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A B S T R A C T   

The installation of marine renewable energy devices (MREDs, wind turbines and converters of wave, tidal and 
ocean thermal energy) has increased quickly in the last decade. There is a lack of knowledge concerning the 
effects of MREDs on benthic invertebrates that live in contact with the seabed. The European common cuttlefish 
(Sepia officinalis) is the most abundant cephalopod in the Northeast Atlantic and one of the three most valuable 
resources for English Channel fisheries. A project to build an offshore wind farm in the French bay of Saint- 
Brieuc, near the English Channel, raised concern about the possible acoustic impact on local cuttlefish com-
munities. In this study, consisting of six exposure experiments, three types of noise were considered: 3 levels of 
pile-driving and 3 levels of drilling. The objectives were to assess possible associated changes in hatching and 
larva survival, and behavioural and ultrastructural effects on sensory organs of all life stages of S. officinalis 
populations. After exposure, damage was observed in the statocyst sensory epithelia (hair cell extrusion) in adults 
compared to controls, and no anti-predator reaction was observed. The exposed larvae showed a decreased 
survival rate with an increasing received sound level when they were exposed to maximum pile-driving and 
drilling sound levels (170 dB re 1 μPa2 and 167 dB re 1 μPa2, respectively). However, sound pressure levels’s 
lower than 163 dB re 1 μPa2 were not found to elicit severe damage. Simulating a scenario of immobile or-
ganisms, eggs were exposed to a combination of both pile driving and drilling as they would be exposed to all 
operations without a chance to escape. In this scenario a decrease of hatching success was observed with 
increasing received sound levels.   

1. Introduction 

The installation of marine renewable energy devices (MREDs) such 
as wind turbines and converters of wave, tidal and ocean thermal energy 
has increased quickly during the last decade as a consequence of the 
rising global request for renewable energy (Dannheim et al., 2019; Remy 
and Mbistrova, 2018). These technologies introduce sound (including 
pile driving, drilling, dredging and increased shipping) and vibrations in 
the subsea as well as electromagnetic fields (EMFs), which may induce 
changes to the marine environment and physiological alterations in 
exposed organisms (Gill et al., 2018; Thomsen et al., 2016). Marine 
mammals and fish were shown to be affected by a long-term exposure to 
these sounds, mainly because these could mask meaningful information 

exchanges (Kastak and Schusterman, 1998; Madsen et al., 2006; Marmo 
et al., 2013; Nedwell et al., 2003; Nedwell and Howell, 2004; Thomsen 
et al., 2006; Tougaard et al., 2009; Verfuss et al., 2005). 

The effects of MREDs on benthic invertebrates that live in, on or near 
the seabed have been comparatively understudied despite sound was 
found to interfere with crucial invertebrate behaviours such as foraging 
and predator avoidance (Roberts et al., 2016). These acoustic in-
terferences may be related to mechanical sea-floor disturbance (pro-
ducing changes to benthos during construction), artificial reef effects 
(rapid colonization of offshore energy devices by sessile invertebrates, 
attraction of fish, and an increase in density of decapods during the 
operational phase), the input of additional energy into the environment 
(sound, EMFs), and fishery cessation and displacement (Bergström et al., 
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2014; Dannheim et al., 2019). Recent studies demonstrated changes in 
behaviour (affecting bio-irrigation and associated ecological processes 
or metamorphosis) in crustaceans (Pine et al., 2012; Solan et al., 2016), 
and ultrastructural effects in cephalopods and marine plants (Solé et al., 
2021b, 2017; 2013) after low frequency sound exposure in laboratory 
conditions. The fact that many invertebrates are slow or even unable to 
leave a noisy area would result in a higher risk of direct damage from 
sound exposure. 

In addition to the sound effects, sub-sea power cables needed for 
MREDs produce electromagnetic fields (EMFs), which can attract com-
mercial crustaceans (Scott et al., 2018) and produce developmental, 
physiological, and/or behavioural responses (changes in community 
composition and/or increased abundance and size) in sensitive fish and 
invertebrate species (Dannheim et al., 2019; Hutchison et al., 2018). 
Organic material deposition from invertebrate that colonize the turbines 
can result in an increase of the density and diversity of macrofauna 
(Coates et al., 2014). 

The European common cuttlefish (Sepia officinalis), a necto- 
benthonic species that lives on the continental shelf sandy bottoms, is 
the most abundant cephalopod in the Northeast Atlantic and one of the 
three most valuable resources for English Channel fisheries (Engelhard 
et al., 2012) and it is the most commercially important cephalopod 
resource exploited in the Northeast Atlantic (Pierce et al., 2010). France 
and the UK are responsible for the main annual catch of S. officinalis (11 
000 t from 2000 to 2010). During the 2010s, the French and UK fishers 
declared €15 million (56–75% of the resource) and €5 million, respec-
tively, of commercial benefit from cuttlefish catch (Engelhard et al., 
2012). The cuttlefish catches of Belgian and Dutch fishers in the English 
Channel are relatively small compared to France and UK (Gras et al., 
2014). 

The life span of S. officinalis is around 2 years. Its spawning season 
lasts from early spring to mid-summer and finishes with a mass adult 
mortality. Hatching of the eggs occurs from mid-summer to autumn 
(Boletzky and Boyle, 1983). Annually, in early spring, adult cuttlefish 
migrate to coastal spawning grounds on both sides of the English 
Channel. In late autumn, after hatching, the juveniles swim to western 
deeper waters of the English Channel and to offshore deep waters of the 
north French Atlantic coast, where they remain all winter (Wang et al., 
2003). Offshore industrial developments represent a potential threat to 
the S. officinalis because of the large inter-annual fluctuations in catch 
landings, the short life span, and the regular annual migration cycle. 

The process of sound perception in cephalopods is largely unknown 
(Budelmann, 1979; Hanlon, 1987). Recently, these species sensitivity to 
frequencies under 400 Hz has been confirmed (Hu et al., 2009; Kaifu 
et al., 2008; Mooney et al., 2010; Packard et al., 1990). There is scientific 
evidence that statocysts play an important role in low frequency sound 
reception (Hu et al., 2009). In addition, the input of the statocyst serves 
to regulate a wide range of behaviours in terms of locomotion, posture, 
eye movement or body color pattern. The vital role of the statocyst is 
affected by sound exposure and can compromise the cephalopods sur-
vival (Solé et al., 2017, 2013). Indeed, based on previous findings on the 
sensitivity of cuttlefish to low frequency sound sources (André et al., 
2011; Solé et al., 2019, 2018; 2017, 2013), a project to build an offshore 
wind farm in the French bay of Saint-Brieuc, near the English Channel, 
raised concern about the possible acoustic impact on local cuttlefish 
communities from pile-driving and drilling operations. This study aimed 
to assess possible associated behavioural and ultrastructural effects on 
sensory organs of all life stages of S. officinalis populations. 

2. Material and methods 

2.1. Preliminary validation and standardization of the health status of 
cuttlefish (S. officinalis) from Saint-Brieuc 

Before the experimental phase in the LAB (Laboratory of Applied 
Bioacoustics), a preliminary phase was performed in order to determine 

the health status of native cuttlefish of Saint-Brieuc. Samples for this 
preliminary assessment were collected in situ (Saint-Brieuc). The results 
were used as a reference to be compared with samples from the Medi-
terranean Sea to assess the effects of sound exposure over the course of 
the project. 

Twenty adult individuals of S. officinalis from the Saint-Brieuc area 
were provided by local fishers. The statocyst samples of adults were 
gathered and fixed in glutaraldehyde 2, 5% in situ and transferred to the 
LAB by the LAB team in order to proceed with the ultrastructural 
analysis of the statocyst sensory epithelia through scanning electron 
microscopy (SEM). In addition, eggs of S. officinalis were collected in the 
Saint-Brieuc area by local fishermen and kept in the local fisheries 
committee 22 of Saint-Brieuc; maintained in a tank of 3 L with natural 
seawater (at 22–24 ◦C and salinity 35) until they hatched. The seawater 
was periodically renewed and the tanks had a supply of air and were 
exposed to the natural light cycle. Hatchlings were fixed and sent to the 
LAB in order to proceed with the analysis. Thirty S. officinalis larvae 
were used to perform the ultrastructural analysis of their statocyst 
sensory epithelia, and ten for their lateral line sensory epithelia analysis, 
through scanning electron microscopy (SEM). 

2.2. Determination of the effects of pile-driving and drilling noise 
exposure 

Supplementary Table S1 summarize the experiments. 

2.2.1. Sepia officinalis eggs 

2.2.1.1. Egg masses. Egg masses of S. officinalis were collected by local 
fishers at the Catalan Coast (NW Mediterranean Sea) in June 2019 and 
July 2020 and transferred to our laboratory a few minutes after collec-
tion (our facilities are located at the Vilanova i la Geltrú fishing 
harbour). Half the eggs of the same cluster were used as control and half 
for treatments (to ensure they were equally aged). All the egg sets were 
maintained in individual tanks of 3 L with natural seawater (at 22–24 ◦C 
and salinity 35) until hatching (Fig. S1). The seawater was periodically 
renewed and the tanks had a supply of air and were exposed to the 
natural light cycle. 

2.2.1.2. Sound exposure protocol 
2.2.1.2.1. Sound samples and sound level measurement. All playbacks 

made use of a raspberry pi that contained the recorded sounds and 
which was programmed to play a sound for a certain duration in a loop. 
The sound was played through a standard power amplifier to either the 
larvaebrator or an underwater speaker (Lubell LL1424HP). The re-
cordings were made with a calibrated B&K 8106, connected so a B&K 
Nexus signal conditioner, digitized by an IoTech Wavebook 516 and 
stored on a laptop. 

For sound playback two files were used. For the drilling sound, a 
recording of drilling was provided by Ailes Marines S.A.S. This file was 
played back continuously during exposure. The received drilling levels 
were evaluated by computing the sound pressure level over a 20 s 
recording. For the pile driving sound a recording was provided by TNO 
(Netherlands Organisation for applied scientific research) containing 5 
strokes at about 1 stroke per second. The file was played back contin-
uously during exposure. The received pile driving sound was computed 
from a 20 s recording by taking a 32 ms window around the received pile 
driving peaks, computing the sound pressure level of each window, and 
averaging the levels over the recording (Supplementary Fig. S2). 

All dB values below are in reference to 1 μPa2 unless noted otherwise. 
2.2.1.2.2. Tank exposure. Controlled Exposure Experiments (CEE) 

were conducted on six masses of eggs in July of 2020 (see sample size on 
Supplementary Table S2). Six additional control sets were maintained 
under the same conditions as exposed sets before and after the CEE 
(Supplementary Fig. S1). For exposure, eggs were placed into two bags, 
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maintained in 20 L containers attached to both sides of the transducer 
and submerged in a large isolated tank (150 kL) with anechoic walls, 
located in LAB installations. A calibrated hydrophone was recording the 
received sound level (Supplementary Fig. S3). Two types of noise were 
tested at three different levels each to simulate different source dis-
tances: A) Piling sound for 4 h; B) Continuous drilling sound for 12 h 
(Supplemental Table S2). The control masses of eggs were transferred to 
the tank and kept under the same conditions and duration as those that 
were exposed (without any sound playback). 

2.2.1.2.3. Larvaebrator exposure. In addition to the tank exposure, 
for eggs we perform a second exposure using an exposure chamber 
designed by TNO -larvaebrator- (Bolle et al., 2012) (Supplementary Fig. 
S4) that permits a differential analysis of the effects of particle motion 
(PM) and acoustic pressure, and was designed for CEE on fish larvae and 
small-sized species. It consists of a rigid-walled cylindrical chamber 
driven by an electro-dynamical sound projector where the samples can 
be exposed simultaneously to a homogeneously distributed sound 
pressure and particle velocity field and permits to perform a compara-
tive analysis of the effects of particle motion and acoustic pressure. The 
eggs were located in a plastic cylinder closed by two nets (200 μm) to 
allow water circulation while maintaining the eggs in place (Supple-
mentary Fig. S4C). 

The experiment consisted of combined exposure to piling (20′)/ 
drilling (60′) for a period of 16 h (three levels in function of the source 
distance). The three received levels were tested in the larvaebrator that 
permitted to estimate the comparative effects of particle motion and 
acoustic pressure. The particle motion assessment was performed with 
the same set up as the pressure assessment. (Supplementary Table S3). 
Two CEE’s were conducted on six masses of eggs in June/July 2019 (R0) 
and July 2020 (R1) (see sample size on Supplemental Table S3). Six 
additional control sets were maintained in the same conditions as 
exposed sets before and after the CEE (Fig. S1). The control masses of 
eggs were transferred to the larvaebrator in the same set-up conditions 
as those that were exposed, without any playback. 

2.2.1.3. Hatching assessment. The egg status after exposure was moni-
tored to determine its effects on the time and success of the hatchling 
process. The success and delay of hatching were assessed in the different 
masses of exposed eggs and qualitatively compared with their associated 
control set (each control contained eggs originating from the same 
cluster as the corresponding treatment set). To compare the hatching 
success between control and exposed eggs Fisher’s exact test (fishertest() 
from Matlab R2019a) was used, comparing each exposed hatching ratio 
against the control ratio (all controls were combined for the same type of 
exposure, one group for Piling and one group for Drilling). For the 
combined exposure tests that had a replicate experiment, the results 
from the two experiments were averaged for each group, weighted by 
the total number of samples per experiment/group. A significance level 
of 5% was used to draw conclusions from the tests. 

2.2.2. Sepia officinalis larvae 

2.2.2.1. Larva individuals. Larvae were obtained from egg masses of 
S. officinalis collected by local fishers in June/July 2019 (R0) and July 
2020 (R1). The masses were maintained in individual 3 L tanks until 
hatching (Fig. S1, Video S1, Video S2). The seawater was periodically 
renewed and the tanks were under aeration from an air stone and 
exposed to the natural light cycle. The temperature was daily controlled 
(average of 22 ◦C). 

2.2.2.2. Sound exposure. Two Controlled Exposure Experiments (CEE) 
were conducted on six sets of larvae (see sample size in Supplementary 
Table S4). Six control sets were maintained under the same conditions as 
exposed sets before and after the CEE (Fig. S1). Larvae were exposed in 
the same way and duration as eggs (described above, eggs tank exposure 

experiments, Fig. S3). The control larvae sets were transferred to the 
tank and kept under the same conditions and duration as those that were 
exposed, without any playback. 

2.2.2.3. Survival assessment. The larvae survival rate after sound 
exposure was monitored to determine its effect. The survival rate was 
assessed in the different sets of exposed larvae and qualitatively 
compared to their associated control set. In addition, Fisher’s exact test 
was performed between the survival percentages of the exposed data 
sets and their controls. Controls were combined for each type of expo-
sure as above. The results from R0 and R1 were averaged, weighted by 
their respective numbers of samples. A significance of 5% was used to 
interpret the results. 

2.2.2.4. Ultrastructural analysis. After the exposure, the larvae that 
survived were sacrificed respecting the same sequential process for 
control and exposure animals (at 0 h, 48 h, 96 h and 120 h after sound 
exposure) and processed by scanning electron microscopy (SEM) anal-
ysis. The larvae statocysts and lateral lines of the larvae were extracted, 
fixed, processed by routine procedures, and analysed by imaging tech-
niques (SEM). Fixation was performed in glutaraldehyde 2, 5% for 
24–48 h at 4 ◦C. Samples were dehydrated in graded alcohol solutions 
and critical-point dried with liquid carbon dioxide in a Leica EmCPD030 
unit (Leica Mycrosystems, Austria). The dried samples were mounted on 
specimen stubs with double-sided tape. The mounted tissues were gold- 
palladium coated with a Polaron SC500 sputter coated unit (Quorum 
Technologies, Ltd.) and viewed with a variable pressure Hitachi S3500N 
scanning electron microscope (Hitachi High Technologies Co., Ltd, 
Japan) at an accelerating voltage of 5 kV in the Institute of Marine 
Sciences of the Spanish Research Council (CSIC) facilities. 

2.2.2.5. Quantification and data analysis 
2.2.2.5.1. Statocyst sensory epithelium. For the quantification of the 

inner statocyst sensory cells we considered the whole sensory area of the 
macula statica princeps (msp) (Fig. S5). This structure was chosen because 
it represents the largest subunit of the macula-statolith system, and 
because to its anterior location and relative flat structure, facilitating a 
complete visualization of the sensory epithelium. Finally, the generally 
small size of this structure in cephalopod hatchlings allowed us to 
quantify lesions on the whole surface of the macula. 

Hair cell damage was quantified by classifying the hair cells as intact 
(hair cell undamaged) or extruded/missing (hair cell partially or totally 
extruded from the epithelium/hole in the epithelium caused by the total 
extrusion of the hair cell) because these are well-defined categories and 
easier to compare. The presence of extruded cells determined our 
threshold of a severe lesion after sound exposure. For all animals, the 
lesions were assessed for the two msp (Fig. S5). The lesions were 
measured as the number of extruded or missing cells divided by the 
number of total cells on the inspected surface. The two measurements 
per system, per animal, were then averaged for statistical tests. For each 
area/sample we had extruded/missing cell count/area and total cell 
count/area values. For these two, counts were divided to compute the 
ratio of missing cells. We had two ratios per animal, these were 
averaged. 

To evaluate if exposed animals were affected with respect to control 
animals a comparison test was performed during the control and 48 h 
groups. For the control group, as these animals were practically un-
damaged no further test was done between animals from different time 
intervals and all control animals that were taken at different time in-
tervals were put together. As damage indicator the percentage of 
extruded/missing cells was used. This was computed for each animal by 
first counting the number of extruded/missing cells, the total cell 
number, and estimating the macula surface for each statolith system. 
The percentage of extruded/missing cells was computed and then nor-
malised by the macula surface. The two results for each statolith systems 
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were then averaged. Permutation tests were repeated multiple times (N 
= 500; this gave a lower bound for the p-value of 0.002). 

After permutation tests between all controls R0 (June 2019) and all 
controls R1 (July 2020) with p = 0.17, we concluded that the initial 
conditions of the experiments were similar enough to combine the 
experiments. 

2.2.2.5.2. Lateral line sensory epithelia. We considered, for the 
quantification of the lesions on lateral lines, the region comprising the 
sensory area of the pair of lateral lines L1 (Fig. S6). Between the different 
lateral lines that compose the system we chose this structure because of 
its dorso-central position, which allowed for the most complete visual-
ization of the sensory epithelium. 

The presence of extruded cells determined our threshold of a severe 
lesion after sound exposure. For all animals, the lesions were assessed for 
two lateral L1 lines (Fig. S6). The lesions were measured as the number 
of extruded or missing cells divided by the number of total cells on the 
inspected surface. The two measurements per system, per animal, were 
then averaged for statistical tests. 

The same lesions counts treatment and statistical test than in larvae 
msp statocyst sensory epithelium (described above) were used to 
compare exposed and control animals. Permutation tests were repeated 
multiple times (N = 500; this gave a lower bound for the p-value at 
0.002). 

After permutation tests between all controls R0 (June 2019) and all 
controls R1 (July 2020) with p = 0.24, we concluded that the initial 
conditions of the experiments were similar enough to combine the 
experiments. 

2.2.3. Sepia officinalis adults 

2.2.3.1. Adult individuals and sound exposure. Adult S. officinalis were 
collected from Catalan Coast (NW Mediterranean Sea) by local fishers 
during May/June 2019 and kept in the LAB maintenance system at 
18–20 ◦C, salinity 35‰ and natural oxygen pressure (see detailed system 
description and exposure protocol in Solé et al., 2021a). Specimens were 
supplied with live crab (Carcinus maenas) food ad libitum (Video S3) and 
were maintained in the tank system until the exposure. Part of these 
animals were used as controls and were kept under the same conditions 
as the exposed animals until the latter were exposed to noise in an in-
dependent experimental tank, acoustically isolated from maintenance 
tanks (Solé et al., 2021a). The adult cuttlefish were exposed to piling and 
drilling recordings as previously indicated (see sample size in Table S5). 
Two types of sound were used for exposure as described above (A) Piling 
noise for 4 h and (B) Continuous drilling noise for 12 h, at three different 
levels each to simulate different source distances. The control animals 
were transferred to the exposure tank in the same conditions as those 
that were exposed, without any playback. Both control and exposed 
animals were sacrificed according to the same sequential process (at 0 h, 
48 h, 96 h and 120 h after sound exposure) and samples were processed 
for further analysis. 

2.2.3.2. Behaviour assessment. The behaviour of the animals was eval-
uated during the sound exposure (video recording). All the experiments 
with adults were recorded and monitored for behavioural reactions. 
Possible behavioural changes (body pattern changes, inking, jetting or 
startle responses) were assessed. All these behaviours were assessed in 
all the video recordings during exposure to pile-driving and drilling 
noises and compared with the control recordings. Additionally, the 
mating and spawning behaviours in the tank were assessed. 

2.2.3.3. Ultrastructural analysis. After the exposure, the statocysts of the 
adult individuals were extracted, fixed, processed by routine procedures 
and analysed by imaging techniques (SEM). Fixation was performed in 
glutaraldehyde 2, 5% for 24–48 h at 4 ◦C. Samples were dehydrated in 
graded alcohol solutions and critical-point dried with liquid carbon 

dioxide in a Leica EmCPD030 unit (Leica Mycrosystems, Austria). The 
dried samples were mounted on specimen stubs with double-sided tape. 
The mounted tissues were gold-palladium coated with a Polaron SC500 
sputter coated unit (Quorum Technologies, Ltd.) and viewed with a 
variable pressure Hitachi S3500N scanning electron microscope (Hita-
chi High Technologies Co., Ltd, Japan) at an accelerating voltage of 5 kV 
in the Institute of Marine Sciences of the Spanish Research Council 
(CSIC) facilities. The lesions on the statocysts sensory epithelia were 
quantified and statistically evaluated. 

2.2.3.4. Quantification and data analysis. We considered for quantifi-
cation the region comprising the whole sensory area of the macula statica 
princeps (Fig. S7). The length of the area comprising hair cells was 
determined for each sample, and five 2500 μm2 (50 × 50 μm) sampling 
squares were placed along the longitudinal axis of the msp at 5, 25, 50, 
75 and 95% of its total length (Fig. S7). 

To observe the presence of possible abnormal features on the surface 
of sound-exposed epithelia, as well as differences in hair cell appear-
ance, hair cell damage was analysed by classifying the hair cells as intact 
(hair cell undamaged) or extruded (hair cell partially extruded of the 
epithelium)/missing (hole in the epithelium caused by the total extru-
sion of the hair cell). 

To evaluate if exposed animals were affected with respect to control 
animals a comparison test was performed during the control and 48 h 
groups. For the control group, all control animals that were taken at 
different time intervals were put together. As damage indicator the 
percentage of intact hair cells was used. This was computed for each 
animal by first summing the intact and extruded cells over both 
maculae, then computing the percentage of intact cells, and then 
computing the average of the intact cell percentage over the 5 measured 
zones. Permutation tests were repeated multiple times (N = 500; this 
gave a lower bound for the p-value of 0.002). 

3. Results 

The experiments, analysis and results are summarized in 
Table S6_Summary in the Supplementary material. 

3.1. Preliminary analysis of statocyst status of local cuttlefish from Saint- 
Brieuc 

3.1.1. Sepia officinalis larvae sensory epithelia analysis 
The statocyst and lateral line sensory epithelia of the hatchlings from 

Saint-Brieuc showed healthy macula and crista epithelia (Fig. S8). To 
check if there was a baseline difference in cell damage between larvae 
from Saint-Brieuc and Catalonia we tested for a difference between the 
percentages of extruded/missing cells as described in the Methods sec-
tion. A permutation test with p = 0.76 did not indicate a difference 
between the two groups (Fig. S9 A). 

3.1.2. Sepia officinalis adult sensory epithelia analysis 
The statocyst sensory epithelia of the adults collected on Saint-Brieuc 

showed healthy macula and crista epithelia (Fig. S10). To check if there 
was a baseline difference in cell damage between animals coming from 
Saint-Brieuc and specimens from Catalonia, we conducted a permuta-
tion test with p = 0.14, which did not indicate a difference between the 
two groups (Fig. S9 B). 

3.2. Effects of exposure to pile-driving and drilling sounds 

Although the exposed larva and the hatchlings born of exposed eggs 
presented normal size (X = 1cm), healthy appearance and showed 
normal behaviour (swimming vigorously, expelling ink in case of stim-
ulation and spending most of the time in contact with the bottom of the 
tank) we found reduction of the hatching success and increase of the 
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Fig. 1. Hatching success of the eggs when exposed to pile-driving and drilling sounds (2020 tank experiments). A: Hatching success (%) after exposure to three 
different sound pressure levels of piling (left) and drilling (right) sounds. Only for the lowest exposures during Piling/Drilling 3 there was no significant change in 
hatching success found (p = 0.37 and p = 0.17 respectively; all others p = 0. See Table S6). 

Fig. 2. Hatching success (%) of the eggs when exposed in the larvaebrator, set to pressure mode (PRESSURE) and Particle Motion mode (PM) (2019 & 2020 ex-
periments). Hatching success (%) after exposure to three sound pressure levels of piling and drilling sounds (dotted series: 2019 experiment; striped series: 2020 
experiment). Only Pressure 3 resulted in a non-significant hatching percentage from control (p = 0.75; all others p = 0. See Table S6). 
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larva mortality. 

3.2.1. Cuttlefish eggs - hatching assessment 

3.2.1.1. Tank experiments. The comparison of exposed eggs with con-
trol eggs showed a decrease in their hatching success rate with an 
increasing received sound level, for both for pile-driving and drilling 
sounds (Fig. 1). 

3.2.1.2. Larvaebrator. A decrease in hatching success with increasing 
received sound pressure levels was observed when the larvaebrator was 
set to sound pressure mode. No discernible difference in hatching suc-
cess (between the three sound levels) was found when the larvaebrator 
was set to particle motion mode (Fig. 2). 

3.2.2. Larvae 

3.2.2.1. Larvae survival assessment. The exposed larvae showed a 
decreasing survival rate with an increasing received sound level when 
they were exposed to pile-driving sounds. The highest drilling sound 
pressure levels affected the survival rate (although less than the corre-
sponding pile-driving sounds), while no effect was observed at lower 
intensities (Fig. 3). 

3.2.2.2. Ultrastructural analysis of the larva statocyst sensory epithelium. 
Compared with the same tissues from control animals (Fig. 4A, E), 
damage was observed in the statocysts macula statica princeps (msp) and 
crista epithelium by SEM analysis (Fig. 4B–D, F) Lesions consisted of hair 
cells partially or completely ejected from the sensory epithelium. The 
apical ciliated apex and part of the cellular body were extruded above 
the sensory epithelium. Hair cells had lost a considerable number, or 

exhibited bent and flaccid kinocilia. Large extensions of epithelium 
presented rupture of the plasma membrane on the base of the hair cell 
probably due to the swelling and extrusion of the cellular body. 

3.2.2.3. Ultrastructural analysis of the larva epidermal lines’ sensory epi-
thelium. After sound exposure (Fig. 5C–E, G-I, K), in comparison with 
the same tissues from control animals (Fig. 5 A, B, F, J), damage was 
observed on the lateral lines by SEM analysis. The lesions consisted of 
the progressive fusion or reduction of the kinocilia in hair cells with time 
after exposure. 

3.2.2.4. Quantification and data analysis. By comparison with control 
animals, in all the six exposure experiments (3 levels of pile-driving, 3 
levels of drilling) of the two replicates (R0 (June 2019) and (R1 (July 
2020)), these lesions were found to increase in severity with time and 
sound pressure level (Figs. 6 and 7). 

3.2.3. Sepia officinalis adults 

3.2.3.1. Behaviour assessment. No reaction (body pattern changes, ink-
ing, jetting or startle responses) was observed in any of the recordings 
during exposure to pile-driving and drilling noises. Although this anti- 
predator behaviour could be expected in presence of adverse sounds, 
we did not see any of these defence reaction when the cuttlefish were 
exposed to noise (See video recordings: Video S4, Video S5. The animals 
were mating and laying eggs with normality (Fig. S11). 

3.2.3.2. Ultrastructural analysis of the statocyst sensory epithelium. In 
comparison with the same tissues from control animals (Fig. 8 A, C, H), 
damage was observed in the msp by SEM analysis. As in larvae the le-
sions consisted of the hair cells partially or totally extrusion, presenting 

Fig. 3. Larvae survival when exposed to pile-driving and drilling sounds (2019 & 2020 experiments). Larvae survival (%) after exposure to three sound pressure 
levels of piling (left) and drilling (right) sounds (dotted series: 2019 experiment; striped series: 2020 experiment). Both Pressure 2 and 3 (p = 0.09 and 1), and 
Drilling 2 and 3 (p = 1 and 1) resulted in non-significant survival percentages from control. The survival percentage was significantly different from control with p =
0 for both Piling 1 and Drilling 1 (see Table S6). Ultrastructural analysis of the larva statocyst sensory epithelium. 
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bent and flaccid kinocilia and rupture of the plasma membrane on the 
base of the hair cell due to the swelling and expulsion of the cellular 
body. In some areas, scars were completed by supporting cells after the 
loss of hair cells (Fig. 8 B, D-G, I). 

3.2.3.3. Quantification and data analysis. We quantified the damage by 
classifying the hair cells as being intact or extruded/missing. In all the 
six exposure experiments (3 levels of piling, 3 levels of drilling), these 
lesions were found to be increasingly severe with time and with sound 
pressure level (Fig. 9). 

4. Discussion 

International interest in renewable energy production is growing 
extremely rapidly. The underwater sounds and vibrations generated by 
the installation and operation of wind farms can potentially interfere 
with crucial behaviours and impact the physiology of benthic inverte-
brate species which play important roles within the marine environ-
ment. These impacts have received relatively little attention and 
research. To the best of our knowledge this is the first study on the ef-
fects of marine renewable energy device installation on S. officinalis. 
This new data contributes to the assessment of the behavioural and ul-
trastructural effects of piling and drilling sounds on cephalopods in 

Fig. 4. Ultrastructural effects of sound exposure on S. officinalis macula statica princeps (A–E) and crista (E, F) epithelia after sound exposure (larvae exposed to 
highest piling sound pressure level). SEM. (A, E): Control. (B): Sacrificed immediately after sound exposure. (C): Sacrificed 96 h after sound exposure. (D): Sacrificed 
120 h after sound exposure. (F): Sacrificed 48 h after sound exposure. A: View of the arrangements of the kinociliary groups of the healthy hair cells in regular lines 
following the epithelium shape. B: View of the same epithelium (showed in A) in another animal sacrificed 0 h after sound exposure. Some hair cells are ejected from 
the sensory epithelium (black asterisks). C: Most of the hair cells are ejected from de sensory epithelium (black asterisks) and showed bent and flaccid kinocillia. D: 
Most of the hair cells are ejected from de sensory epithelium leaving holes in it (arrowheads). E: The four rows of the crista sensory epithelium present a healthy 
aspect in a control animal. F: 48 h after sound exposure the second row of the crista epithelium presents swelling (arrow) on the base of its apical pole indicating the 
start of the extrusion process. Scale bars: A = 50 μm. B, D = 30 μm. F = 20 μm. C, E = 10 μm. 
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controlled laboratory conditions. 
Exposure to pile-driving and drilling sounds of various sound pres-

sure levels in tank experiments caused a decrease in eggs hatching 
success. The exposures in the larvaebrator indicated that the pressure 
component had a larger influence on hatchling rate. Previous works 
have described effects on hatching rate success (Aguilar et al., 2013; 
Christian et al., 2003; Nedelec et al., 2014; Solé et al., 2018), but none of 
these works have determined the contribution of the two sound com-
ponents (pressure and particle motion) on those effects. 

Sound exposure resulted in delayed hatching and development of 
crustacean eggs. It impaired embryonic development or significant in-
crease in crustacean, bivalve and gastropod larvae abnormality and 
mortality rates (Aguilar et al., 2013; Christian et al., 2003; Nedelec et al., 
2014) or acoustic impact on sensory epithelia (Solé et al., 2021c, 2018). 
Significant body abnormalities in D-veliger larval phase (Aguilar et al., 
2013) and developmental delays were shown in scallop, crab and sea 
hare after sound exposure (Aguilar et al., 2013; Christian et al., 2003; 
Nedelec et al., 2014). In the present work, exposed larvae and hatchlings 

born from exposed eggs presented a normal size, healthy appearance 
and showed normal behaviour, although we detected a reduction of the 
hatching success and an increase of the larvae mortality. The different 
effects on the abnormality rate could be explained by a greater vulner-
ability of scallop D-veliger stage to sound-mediated physiological or 
mechanical stress or by a cumulative exposure during all the develop-
mental process. The variation of time of exposure or level received, 
determined by the different characteristics of the sound sources (seismic 
pulses, pile diving, boat-noise) and the differences between species 
features constitutes the basis to explain the graduation on the effects. 

As reported in previous works about CEE in different taxa (Solé et al., 
2021a, 2017; 2016) with different sound sources, in the present study 
the damage was observed in the statocyst sensory epithelia in adults. No 
previous work on the effects of marine renewable energy device 
installation on invertebrate sensory epithelia has been performed. This 
new data contributes to the assessment of the ultrastructural effects of 
piling and drilling sounds on cephalopod sensory epithelia. 

Although behavioural responses in other cephalopod species have 

Fig. 5. Ultrastructural effects of sound exposure on S. officinalis epidermal lines (larvae exposed to highest piling sound pressure level). SEM. Control animals: (A, B, 
F, J). Animals euthanized at 48 h (C, G, K); at 96 h (D, H); at 120 h (E, I) after sound exposure. A: Lateral lines (L1-L3) on three arms and above the eye are visible. 
White arrows show the length of the lateral line L1 (black arrowheads) used for the quantitative analysis. B: Healthy lateral Line L1. Arrows point to the hair cells. C- 
E: the progressive reduction of hair cells (arrows) on the L1 over time is visible. F: Detail from the healthy kinocilia on epidermal line hair cells. G: At 48 h after sound 
exposure some kinocilia on the L1 present blebs (swelling). H: Hair cells present missing kinocilia. I: Hair cell has almost totally lost its kinocilia. J: The surrounding 
microvilli of the hair cells in the L1 are intact in control animals. K: A hair cell with few and swollen microvilli. Scale bars: A = 2 mm. B, C, D, E, F, H, I = 10 μm. G, 
K = 5 μm. 
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been reported (Jones et al., 2020; Mooney et al., 2016; Samson et al., 
2014), no behavioural response was observed here in adult Sepia offi-
cinalis during sound exposure. The different characteristics of the sound 
sources (pile driving, seismic pulses and experimental tones) could 
explain contrasting behavioural reactions in species of the same taxa. In 
addition, squid Doryteuthis pealeii and S. officinalis showed habituation to 
repeated acoustic stimuli (Mooney et al., 2016; Samson et al., 2014). 
This attenuation of the behavioural reaction could be similar to the 
absence of the reaction in S. officinalis in our experiments, probably 
indicating that the species when exposed to stress simply does not try to 
leave the exposed area, hence resulting in a higher risk of direct damage 
from sound exposure. 

There is no clear way to translate the lesions described in this work to 
the impact and life expectancy in the natural environment. Considering 

that the lifespan of cuttlefish is generally short, we do not assume that a 
percentage of lesions (as calculated above for intact hair cells) below 
15% will have a significant effect on the animal behaviour. Considering 
the larvae, it is not known if the damage they receive at this stage would 
affect further development and/or physiology at later stages. A conser-
vative damage threshold might be around 10%. This corresponds to the 
survival rate that was found for the larvae, which was already greatly 
improved with received sound pressure levels below 163 dB, at which 
there were no severely damaged sensory structures, while there was 
considerable damage when received levels of both pile-driving and 
drilling sounds approached 170 dB. 

Associating these findings to impact assessment requires assump-
tions for both the source level and the environmental conditions. Taking 
a source level of 172 dB re 1 μPa2 m2 for drilling and considering an 

Fig. 6. Mean (%) (±SE) extruded/missing hair cells in Sepia officinalis larvae macula statocyst sensory epithelia as a function of time after exposure. Each bar 
represents the average over the whole area of macula (5 zones) with its standard deviation. The percentage was computed by dividing with the total count for each 
individual sample. Permutation test: In all cases a significant difference between control at 48H was found with p = 0.002. (Control: n = 24; treatments: n = 6). 

Fig. 7. Mean (%) (±SE) extruded/missing hair cells as a function of the time after exposure in Sepia officinalis larvae lateral lines. Each bar is the average over the 
area of lateral line L1 with the line indicating the standard deviation. The percentage was computed by dividing with the total count for each individual sample. 
Permutation test: A significant difference between control and 48H was found with: A, B, D: p = 0.002. No significant difference with: C: p = 0.13; E: p = 0.65, F: p 
= 0.15. (Control: n = 8; treatments: n = 6). 
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entirely absorbing environment (20 log(R) transmission loss) and a half 
reflecting environment (15 log(R) transmission loss) the required dis-
tance for the received level to drop below 163 dB is in the order of a few 
meters. We would only expect severe lesions in animals that are in the 
immediate vicinity of the construction activity. Considering the same 
basic transmission loss equations for pile driving and a source level of 
200 dB re 1 μPa2 m2 these ranges change to 100 m–300 m. We would 
expect to find severe lesions on animals that stay within this range. A 
better estimation could be made with more information on the method 
of pile driving (i.e. vibrational) or hammer energy. For the eggs that 
were exposed to a combination of both pile driving and drilling to 
simulate their immobility during all operations we could similarly 
expect that the eggs that are within 500 m of the operations will expe-
rience a reduced hatching percentage. All these ranges should be eval-
uated with more accurate propagation modelling with data from the 
operational site. 

It is necessary to continue monitoring the effects of the drilling and 

piling activities on Sepia individuals collected at all life stages during 
operations, so that in situ and real-condition effects can be assessed over 
a larger time span (>120 h). 

Although we found these effects relatively modest similarly to other 
works on the behavioural changes to pile driving in vertebrate (Knaap 
et al., 2022) and invertebrate species (Jones et al., 2020), we emphasize 
the necessity to assess the potential of cumulative effects from multiple 
construction operations and the species-specific sensitivity in future 
studies. The general consensus on studies describing noise impacts of 
offshore windfarms on invertebrate and planktonic organisms is that 
there are very few behavioural or physiological effects, unless the or-
ganisms are very close to a powerful noise source (Mavraki et al., 2020). 
Our results reinforce this consensus but additional studies into the ef-
fects of offshore wind farms entire cycle (installation, functioning and 
decommissioning) on marine invertebrate species are therefore needed. 

Since the application of offshore wind energy is expanding globally, 
concerns regarding impacts on benthic marine species and ecosystems 

Fig. 8. Ultrastructural effects of sound exposure on Sepia officinalis macula statica princeps (A–G) and crista (H, I) epithelia (adults exposed to highest piling sound 
pressure level) (SEM). (A, C, H): Control. (D): Sacrificed immediately after sound exposure. (B, E, I) Sacrificed 48 h after sound exposure. (F) Sacrificed 96 h after 
sound exposure. (G) Sacrificed 120 h after sound exposure. A: View of the arrangements of the kinociliary groups of the healthy hair cells in regular lines following 
the epithelium shape. B: View of the same epithelium (showed in A) in another animal sacrificed 48 h after sound exposure. Some hair cells are ejected from the 
sensory epithelium (black asterisks). Some scars have been completed by supporting cells after the loss of some hair cells (white asterisks). C: Detail of A. Healthy hair 
cells on the sensory epithelia of a control animal. D: Some hair cells have started the extrusion of some inner material (bubbles) that finish with the process of ejection 
of its apical pole. Other hair cells show flaccid kinocilia (arrowhead). E: Some hair cells are ejected from the sensory epithelium (black asterisks). Some rests of 
statolith are visible. F: Some hair cells are ejected from the sensory epithelium (black asterisks). Other hair cells show spherical holes (arrowhead) on their apical 
pole. G: The hair cells show severe damage. Most hair cells are partially (asterisks) ejected from the sensory epithelium. Some rests of statolith are visible. H: The four 
rows of the crista sensory epithelium present a healthy aspect in a control animal. I: 48 h after sound exposure the second row of the crista epithelium presents 
bubbles on the base of their apical pole that indicates the starting of the extrusion process (arrows). Scale bars: A, B = 50 μm. F = 30 μm. E, G H, I = 20 μm. C, D =
10 μm. 
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need to be understood and their possible impacts have to be mitigated 
correctly (Maxwell et al., 2022). Assessment at population level conse-
quences (displacement, avoidance), direct and indirect effects on wild-
life populations and cumulative effects of MREDs need to be developed 
(Maxwell et al., 2013; Ronconia et al., 2015). Additionally to the studies 
reporting the MREDs effects on marine mammals and fishes (Knaap 
et al., 2022; Malcolm et al., 2010; Villegas-Amtmann et al., 2015) it is 
urgent to develop research dedicated to the impact on benthic and 
sessile organisms (Mavraki et al., 2020; Solé et al., 2021b), which are 
unable to escape from the acoustic exposure, in order to further develop 
models that will contribute to implementing mitigation measures. 

5. Conclusion 

Our results provide experimental laboratory evidence on the nega-
tive effects on different development stages of common cuttlefish 
(S. officinalis) when exposed to offshore windmill construction sounds. 
These effects presented different severe consequences depending on the 
distance from the sound source: we found that these effects can be 
considered acute only in the very vicinity of the sound source where they 
have the potential to affect cephalopod populations and their offspring. 
These findings only refer to focal sound sources and do not assess mul-
tiple sources that may present cumulative effects. But certainly, these 
results have implications for benthic communities worldwide due to the 
increasing need to exploit marine energy resources in these habitats. 
This study also provides new insights for implementing mitigation 
measures that will help policymakers, managers, and users to make 
noise-conscious decisions and to reduce the harmful noise impacts of 
MRDEs construction on marine life. 
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biology and fisheries in Europe. ICES Coop. Res. Rep. 303, 175. 

Pine, M.K., Jeffs, A.G., Radford, C.A., 2012. T. Sound May Influence the Metamorphosis 
Behaviour of Estuarine Crab Megalopae. P.O. 10. 1371/journal. pone. 005179.. 

Remy, T., Mbistrova, A., 2018. WindEurope. 2018. Offshore Wind in Europe—Key 
Trends and Statistics 2017. 

Roberts, L., Harding, H.R., Voellmy, I., Bruintjes, R., Simpson, S.D., et al., 2016. Exposure 
of benthic invertebrates to sediment vibration: from laboratory experiments to 
outdoor simulated pile-driving. Proc Mtgs Acoust 27, 010029. https://doi.org/ 
10.1121/2.0000324. 

Ronconia, R.A., Allard, R.T., Taylor, P.D., 2015. Bird interactions with offshore oil and 
gas platforms: review of impacts and monitoring techniques. J. Environ. Manag. 147, 
34–45. 

Samson, J.E., Mooney, T.A., Gussekloo, S.W.S., Hanlon, R.T., 2014. Graded behavioral 
responses and habituation to sound in the common cuttlefish Sepia officinalis. 
J. Exp. Biol. 217, 4347–4355. https://doi.org/10.1242/jeb.113365. 

Scott, K., Harsanyi, P., Lyndon, A.R., 2018. Understanding the effects of electromagnetic 
field emissions from marine renewable energy devices (MREDs) on the commercially 
important edible crab, Cancer pagurus (L.). Mar. Pollut. Bull. 131, 580–588. 

Solan, M., Hauton, C., Godbold, J.A., Wood, C.L., Leighton, T.G., White, P., 2016. 
Anthropogenic sources of underwater sound can modify how sediment-dwelling 
invertebrates mediate ecosystem properties. Sci. Rep. 6, 1–9. https://doi.org/ 
10.1038/srep20540. 
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Solé, M., Lenoir, M., Fontuño, J.M., Durfort, M., Van Der Schaar, M., André, M., 2016. 
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