OA: 

current temperature and lowered pH], an ocean warming treatment [OW: elevated temperature 

and current pH] and a combined climate change treatment [CC: combined elevated temperature 

and lowered pH]. Weekly, triplicated individual closed-core incubations were set up to measure 

N2O emission by the mussel and by the microbial biofilm living on its shell. To distinguish 

between these two sources, whole mussels [WHOLE] and emptied mussel shells [SHELL] were 
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incubated separately, along with a control incubation. An additional control consisted of whole 

mussels in a 2% ZnCl2 (50% w/v) - seawater solution to inhibit all biological activity [ZNCL]. Each 

incubation core held one individual or emptied shell and was kept at the correct temperature 

throughout the incubations. A magnetic stirrer ensured an evenly mixed water column in the 

cores throughout the 3h incubations. Discrete 30mL water samples were taken at the start and 

end of the closed-core incubations and fixed with 100µL saturated HgCl2 solution for N2O 

analysis. Quantification of dissolved N2O was done by gas chromatography (SRI 8610C) and the 

N2O emission rates (ER) of whole organisms and dissected shells were calculated according to 

equation 6: 

Equation 6  ER (nmol ind-1 h-1) = 
V (C1-C0)

(t1-t0)
 

with V the volume (L) of the incubation core corrected for the biovolume of the whole organism 

or shell and with C0 and C1 the concentrations of N2O (nmol L-1) at the start and finish of the 

closed-core incubation, t0 and t1 (h), respectively. After three and six weeks of manipulations 

[WK3 and WK6, respectively], triplicated closed-core incubations with individual whole 

organisms were set up and sampled as described above. Along with N2O emission rates 

(calculated according to 7), dissolved inorganic nutrients (DIN) were measured through discrete 

sampling (25mL; analyses performed by SKALAR SAN++) at the start and end of closed-core 

incubations with and without the addition of 20mM NaClO3. DIN flux was calculated according 

to  

Equation 7  ER (nmol g-1DW h-1) = 
V (C1-C0)

g (t1-t0)
 

Equation 8  DIN flux (µmol g-1DW h-1) = 
V (C1-C0)

g (t1-t0)
 

with parameters identical as in Equation  and g the dry weight (g) of the mussel’s soft tissue.  

NaClO3 inhibits the oxidation of nitrite (NO2
- ) to nitrate (NO3

- ) in the nitrification pathway (Belser 

& Mays 1980), and therefore the NCD pathway (7). Hence, all N2O produced in this treatment is 

a result of nitrification (as a by-product during ammonium oxidation) or nitrifier denitrification (as 

a result of denitrification of nitrite (Tallec et al. 2008)), as well as through denitrification of nitrate 

already present in the incubation core.  

In addition, three different labelled N-tracer treatments were set up to investigate the production 

of double-labelled N2O46  from either nitrification [NIT], nitrifier denitrification [DNO2] or 

nitrification-coupled denitrification [DNO3], in which NH4
+, NO2

-  or NO3
-  act as a precursor to 

N2O emission, respectively (Error! Reference source not found.; Fig. 6Error! Reference source 

not found.). The composition of these N-tracer treatments, in which 15N was introduced using 
15NH4Cl [NIT], Na15NO2 [DNO2] or Na15NO3 [DNO3], and the resulting concentrations in the 

incubation cores were identical to those in (Heisterkamp et al. 2013).  
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Table 1 Nitrogen tracer treatments NIT, DNO2 and DNO3 with the targeted N2O-producing pathway 

and precursor, the concentrations of 15N and 14N added to the treatments and the possible combinations 

of 14N and 15N to form 45N2O  and 45N2O, respectively (from Voet et al. in prep) 

 

 

Before manipulations took place [WK0] and at WK3 and WK6, triplicated closed-core incubations 

for all three N-tracers were set up in all experimental treatments. The 125mL incubation cores 

held one individual in seawater from its respective experimental treatment amended with the 

respective N-tracer, and were incubated for 4h on a shaking table to ensure adequate mixing. 

Hourly, 1mL samples were taken with a surgical syringe and transferred to 12mL He-flushed 

exetainers, prefilled with 100µL saturated HgCl2 to fixate the N2O and 37.4ppm unlabelled N2O 

to ensure the detection limit of the mass spectrometer was reached. Since only 4% of the core 

volume was sampled by the end of the incubation, under-pressure was not an issue and the 

withdrawn volume was therefore not replaced. The concentrations of 45N2O and 46N2O (nmol L-1 

g-1DW) were calculated as described by Heisterkamp et al. (2013) after the samples were analysed 

by gas chromatography-isotope ratio mass spectrometry (GC-IRMS; Finnigan Trace GC Ultra). The 

linear increase of 45N2O and 46N2O over time was used to calculate net emission rates (nmol g-

1DW h-1). 

A vertical oxygen profile of the microbial biofilm on three replicate M. edulis shells was measured 

before manipulations started [WK0] and in each experimental treatment after three and six weeks 

[WK3 and WK6, respectively]. Individuals were carefully dissected from their shell with a scalpel 

and dissected shells were placed in aerated seawater from the respective experimental treatments. 

A Unisense™ MicroProfiling System was used to position the sensor tip of a PyroScience™ fiber 

oxygen microsensor on the shell surface, and a vertical dissolved oxygen concentration profile 

was recorded in increments of 50 or 100µm through the biofilm to a distance of 3000µm from 

the shell surface. This was done at three random positions on the shell of each replicate organism 

in dark conditions. Finally, a multivariate matrix was constructed with the oxygen concentrations 

at each distance above the shell (Widdicombe et al. 2013). 

 

Data analysis 

We used linear mixed effects models to test the effect of temperature  and pH  on the emission of 

N2O in the WHOLE, SHELL, NaClO3-inhibited and non-inhibited incubations. Random factors 

included incubation core and/or experimental week. If none of the random factors explained left-

over variance, a linear regression model was fitted. The effect of temperature, pH and 
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experimental week on DIN flux was analysed using linear regression models. Significance of the 

two-way interaction ‘temperature x pH’ and post-hoc pairwise comparison were used to identify 

possible interaction effects of temperature and pH. We checked normality of the residuals and 

model assumptions, Gaussian error distributions were used and model selection was either based 

on the parametric bootstrap and Kenward Roger methods for mixed model comparison (Halekoh 

& Højsgaard 2014) or on the backwards selection procedure for linear regression models. 

Statistical analyses were conducted using R v3.6.1 and RStudio v1.4.1106 (RStudio Team 2016; 

R Core Team 2019). Linear mixed effects models were built using the R package lme4 (Bates et 

al. 2015) and linear regression models were fitted using the stats package (R Core Team 2019). 

We used PERMANOVA to investigate differences in the shell biofilm oxygen microprofiles 

between treatments and weeks. All profiles on all shells were considered as replicates within the 

Euclidian distance matrix. Homogeneity of multivariate dispersion was tested for all significant 

PERMANOVA factors using PERMDISP tests. Pairwise tests were used for detailed investigation 

of significant terms. Finally, the SIMPER routine was used to identify which distances from the 

shell contributed most to any observed differences. Multivariate analyses were carried out in 

Primer v6.0 with PERMANOVA+ add-on software (Clarke & Gorley 2006; Anderson et al. 2008). 

 

3.2.4 Benthos experiments  

3.2.4.1. Ocean acidification effects on the behaviour of two sediment ecosystem engineers 

(based on Vlaminck et al., subm. a). 

Set-up 

Behaviour is often one of the very first features of an animal’s activity to respond to environmental 

stress. At the same time, many macrobenthic invertebrates exhibit behaviours which affect 

ecosystem processes that are key to benthic biogeochemistry. The white furrow shell, Abra alba, 

is a bivalve which randomly reworks the surface 2 cm of sediment in search for food, a behaviour 

often referred to as bio-diffusion (Gérino et al. 2003). Its feeding behaviour is, however, plastic, 

and can involve deposit feeding as well as suspension feeding (Holtmann et al. 1996). In the 

BPNS, this species attains densities up to 7000 individuals m-2 and is thé sentinel species of the 

most biodiverse communities inhabiting fine-sandy sediments (Degraer et al. 2006, Breine et al. 

2018). The sand mason Lanice conchilega is a tube-building polychaete which, when present in 

high abundances, can form reef-like structures that enhance the deposition of suspended 

particulate matter, including food particles, and provide shelter against predation for a variety of 

benthic organisms (De Smet et al. 2015). Lanice flushes water through its tube and burrow, thus 

irrigating the sediment with oxygen-rich water. This behaviour is known as piston pumping 

(Forster et al. 1999). Like A. alba, it can switch between deposit feeding and suspension feeding, 

the former behaviour usually being the predominant one (Buhr 1976, Buhr & Winter 1977, 

Holtmann et al. 1996). Natural densities of Lanice conchilega in the study area reach up to 1000 

ind. m–2 (Degraer et al. 2006). Both species are widely distributed and among the most abundant 

macrofauna in shallow waters of the North Sea (Seaward 1990, Van Hoey et al. 2008); because 

of their respective behaviours, they influence nutrient cycling and affect the abundance and 

community composition of meiobenthos, the small, diverse and highly abundant micro-

invertebrates that inhabit aquatic sediments (Braeckman et al. 2010). 
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Here we investigate the behavioral response of both macrobenthos species to experimental ocean 

acidification. Since both species live inside sediments, observing their behaviour – particularly at 

a high temporal resolution – is far from evident. However, macrobenthos activities such as the 

above-described biodiffusion and bio-irrigation generate pressure waves in the sediment pore 

water. These hydraulic pressure waves can be measured using specially designed pressure sensors 

(Wethey & Woodin 2005, Volkenborn et al. 2010), thereby enabling permanent recording of an 

animal’s behaviour in a sediment mesocosm. We used Honeywell type 26PC pressure sensors 

and fixed them into a plastic tube (Ø = 1.2 cm, height = 11.5 cm) with a sealed bottom and 

open top. Each sensor contained a pressure port close to the wall of the tube and a reference port 

in seawater plenum inside the tube (Wethey & Woodin 2005, Woodin et al. 2010). Sensors were 

all calibrated prior to their deployment.  

Obviously, different activities of animals may cause different hydraulic pressure signals, so in 

order to be able to interpret specific behaviours from porewater pressure profiles, particular 

changes in porewater pressure have to be coupled to particular activities of animals. For L. 

conchilega, we focused on its piston-pumping behaviour, since this has major effects on sediment 

biogeochemistry, while for A. alba, we focused on its two different feeding behaviours, deposit 

feeding and filter feeding. In dedicated experiments preceding our work on the effects of 

acidification, we recorded porewater oxygen dynamics using microsensors (type ox25, Unisense) 

that were inserted into the sediment at a distance of 5 mm from a L. conchilega tube to record 

piston-pumping behavior (Foshtomi et al. 2018). Porewater hydraulic signatures were 

simultaneously recorded at a distance of ~ 2.5 cm from the tube using the pressure sensors. 

Pressure sensor data were smoothed to reduce noise (Wethey & Woodin 2005, McCartain et al. 

2017). The synchronization of the porewater pressure and the oxygen data confirmed that the 

piston-pumping behavior could be clearly detected from hydraulic signatures (Fig. 9).  

 

Figure 9 Visualisation of piston pumping behavior of L. conchilega by the hydraulic signature of the 

porewater records (black) and the changes in oxygen concentration in porewater adjacent to the tube 

(orange).  
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For A. alba, we mounted a GoPro (HERO 3+) camera in small experimental sediment arenas to 

which a single A. alba was added. The GoPro recorded movement and activity of the bivalve at 

the sediment surface at 1-sec intervals. We simultaneously measured porewater hydraulic signals 

using the same pressure sensors as for L. conchilega. The synchronization of the time-lapse 

imagery and the porewater pressure signals allowed us to identify the two types of feeding 

behaviour of A. alba (Figure 10), their duration and frequency (Figure 10.A and 10.B).  

 

Figure 10 Hydraulic signatures associated with different A. alba behaviors: deposit feeding + defecation 

(A.) and filter feeding (B.). Waveforms are highlighted in a black frame.  

Organisms were obtained from subtidal station 780 at the BPNS and from the intertidal at Heist 

for A. alba and L. conchilega, respectively, and left to acclimatize to lab conditions for two weeks, 

after which pH was decreased by 0.3 units in steps of 0.1 per day. The behavioral response to 

this OA was observed after two and four weeks of incubation for L. conchilega and A. alba, 

respectively. pH and temperature were logged every ten minutes with the IKS Aquastar system. 

In addition, temperature and pH were measured on a weekly basis using a portable 

pH/conductivity meter (Metrohm; Model: 914). Seawater samples were collected weekly from 

each incubation tank and filtered through Whatman GF/C filters for Total Alkalinity (TA) 

measurements on a HydroFIA TA (CONTROS Systems & Solutions GmbH) at the Flanders Marine 

Institute (VLIZ). CO2SYS software (Pierrot et al. 2011) was used to derive carbonate chemistry 

parameters (pHT, pCO2, HCO3
-, CO3

2-, Ωc and Ωa) from the measured values for temperature, pH 

, salinity and TA. 

There were eight microcosms per species, evenly spread over two incubation tanks (CTRL and 

OA), and containing one individual each. Behaviour of L. conchilega was measured with pressure 

sensors, that of A. alba with time-lapse imagery (see above).  

Data analysis   

The effect of pH (CTRL and OA) on total feeding time, feeding frequency and mean duration of a 

feeding event per feeding mode was investigated using t-tests. Possible differences in pumping 

frequency of L. conchilega between treatments (CTRL and OA) and over time (baseline, week 1 

and week 2) were evaluated using two-way ANOVA with Tukey HSD pairwise comparisons in 

case of a significant ANOVA result. Data was log10 transformed to improve normality when 

indicated by Shapiro-Wilk tests. All statistical analyses were performed using R-software version 

4.0.4 (R Core Team, 2014). 

A. B. 
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3.2.4.2. Ocean acidification reduces fitness of a benthic bio-engineer, the bivalve Abra alba 

(based on Vlaminck et al., subm. b).  

Set-up 

Here we build on the results of the previous study (3.2.4.1) where we focused on behavioral 

responses of two key species to ocean acidification. In this study, we complement the behavioral 

information on A. alba with detailed ecophysiological and bioenergetic responses, and we do 

this under two different potential future pH scenarios, i.e. the same one as in 3.2.4.1 (-0.3 units, 

RCP 4.5) and a stronger acidification (-0.5 units, RCP 8.5) in addition to an ambient pH (CTRL, 

pHT ~ 8.2) treatment. Unlike in the previous experiment, we now incubated individuals at 

natural densities, and measured various physiological parameters and indicators of organism 

health after 3 and 5 weeks of incubation. We expected a higher energy allocation to physiological 

processes that mediate the impact of acidification, either compensated by a higher resource 

utilization or resulting in fitness loss. Given that a higher filter feeding activity, measured as the 

phytoplankton clearance rate, causes a higher ingestion of acidified seawater in OA treatments 

(Fernández-Reiriz et al. 2011), we rather expected alternative ways of increasing food uptake, 

either by increasing absorption efficiency and/or by shifting to deposit- instead of filter-feeding.  

Sampling and acclimatization of experimental animals as well as the general experimental set-up 

were as described under 3.4.2.1. Temperature, pH, salinity and total alkalinity were measured 

and used to derive carbonate chemistry parameters (pHT, pCO2, HCO3
-, CO3

2-, Ωc and Ωa) via 

CO2SYS software (Pierrot et al. 2011) as under 3.4.2.1. Mortality was checked daily, and dead 

organisms were removed but not replaced. 

Measurements of A. alba physiology and condition were performed after 3 and 5 weeks of 

incubation. 16h before measurements, 6 animals were placed in 1.5-L incubation chambers to 

allow animals to empty their guts. 0.1 mL of Shellfish Diet 1800 was subsequently injected into 

the incubation chamber and homogenized through gentle stirring. At half-hourly intervals, 10-ml 

water samples were collected over a period of 3 h for quantification of algal cell density using a 

Coulter Multisizer. Algal clearance rates (CR) were estimated from the exponential decline in cell 

concentration using equation (9) (adapted from (Jacobs et al. 2015)). 

CR (L g-1DW h-1) = 
𝑉

𝑔∗𝑡
 * (ln

𝐶0

𝐶𝑡
) (9) 

Faeces produced during the 3-h incubation was collected and filtered over preweighed Whatman 

GF/C filters and rinsed with isotonic ammonium formate before drying to constant weight at 60 

°C. Filters were then combusted at 450 °C for 3 h and weighed again to estimate organic and 

inorganic fractions of the faeces (Conover 1966). Samples of suspended algae were processed in 

the same way to estimate the organic fraction of the food, allowing calculation of the absorption 

efficiency (AE) as 

AE (%) = 
(𝐹−𝐸)

(1−𝐸)∗𝐹
 * 100  (10) 

Where F is the ash-free dry weight : dry weight ratio of the food and E is the ash-free dry weight : 

dry weight ratio of faeces (Conover 1966). Finally, absorption rate (AR) was calculated as the 
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product of the organic ingestion rate (OIR) and AE, OIR in turn being the product of CR and the 

organic carbon content of the food.  

AR (mg g-1 DW h-1) = AE * OIR (11) 

Respiration rates (RR) were measured as described under 3.2.2, using equation 3 in that section. 

Estimates of excretion rates (see equation 12 (Magni et al. 2000)) used the differences in 

concentrations of ammonia, nitrogen and phosphate at the start and end of each closed-core 

incubation. These concentrations were determined via Continuous Flow Analysis on a Skalar 

San++ after sample filtration through Whatman GF/C filters. Total alkalinity of similarly filtered 

water portions was determined via titration using a HydroFIA TA (CONTROS Systems & Solutions 

GmbH) at the Flanders Marine Institute (VLIZ). 

ER (µmol g-1 DW h-1) = 
𝑉∗(𝐶0−𝐶1)

𝑔∗(𝑡1−𝑡0)
    (12) 

where V is the volume of seawater in the incubation chamber, C0 and C1 are the ammonia 

concentrations (µg/L) at the start and end of the incubation, respectively, g is the total soft tissue 

dry weight of the organisms (g), and t0 and t1 are the start and end time of the incubation, 

respectively (h).  

Estimates of calcification rate followed the alkalinity anomaly method (Gazeau et al. 2015). 

Seawater samples of 50 mL were taken at the start and end of the incubation period and analyzed 

for total alkalinity (see above).  

Calcification rate (µmol g-1 DW h-1) = 
∆𝑁𝐻4

+− ∆𝑇𝐴− ∆𝑁𝑂𝑥− ∆𝑃𝑂4
3−

2∗𝑔∗(𝑡1−𝑡0)
 (13) 

where t0 and t1 are the time (h) at the start and end of the incubation, respectively; g is the soft 

tissue dry weight (g) of the animals in the incubation chambers; and ΔTA, ΔNH4
+, ΔNOx and 

ΔPO4
3- (in μmol kg-1) are the differences in total alkalinity and in the concentrations of ammonium, 

nitrate plus nitrite, and phosphate between the start and end of the incubation. 

A scope for growth (SFG) was estimated from the above physiological parameters (Warren & 

Davis 1967) (equation 14). 

SFG (J g-1 DW h-1) = A – (R + U)  (14) 

Where A represents the absorbed energy and thus equals C * Absorption Efficiency, with C being 

the consumed energy (C = clearance rate * microalgal biomass * microalgal energy equivalent). 

R represents the respiratory energy loss (R = respiration rate * energy equivalent O2) and U the 

energy loss through excretion (U = excretion rate * energy equivalent ammonia). The energy 

equivalents used were: 1 μmol O2 = 0.456 J (Gnaiger 1983), 1 μmol NH4–N = 0.349 J (Elliott & 

Davison 1975), 1 g DW algal food = 1004.16 J (Reed Mariculture Inc.).  

Finally, the six animals that were used for physiological measurements were placed on the 

sediment surface of a separate container and the time until full burial was measured as a proxy 

for animal condition (Rodríguez-Romero et al. 2014).  
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Data analysis 

Differences in furrow shell survival between acidification treatments were analyzed using 

Permutational Multivariate Analysis of Variance (PERMANOVA) (Anderson 2017). The effects of 

OA and time on the condition index and physiological parameters of A. alba were assessed using 

two-way analysis of variance (ANOVA) with Tukey HSD post-hoc tests. The effect of OA on 

furrow shell calcification rate (measured only after 3 weeks) was analysed using one-way analysis 

of variance (ANOVA), while differences in burial speed between treatments and times (after 3 

and 5 weeks of incubation) did not meet the assumptions of parametric tests and were therefore 

analysed using two-way PERMANOVA. All statistical analyses were performed in R version 4.0.4 

(R Core Team, 2014). 

3.2.4.3. Ocean acidification and warming effects on the faunal stimulation of sediment 

biogeochemistry (based on Vlaminck et al., in prep.). 

Organisms and sediment were collected as described in 3.2.4.1. A system of paired tanks, 

consisting of one incubation tank (120 L) and one holding tank (80 L), was set up. To mimic 

natural conditions, the incubation tanks were aerated and water flow between the incubation and 

holding tank was established. Every week, 30 L of seawater was refreshed to avoid nutrient build-

up and maintain ambient salinity. The tanks were kept in a temperature controlled room in a 

12:12 h light:dark regime. 

Experimental set-up and seawater manipulation 

Two experiments were conducted (Fig. 11): one with Abra alba (experiment 1), one with Lanice 

conchilega (experiment 2). 32 Plexiglas cores (10 cm internal diameter) were used in each 

experiment.  

Figure 11. Experimental set-up in the laboratory: full set-up with large tanks and pressure sensor monitoring 

on a laptop (left) and details of pressure sensor application in microcosms with Abra alba (middle) and 

Lanice conchilega (right). 

 

All cores were filled with sieved and homogenized sediment up to approximately 10 cm below 

the rim and distributed randomly over 16 tank-systems. After a sediment settling and acclimation 

time of 7 weeks, A. alba (experiment 1) or L. conchilega (experiment 2) individuals were added 

to one core in each tank, at natural densities (A. alba: n = 9, L. conchilega: n = 6 per core) (Van 
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Hoey et al. 2014). Sediment and organisms were exposed to manipulated conditions for 6 weeks. 

A fully crossed experimental design with two factors was applied, with temperature (ambient or 

elevated) and pH (ambient or lowered) each with two levels, to investigate the effects of climate 

change on macrofauna and their effect on sediment biogeochemistry. After one (L. conchilega) 

and two weeks of acclimatization (A. alba) to ambient conditions, seawater pH was lowered by 

0.1 unit per day and temperature was elevated by 1 °C per day over a period of three days. 

Manipulation of seawater pH (-0.3 units) and temperature (+3°C) was done as described in the 

general approach (see above). Organisms were fed twice a week with 5 mL of commercial 

Shellfish Diet 1800 (Reed Mariculture Inc., composed of 40 % Isochrysis, 15 % Pavlova, 25 % 

Tetraselmis and 20 % Thalassiosira weissflogii) diluted in 16 L of seawater and distributed equally 

in the 16 tanks. Seawater carbonate chemistry parameters were monitored weekly as described 

above. Mortality was checked daily and dead organisms (L. conchilega: n = 2, A. alba: n = 61) 

were removed to avoid nutrient build-up.   

Flux measurements and sampling 

After three and six weeks of incubation in each experiment, the Sediment Community Oxygen 

Consumption (SCOC) and nutrient exchange at the sediment water interface were quantified, 

through closed, dark incubations of the cores. Sediment cores were closed airtight, allowing us 

to measure changes in oxygen and nutrient concentration in the water column (approximately 10 

cm). The overlaying sea water was mixed with a motorized stirrer built into the lid, to avoid 

stratification of the water column. The mixing rate was kept low enough to avoid resuspension of 

the sediment. Oxygen concentration in the overlaying sea water was continuously monitored 

with Robust Oxygen Optodes (OXROB 10, Pyroscience sensor technology), connected to an 

optical oxygen meter (FirestingO2, Pyroscience). Incubations were run for 3 h, long enough to 

measure changes in oxygen and nutrient concentrations, while the oxygen concentration of the 

seawater remained above 60 % saturation. Discrete water samples (10 mL) were taken and filtered 

through Whatman GF/F filters at the start and end of the closed incubation to determine nutrient 

concentrations.  

Oxygen fluxes were calculated from the slopes of the linear regression of oxygen concentration 

over time. Nutrient fluxes were calculated as the difference between the nutrient concentrations 

at the end and start of the incubation. 

Oxygen microprofiles were measured in the sediment after 5 weeks of incubation. Oxygen 

microsensors (Unisense OX100, 100 µm tip size) were vertically inserted into the sediment and 

moved with a Unisense microprofiler at increments of 250 micrometer (two replicate profiles in 

each core). SensorTracePro software (Unisense) was used to visualize the output. The O2 

microsensor was 2-point calibrated with a 0% oxygen solution (Na-ascorbate solution) and a 

100% oxygen solution.  

Nitrification, denitrification and total carbon and nitrogen mineralization were estimated using 

the sediment-water exchange fluxes of O2, NOx and NHx. A mass budget of oxygen, nitrate and 

ammonium in the sediment was constructed as a function of source and sink processes (Soetaert 

et al. 2001, Braeckman et al. 2010).  
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Data Analysis 

Differences in survival of study organisms between treatments were analyzed using two-way 

analysis of variances (ANOVA) with temperature and pH as fixed factors, with two levels each 

(ambient and increased temperature; ambient and lowered pH). If significant effects were found, 

Tukey HSD tests were performed to identify pairwise differences. To test the effect of Abra alba 

or Lanice conchilega (present or absent), climate (ambient, low pH and high temperature), time 

(three or six weeks of incubation) and their interaction effects on biogeochemical fluxes, linear 

mixed effects models were constructed for each response variable (organism presence, climate 

and time). We allowed random intercepts for tank identity to take the non-independence of the 

two cores in each tank into account. Step-by-step deletion of single model terms that were not 

engaged in a significant interaction led to the minimal adequate model. The Kenward-Roger 

method was used to estimate degrees of freedom, calculate F-statistics and associated p-values. 

Model assumptions were checked graphically, the normality of residuals was numerically 

confirmed with a Shapiro-Wilk test. Statistical analysis was conducted in R-software version 4.0.4 

(R Core Team, 2014) with packages lme4 (Bates et al. 2014), lmerTest (Kuznetsova et al. 2017) 

and MuMIn packages (Barton 2020). 

 

3.2.5. Molecular approach  

Sample collection and treatment 

Animals and empty shells for the study of climate change effects on the mussel microbiome and 

its possible involvement in N2O production were obtained from the experiment with fouling 

fauna described under 3.2.3. We therefore do not repeat information on the (pre)treatment of the 

experimental animals here, nor on the experimental design and incubation conditions. 

We used a direct flux approach to determine the aerobic respiration rate of microbial biofilms on 

the shells of blue mussels. In short, three living mussels per experimental microcosm were opened 

by cutting the posterior adductor muscle, followed by the complete removal of all soft tissues, 

leaving us with empty mussel shells and their epimicrobiome. These shells were placed one by 

one in incubation chambers filled with water from their respective mesocosms. Each incubation 

chamber was maintained at the temperature corresponding to the associated experimental 

treatment. Chambers were then sealed and O2 in the water column was measured using an 

OXROB10 oxygen probe (PyroScience) introduced through the mesocosm’s lid. Water was 

homogenized by permanent stirring. Oxygen concentrations were determined at the start of the 

incubation and after 3 h, and aerobic respiration calculated as the decrease in O2 concentration 

divided by the incubation time. 

The contribution of microbial biofilms to dissolved ammonium (NH4
+), nitrate (NO3

-), nitrite 

(NO2
-) and nitrous oxide (N2O) concentrations were measured during the respiration incubations 

as described under 3.2.3.  

We set out to determine both the (shifts in) composition of the epimicrobial biofilms growing on 

the shells, and to get an idea of their functional involvement in the N-cycle. For the latter purpose, 

we tried to optimize protocol for the quantification, using qPCR, of four key genes involved in 

essential steps of the N cycle. However, these attempts were only partially successful and did not 
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yield sufficiently reliable results. We therefore focus here on the epimicrobiome composition and 

its structural and possible functional shifts following climate change.  

Metabarcoding of the mussel shell microbiome 

Microbial biofilms were scraped from the shell surface of frozen mussels using sterile tweezers 

and razors. Total DNA was extracted using the phenol-chloroform procedure and mechanically 

homogenized before being centrifuged for 5 min (10,000 rpm at 4°C). Supernatant was 

resuspended in chloroform:isoamylalcohol (25:24:1 v:v:v), shaken and again centrifuged for 5 

min; this step was repeated twice before the supernatant was transferred into a solution of 50 µL 

sodium acetate (3 M), 1 mL ethanol (EtOH 96%) and 2 µL glycogen (20 mg mL-1) and incubated 

overnight at -20°C while permanently being mixed. Samples were then centrifuged, and the 

supernatant discarded, after which 1 mL of ethanol (70%) was added. This suspension was 

subsequently centrifuged twice to ensure complete removal of the ethanol. The remaining DNA-

pellets were air-dried, resuspended in TE buffer (10mM Tris – 1 mM EDTA) and incubated for 20 

min at 55°C to allow complete dissolution of the DNA pellets. DNA extracts were then stored at 

-20°C pending PCR amplifications.  

In parallel to the mussel shell samples, 25-mL water samples of each experimental mesocosm 

were collected and filtered on a 0.2 μm polycarbonate membrane filter (Whatman™ 110606 

Nucleopore™ Track-Etched). DNA extraction and purification followed the same protocol as for 

the microbial biofilms. 

Bacterial and Archaeal epimicrobiomes were investigated using metabarcoding of the amplified 

V4 regions of the 16S small-subunit rRNA gene (using the primer pair 515F–806R) (Caporaso et 

al. 2011). Each sample was amplified in three technical replicates. Reverse primers contained a 

unique identifier for each sample and an Illumina adapter (Caporaso et al. 2011). Amplified PCR 

products were analyzed by electrophoresis. The technical replicates of amplified PCR products 

were pooled per sample before being purified using the Agencourt AMPure XP PCR Purification 

kit (Beckman Coulter). DNA quality was measured using a Qubit 3.0 fluorometer (Thermo Fisher 

Scientific). 10 ng of amplicon DNA of each sample was finally pooled, and the library was sent 

to Edinburgh Genomics, University of Edinburgh, for Illumina MiSeq sequencing using a 2 x 300-

bp paired-end protocol. 

Downstream analysis 

Downstream analysis used the DADA2 pipeline (Callahan et al. 2016) in QIIME 2 (v.2019.4; 

(Bolyen et al. 2019) after removal of forward and reverse primers from the reads. Low-quality read 

portions (quality scores < 20) and chimeric sequences were removed. Amplicon sequence 

variants (ASV, Callahan et al., 2017) instead of operational taxonomic units (OTU) were used. 

We constructed a table with the frequency of each ASV in each sample, and with a taxonomic 

assignment of each ASV based on the SILVA 132 database (Quast et al. 2012). All ASVs with a 

frequency of less than 0.1 % of the minimum sample depth were removed, and so were sequence 

variants that could not be assigned a bacterial or archaeal taxonomy (these are generally 

mitochondrial and chloroplast 16S sequences).  

QIIME 2 output files were analyzed using R v.3.6.2 (2019-12-12) (R Core Team 2019) with the 

“phyloseq” (McMurdie & Holmes 2013), “vegan” (Oksanen et al. 2019) and “GUnifrac” (Chen et 
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al. 2012) packages. For all analyses, data were first rarefied down to the smallest number of 

sequences detected in any sample, i.e. 24,658. Species richness, Shannon-Wiener diversity and 

evenness were calculated to cover different aspects of microbiome α diversity. We also identified 

the core microbiomes of mussel biofilms and water samples as composed of those ASVs that were 

shared by at least 90 % of mussel or water samples, respectively (Shade & Handelsman 2012). 

While the above analysis allowed the comparison of α diversity and composition of the microbial 

biofilms, we also wanted to add a functional profile to this structural characterization of microbial 

communities. For this purpose, we used a “phylogenetic investigation of communities by 

reconstruction of unobserved states” approach (PICRUSt) using PICRUSt2 (Douglas et al., 2019; 

Langille et al., 2013). The unrarefied ASV table was used as input. Using the prediction table 

based on the Kyoto encyclopedia of genes and genomes (KEGG), we identified genes predicted 

to be involved in the nitrogen cycle 

(https://www.genome.jp/kegg/pathway/map/map00910.html). These genes and the pathways 

they are involved in comprise: assimilatory nitrate reduction (K00360, K00366, K00367, 

K00372), denitrification (K00368, K15864, K04561, K02305, K00376), dissimilatory nitrate 

reduction (K00367, K00372, K00360, K00366, K00362, K00363, K03385, K15876), 

dissimilatory nitrate reduction/denitrification (K00370, K00371, K00374, K02567, K02568), 

nitrification (K10944, K10945, K10946, K10535) and nitrogen fixation (K02588, K02586, 

K02591, K00531). 

Data analysis 

The influence of climate (four levels: control, acidification, warming, climate change (i.e. 

acidification + warming)) and sample type (two levels: mussel shell epimicrobiome vs water) on 

alpha diversity (richness, Shannon-Wiener diversity, evenness) and on the proportion of the 

microbiota belonging to the core microbiome was investigated using two-way analysis of variance 

(ANOVA) after checking the data for normal distribution and homogeneity of variances. If 

necessary, data were log-transformed to meet these assumptions. In case of a significant overall 

ANOVA result, Tukey HSD pairwise comparisons were performed to identify the pairs of 

‘treatments’ between which significant differences existed. All analyses were performed with the 

free computing environment R (R Core Team 2019). 

In order to compare effects of the same two factors as above, but now on biofilm community 

composition, we ran Permutational multivariate analysis of variances (PERMANOVA) (Anderson 

2001); PERMDISP was used to assess multivariate dispersion (Anderson 2006). The effects of 

climate treatment and sample type were visualized using principal coordinate analysis (PCoA) 

based on generalized UniFrac distances (Chen et al. 2012). The software PRIMER® (v.6) with the 

PERMANOVA+ add-on software was used for these analyses of microbiome community 

composition.  

 

3.3 Climate change experiments at the community level  

A mesocosm experiment was conducted to mimic the OWF AHS colonising community under 

three different climate scenarios: control (CTRL: current temperature and pH), climate change 

(CC: elevated temperature and lowered pH) and climate change with multifunctional co-use of 

OWF and aquaculture activities (CC+AQ: elevated temperature, lowered pH and increased M. 

https://www.genome.jp/kegg/pathway/map/map00910.html
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edulis biomass). To track organic matter assimilation into the OWF faunal biomass, 13C labelled 

microalgae (Isochrysis galbana) were added to the mesocosms. We tested the following 

hypotheses: (H1) a significant difference in biomass-specific and total carbon assimilation 

between OWF AHS colonising species, (H2) a significantly different biomass-specific carbon 

assimilation in the different climate scenarios, and (H3) a lower biomass-specific carbon 

assimilation in the CC+AQ mesocosm due to increased competition in the presence of blue 

mussel (M. edulis) aquaculture. 

Organism and sediment collection 

In September 2018, hard substrate fauna, natural sediment (incl. infauna) and mobile predators 

were collected on or near the C-Power OWF of the Thornton Bank, approximately 30 km off the 

Belgian coast. 

The sampled hard substrate fauna consisted of M. edulis, scraped from the D6 turbine in the C-

Power OWF (51°33.04’N - 02°55.42’E), and colonised PVC panels (15 x 15cm) harvested from 

the ‘Artificial Hard Substrate Garden’ (ASHG) (see 3.1). 

Natural in situ sediment and associated infauna was collected using multiple Van Veen grabs 

(surface area 0.1 m2). Sediment containers (Ø 0.6m x h 0.3m) were immediately filled with this 

unsieved sediment, preserving the whole sediment community. Each container held 

approximately 0.07 m3 of natural sediment. Mobile predators were collected by bottom trawling 

in the proximity of the C-Power OWF and a selection of the starfish Asterias rubens, the sea urchin 

Psammechinus miliaris and the swimming crab Liocarcinus holsatus were handpicked. All hard-

substrate organisms, mobile predators and sediment communities were stored in aerated seawater 

and transported to the experimental facilities within 4 h. 

Experimental mesocosm set-up 

Hard-substrate organisms and natural sediment were placed in three mesocosm systems, while 

mobile predators were temporarily incubated in two separate aquaria to avoid an excessive 

predation pressure on the AHS community at the start of the experiment. These separate aquaria 

were manipulated according to the same control (CTRL) and climate change (CC) regimes as the 

three mesocosm systems (see below). Each mesocosm system consisted of a large cylindrical 

holding tank (Ø 2.2 m x h 1.4 m) equipped with a temperature-controlled continuous flow-

through mechanism with a total of ± 4000 L in circulation. Water column mixing and natural 

currents were mimicked using four separate inflow locations in each mesocosm. Predator 

incubation systems were similar, with two aquaria containing the organisms (0.6 x 1.0 x 1.4 m) 

and a ±1000 L temperature-controlled continuous flow-through mechanism on each aquarium. 

Both the mesocosm and predator incubation systems were aerated and filled with natural 

seawater at pre-set laboratory conditions, mimicking the seawater salinity, temperature and pH at 

the time of the experiment (34 PSU, 19 °C and pH 7.96; LifeWatch Belgium 2015). All systems 

were subjected to a 12:12 h light/dark regime, mimicking natural diurnal light variations at the 

seawater surface. 

The three mesocosms mimicked three different environments through manipulation of seawater 

temperature, pH and/or the standing stock of M. edulis: a control environment (CTRL: current 

temperature and pH), a climate change environment (CC: elevated temperature and lowered pH) 
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and a climate change with aquaculture environment (CC+AQ: climate change conditions with 

additional M. edulis). Each mesocosm contained four ‘OWF systems’ (Figure 12), mimicking an 

OWF foundation with vertical zonation of colonising fauna and a sediment community at the 

bottom. Each ‘OWF system’ consisted of four elements: a PVC ladder with (1) a gridded M. edulis 

basket at the top, (2) a colonised AHS panel from the mid-water AHSG mooring in the middle, 

(3) a colonised AHS panel from the bottom mooring at the bottom of the ladder and, underneath 

the ladder, (4) a sediment container with natural sediment communities. In the CC+AQ 

mesocosm, each ‘OWF system’ had an additional PVC ladder with three gridded M. edulis baskets 

alongside it (Figure 1 right). Across all mesocosms, each M. edulis basket contained approx. 40 

individuals, mimicking the relative AHS community densities at the location of sampling.  

 

After an acclimatisation period of two weeks under ambient conditions, seawater temperature 

and pH were manipulated gradually over a period of six days (+1 °C and  

-0.1 pH unit in each step), resulting in seawater of +3 °C and -0.3 pH units (conform IPCC RCP 

8.5 predictions) in both CC environments compared to the CTRL environment. These conditions 

were maintained for 46 days. Seawater temperature was regulated using Aqua Medic Titan 8000 

professional units (mesocosm systems) or TECO TK2000 heaters (mobile predators) and pH was 

manipulated through the controlled bubbling of 100% CO2 in the incubation tanks. Using JUMO 

(mesocosm systems) or IKS (mobile predators) temperature sensors and glass pH electrodes, all 

temperature and pH data was monitored, logged and manipulated automatically using a 

personalised Fleuren&Nooijen JUMO microprocessor (mesocosm systems) or an IKS AquaStar 

aquaristic computer system (mobile predators). Carbonate chemistry parameters were calculated 

as described in the general approach above.  

 

Figure 12 – schematic overview of ‘OWF systems’ (4 in each mesocosm) with a M. edulis basket, two AHS 

panels and a sediment container in the CTRL and CC configuration (left and middle, respectively) and with 3 

additional M. edulis baskets in the CC+AQ configuration (right). 
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All organisms were allowed to acclimatise to manipulated conditions for 34 days and were fed 

three times a week by adding 40 mL or 100 mL Shellfish Diet 1800® (Instant Algae® mix by Reed 

Mariculture Inc.) to the CTRL and CC or CC+AQ mesocosms, respectively, and by adding 

juvenile M. edulis individuals and ± 20 g Marine Mix (RUTO frozen fishfood®) to the mobile 

predator aquaria. During this acclimatisation period, two replicated closed-core incubations were 

performed weekly to measure sediment community oxygen consumption (SCOC) in each 

mesocosm as described in section 3.2.4.3. 

The acclimatisation period was followed by a background sampling event (day 34) to establish a 

reference dataset of natural stable isotopes in the different OWF systems. This was done by 

sacrificing one ‘OWF system’ from each mesocosm (with accompanying aquaculture system in 

CC+AQ) and collecting, identifying and storing (-20 °C) all organisms attached to or associated 

with it. Additionally, 0.3 L seawater was filtered and sediment was sampled (both stored at -20 

°C) in each mesocosm as well. At this point (day 34), the 13C labelled Isochrysis galbana stock 

was added to each mesocosm (see below). An additional two ‘OWF systems’ were sacrificed from 

each mesocosm five days after the labelled algae addition (day 39), after which the (manipulated) 

mobile predators were added to the CTRL and manipulated mesocosms, respectively. The 

abundances of these predators were in line with approximated relative natural densities, 

mimicking a natural OWF environment (10 A. rubens, 4 L. holsatus and 8 P. miliaris per 

mesocosm (De Mesel et al. 2013, De Backer et al. 2020) and the delayed introduction of mobile 

predators was implemented to ensure a sufficient carbon assimilation in lower trophic levels 

before including the higher trophic levels in the mesocosm. The final ‘OWF system’ in each 

mesocosm was sampled 12 days after the addition of the labelled algae (day 46). 

Labelled algae 

The microalgae Isochrysis galbana was cultured at 23 °C under continuous light in autoclaved 

seawater supplemented with NutriBloom medium (PhytoBloom) and 10 g Sodium bicarbonate 

(99% 13C) was added to a 60 L I. galbana stock. The microalgae culture was allowed to grow until 

even distribution across the three mesocosms would create the desired algal density of ± 145 mg 

C m-3 in each mesocosm, mimicking the annual mean phytoplankton biomass close to the 

Thornton Bank (Baretta-Bekker et al. 2009). The labelled microalgae had reached a mean 

fractional abundance of a13C = 0.0585 when they were added to the experimental mesocosms, 

corresponding to a total of 253 mg 13C added to each mesocosm. 

Laboratory analysis 

Before stable-isotope analysis, all ‘OWF system’ samples (including sediment and seawater filters) 

were oven-dried at 60 °C for 48 h. Dried organisms were weighed and grounded with a pestle 

and mortar to a fine homogenous powder. Subsequently, subsamples of ± 100 µg organic carbon 

were weighed in silver or tin cups (5-8 mm, Elemental Microanalysis UK) for organisms with or 

without a calcareous skeleton, respectively. After addition of 10 µL milli-Q® water, the silver cups 

were placed in a desiccator with HCl vapour (± 50 mL 37 % HCl) for 24 h to remove the 

calcareous fragments’ carbon. Subsequently, all subsamples were oven-dried at 60 °C for 24 h.  

Grounded organisms were standardly encapsulated individually, or multiple individuals of the 

same species, sampled in the same mesocosm at the same time, were pooled together when 

subsample weight was not sufficient. Stable Isotope Analysis (SIA) was performed at the Isotope 
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Bioscience Laboratory (ISOFYS, Ghent University, Belgium). Carbon isotopic composition was 

analysed using an ANCA-GSL elemental analyser interfaced with a 20-22 IRMS (SerCon, 

Cheshire, UK). Isotopic samples were measured relative to laboratory standards (adjusted to 

sample size) and a quality analysis (QA) sample was run every ten samples. 13C normalisation (± 

SD) to Vienna Pee Dee Belemnite (VPDB) standard scale was done using WHEAT IA-R001 

(δ13CVPDB = -26.43 ± 0.08 ‰, calibrated by Iso-analytical towards IAEA-CH6) and an in-house 

QA reference (Sorghum δ13CVPDB = -13.78 ± 0.17‰). Average analytical standard deviation on 

the δ value was determined by measuring five replicates of a sample of alanine (δ13CVPDB = -25.16 

± 0.20‰). For the enriched samples, the QA reference was a 13C-enriched maize sample 

(δ13CVPDB = 396.9 ± 0.37‰). 

Carbon assimilation  

Isotopic composition δ13C (standard delta notation in parts per thousand, ‰) of any sample was 

expressed as the carbon isotopic ratio (13C:12C) of a given sample (13Rsample) relative to the Vienna 

Pee Dee Belemnite standard (VPDB) with 13RVPDB = 0.0111802, where 

δ C
13

 = [
R

13
sample

R
13

VPDB

-1] * 1000 

Carbon assimilation was calculated as the excess fractional abundance of 13C (a13C) in the sampled 

organism divided by the excess a13C of the labelled algae (a13C of natural I. galbana from Breteler 

et al. 2002). Excess a13C is the a13C of the sample above that of the non-enriched background, 

with 

a13C = 
R

13

R
13

+1
 =

C
13

C
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C
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C
12
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13

   and 

Carbon assimilation [µgC μgCbiomass
-1 ] = 

a Csample
13  - a Cbackground

13

a Clabelled algae
13 - a Cnatural algae

13
 

Individual carbon assimilation [µgC ind-1] was subsequently calculated by correcting the carbon 

assimilation for the carbon content of each sample [m%] and further multiplying it by the species-

specific mean biomass of one individual [μg
biomass

 ind-1]. Such an individual carbon assimilation 

was calculated for each sample and subsequently averaged per species, sampling event and 

mesocosm.  

To assess mesocosm carbon budgets, the mean individual carbon assimilation [µgC ind-1] of each 

macrofauna species was multiplied by its abundance [ind] to estimate the total carbon assimilation 

[µgC] of each species in each mesocosm.  

Data analysis 

A non-parametric approach (Kruskal-Wallis Rank Sum test) was used to test for (1) differences in 

mean carbon assimilation between species within a mesocosm, (2) differences in mean carbon 

assimilation between experimental mesocosms within a species, and (3) differences in total 

carbon assimilation. This choice was made based on an unbalanced dataset and high kurtosis of 

the isotopic data. Species with less than 3 subsample replicates per sampling event or 
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experimental mesocosm were excluded from analysis. The Dunn’s Kruskal-Wallis Multiple 

Comparisons test (KWMC, with Bonferroni correction) was used for post-hoc analysis of 

differences. SCOC measured in each mesocosm was compared using one-way ANOVA and 

Tukey’s HSD post-hoc test. SCOC data were normally distributed and homogeneity of variances 

was verified using Levene’s test. All statistical analyses were handled at the 5% significance level 

and conducted using R Studio software version 1.4.1106 (RStudio Team 2016). 

3.4 Ecological modeling  

We implemented an experiment-based ecological model by integrating three submodels: (1) a 

physical (hydrodynamic k-ɛ) submodel driven by atmospheric forcings such as wind speed, air 

temperature and solar radiation; (2) a pelagic biogeochemical submodel, subjected to the 

hydrodynamically modelled water temperature and turbulence; and (3) a biological submodel of 

AHS colonising fauna model species Mytilus edulis, Jassa herdmani and Metridium senile.  

The final ecological model (Fig. 13) described a marine NPZD2 model (based on Meire et al. 2013 

and De Luca et al. 2016), including one OWF turbine foundation with an AHS colonising 

community (represented by the three OWF AHS model species mentioned above), a M. edulis 

longline aquaculture set-up (design based on Buck et al. 2010) and the additional emission of 

nitrous oxide (N2O) by M. edulis and its associated shell biofilm (see section 3.2.3). The model 

was built and implemented in R v3.6.1 with RStudio v1.4.1106 (RStudio Team 2016; R Core 

Team 2019) and solved with the ReacTran package (Reactive Transport Modelling in 1D, 2D and 

3D; (Soetaert & Meysman 2012) to describe reaction and advective-diffusive transport models in 

aquatic systems. 

The model was run for five years and the OWH AHS colonising fauna biomass, the M. edulis 

aquaculture biomass and the emission of N2O by M. edulis and its associated shell biofilm was 

compared between all possible combinations of the model scenarios described below. 

Climate scenarios 

Four different climate scenarios were modelled: a control scenario [CTRL] with current seawater 

temperature and pH, an ocean acidification scenario [OA] with current seawater temperature and 

lowered pH, an ocean warming scenario [OW] with elevated seawater temperature and current 

pH and a combined climate change scenario [CC]. The ecophysiological parameters of M. edulis, 

J. herdmani and M. senile in these four scenarios were recalculated from the experiments reported 

in sections 3.2.2 and 3.2.3 . The climate conditions in these experiments were based on IPCC 

RCP 8.5 predictions for ocean warming and acidification towards the end of this century, with a 

rise in seawater temperature of 3°C (20°C vs. 23°C) and a drop in oceanic pH of 0.3 (7.66 vs. 

7.96) (Hoegh-Guldberg et al. 2014). To ensure conformity between the use of ecological 

parameters with a Tref of 10°C and the use of ecophysiological experiments at a higher 

temperature, the Q10 temperature dependency formulation of the feeding, respiration and 

mortality rates, as well as the temperature dependent N2O gas transfer velocity, was adjusted to 

incorporate a Tref of 20°C or 23°C, respectively. Apart from the adjusted ecophysiological 

parameters and temperature dependency, all other parameters and biogeochemical or biological 

processes were identical. 
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1: Primary production 

2: PHYTO uptake by MYT 

3: ZOO uptake by MYT 

4: PELDET uptake by MYT 

5: Mortality of MYT & 

     (pseudo)faeces by MYT 

6: Excretion by MYT &  

     respiration by MYT 

7: Dislodgement of MYT  

8: PHYTO uptake by JAS 

9: ZOO uptake by JAS 

10: PELDET uptake by JAS 

11: Mortality of JAS & 

        faeces by JAS 

12: Excretion by JAS & 

        respiration by JAS 

13: ZOO uptake by METR 

14: Mortality of METR & 

        faeces by METR 

15: Excretion by METR & 

        respiration by METR 

16: PHYTO uptake by AQ 

17: ZOO uptake by AG 

18: PELDET uptake by AQ 

19: Mortality of AQ & 

        (pseudo) faeces by AQ 

20: Excretion by AQ & 

        respiration by AQ 

21: Dislodgement of AQ 

22: PHYTO uptake by ZOO 

23: Mortality of ZOO & 

        faeces by ZOO 

24: Excretion by ZOO & 

        respiration by ZOO 

25: Mortality of PHYTO 

26: N2O emission by MYT 

27: N2O emission by AQ 

28: Nitrification of NH4 

29: Mineralisation of PELDET 

30: Mineralisation of BOTDET 

Figure 12 – Schematic model representation showing an offshore wind farm turbine foundation with 

vertical zonation of colonising fauna and the biogeochemical / biological processes between the different 

state variables Mytilus edulis [MYT], Jassa herdmani [JAS], Metridium senile [METR], phytoplankton 

[PHYTO], zooplankton [ZOO], pelagic detritus [PELDET], bottom detritus [BOTDET], M. edulis aquaculture 

[AQ], emission of nitrous oxide [N2O], ammonium [NH4] and nitrate [NO3]. N2O is exchanged at the air-

water interface (double arrow). Diffusive transport and sinking of state variables are not shown. 

Aquaculture scenarios 

The behaviour of the OWF ecosystem, and especially that of the three OWF AHS colonising 

species, was compared with and without the presence of a M. edulis longline aquaculture setup 

in multifunctional co-use with the offshore wind farm for each of the climate scenarios described 

above. The initial values of the state variable AQ were set to zero in the scenarios without 
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aquaculture, making it impossible for the AQ biomass to grow in response to system cues. 

Correspondingly, the total biomass of M. edulis in an aquaculture set-up (AQ) was modelled 

within and outside an OWF by setting the initial values of all three OWF AHS colonising species 

(MYT, JAS and METR) to zero in the latter. The total nitrogen in the system was identical in all 

scenarios (15 mmolN m-3). 

N2O scenarios 

The state variable N2O quantified the emission of N2O by M. edulis and its associated shell 

biofilm on a OWF turbine scale. Emitted N2O was only subjected to diffusive transport throughout 

the water column or exchanged at the water-air interface. The air-sea exchange was modelled 

using the temperature-dependent gas transfer velocity of N2O and the difference in water vs. 

atmospheric equilibrium concentrations. Furthermore, the model was run with N2O being 

produced by both MYT and AQ, or by MYT only to quantify the additional N2O emission by a 

potential blue mussel aquaculture setup,. 
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4. SCIENTIFIC RESULTS AND RECOMMENDATIONS 

4.1 Artificial Hard Substrate Garden 

The AHSG mooring has proven to be of usable design that can provide the necessary epifauna 

for eg. experimental work in lab conditions where complete epifaunal communities or single 

species collections are needed, for in-situ follow-up of biofouling processes, study the interplay 

between biofouling and corrosion,…  

The design is a simple, lightweight, and affordable construction that is sturdy enough to remain 

intact over a full year. Several of such moorings could be deployed in one single effort from a 

medium sized vessels and divers can easily collect the plates attached to a cage during one single 

dive window. 

Retrieval of the moorings is in the current setup fully depending on divers who need to lift the 

anchor weight with lifting balloons. A vessel crew can then hoist anchor stone and the mooring 

on deck. Using divers to lift equipment is very depending on weather and tide and relatively time 

consuming. In theory acoustic releases could be used to lift the mooring to the surface. An 

acoustic release brings a smaller float with the rope to the surface from where the anchor stone 

can be hoisted on deck. Acoustic releases are unfortunately expensive equipment, and they might 

eventually fail in which case recovery by divers remains a necessity. For a prolonged deployment 

of the moorings in an AHSG the investment in acoustic releases would proof financially 

beneficial.  

Using a marker buoy for fast location of the mooring has proven difficult. Both waves and currents 

cause loss of the surface float. The surface floats seem quite desirable and get stolen too. Using a 

surface float also clearly puts physical stress on the entire mooring and greatly jeopardizes loss of 

the entire mooring. 

For the surface mooring a marker buoy is very much needed as a metal object at 3-5m below 

surface constitutes a serious navigational hazard. The PERSUADE project deployed the moorings 

in an offshore windmill farm and in known dedicated locations to the windmill farm operators. 

This excludes accidents to a large extend but even a larger surface marker buoy was lost during 

trials. Consequently, the last deployment of the mooring that held a cage in surface waters had 

the cage at 7m depth so that only very large vessels could collide with the subsurface float. An 

event that very likely would only damage the cage and go unnoticed to that vessel.  

If one would need to have a durable surface marker buoy to indicate the location of the moorings 

in offshore areas and that survives storms, the whole construction would need to be re-designed 

drastically and be much heavier and heavy duty designed. Buoy laying vessels usually hoist first 

the buoy on deck and then haul in the chain and anchor. The PERSUADE design does not allow 

such a recovery. The cage will not hold the weight of the anchor stone and the chain used is unfit 

to lift it.  Offshore buoys also need far more chain and a 5ton anchor stone. Such a mooring 

cannot be deployed with unequipped or small size vessels. 

For research purposes we believe it is to be recommended to use only subsurface moorings and 

retrieve the small cages with divers or apply acoustic releases. A disadvantage might be that the 

mooring cannot be used for studies that need to span different years. After the last deployment of 

the project the three moorings could not be recovered before winter. Their recovery in spring will 

give insight in their condition and whether they are still afloat or not. Adding extra anodes to 
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prevent corrosion deterioration can help. Using heavier connectors and chackles might prolong 

lifetime at sea equally. Adding extra subsurface floats to keep a cage afloat for a longer period 

should also not pose serious issues.  

The maintenance and repair costs of such low weight moorings is also less costly, and loss easily 

compensated for by constructing a new mooring. The total sum of one complete mooring is 

estimated to be around 2000€.  

While the AHSG was mainly designed to serve PERSUADE purposes, and was only completed in 

year 2 of the project it has served other projects as well, including the Belspo-FaCE-IT project and 

the EDEN2000 project. The installation will be maintained after the lifetime of PERSUADE as a 

Belgian contribution to the European Marine Biological Resource Centre (EMBRC), and has a 

central position in the Belsp ESFRI-FED RBINS_EMBRC project (2022-2025). 

 

4.2 Effects of Climate Change on the ecophysiology of fouling species 

Our experimental results confirmed our hypothesis that the ecophysiology of the important 

fouling species on OWF are significantly affected by ocean warming and acidification. Mortality 

of the blue mussel M. edulis and the amphipod J. herdmani was significantly increased in the CC 

treatments, and mortality in these treatments exceeded mortality in OW and OA treatments. This 

was not the case for the plumose anemone M. senile where significantly increased mortality was 

observed in the OW treamtents only (Fig. 14). 

 

Recommendation: the AHGS is a unique in situ test facility supporting fundamental ecological 

research on artificial hard substrate ecology and supporting applied research allowing a 

sustainable development of the Blue Economy. Given the increasing pressure to build human 

constructions at sea, we recommend to support the development of the AHSG as a long-lasting 

in situ test facility and aligning it with complementary services that are available in Belgium. 

We strongly suggest to make use of the EMBRC framework to embed the facility in a European 

context to increase its visibility and to allow Belgian partners to attract competitive funding and 

foster cooperation with high-level research institutes within Europe and beyond. 
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Figure 13. Proportional survival (%) of Mytilus edulis (left), Jassa herdmani (middle) and Metridium senile 

(right) throughout the six- and three-week experiments in four experimental treatments (CTRL: control, OA: 

ocean acidification, OW: ocean warming and CC: climate change). (From Voet et al. 2022) 

We observed a significant additive effect of OW and OA on respiration of M. edulis, with highest 

respiration rates observed in CC. Similarly, respiration rates of J. herdmani were highest in the CC 

treatment, through a potentiating effect of the combination of both OA and CC. OA had no effect 

on the respiration rates of M. senile, where increased respiration was only observed in OW 

treatments (Fig. 15).   

 

Figure 14. Mean respiration rate (μmolO2 g−1 DW h−1± SE shaded area) of Mytilus edulis (left), Jassa 

herdmani (middle) and Metridium senile (right) throughout the six- and three-week experiments in four 

experimental treatments (CTRL: control, OA: ocean acidification, OW: ocean warming and CC: climate 

change). Note difference in scale. 

 

For both M. edulis and J. herdmani, OW and OA had an additive effect on clearance rates, which 

was again not the case for M. senile. Volumetric growth, measured for M. edulis and J. 

herdmani was negatively affected by CC through antagonistic effects of OW and CC. 
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Table 2– Data used for the calculation of estimated cumulative clearance potential of the artificial hard 

substrate fauna community inhabiting an OWF monopile foundation in the Belgian part of the North Sea 

(BPNS) 

 VALUE REFERENCE 

Mean biomass (gDW ind-1)   

Mytilus edulis 0.785 This study 

Jassa herdmani 0.002 This study 

Metridium senile 1.651 This study 

Total density (ind m-2)   

Mytilus edulis 1843 Mavraki et al (2020) 

Jassa herdmani 24339 Mavraki et al (2020) 

Metridium senile 480 Unpublished personal data 

Total surface area (m2)   

Mytilus edulis 192 Rumes et al (2013), as cited in Mavraki et al (2020) 

Jassa herdmani 384 Rumes et al (2013), as cited in Mavraki et al (2020) 

Metridium senile 220 Unpublished personal data 

Mean diameter (m)   

Monopile foundation 7.25 Degraer et al (2016) 

 

By integrating the experimental results with literature data (Table 2), we calculated the ‘maximised 

cumulative clearance potential’ of the fouling fauna on an OWF turbine in the BPNS, for the 

current and CC situation to estimate the total volume of seawater potentially cleared around a 

monopile foundation per day (m³ d-1). This revealed that the relatively small ecophysiological 

individual changes result in a important change in the effect on the surrounding water column, 

as the volume of cleared water increased from about 7.5 olympic swimming pools per day under 

current climate conditions to about 9 olympic swimming pools per day under future climate 

conditions.  Through such a measurable effect on the water clearance, climate change and the 

increasing numbers of OWF installations in the North Sea could collectively affect the primary 

producer standing stock and zooplankton biomass in the vicinity of the OWFs (Boon et al., 2018; 

Mavraki et al. 2020c)  and beyond (Slavik et al. 2019). This would further increase the organic 

matter flux to the sediment in- and outside the OWF (Ivanov et al. 2021) and could therefore alter 

local phytoplankton concentrations, which are very important for the OWF's ecological balance 

(Adhikary et al. 2021). In general, the predicted changes in OWF AHS community structure and 

functioning, in combination with their spill-over effect beyond the turbine foundation and the 

OWF perimeters, will impact the OWF's artificial reef effect and the interconnected (supporting) 

ecosystem services (Leadley et al. 2014, Causon & Gill 2018, De Borger et al. 2021).  

  

Recommendation: Our results show that the impact of local activities to mitigate climate change 

will effectively interact with the effect of climate change and will collectively induce larger-scale 

changes in ecosystem functioning and associated ecosystem services. We recommend collecting 

data and results as presented here and using them for detailed ecosystem-based ecological 

modelling of integrated effects of multiple OWFs to support local energy policy and marine 

planning decisions in a globally changing climate.  
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4.3 Effects of Climate Change on N2O production 

Our results confirmed that a relatively large share (70%) of the N2O production of mussels is 

related to the shell biofilm. This contribution remained constant, independent of warming or 

acidification treatments (Fig. 16). 

 

Figure 15  Estimated mean relative contribution of dissected Mytilus edulis shells [SHELL] to whole animal 

[WHOLE] N2O emission rates (nmol N2O ind-1 h-1) in four experimental treatments [CTRL: control, OA: 

ocean acidification, OW: ocean warming and CC: Relative contribution of M. edulis itself [MUSSEL] is 

calculated as WHOLE minus SHELL. 

All our experiments revealed an antagonistic effect of OW (increasing) and OA (decreasing) on 

N2O production. Our inhibition experiments further suggested that he blue mussel M. edulis and 

its microbial shell biofilm produce N2O through all three potential pathways, i.e. nitrification, 

denitrification and nitrifier denitrification, (using ammonium, nitrate and nitrite as a precursor, 

respectively), but denitrification of nitrite proved to be the main pathway. The relative importance 

of these pathways and the relative contribution of the shell biofilm to the blue mussel’s total N2O 

emission, as well as the biofilm thickness, coverage and most likely, composition, are affected by 

warming, acidification or the combination of both. Indeed, our detailed oxygen measurements 

above a mussel shell showed significant treatment differences (Fig. 17). At least 90% of the 

differences between the profiles in CTRL and the other experimental treatments could be 

attributed to the first 600µm above the shell surface. In OW, we observe a faster and stronger 

decrease in oxygen concentrations above the shell. In acidification treatments, the onset of the 

decrease in oxygenation is closer to the shell surface and the magnitude of decrease is lower 
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Figure 16 Vertical oxygen profiles of the microbial biofilm on Mytilus edulis shells, 1500µm above the 

shell surface, before seawater manipulations started (WK0) and after three and six weeks of manipulations 

(WK3 and WK6, respectively) in each experimental treatment [CTRL: control, OA: ocean acidification, 

OW: ocean warming and CC: climate change]. Profiles were measured on three random locations per 

replicate M. edulis shell (n=3) per time point and treatment. 
 

While the oxygen profiles revealed a change in the thickness of the biofilm, the molecular analysis 

did not reveal any significant impacts of the different laboratory-simulated climate change 

scenarios on the diversity of mussels’ epi-microbiomes nor on the structure of microbial 

communities (fig. 18). Along the same lines, the aerobic respiration by the microbial biofilm was 

not significantly affected under stressful conditions. Conversely, the microbial community 

diversity and structure of the surrounding water were significantly affected by climate treatment 

(fig. 18).  
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Figure 18. Microbial community structure. Principal coordinate analysis (PCoA) based on GUniFrac 

distance matrices evaluating the influence of simulated seawater acidification and/or warming on 

microbiomes (“Treatment” factor) of mussel biofilms and in the surrounding water column (“Type of 

sample” factor) after six weeks of incubation. While climate treatment substantially affected the water 

microbial communities, the mussel epimicrobiome remained remarkably stable throughout all treatments. 

In contrast to the stable community structure of the mussel microbiomes, PICRUST analysis 

suggested clear changes in the functional roles of the mussel epimicrobiomes in relation to the N 

cycle in response to climate change. Moreover, these analyses suggest antagonistic functional 

effects of acidification and temperature rise (fig. 19). This appears in line with measured aerobic 

respiration and N2O emission rates of microbial biofilms which decreased in acidified seawater 

but increased under warmer conditions.  
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Figure 19. Predicted nitrogen metabolism pathways. Principal coordinate analyses (PCoA) ordination 

based on Bray-Curtis distance matrices evaluating the influence of experimental treatments (“Control”, 

“Acidification”, “Warming” and “Climate change”) on the relative abundance of predicted metabolic 

pathways involved in the nitrogen cycle of microbial communities on the shell of mussels Mytilus edulis 

and in the surrounding water column after six weeks of incubation. Note the separate functional clustering 

of epimicrobiome samples of the warming and CC treatments on one side, and of control and acidification 

on another side of the ordination plot.  

 

 

4.4 Climate change effects on benthic biogeochemistry 

Here, we only report the effects of the study organisms on oxygen penetration depth, SCOC, NHx 

effluxes, Nitrification and Denitrification after 6 weeks of exposure. 

Both the clam Abra alba and the tube worm Lanice conchilega increased the oxygen penetration 

depth in the sediment, due to their sediment reworking and ventilation activities, respectively. 

While Lanice conchilega survival was unaffected by the multiple stressors imposed in the lab, 

Abra alba suffered from the increased temperature, with a 34% lower survival after 6 weeks of 

exposure to warmer conditions.  

Recommendation: Our results reveal an additional N2O production by mussels, where 70% of 

the N2O production is provided by the shell biofilm. As N2O is considered a potent greenhouse 

gas, we recommend to take this additional production of greenhouse gasses into account when 

estimating the effect of the introduction of offshore wind farms and offshore aquaculture 

activities. Further detailed research, linking N2O production to shell size and to structural and 

functional changes in the shell microbiomes, and improved modelling (see below) are needed 

to upscale the local feedback links to climate change towards a regional level, where multiple 

OWFs are active and planned, and where aquaculture activities are on the horizon of the Blue 

Growth community.  
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Under acidified conditions, Lanice had a stimulatory effect on SCOC, Nitrification and 

Denitrification with an increase of 37 %, 41 % and 25 % respectively (Figure 20). This can be 

explained by the increased ventilation activity of this tube-building polychaete under acidified 

conditions (Fig. 21). 

In non-acidified conditions, A. alba significantly stimulates SCOC resulting in an increase of 35 

% (Figure 20). This stimulatory effect disappears under acidified conditions. The effect of A. alba 

on nitrification and denitrification is affected by the combination of seawater pH and temperature: 

The rates are stimulated by the presence of A. alba in a climate change (CC) scenario, altering the 

negative interaction effect of seawater pH and organism presence (Figure 20). These patterns can 

be explained by the altered behaviour of Abra alba, since under climate change conditions, this 

bivalve appears to dwell closer to the surface. 

 

Figure 20: Effect of Abra alba and Lanice conchilega presence (organism presence: grey bars; organism 

absence: yellow bars) on Sediment Community Oxygen Consumption (SCOC, in mmol O2 m-2 d-1), NHx 

effluxes, Nitrification and Denitrification (in mmol N m-2 d-1) after 6 weeks of exposure to different 

temperature and pH scenarios: control (CTRL), Ocean warming (OW), Ocean acidification (OA) and the 

interaction between increased temperature and lowered pH (Climate Change, CC).  
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Figure 21. Pumping/burrow ventilation frequency of Lanice conchilega after one and two weeks of 

incubation in control (CTRL) and acidified (OA) conditions. Data shown are means and standard errors (± 

SE) of four replicates per treatment. Letters represent compact letter display of significant differences 

between treatments. 

Conclusion: Sediment-inhabiting organisms in burrows or tubes might ventilate their environment 

more frequently in future climate scenario’s (particularly ocean acidification). This flushing of the 

seabed stimulates nutrient cycling, and at moderate densities of tube worms, also increases the 

nitrogen filtering capacity of the sediment (denitrification). Bivalves on the other hand, suffer from 

future climate scenarios (warming and acidification): they move closer to the sediment surface 

and after prolonged exposure experience increased mortality rates. The stimulatory effect of 

bivalves on sediment oxygenation, nutrient cycling and the nitrogen filtering capacity of the 

sediment (denitrification) therefore decreases under future climate scenarios. 

 

 

 

 

 

a 
a 

a 
a 

b 

b 

Recommendation: Take into account that stimulatory effects of benthic fauna on marine 

ecosystem services such as nutrient cycling might change under future climate scenarios, and that 

the effects of long-term exposure to climate change on bioturbators and bio-irrigators are currently 

unknown. Climate change is only one of the cumulative pressures on the benthic ecosystem. Our 

results suggest that to maintain nutrient cycling by benthic communities, it would be 

recommendable to increase the level of protection of benthic communities from other stressors 

such as anthropogenic impacts on the seabed. 
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4.5 Effects of Climate Change and mariculture on food-web flows    

In this study, the carbon assimilation by the typical OWF colonising fauna and associated sediment 

community was experimentally quantified under current and future climate conditions, including a 

‘multifunctional co-use’ scenario with blue mussel (M. edulis) aquaculture activities within the OWF 

area. The results confirmed our hypotheses: (1) biomass-specific and total carbon assimilation differed 

significantly between OWF species across different trophic levels, (2) climate change conditions 

significantly altered biomass-specific carbon assimilation of AHS colonising fauna and (3) the presence 

of M. edulis aquaculture significantly reduced biomass-specific carbon assimilation of the key species 

in a closed mesocosm OWF AHS system. Here, we will focus the results on the effects of climate change 

and M. edulis aquaculture on the carbon assimilation by the turbine-associated food web. 

 

 

In the CTRL mesocosm, the biomass-specific carbon assimilation of the limpet C. fornicata and 

blue mussel M. edulis, both feeding directly on the 13C labelled algae, was significantly higher 

than all other species present, including both direct and indirect consumers (Figure 22), as was 

observed before (Mavraki et al. 2020c). In the Climate Change (CC) mesocosm, more species 

assimilated the algal carbon compared to the control. Here, the amphipod J. herdmani and long-

clawed porcelain crab P. longicornis had the highest biomass-specific carbon assimilation in the 

CC mesocosm alongside M. edulis. Both J. herdmani and P. longicornis are known to 

opportunistically feed on suspended organic material (phyto- and zooplankton, as well as detritus) 

or on M. edulis pseudofaeces, respectively ((Dixon & Moore 1997, Tenore and González 1975), 

meaning such a combined feeding method proved successful in the CC environment. (Tenore & 

Gonzalez 1976, Dixon & Moore 1997). This combined feeding method proved successful in the 

 
Figure 22 – Biomass-specific carbon assimilation [µgC μgCbiomass

-1 ] per species and per mesocosm. Letters 

represent compact letter display of significant differences between mesocosms within each species (Kruskal-

Wallis Rank Sum test): mesocosms sharing a letter do not differ significantly after Bonferroni correction.  

 

 

 

 

 

 
       

 
       

 
        

 

 

  

 

 

 

 

 

 

 

 

 

  

 

 

 

             
           

              
       
           

            
        

              
          
           

           
        

                

        
         

               
         
         

               

                                                                                                

       

  

    

       

  

    

       

  

    

                                                             
  
 



Project BR/175/A1/PERSUADE & BR/175/A1/PERSUADE-2 - ExPERimental approaches towards Future Sustainable Use of North 
Sea Artificial HarD SubstratEs 

BRAIN-be (Belgian Research Action through Interdisciplinary Networks) 50 

CC environment. The combined direct and indirect uptake of the labelled algae, as well as the 

typically increased feeding rates of ‘direct consumers’ such as M. edulis in a warmer environment, 

are likely explanations for the observed structural shift in terms of topmost species’ biomass-

specific carbon assimilation within this future climate scenario (Jørgensen et al. 1990, Voet et al. 

2022). In addition, well-fed M. edulis produces (pseudo)faeces with undigested algal cells 

(Riisgård et al. 2011), which could further explain the relatively high biomass-specific carbon 

assimilation by ‘indirect consumers’ such as P. longicornis in the CC mesocosm, compared to the 

CTRL environment .   

In the future climate aquaculture scenario (CC+AQ), the highest biomass-specific carbon 

assimilation was measured in M. edulis, A. rubens and the flying crab L. holsatus. The latter are 

active predatory species with a preference for bivalves (i.a. M. edulis) or a preference for 

crustaceans and bivalves (especially M. edulis), respectively (Choy 1986, De Mesel et al. 2013). 

In the CC+AQ mesocosm, these predators had ample food sources available. This lead to 

another structural shift in top consumers, from direct or combined (in)direct consumers of 

labelled algae to also higher trophic-level predatory species. Overall, however, the average 

carbon assimilation was lower in CC+AQ compared to the other mesocosms, most likely due 

to an increased interspecific competition for a limited food source. Given the mesocosms in this 

study were closed ecosystems and the added 13C labelled algae reflected the natural mean in 

situ phytoplankton biomass (Baretta-Bekker et al. 2009) at the start of the experiment, a certain 

degree of interspecific competition for this limited food source was to be expected.  

It is therefore expected that the introduction of a substantial aquaculture standing stock into an 

OWF will have its repercussions on the local ecosystem. In an ecological modelling study on 

OWFs in the BPNS, both biomass and phenology of important food web components (i.a. phyto- 

and zooplankton) and dominant OWF AHS colonising species (i.e. M. edulis, J. herdmani and 

M. senile) were affected by the introduction of M. edulis aquaculture (Voet et al. in prep.). 

Several measures were taken to create mesocosms that accurately reflect the OWF natural species 

composition (De Mesel et al. 2013, Kerckhof et al. 2019, Mavraki et al. 2020c). Nevertheless, 

differences in species composition and abundance between mesocosms were observed at the 

start of the experiment. These differences resulted from the random distribution of the AHS panels 

and sediment containers across the environmental treatments, as these were not quantified or 

altered before incubation in the mesocosms. Furthermore, the relative distribution of species 

biomass in the mesocosms was not necessarily representative of that found in OWF ecosystems. 

The tube-building amphipods J. herdmani and M. ascherusicum were heavily underrepresented 

in the mesocosms compared to natural situations (Mavraki et al. 2020b), likely due to a high 

mortality rate in relatively long-term experimental conditions (Beermann & Purz 2013). 

Additionally, a higher mortality rate in the climate change environment was expected, as 

amphipods are sensitive to changes in seawater temperature and/or pH (Poulin & Mouritsen 2006, 

Jakob et al. 2016, Voet et al. 2022). The relative abundance of the plumose anemone M. senile, 

one of the dominant hard substrate colonising species in the North Sea (De Backer et al. 2020, 

Degraer et al. 2020a), together with that of the common starfish A. rubens and the green sea 

urchin P. miliaris, both among the most abundant mobile predators found on the OWF 

foundations, was unintentionally low compared to actual in situ conditions (De Mesel et al. 2013, 

De Backer et al. 2020). Finally, a fully crossed experimental set-up between climate change and 

aquaculture scenarios was logistically not feasible, though its added value in unravelling and 
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uncoupling the effects of both stressors on the OWF colonising community is apparent and 

acknowledged.  

Nonetheless, the experimental work performed in this study was innovative in its use of pulse-

chase techniques on an ecosystem-wide scale in current and future climate scenarios. The use of 

large, environmentally manipulated mesocosms allowed us to incorporate various species 

interactions (e.g. predation and competition) and capture direct and indirect effects (e.g. on filter- 

and detritus feeders, respectively), therefore proving to be highly relevant on an ecological scale. 

The presence of an aquaculture set-up in OWF settings that are already heavily populated by filter 

feeders, substantially increases the filtration capacity towards the top of the water column and the 

production carrying capacity is only sustainable if nutrient or organic matter extraction by the 

mussels is balanced with ecosystem food replenishment. Therefore, the introduction of bivalve 

mariculture will undoubtedly affect, and in turn be affected by, the local ecosystem (Cranford 

2019; Costello et al. 2020). Moreover, such a combined multi-use could even alter or exacerbate 

potential climate change effects on the OWF AHS ecosystem functioning. Indeed, this study 

identified varied functional and structural changes when exposing the OWF ecosystem to future 

climate conditions or future climate conditions with the additional presence of blue mussel 

aquaculture. Manipulated climate change conditions suggested a shift towards the inclusion of 

‘indirect’ consumers in addition to the ‘direct’ consumers already prominent in the current climate 

and when aquaculture activities were also present, another shift in top consumers with a 

propensity towards higher trophic-level predatory species was observed. 

Recommendation: Studies looking at the structure and functioning of an OWF ecosystem in 

different parallel climate and multi-use scenarios, are needed to anticipate the critical juncture 

where the various technical and legislative complexities of implementing offshore aquaculture in 

multifunctional co-use with offshore renewable energy might be overshadowed by the global 

ecological and economic impacts of climate change. Furthermore, to find a balance between 

offshore wind energy development, seafood production, nature conservation and future climate 

stressors, the knowledge provided by similar topical studies and pilot projects, as well as the 

patronage of blue economy through potential incentives for commercial multifunctional co-use, 

will need to be incorporated in governmental marine spatial planning processes. 

We advise simulating effects of climate change and multiuse in large, environmentally 

manipulated mesocosms, as it allows incorporating many species interactions (e.g. predation and 

competition) and capturing direct and indirect effects (e.g. on filter- and detritus feeders, 

respectively), therefore proving to be highly relevant on an ecological scale. 

4.6 Ecological modelling 

PERSUADE resulted in first version of an ecological model that made use of experimentally 

derived relevant data to assess the combined effects of local activities (OWF without/in 

combination with aquaculture activities) and global change. Currently, the model is under further 

development, and we restrict ourselves to reporting a proof of concept. We aim to reveal the 

relevance of detailed ecophysiological and biogeochemical research as it provides the actual data 

needed for an accurate assessment of the consequences of human activities at sea.  
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Our climate simulation runs showed adverse effects of climate change on the three dominant 

fouling species. M. edulis (seems to benefit from climate change (probably a consequence of 

higher food availability), which is to certain extent mirrored in the patterns for J. herdmani (Fig. 

23).  

 

Figure 23. Total M. edulis biomass [top; kgWW m-2] and J. herdmani biomass [bottom; kgDW m-2] in four 

climate scenarios: control [CTRL], ocean acidification [OA], ocean warming [OW] and climate change [CC]. 

Adverse patterns were observed for M. senile (Fig. 24) where climate change clearly triggered a 

decrease in biomass.  

 

Figure 24 Total M. senile biomass [kgWW m-2] in four climate scenarios: control [CTRL], ocean 
acidification [OA], ocean warming [OW] and climate change [CC]. 
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Aquaculture activities in the area would yield about 6 kg wet weight of mussels per m² in the 

current conditions, and are projected to increase in future climate settings (Fig. 25). 

 

Figure25 Total M. edulis aquaculture biomass [kgWW m-2] in four climate scenarios: control [CTRL], ocean 

acidification [OA], ocean warming [OW] and climate change [CC]. 

On the other hand, the presence of aquaculture activities results in a lower biomass of M. edulis 

on the turbines, suggesting a competition for food within the OWF area (Fig. 26). 

 

Figure 26. Total M. edulis biomass [kgWW m-2] present on the OWF turbine with or without the additional 

presence of M. edulis aquaculture [AQ] within the OWF in four climate scenarios: control [CTRL], ocean 

acidification [OA], ocean warming [OW] and climate change 

Aquaculture activities within the OWF increase the N2O emissions to the atmosphere in all 

climate scenarios, but especially in the scenarios where ocean warming is present (OW and CC, 

Fig. 27). 
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Figure 27.  Total atmospheric N2O emission [µmol N2O m-2 day-1] with or without the additional presence 

of M. edulis aquaculture [AQ] within the OWF in four climate scenarios: control [CTRL], ocean acidification 

[OA], ocean warming [OW] and climate change [CC]. 

 

4.7 Added value of PERSUADE research  

PERSUADE has resulted in an important legacy with respect to developed infrastructure. The 

Artificial Hard Substrate Garden was developed for PERSUADE experimental purposes, and is the 

only in situ test installation, spanning the entire water column, in offshore highly dynamic 

condition. It is clear that the AHSG served the bulk of the PERSUADE experiments reported upon 

here, but it should be noted that it also was used by the FaCE-It and Eden2000 projects, despite 

its short existence. The AHSG is further mentioned in several research proposals and is at the 

heart of the recently started ESFRI-FED RBINS_EMBRC project (2022-2025) that will embed the 

AHSG in the service portfolio of the Belgian node of the European Marine Biological Resource 

Centre and open it up to international users via EMBRC-ERIC. Additionally, PERSUADE further 

modified the experimental tanks available at VLIZ that are now ready to host large scale 

experiments on climate change in controlled conditions. The strength here is the modularity of 

the experimental set up, allowing for a flexible use of the facilities. Part of the PERSUADE 

    

      

                                                                                                                        

 

 

 

 

 

 

 

 

 

 

       

                                          
  
   

  
 

     

Recommendation: predictive models, based on relevant data derived from targeted experiments, 

can be of great help to guide future management decisions with respect to multiple use of OWF 

areas. We recommend to further invest in the experimental research underlying the predictive 

models and the development of the models as well. The models should be generic, and ready to 

inform the planning of commercial activities and at the same time reflect important consequences 

of these activities. Furthermore, coupling such ecological models with models used by 

environmental economists would greatly increase the capacity of society to move towards 

objective trade-off analyses for alternative management scenarios. 
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adaptations have been used to construct a nursery for seaweed cultivation purposes in an attempt 

to stimulate seaweed aquaculture as important component of Belgian Blue Growth initiatives. 

While the detailed scientific achievements are being published now, and therefore have scientific 

value on their own, we draw the attention to the progress that was made through the ecological 

modelling work, where we managed to run multi-use scenarios (OWF and aquaculture) in current 

and future climate settings, providing insights in both aquaculture yields and functional feedback 

links towards the environment. To our knowledge, such model is highly original and it is therefore 

an important part of planned work to investigate effects of co-located activities or societal trade-

offs of different management scenarios. 

Last but not least, PERSUADE built a bridge between fundamental and applied science, and 

academia and industry. In cooperation with the Blue Cluster EDULIS project and commercial 

partners, PERSUADE organised a workshop on anchoring techniques. This stemmed from the 

PERSUADE initiative to build an AHSG that needs to withstand the rather dynamic circumstances 

in the offshore part of the BPNS, and the desire to start bivalve and seaweed aquaculture activities 

in offshore OWFS. 
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5. DISSEMINATION AND VALORISATION 

PERSUADE research was disseminated through a variety of channels, including the PERSUADE 

ResearchGate page (https://www.researchgate.net/project/PERSUADE-ExPERimental-approaches-

towards-Future-Sustainable-Use-of-North-Sea-Artificial-HarD-SubstratEs), contributions to 

scientific events and participation to Ocean Literacy events. 

The Research Gate page resulted in 591 reads, a number that is expected to increase in the future, 

as we will update the Research Gate page with PERSUADE papers that are currently being 

submitted. As such, the Research Gate page will act as a repository of all scientific output of the 

project. 

We further communicated with a scientific audience through participation to a number of national 

and international conferences and a published paper. Due to the outbreak of the corona 

pandemic, the finalisation of 2 PERSUADE PhDs is delayed, but ongoing. Currently, at least 4 

manuscripts are submitted or close to being submitted and more are expected.  

PERSUADE knowledge and expertise was further widely used in an international context, notably 

in the United States where PERSUADE results and knowledge was used in the 2020 State of the 

Science Workshop on Wildlife and Offshore Wind Energy 2020: Cumulative Impacts, organised 

by the New York State Energy Research and Development Authority (NYSERDA, see 

https://www.nyetwg.com/2020-workshop). Along the same line, PERSUADE scientists and 

science were  involved in  the US Offshore Wind Synthesis of Environmental Effects Research, 

lead by the US Department of Energy Office of Energy Efficiency & Renewable Energy Wind 

Energy Technologies Office, the Pacific Northwest National Laboratory (PNNL) and National 

Renewable Energy Laboratory (NREL) (https://tethys.pnnl.gov/us-offshore-wind-synthesis-

environmental-effects-research-seer). 

Closer by home, PERSUADE science is used in the EDEN2000 project, investigating possible 

effects of the installation of future OWF in the Natura2000 zone of ‘De Vlaamse Banken”, and 

informal (and confidential) interactions with the Cabinet of the Minister of the North Sea and the 

Federal Public Service Health, Food Chain Safety and Environment.  

PERSUADE interacted with commercial parties by co-organising a workshop on anchoring 

techniques for offshore installations, and was mentioned on the website of the Blue Cluster 

(https://www.blauwecluster.be/nieuws/proeftuin-voor-substraten-op-zee). 

Communication with the public at large was achieved through participation of PERSUADE 

Scientists at several citizen science initiatives (ZeeUitzicht 2019, 2020), PaStory and the 

‘Westvlaamse Natuurstudiedag 2022’. 
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