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Pile driving repeatedly impacts 
the giant scallop (Placopecten 
magellanicus)
Youenn Jézéquel1*, Seth Cones1,2, Frants H. Jensen1,3, Hannah Brewer4, John Collins4 & 
T. Aran Mooney1

Large-scale offshore wind farms are a critical component of the worldwide climate strategy. However, 
their developments have been opposed by the fishing industry because of concerns regarding 
the impacts of pile driving vibrations during constructions on commercially important marine 
invertebrates, including bivalves. Using field-based daily exposure, we showed that pile driving 
induced repeated valve closures in different scallop life stages, with particularly stronger effects 
for juveniles. Scallops showed no acclimatization to repetitive pile driving across and within days, 
yet quickly returned to their initial behavioral baselines after vibration-cessation. While vibration 
sensitivity was consistent, daily pile driving did not disrupt scallop circadian rhythm, but suggests 
serious impacts at night when valve openings are greater. Overall, our results show distance and 
temporal patterns can support future mitigation strategies but also highlight concerns regarding 
the larger impact ranges of impending widespread offshore wind farm constructions on scallop 
populations.

Anthropogenic noise is now recognized as a major source of underwater pollution threatening marine  animals1. 
Among these sources, pile driving (PD) is associated with the construction of docks, platforms and offshore wind 
farms (OSW) and is of major concern primarily due to the repeated, high-intensity impulsive noise generated 
 underwater2–4. Several studies have described the various impacts of PD on many marine taxa, ranging from 
temporary changes in behavior to  mortality5–7. However, the impacts of substrate-borne vibrations from ham-
mering piles into the seabed remain poorly  understood8–10. This benthic component travels farther and faster 
than the water-borne signal generating concerns for benthic  taxa8.

Marine invertebrates are increasingly recognized as sound-sensitive and thus to anthropogenic noise. How-
ever, they are also correspondingly data-deficient with respect to underwater noise impacts, a key information 
gap given their oft-central role in ecosystems and  fisheries11. Among marine invertebrates, bivalves can detect 
both water- and substrate-borne vibrations through their abdominal sense organs and  statocysts8. Bivalves may 
be particularly vulnerable to vibrations as their benthic and sessile juvenile and adult stages leave little capacity to 
relocate away from the source. Recent studies showed bivalves respond to low frequencies (i.e., < 1 kHz) by closing 
their  valves12. However, the translation of these laboratory experimental results into the field are not yet clear, 
especially when considering the differing intensities as well as the spatial and temporal scales of potential impacts 
by anthropogenic  activities10. Currently, only one field study has described noise impacts on adult scallops. The 
authors showed that deep-sea oil and gas seismic surveys disrupt scallop metabolism and  behaviors13. Despite 
these initial findings and concerns, little is known about responses to younger and highly sensitive  stages10.

Bivalves are key species in marine ecosystems when considering their high bio deposition rates which enhance 
natural sedimentation and lessen ecological consequences of  eutrophication14. In addition, they represent a com-
mercially important taxon, contributing mean annual landings exceeding 15 million tons and worth 20 billion 
 USD15. Given the rapid proliferation of anthropogenic activities at  sea1,10, being able to quantify the associated 
noise impacts on these ecologically and commercially important species will be critical for the next decade.

Offshore wind farm constructions are increasing dramatically worldwide as nations seek to meet national 
and global climate targets as well as decrease reliance on fossil fuels (Fig. 1A). As an example, planned OSW 
projects will increase by 400% within the next decade (The Wind Power database, https:// www. thewi ndpow er. 
net). To support wind farm turbine implementations, the occurrence rates and spatial range of PD are expected 
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to expand globally with many of these projects planned for coastal US, Chinese and European waters (Fig. 1B 
and C)16–18. Consequently, there are considerable overlaps in vital bivalve habitats, fishing zones, and planned 
OSW development, generating strong conflicts across users of marine  resources19. There is thus a crucial need 
to understand the potential impacts of OSW constructions on this  taxon10.

Here, we used a field-based approach integrating cameras and long-term biologging tags to quantify the 
behavioral impacts of in situ PD exposure on the giant scallop (Placopecten magellanicus). Scallops were exposed 
daily to repeated PD (30 cm diameter, 10 m long steel monopile) designed to replicate the construction of an 
OSW at a reasonable experimental scale. We quantified behavioral reactions (partial closure, swimming, total 
closure) from three different scallop life stages (juveniles, subadults and adults) to a traditional impact hammer 
(IH; i.e., impulsive signals) as well as a more recently developed vibratory hammer (VH; i.e., continuous signals). 
Responses were measured at two spatial scales (near site < 10 m vs. far site at 50 m from the pile), and over dif-
ferent (sub second to weeks) time scales, following a before-during-after gradient design.

Results
substrate-borne vibrations from pile driving. Vibrations recorded in absence of PD were low and 
similar at both study sites (53.86 ± 1.81 and 53.15 ± 5.62 dB re 1 µm·s-2). The IH signals were transient pulses 
(Figs. S1 and S2), and seabed vibration levels ranged from 87.08 ± 2.88 to 109.95 ± 1.25 dB re 1 µm·s-2 at the far 
and near sites, respectively (Table 1). In marked contrast, the VH generated continuous vibrations measured 
were 62.55 ± 0.60 dB re 1 µm·s-2 at 50 m and 86.00 ± 0.98 dB re 1 µm·s-2 at 8 m (Figs. S1 and S2). The single strike 
exposure levels were higher for the VH (near site = 136.60 ± 4.98 dB re (1 µm·s-2)2.s, far site = 116.20 ± 4.03 dB 
re (1  µm·s-2)2.s) compared to the IH (near site = 94.39 ± 1.34  dB re (1  µm·s-2)2.s, far site = 72.48 ± 2.51  dB re 
(1 µm·s-2)2.s; Table 1). The main energy for the IH was dominated by lower frequencies centered at 10 Hz while 
the VH had peak energies between 10 and 100 Hz (Fig. 2). Overall, seabed vibration levels during PD were high 
at the near site, while low at the far site (Fig. 3A and B).

Figure 1.  Increasing offshore wind farm constructions overlap with commercial bivalve production worldwide. 
(A) Worldwide estimated offshore wind farm projects and bivalve production in 2022 and 2020, respectively. 
Offshore wind farm data were retrieved from The Wind Power database (https:// www. thewi ndpow er. net/). 
Bivalve capture and aquaculture fishery production data were sourced  from20. Green rectangles highlight 
western Pacific (B) and European (C) coastal waters. The map was performed  in21.

Table 1.  Substrate-borne vibrations’ features from the impact hammer recorded during PD with the geophone 
at 8 and 50 m calculated on 536 and 315 strikes, corresponding to two days of experiments. Cumulative strive 
exposure levels at 8 and 50 m were calculated from, on average, 115 and 129 strikes, respectively. Values 
represent mean ± standard deviation.

Distance (m) Inter-pulse interval (s) Rise time (s) Acceleration peaks (dB re 1 µm·s-2)
Single strike exposure (dB re (1 µm·s-

2)2·s )
Cumulative strike exposure (dB re 
(1 µm·s-2)2·s )

8 6.63 ± 0.61 0.08 ± 0.03 109.95 ± 1.25 94.39 ± 1.34 115.67 ± 0.65

50 6.94 ± 1.02 0.08 ± 0.01 87.08 ± 2.88 72.48 ± 2.51 93.13 ± 1.82

https://www.thewindpower.net/
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Video observations. A total of 113 different scallops were observed across the two experimental sites (near 
site: adults = 14, subadults n = 16, juveniles = 29; far site: adults = 17, subadults = 18, juveniles = 19) over two con-
secutive PD events, covering two impact (IH1 and IH2) and two vibratory (VH1 and VH2) hammer exposures.

Scallops located at the near site produced significantly more closures compared to the far site (linear mixed 
model [LMM]:  F1,119.46 = 93.565, p < 0.001; Fig. 3C and D). In contrast, there were no significant differences in 
closures for all individuals between preexposure and PD treatments at the far site (Tukey test; preexposure vs. 
IH1 p = 0.15, preexposure versus IH2 p = 0.36, preexposure vs. VH1 p = 0.71, preexposure vs. VH2 p = 0.69). 
Overall, the mean number of closures at the far site was low for all scallop stages (i.e., < 0.3 closures per min) and 
closures were not synchronized with IH strikes (see movie S1). Taken together, these results show that scallops 
were not affected by PD at the far site.

At the near site, PD induced significantly more closures for all scallop life stages compared to preexposure 
conditions [adults (LMM:  F4,66.441 = 11.207, p < 0.001); subadults (LMM:  F4,60.054 = 6.191, p < 0.001); juveniles 
(LMM:  F4,72 = 50.306, p < 0.001)] (Fig. 3C). All closures occurred in synchronization with the IH strikes (see 
movie S2). Closure rates were similar for repeated pile driving events on same day (Tukey test; IH1 vs. IH2 
p = 0.06, VH1 vs. VH2 p = 1), indicating no short-term acclimatization across consecutive PD events. This lack 
of acclimatization was found for all three life stages (Table S1). Juveniles showed significantly more PD-induced 
closures compared to subadults and adults (Tukey test; juveniles vs. adults p < 0.001, juveniles vs. subadults 
p < 0.01, adults vs. subadults p = 0.66) (Fig. 3C). This was exhibited in a mean closure response rate to more than 
50% of the total number of the IH strikes (i.e., 5.1 ± 1.9 per min; Fig. 3C). In marked contrast, subadult and adult 
responded to IH strikes at significantly lower rates (1.5 ± 1.0 and 2.2 ± 1.5 per min, respectively). Finally, all scal-
lop stages at the near site produced significantly more closures when exposed to the IH compared to the VH 
(Tukey test; adults: IH vs. VH p < 0.001, juveniles: IH vs. VH p < 0.001, subadults: IH vs. VH p < 0.01) (Fig. 3C).

Coughing, a natural behavior used by scallops to oxygenate and clear their pallial cavities, was altered by 
PD. Scallops coughed significantly more at the far site (LMM:  F1,109.39 = 24.088, p < 0.001). At both sites, juveniles 
coughed significantly more compared to adults and subadults (Tukey test; far site: juveniles vs. adults p < 0.001, 
juveniles vs. subadults p < 0.001; near site: juveniles vs. adults p < 0.001, juveniles vs. subadults p < 0.05), suggesting 
a relative higher activity rate. Yet, juveniles produced significantly fewer coughing events at the near site (LMM: 
 F1,45.444 = 36.34, p < 0.001), suggesting that PD exposure disrupted this behavior. Finally, we did not observe any 
scallop performing swimming behaviors in the video recordings throughout the entire experimental period. 

Figure 2.  Power spectral densities (PSD) from the temporal series shown in Fig. S1 and S2 at the near (top) 
and far (bottom) sites without pile driving (A and D), during the impact (B and E) and vibratory (C and F) 
hammers. Colors represent the different recording axes (x: red, y: black, z: blue).
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Total closures occurred in only 8 individuals (juveniles = 26%, subadults = 11%, adults = 18%). These animals 
were all located at the near site and lasted between 0.12 and 2.51 min in duration.

Valve angles. All tagged scallops at the near site showed valve closures in response to PD, resulting in 
a reduction of 30% in valve angle compared to pre-exposure (Fig.  4). In marked contrast, no closures were 
observed in direct response to PD for tagged scallops at the far site. Indeed, there were no significant differences 
in valve angles across the different exposure treatments (i.e., preexposure, exposure, recovery) at the far site 
(LMM:  F2,602.09 = 0.946, p = 0.39).

The LMMs showed that only the addition of exposure (compiling both daily IH and VH treatments) signifi-
cantly improved the model fit (see Table S2), indicating both PD types were the impetus for this difference. Hence, 
the mean valve angles were significantly lower during IH and VH exposure compared to preexposure periods 
(5.52 ± 1.75° vs. 7.34 ± 2.33° respectively; Tukey test, p < 0.001). In addition, there were no significant differences 
in valve angles between preexposure and postexposure (i.e., recovery) sequences (Tukey test, p = 0.44), demon-
strating that scallops returned to their initial valve angle baselines shortly (within 15 min) after PD exposure. 
Finally, there was no significant effect of day of exposure on valve angle (LMM:  F1,7.132 = 1.42, p = 0.27), showing 
that scallops did not habituate to PD throughout the two weeks of exposure (see Fig. 4A).

Figure 3.  Pile driving induces behavioral responses in nearby scallops across all life stages. Top: experimental 
set-up showing a typical pile driving event used in this study, starting with the vibratory (A) and ending with the 
impact (B) hammers, lasting 30 min in total. Between 4 and 5 piles were successively driven per experimental 
day. Black waveforms highlight differences in signal types (i.e., A: continuous vs. B: impulsive) and amplitudes 
perceived by scallops at both sites. Bottom: response rates of scallops at near (C) and far (D) sites from the PD 
for all three tested stages (juveniles, subadults and adults) before PD occurred (i.e., preexposure, in red), during 
the impact (green) and vibratory (blue) hammer sequences.



5

Vol.:(0123456789)

Scientific Reports |        (2022) 12:15380  | https://doi.org/10.1038/s41598-022-19838-6

www.nature.com/scientificreports/

All tagged scallops exhibited a maximum valve opening behavior at night and a minimum opening during 
daytime at both experimental sites (Fig. 5), with a dominant periodicity of τ = 24.0 h (g.test, p < 0.001; Fig. S3). 
Thus, while short term responses were repeated within and between days, daily PD exposure did not modify the 
scallops’ general circadian rhythm.

Discussion
To the authors knowledge, these data provide the first field-based evidence of substrate-borne vibrations associ-
ated with pile driving impacting a commercially and ecologically vital marine invertebrate, inducing repeated 
behavioral changes with likely energetic consequences. Responses (i.e., partial valve closures) were seen across all 
three scallop life-stages examined and juveniles appeared to be most sensitive. Further, responses were dose (i.e., 

Figure 4.  Scallops decrease valve angle during pile driving events, with no acclimation over long (i.e., days) 
and short (i.e., minutes to hours) time. Responses (valve angle, in degrees) from tagged scallops to PD at two 
different time scales at the near site: (A) Mean changes in valve angle in response to daily PD (black lines) 
compared to the preexposure sequence (dashed line). The red line highlights the mean of 9 days of PD exposure. 
Note the quick and dramatic decrease in valve angle during the first minute of PD exposure. Blue area covers 
the time period highlighted in B. (B) Synchronized data from one tagged scallop placed at the near site, with the 
accelerometer (top) and magnetometer (bottom). Each strike from the impact hammer (stars) was detected by 
the tagged scallop, which responded by partially closing its valves (shaded area).

Figure 5.  Scallop diurnal rhythm, with higher valve angles during the night, may render these bivalves more 
sensitive to night-time pile driving events. Valve angles (in degrees) from tagged subadult scallops (n = 10) 
recorded at the two experimental sites (A: near site; B: far site) across two weeks of PD exposures, represented 
as means (bold black lines) and standard deviations (dark gray). White and shaded areas indicate daytime and 
nighttime periods (respectively) over the 15-d monitoring period (11–26th September 2021). Red vertical 
arrows highlight the time when daily PD occurred.
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range) dependent and were not observed at a more distant site (i.e., 50 m). Importantly, scallops did not show 
short-term (within days) and long-term (across days) habituation to pile driving events, suggesting extended 
PD exposure can have cumulative energetic reactions on scallops. Overall, these diverse and repeated results 
across life-stages, with particular influence on young animals, indicate that OSW construction activities have 
the potential to repeatedly and consistently impact scallops.

A common criticism of previous noise exposure experiments (including PD for marine invertebrates) is 
that studies mostly occurred in the laboratory where it is challenging to recreate realistic sound exposure levels, 
rending their findings difficult to translate to real-life  scenarios10. To circumvent this issue and more accurately 
recreate the noise field associated with OSW constructions, we exposed scallops to actual PD in a coastal envi-
ronment. However, it is notable that wind turbine foundations are many times larger (often 10 m diameter and 
150 m long monopiles)22 than the 0.3 m diameter, 10 m height steel monopile used here. For example, the IH 
used in our study generated substrate-borne vibrations at 8 m from the pile that were similar in amplitude to the 
recordings made at hundreds of meters from an OSW construction in the North Sea using a 6 m diameter, 55 m 
long  monopile23. Hence, we caution that the short spatial scale behavioral responses observed for scallops in 
our study are likely to occur over much higher distances during OSW constructions. Considering the distances 
between wind turbine foundations (~ 1 km), our results imply OSW constructions have the potential to impact 
scallops at the population level.

Juveniles produced significantly more valve closures when exposed to PD compared to subadults and adults 
(Fig. 3C), underscoring the general concern that early life stages in marine invertebrates are particularly sensi-
tive to environmental  stressors24. Overall, juveniles responded to more than 50% of the IH strikes over 15 min 
periods (~ 110 strikes per event). This trend was repeated for each IH sequence showing they did not habituate 
to the noise exposure. In addition, PD disrupted their classic coughing behavior, which is commonly used by 
scallops to oxygenate their mantle cavity. When considering their daily rapid  growth25, longer-term PD exposure 
could lead in stunted growth, as has been highlighted for P. maximus juveniles in response to hypoxia and toxic 
 phytoplankton26. Limited stunted growth and the resulting size reduction have previously been shown to influ-
ence both the population dynamics of scallops and socio-economics of their  fisheries27.

Interestingly, the IH impacted the scallops significantly more than the VH, indicating that impulsive sig-
nals, because of their high peak particle motion and short rise, induce greater harm than continuous and lower 
intensity signals (Fig. 3C). While these abrupt onset signals may be more deleterious, we do not know yet how 
the shape of these signals affects response rates. For example, further from the source we would expect not only 
a decrease in noise amplitude, but also an increase in rise time, making a more gradual onset. One or both fac-
tors could play a role in how these animals respond to this acoustic  stressor28. Yet, this result underscores the 
importance of taking into account the type of exposure signal when assessing impact studies on marine animals. 
Overall, previous studies also found that impact PD noise leads to more stressful behaviors compared to continu-
ous noise in  fish29–31 although it is less clear in previous laboratory studies with marine  invertebrates32. Hence, 
we suggest the vibratory technique can be used as a mitigation strategy to reduce impacts on scallop populations 
during OSW constructions.

We did not find any significant differences in either closure rates or valve angles of scallops to repeated PD 
sequences (Fig. 4). This indicates that scallops did not acclimatize to both short (3 h) and long (2 weeks) term 
repetitive PD. This is vastly different from laboratory studies on fish and marine invertebrates that reported appar-
ent habituation to impulsive  noise7,31,33. In this context, the duration and timing of marine OSW constructions 
are important considerations when assessing impacts. Indeed, year-long projects, typical for many construction 
activities, would have substantial energetic effects in scallops.

Pile driving exposure did not result in energetically expensive behaviors such as swimming. This result is 
fully coherent with the only other field-based noise study where adult scallops P. fumatus were exposed to seis-
mic air gun  signals13. This may be because this behavior is energetically  costly34, or the acoustic stressor may 
not be aversive enough to induce a flight-based response. However, all scallops reacted to PD at the near site 
by partially or fully closing their valves (Figs. 3 and 4), which is a common response to environmental changes 
such as the presence of a nearby  predator35. The energetic and ecological consequences of observed partial valve 
closures are not yet clear.

Previous studies showed scallops undertake infrequent short-duration, active behaviors such as valve closures, 
but these behaviors still induce large energetic  costs34,36. Immediately after movements, scallops increase oxygen 
uptake by opening more their valves to recover their energy  debt34. Scallops exhibiting excess post-exercise oxy-
gen consumption will be limited in their ability to swim away from predators or dig themselves into  sediment34. 
Thus, PD inducing valve closures at an increased rate could lead scallops to be more vulnerable to predation. We 
did not find any significant differences in the valve angles of scallops between the preexposure and postexposure 
periods over two weeks of PD exposure. This result shows that scallops recovered quickly (i.e., within 15 min), 
similar to P. fumatus after seismic  exposure13. However, longer-term PD exposures during OSW constructions 
may result in extend fatigue, rending scallop populations more vulnerable to predation over time.

Finally, all tagged scallops opened their valves in a diurnal circadian pattern (τ = 24.0 h), where they exhibited 
maximal valve opening during nighttime and minimum opening during daytime hours (Fig. 5). This observation, 
new to scallops, is coherent with previous laboratory and field studies for other bivalves, such as  mussels37–39 and 
 oysters40. Scallops possess a complex visual system with up to 200 eyes that respond to dark, moving  features41. 
This spatial vision is mostly used for detecting nearby  predators42. Hence, the light—dark cycle represents an 
environmental cue entraining an endogenous gaping rhythm in these bivalves, as hypothesized previously in 
mussels and  oysters37,43. The adaptive significance of this nocturnal gaping is a strategy to feed while minimizing 
the likelihood of  predation37.

In our study, we found a significant reduction in valve angle during daytime PD when scallops were not 
fully open (Figs. 4 and 5), thus responses were inherently milder than may be seen at night. This result raises 
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clear concerns about the stronger impacts that PD could have on scallops during the night. OSW constructions 
intensify worldwide and developers are increasingly seeking permission to conduct PD at night to speed con-
structions. Hence, management agencies should take into account how such changes might increase impacts on 
nocturnally filter-feeding and economically bivalves.

Conclusion
Evidence of diverse impacts from both anthropogenic noise and substrate-borne vibrations is mounting, under-
scoring the need for broader understanding of noise impacts on marine organisms to inform management 
across taxonomic groups and life-stages. This field-based study highlighted the importance of considering the 
behavioral, and potentially physiological, impacts of PD on bivalves when designing OSW plans. The persistent 
in situ impacts to a range of life-stages are concerning. Yet our data show there may be means to mitigate these 
impacts, including distance (i.e., pile driving far away from scallop populations to avoid behavioural responses), 
received levels and adopting other PD techniques such as the vibratory hammer. Further, for animals showing 
diel patterns such as scallops, impacts may vary accordingly between day and night. Understanding such diurnal 
rhythms, and how impacts change as a consequence, are critical to plan and mitigate impacts.

Although this is the first experiment assessing the impacts of PD in a marine invertebrate under real-time 
conditions, further studies are now required to assess the responses of wild scallop populations at the scale of 
real OSW  constructions10. The present study can be used as a blueprint where similar methods can be applied 
in close coordination with developers to assess dose–response curves for commercially important bivalves as 
OSW constructions expand. The mechanistic underpinnings and ecological impacts of these responses to PD 
exposure require further characterization to understand the overall economic and ecological implications. To 
avoid present and future conflicts between fishermen, policy makers and OSW developers, a comprehensive 
understanding of PD impacts will be required in order to facilitate effective management.

Materials and methods
Animal collection, characteristics and holding conditions. This study was performed using three 
different scallop sizes reflecting contrasting life stages. 60 adults (shell diameter = 11.5 ± 0.9  cm; mean ± s.d.) 
caught via dredging off George’s Bank were acquired from fishermen in New Bedford (USA) on the 17th of 
August and 9th of September 2021. We also purchased 80 subadults (7.1 ± 1 cm) and 100 juveniles (3.0 ± 0.1 cm) 
at the Pine Point Oyster Company (Cape Elizabeth, USA) on the 2nd of September 2021. After collection, all 
animals were transferred to the facilities of the Woods Hole Oceanographic Institution (WHOI) where they were 
acclimatized in tanks. Adults and subadults were uniquely numbered to recognize individuals throughout the 
experiment.

Location and characteristics of the pile driving. Pile driving experiments took place from the 14th 
to 29th of September 2021 in an open area off WHOI’s pier (41.52° N, 70.67° W). It is a shallow water habitat 
with 3–5 m depth during low and high tide (respectively), with a flat bottom composed of homogeneous sand 
and silt. OSW foundations primarily consist of a mono-cylindrical steel structure driven into the seabed using 
hydraulic or diesel hammers that employ impact or vibratory  PD4. For the purpose of this study, we simulated 
the construction of a wind turbine with a cylindrical steel monopile (length: 10.0 m, diameter: 0.3 m, thickness: 
0.02 m) with a steel plate welded at the bottom that was impact driven 2.5 m off a dock. A crane (American 595) 
with a 20 m long boom lifted a VH (weight: 212 kg, H&M model 135) that was first used to secure the pile into 
the seabed at a rate of 1150 blows per min. Then, a steel IH (weight: 1500 kg) was manually dropped at a height 
of 1.2 m and released against the top of the pile at a rate of 8 to 12 strikes per min for a duration of ~ 15 min (see 
movie S3). The energy generated by the impact was ~ 16 kJ per strike. Once the pile was at a depth of up to 5 m 
below the water–sediment interface, the VH was used again to remove the pile and drive it at another location 
adjacent to the previous hole. Hence, one PD event comprised a VH phase followed by an IH phase, separated by 
five minutes from each other, and was repeated four to five times for each exposure day.

Recording devices. Seabed vibrations. A WHOI short-period ocean bottom seismometer (OBS) was 
used to record substrate-borne vibrations from PD over a 9-day time period of this experiment. A calibrated 
geophone (model GS-11D from  Geospace®) with a 200 Hz frequency sampling was buried in the seafloor by 
divers at 1 m from scallop cages. It recorded ground-motion along three-orthogonal axes (one vertical and two 
horizontal). All data were recorded on a Quanterra Q330 24-bit data-logger after × 30 pre-amplification. Record-
ings were made at 8 and 50 m from the PD.

Short term behaviors: videos. Individual scallop behaviors were recorded every day using 8 GoPro HERO6 
black cameras mounted onto a 0.5 kg lead placed inside the four cages. Recordings started 1 min after the cam-
eras’ insertion in scallop cages and lasted ~ 90 min, which usually covered two consecutive PD sequences. Cam-
eras were placed in front of different individuals each day. Scallop behaviors were annotated in BORIS (v7.12.2)44 
and included coughing, partial closure, total closure and  swimming34,35.

Long term behaviors: tags. We measured valve angles from 14 subadult scallops using small Axy 5 XS bio-
loggers (Technosmart Europe srl, www. techn osmart. eu). These tags contain both an accelerometer and a mag-
netometer, the latter being used for measuring valve gap, which were glued on the dorsal valves, and a mag-
net was located on the ventral valves. Leveraging the magnetometers proportional sensing of magnetic field 
strength, the valve angles were determined from the tag  outputs37,40. The magnetometer’s voltage (in mV) was 

http://www.technosmart.eu
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recorded at a frequency of 2 Hz. The accelerometer recorded acceleration in three orthogonal axes with a sam-
pling frequency of 25 Hz, and was used to record seabed vibrations arising from PD events which permitted us 
to synchronize them with valve angles. At the end of the experiments, tag data were retrieved and calibrated to 
compute the relationship between magnetometer outputs and scallop valve angles using the same procedure 
described in previous  studies37,40. In total, 10 tagged scallops (near site: n = 4; far site: n = 6) were analyzed for this 
study. They recorded valve angles for a period of two weeks, covering 9 days of PD exposure.

Environmental parameters. Seawater temperature and light were measured continuously every 5 min during 
the experiments using HOBO Pendant G data logger (UA-004–64, Onset Computer Corporation). The recorded 
seawater temperature ranged from 22.4 ± 0.1 °C to 20.9 ± 0.1 °C at the start and at the end of the experimental 
period, respectively. It is to note that the seawater temperature was close to the upper limit of P. magellani-
cus thermal tolerance (although wild populations in shallow bays have been found to face temperatures above 
20 °C)45, which could have affected their physiological  metabolism46. However, all tagged scallops showed a clear 
natural circadian rhythm over the two experimental weeks (see results). Such a result highlights that they were 
well acclimatized to their environment and exhibited natural behaviors during PD exposure.

Experimental procedure. We built an experiment following a before-during-after gradient designed across 
two different distances from the PD, which is recommended to study the impacts of OSW  constructions47. Equal 
groups of scallops were placed in one of two types of acoustically transparent, custom sized-cages. Adults and 
subadults were situated into two large rectangular cages (4.0 × 3.0 × 1.0 m) constructed with plastic 1-cm mesh 
netting encasing dock wooden piles. Juveniles were placed in two small rectangular cages (0.6 × 0.4 × 0.2 m) cre-
ated using polypropylene plastic boxes covered with 2-mm plastic mesh netting. The cages were placed at two 
distances (near site < 10 m and far site = 50 m) from the PD (see Fig.  S4).The bottom was not meshed to allow 
scallops to be in contact with the substrate. The cages were used to both control the distances of the scallops from 
PD and to isolate them from predators. After the initial acclimation period we placed 30 adults, 30 subadults 
(including tagged scallops) and 40 juveniles in each cage, where they were held for a 3-d acclimation period 
before the experiment started. Scallops were exposed daily (except on weekends) to four to five consecutive PD 
events, which lasted ca. two hours total each afternoon, starting at ca. 1:30 pm every day.

Seabed vibrations. Custom analysis scripts in MATLAB R2021a (Cambridge, USA) were used to evaluate 
various metrics from the PD substrate-borne vibrations recorded by the OBS. We quantified these metrics over 
two different PD signals: the classic IH strikes and the VH. For the IH strikes, we calculated the pulse duration 
(in ms) as the duration each signal took to rise from 5 to 90% of its maximum absolute value of acceleration, 
as well as the rise time (in ms) where each signal reached from 5% energy to  peak48. The energy arising from 
the strikes was described with the 0-peak acceleration levels (in dB re 1 µm·s-2), the single strike exposure levels 
 (SELss; in dB re (1 µm·s-2)2.s) using the pulse duration containing 90% of the pulse energy, and the cumulative 
strike exposure level over a PD event  (SELcum; in dB re (1 µm·s-2)2.s). Because VH generated continuous signals, 
we reported here the root-mean-square of the recorded acceleration in the 90% energy window (in dB re 1 µm·s-

2)49 as well as the  SELss.

Statistical analyses. Statistical significance for all tests was set at 0.05. Reported values represent 
means ± SEM (standard error of the mean).

Video data. Behavioral analysis across the different PD treatments was quantified as the numbers of behavio-
ral events per minute. We decided to focus our analysis in coughing and partial closures as they were the most 
common observed behaviors performed by all scallops (see Results). Partial closures related to fish swimming 
close to the cage (i.e., visible on videos) were removed from the analysis. Differences amongst the PD treatments 
were assessed with linear mixed models using the “lmer” function in the “lme4” package available in  R50. Sites 
(near and far), scallop stages (juvenile, subadult and adult) and PD treatments (preexposure, IH1, VH1, IH2, 
VH2) were included as categorical explanatory variables, while the effect of different individuals was modelled 
as a random effect on the intercept. We also performed pairwise tests to compare PD treatments using post hoc 
Tukey tests with the “emmeans”  package51. All analyses were performed in R (version 3.6.3).

Tag data. We performed a linear mixed-effects analysis between scallop valve gap angle and different fixed 
effects. Data were log transformed to normally distribute the residuals, which was further confirmed through the 
visual examination of residual plots. As a hierarchical model selection method, we generated five nested models: 
a null model with only random effects (i.e. individual and date) and four extending models where each new 
model was identical to the previous one except for the addition of a fixed  effect52. Fixed effects included preex-
posure vs. exposure vs. postexposure (with exposure compiling all IH and VH sequences), exposure type (i.e. IH 
vs. VH sequences), and exposure sequence (i.e. each isolated IH vs. VH sequence). A stepwise likelihood ratio 
test was performed to evaluate the importance of each of the fixed effects and to determine which model was 
best fitted to the data. Finally, we compared the mean valve gap angles between preexposure and post exposure 
periods (15 min each) to assess whether scallops returned to their initial valve angle baselines after PD exposure.

We also used a periodogram analysis to identify the dominant frequency in time series measurements over 
15 days of recordings, which is a method applied to data when periods are not known a  priori53. The largest peri-
odogram value corresponds to the period that explains the largest proportion of the variance in the time series. 
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The statistical significance of the largest periodogram value for each individual was verified using the Fisher’s 
g-statistic54 using custom-made scripts in MATLAB (version R2021a).

Ethical statement. Experiments with scallops are not subject to restriction for animal scientific research 
according to the USA legislation.

Data availability
All data used for the analyses are available on request to the corresponding author.

Received: 2 July 2022; Accepted: 5 September 2022
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