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Offshore windfarms are a key renewable solution to help supply global energy needs. However, implementation has its challenges, including
intense pile driving sound produced during constructions, which can affect marine life at the individual level, yet impacts at the group level remain
poorly studied. Here, we exposed groups of longfin squid (Doryteuthis pealeii) in cages at multiple distances from consecutive pile driving events
and sought to quantify responses at both individual and group levels. Pile driving induced short-term alarm responses at sound levels (in zero-
peak) of 112–123 dB re 1μm s−2 that were similar to those measured at kilometre scale from offshore windfarm constructions. The rate of
individual alarm responses quickly decreased both within and across consecutive pile driving events, a result consistent with previous laboratory
studies. Despite observing dramatic behavioural changes in response to initial pile driving sound, there were no significant differences in squid
shoaling areas before and during exposure, showing no disruption of squid collective behaviours. Our results demonstrate rapid habituation of
squid to pile driving sound, showing minimal effects on this ecologically and commercially key taxon. However, future work is now needed to
assess responses of wild squid shoals in the vicinity of offshore windfarm constructions.
Keywords: collective behaviour, global change, machine learning, marine invertebrate, sound pollution.
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Introduction

Anthropogenic sound is increasingly considered a major un-
derwater pollutant of international concern that can affect
sound-sensitive animals (Duarte et al., 2021). Pile driving (PD)
is associated with offshore windfarm (OSW) construction and
generates repeated, high intensity impulsive sound that can
propagate over tens of kilometres underwater, underscoring
concerns for wide-ranging impacts (Bailey et al., 2014; Dahl et
al., 2015; Mooney et al., 2020). Several studies have described
the various impacts of PD sound on marine mammals and
fish, ranging from temporary changes in behaviour to mor-
tality (Madsen et al., 2006; Slabbekoorn et al., 2010). How-
ever, little is known about the impact of PD activity on marine
invertebrates despite their oft-central role in ecosystems and
fisheries (Williams et al., 2015; Popper et al., 2022).

Cephalopods are sensitive to low-frequency sounds in the
same bandwidth as PD sound (Packard et al., 1990; Mooney
et al., 2010, 2020). Previous studies in tanks showed both ar-
tificial and PD sounds elicited short-term alarm responses in
squid and cuttlefish, but these responses attenuated over time,
suggesting a potential habituation to sound exposure (Sam-
son et al., 2014; Mooney et al., 2016; Jones et al., 2020).
However, for many taxa, including marine invertebrates such
as cephalopods, the translation of these laboratory results
into the field and actual PD is not straightforward, especially
when considering the different sound intensities as well as the
spatial and temporal scales of potential impacts by anthro-
pogenic activities (Popper et al., 2022). An initial field-based
study showed dose-dependent responses in individual squid
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Sepioteuthis australis) to airgun sounds from seismic surveys,
uggesting the severity of sound impact was related to the
ound level and (often corresponding) distance from the sound
ource (Fewtrell and McCauley, 2012). Another field-based
tudy used biologging tags and showed PD events disrupted
ndividual squid fine-scale movements, but these impacts were
ransient, suggesting minimal energetic impacts over the en-
ire exposure period (Cones et al., 2022). However, all stud-
es mentioned above have only examined individual-level re-
ponses. PD sound impacts on squid shoals are not yet known,
knowledge gap that is particularly striking because they live

n groups (Hanlon and Messenger, 2018).
Intraspecific aggregations and collective movements are a

idely conserved phenomenon across many distinct evolu-
ionary trajectories (Allee, 1927). In many marine species,
hoaling can decrease predation risk (Ioannou et al., 2008),
nable more efficient navigation through collective learning
Berdahl et al., 2018), and decrease metabolic demands by
everaging beneficial flows from conspecifics (Marras et al.,
015; Burford et al., 2019). One laboratory study showed
hat PD sound disrupt the structure and dynamics of fish
hoals (Herbert-Read et al., 2017). In the field, free-ranging
prat and mackerel shoals exposed to PD sound increased
ispersion (i.e. greater shoal area) and shoals moved to
eeper water (Hawkins et al., 2014). To date, there are no
ata of PD sound effects on shoal-level behaviours in ma-
ine invertebrates, leaving questions on how OSW develop-
ent could impact the ecology of commercially important

quid.
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Recent calls for future OSW constructions have been
lanned in nine US states (Musial et al., 2019), encompassing
he distribution area of many marine invertebrates, such as the
ongfin squid (Doryteuthis pealeii; Hanlon et al., 2013). The
ccurrence rate and spatial range of PD exposure events are
xpected to affect this taxon and its vital habitat. Considering
he economic importance of squid, which have contributed
ean annual landings and value of 13000 mt and $26 mil-

ion since 2000 (NMFS, 2019), conflicts between fishermen,
olicymakers, and the offshore wind industry are expected to
ncrease dramatically (Lacroix and Pioch, 2011). New stud-
es are now needed to develop effective management strate-
ies and to design suitable mitigation methods (Popper et al.,
022).
In this field-based study, we assessed real-time behavioural

esponses of squid (D. pealeii) shoals exposed to real PD.
quid were placed in enclosures installed at different received
ound levels and distances from the PD activity and subse-
uent responses were recorded using underwater cameras. We
rst characterized the effects of PD sound on individual be-
aviours and sought to assess potential habituation rates to
epeated PD events. Next, we used video data to measure
quid group cohesiveness by calculating the collective area of
he shoals both prior to and while exposed to PD sound. Be-
ause different construction techniques are used in OSW con-
tructions, we also examined the influences of the two main
ypes of piling installation tools with different sound charac-
eristics: the “impulsive” impact hammer, and “continuous”
ibratory hammer (termed IH and VH, respectively). While
H is the most prevalent method, some OSWs have installed
ile structures VH (OSPAR, 2014). Given that there is some

nterest in expanding this technique, we sought to compare
ound effects from these multiple construction techniques in
quid.

aterial and methods

nimal collection and holding conditions

total of 189 adult squid (dorsal mantle
ength = 17.9 ± 3.3 cm, mean ± standard deviation)
ere used for this study. Squid were collected from Vineyard
ound (41.22 N, 70.47 W) via trawling by the R/V Gemma
f the Marine Biological Laboratory (Woods Hole, MA,
SA). Squid were held in groups of four to seven individuals

n cylindrical tanks (1.2 m diameter) constantly supplied
ith ambient seawater (temperature range: 21.1 to 22.5◦C).
anks rested on rubber gaskets and concrete blocks, both of
hich served to further isolate the squid from surrounding
ibrations during their respective holding periods. The top of
ach tank was covered with plastic sheeting to create shaded
ones. Squid were fed daily with mummichogs (Fundulus
eterclitus) and grass shrimp (Palaemonetes spp.). Given that
quid can be relatively fragile and healthy animals are vital to
ehavioural experiments, individuals were held <72 h before
eing used for experiments, and all animals incorporated had
o visible skin damage and exhibited normal swimming be-
aviour (e.g. Jones et al., 2023). All procedures regarding the
se of animals in research followed local guidelines and were
pproved by the Woods Hole Oceanographic Institution’s
nstitutional Animal Care and Use Committee (approval to
AM).
ocation and PD characteristics

en days of PD experiments were conducted between the 14th
nd 29th of September 2021. Procedures took place at near-
hore experimental testbed area off the Woods Hole Oceano-
raphic Institution pier (41.52◦N, 70.67◦W; Figure 1a and b).
t is a shallow water habitat with depth varying between 3
nd 5 m depending on tide, the bottom is flat and consists of
omogeneous sand and silt. PD incorporated a single 10 m
ong, 0.3 m diameter cylindrical steel monopile (wall thick-
ess: 0.02 m). At the start of an experimental day, a crane
American 595) with a 20-m long boom moved a VH (weight:
12 kg, H&M model 135) into place to first secure the pile

nto the seabed. This VH, similar to a jack-hammer, would hit
he pile at a rapid rate of 1150 blows per min. Once the piling
as in position, squid were introduced into their respective

ages (see details below). The VH was then removed and re-
laced with a steel IH (weight 1500 kg), the head of which
as manually dropped onto the top of the pile from a height
f 1.2 m at a rate of 10 strikes per min (∼16 kJ per strike)
or a duration of 15 min (constituting the IH exposure). After
5 min of IH, the piling was typically driven 5 m below the
ater sediment surface. The VH was then used to pull the pile
ut and reposition it in an adjacent location for another round
f IH. This procedure started at 1330 each day to control for
ny potential circadian rhythm effects and was repeated five
imes within an afternoon. Hence, in total, each squid shoal
as exposed to five IH and four VH sequences, always starting
ith the IH exposure. Control days were essentially mimics of

his procedure (i.e. adding squid to cages shortly before 1330).

xperimental design

rior to the first IH sound exposure, squid were quickly trans-
erred from holding tanks to submerged 3.4 m3 cubic cages
1.5 × 1.5 × 1.5 m) built with polyvinyl chloride (PVC)
ipes and covered with 1.5-cm knotless polyester mesh net-
ing (Figure 1c). Note that the shortest dimension of the cage
1.5 m) was always >5 body lengths even for the largest
quid used, which allowed animals to naturally exhibit shoal
ehaviours throughout the experiments (see Supplementary
aterials). A door on the top of the cages permitted the squid

ransfer into the undersea cages; once all squid were intro-
uced, the cage was lowered to 0.5 m from the seabed. Two
ages were placed within 2–8 m and one cage was positioned
t 50 m from the pile (Figure 1b). Squid were allowed 15 min
f acclimatization in the cages to recover from handling before
he first IH sound exposure started.

Within the cages, we sought to quantify squid shoaling be-
aviour, which was defined as three or more individuals swim-
ing within one body length from each other (Oshima et al.,
016). Each cage contained four to seven haphazardly chosen
ndividual squid of mixed sexes. Hence, each day, two new
quid shoals were studied at the near site (i.e. two replicants),
hile one new squid shoal was studied at the far site (Figure
b). It is notable that this group size was certainly lower than
hat of many wild squid aggregations (often easily upwards
f 100 individuals; see Shashar and Hanlon, 2013). Yet, this
uantity provided a reasonable number of animals to coher-
ntly track and quantify shoaling behaviour (see below).

Squid responses to PD sound were recorded using GoPro
ero 7 Black cameras. In each cage, one camera was posi-

ioned horizontally near the bottom against the net, while the
econd was mounted in the top corner and angled towards

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad157#supplementary-data
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Figure 1. Experimental set-up used to investigate the behavioural responses of squid to repeated pile driving sound exposure. (a) Picture of the crane
driving a pile into the seabed off a dock with the impact hammer. Red arrow shows the location of the cages placed within 2–8 m from the pile. (b) Map
of the two near (2–8 m) and far (50 m) sites. The green star denotes the pile driving location, while the red regions are the positions of the squid cages.
(c) Shoals of four to seven squid were placed in large cages and behavioural responses to repeated pile driving sound were monitored using two
different cameras. Controls were performed using the same experimental design but without pile driving sound.
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the cage centre (Figure 1c). The bottom camera was used to
monitor individual squid responses, while the top camera was
used for shoaling behaviour (see details in the section “Data
analyses”).

Control experiments (n = 7 squid shoals) were conducted at
both sites using the same experimental procedures, but with-
out PD noise exposure. To compare metrics between the two
experiment types, sound exposure time periods from experi-
ment days were randomly assigned to control experiments.

Individual squid were used only once and released back into
the marine environment at the end of each experiment.

Sound exposure

Squid detect low frequency (<1 kHz) underwater acoustic
particle motion (Mooney et al., 2010). Correspondingly, the
sound field was measured and quantified in presence and ab-
sence of PD using a calibrated PCB triaxial accelerometer
(model W356B11), and details of the particle acceleration lev-
els (PALs) generated by the PD were presented in Cones et al.
(2022). Briefly, the cages placed at the near site were exposed
to “high” PALs (in 0-peak; PAL0p) from the impulsive IH that
ranged between 112 and 123 dB re 1 μm s−2 at 8 and 1 m,
respectively, while the cage at 50 m had lower PAL0p (83 dB
re 1 μm s−2). The VH generated PALs (in rms; PALrms) be-
tween 83 and 95 dB re 1 μm s−2 within 8 m, while PALrms

decreased at 75 dB re 1 μm s−2 at 50 m. The PALs recorded
at the near site were roughly equivalent to those measured at
km from OSW constructions (Sigray et al., 2022). An exam-
le of underwater particle acceleration recordings from an en-
ire PD experiment (including five IH and four VH sequences)
s shown in Figure 2. Note that given the in situ and realis-
ic nature of this actual PD, pulse amplitudes and inter-pulse
ime intervals did vary slightly within and across IH sequences
s the pile was driven into the sediment (Figure 2). The vari-
bility in these metrics across impulses reflected that which a
ild squid may experience near an offshore PD site (Amaral

t al., 2020). The near site was always characterized by higher
ALs compared to the far site (∼30 dB difference). Here, we
ere interested in studying behavioural effects of PD sound

t two distances from the pile, rather than studying responses
ependent on these specific metrics.
The PALs of ambient sound in the holding tanks and under-

ater in absence of PD sound were below the self-noise floor
f the accelerometer, which was evidenced by flat power spec-
ral densities of these recordings at 30 dB re 1 (μm s−2)2 Hz−1

Figure 2; Cones et al., 2022). These relatively quiet environ-
ents enabled us to isolate and assess potential effects of PD

ound on squid while minimizing extraneous stimuli that are
ypically found in natural field environments.

ata analyses

ndividual behaviour
ehavioural responses of individual squid were assessed using
ottom-mounted camera videos. Manual annotations started
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Figure 2. Example of underwater particle acceleration (x-axis) from a field-based in situ pile driving experiment recorded at 8 m from the pile (a). Sound
exposures consisted of five 15-min long IH sequences (transient pulses, b) that were separated by VH sequences (continuous vibrations, c). There were
5 min “silent” sequences between each IH and VH sequence due to the crane switching hammers. Each experiment started daily at 1330 when squid
shoals were first exposed to the IH pile driving.
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min after squid were transferred inside the cages. All visi-
le squid were observed and behaviours were annotated using
ools in BORIS (v7.12.2; Friard and Gamba, 2016). Videos
ere first viewed by a trained observer at half-speed without

ound (i.e. blind to the sound treatment) to quantify occur-
ences of four alarm responses (inking, jetting, startle, and
ody pattern change) following descriptions from previous
tudies (Hanlon et al., 1999; Mooney et al., 2016; Jones et
l., 2020). Because the GoPro cameras also recorded sounds
rom PD at both sites, a second annotation was then per-
ormed by listening to the audio, which permitted us to syn-
hronize particular behaviours to either IH or VH sequences.
nnotations were then compared with another independent
bserver (see Cones et al., 2022) who manually annotated one
hird of the video footages, and comparisons showed 100%
greement. Body pattern changes were defined as alterations
n chromatic components of at least half of the squid bod-
es (Hanlon et al., 1999). Squid raising their arms as postural
omponent was termed startle. Jetting was characterized by
rapid jet-propelled escape, which was sometimes followed

y inking. Alarm responses related to agonistic encounters
ere not taken into account in this study. Because squid were
ot tagged with a specific mark, it was not possible to assess
ehavioural responses by specific squid throughout an entire
xperiment. However, most squid were present in the video
ecordings majority of the time. Hence, we reported the pro-
ortion of individual squid responding to PD sound per num-
er of squid visible on the video. Using the sound recordings
n the camera to synchronize both video and acoustic data,
e were able to associate observed responses to each strike

rom the IH events.
 s
hoaling behaviour
e used top camera videos to assess the potential impacts of

D sound exposure on the cohesion of squid, quantified as the
ariance in the area covered by the shoal using a trained neu-
al network. Analyses were conducted for the near site only
within 8 m from the pile) because there were no behavioural
eactions of squid found at the far site (50 m form the pile).
o compute the shoal area, we first tracked each squid indi-
idually in the video by anchoring and tracking three virtual
oint markers along the length of their body (arms, centre,
nd mantle tip). Then, we computed the convex hull of the set
f all points from all squid visible in a frame to find the small-
st bounding convex polygon, and then computed its 2D area
n pixel space. To train the squid tracker, we used 260 ran-
omly selected frames and annotated them by marking the
rms, centre, and mantle tip of each squid. Then, we used the
eepLabCut (Lauer et al., 2022) algorithm to train the squid

racker (Figure 3), and then apply it to rest of the data to track
he squid in all frames of all the videos. We analysed 6 out
f 18 squid shoals when the water turbidity was low enough
or all squid within a shoal to be detectable by our algorithm
hroughout the entire video recordings.

False positives and negatives in the squid detections can re-
ult in extremely noisy estimates of the shoal area. Instead of
sing the standard outlier elimination approach based on run-
ing averages, we found the Hampel Filter to be far more ro-
ust to the noisy detection (Davies and Gather, 1993). Any
alue that was considered as an outlier by the filter was re-
laced by the median of the filter’s running window. We set
he window size to be the same as the number of frames per
econd for that particular video.
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Figure 3. Example of a manually annotated frame (a) and associated polygon (b) created by the machine learning model using DeepLabCut software
(Lauer et al., 2022) to estimate the area of the squid shoal during pile driving sound exposure.
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Statistical analyses

Statistical analyses were performed using R v4.1.3 (http:
//www.R-project.org/). Behaviours from individual squid
(n = 103) were measured as the proportion of visible squid
that responded to PD exposure at the near site. No statistics
were conducted for the far site samples since squid did not
respond to either IH or VH sequences at 50 m (see the sec-
tion “Results”). We focused our analyses on IH events because
most alarm responses occurred during IH compared to VH
events (see the section “Results”). We also focused on the first
30 strikes of each IH event to compare our results with previ-
ous laboratory and bioenergetic studies (Samson et al., 2014;
Mooney et al., 2016; Jones et al., 2020; Cones et al., 2022).
Generalized linear models (GLMs) were used for regression
analysis to describe the occurrence of each behaviour over the
first 30 strikes. The strike numbers and IH sequences were
used as explanatory variables, and ordinary Poisson (log-link)
GLMs were performed. Since two different squid shoals were
exposed daily at the near site, making them non-independent
samples, we included “day” as a nested factor in the model.

Finally, we used one-way repeated measures analyses of
variance (ANOVAs) to determine the effects of PD treatment
on the squid shoaling area at 8 m, as no alarm responses were
found at 50 m (see the section “Results”).

Results

Individual behaviour

A total of 30 different squid shoals (near site: n = 18; far site:
n = 12) were experimented upon during 10 days of PD sound
exposure. Another seven shoals were monitored as controls
without PD. Individual alarm responses only occurred at the
near site. No alarm responses besides natural conspecific inter-
actions were found at the far site (50 m form the pile) during
PD exposure and during controls.

At the near site, a total of 305 alarm responses were de-
tected from individual squid in response to PD sound (Figure
4, Table 1). Among these responses, 89% occurred during
the IH exposure, while only 11% occurred during VH ex-
posure. While all types of alarm responses were exhibited by
squid exposed to the IH (i.e. inking, jetting, colour change, and
startle), only colour change patterns and startle responses oc-
curred during VH exposure (Table 1). During IH exposure, the
most common alarm response was jetting (65%) and startling
(21%); inking only occurred four times and was associated
with jetting (Table 1).

During IH sequences at the near site, 80% of alarm re-
sponses were seen during the first two IH sequences of the day
nd squid showed significantly more responses to the first IH
equence compared to subsequent IH sequences (LMM: X2 =
64, df = 2095, p < 0.001; Figure 5). In addition, 84% of
larm responses were seen within the first five strikes, which
orresponded to the first 30 s of each IH sequence (Figure
). Hammer strike number was a significant predictor of the
larm response rate over the first 30 strikes for all IH se-
uences (Poisson GLM, p < 0.001; Figure 5). There were also
ndividual variations in alarm responses among squid shoals,
ith <40% of individual squid within a shoal reacting to
D sound (Figures 4 and 5). Finally, for two squid shoals, no
larm responses were exhibited by any squid over the entire
D sound exposure experiment at the near site.

hoaling behaviour

e studied the area change of squid shoals during PD sound
xposure at the near site and during the first strikes of each
D sequences (i.e. where most individual alarm responses oc-
urred). Our computer vision-based model successfully com-
uted the areas of six different squid shoals. While alarm
esponses occurred in response to IH strikes, squid quickly
within few seconds) returned to the shoal (Figure 4). This
as further confirmed by comparing shoal areas at different

ime scales prior to sound exposure, after the first IH strike
5 s) and after 10 IH strikes (60 s). Indeed, despite these short
ehavioural disruptions, the squid shoal areas were not signif-

cantly affected by PD sound after the first IH strike (one-way
NOVA, p = 0.299) nor after the last 10 IH strikes of a se-
uence (one-way ANOVA, p = 0.345; Figure 6).

iscussion

his field-based study is the first to quantify both shoaling be-
aviour and individual alarm responses within squid shoal ex-
osed to actual PD. Behavioural changes were transient and
ccurred mostly at the onset (<1 min) of the PD sound ex-
osure, and response rates decreased after consecutive PD se-
uences. Despite these short-term responses, PD sound did not
isrupt overall squid shoaling behaviour. Our results suggest
otential quick habituation of wild squid to PD sound during
SW constructions.
The alarm responses observed during PD sound exposure

ere typical squid behaviours to perceived predatory threats
Figure 4; Hanlon and Messenger, 2018). These results are
onsistent with previous tank studies on the same species as
ell as cuttlefish in response to both artificial and PD sounds

Samson et al., 2014; Mooney et al., 2016; Jones et al., 2020).
his striking similarity highlights the valuable asset of sound

http://www.R-project.org/
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Figure 4. Examples of squid alarm responses observed before (a), during (b), and after (c) exposure to the first strike of an IH sequence (d). Arrows
indicate the time when the captions occurred during sound recordings in (d). Amongst the five squid present in the shoal, two individuals reacted by
jetting and startling in response to the strike (b, horizontal black arrows), yet quickly returned to the shoaling behaviour (c).

Table 1. Summary of individual alarm responses annotated during pile driv-
ing sound exposure at the near (n = 103) and far (n = 56) sites and during
control (n = 30). Note that squid exhibited alarm response only at the near
site.

Near site Far site
Control (no

sound)

Behaviour IH VH IH VH IH VH

Startle 57 20 0 0 0 0
Body pattern
change

34 14 0 0 0 0

Jet 176 0 0 0 0 0
Ink 4 0 0 0 0 0

e
c
s
t
a
t
t
t
(
a
b
s

a
p
(
e
s
s
u

Figure 5. Proportion of alarm responses (percentage) across daily
consecutive IH sequences (from one to five) for squid located at the near
site within 8 m from the pile driving (n = 103). IH1 to IH5 represent the
five sequences within a single day of pile driving exposure. Lines
represent Poisson GLMs performed on the first 30 strikes of each IH
sequence.
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xposure experiments in tanks when the sound field is ac-
urately calibrated (Popper and Hawkins, 2018). Using the
ame field set-up, our previous study used movement sensors
o demonstrate that while alarm responses were mostly high
cceleration jetting responses, these behavioural changes were
ransient and persisted for <15 s (Cones et al., 2022). Addi-
ionally, there was no evidence of activity changes on longer
ime scales, suggesting minimal effects on squid energetics
Cones et al., 2022). However, our results are different from
nother study where PD exposure repeatedly affected scallop
ehaviours (Jézéquel et al., 2022), showing the importance of
tudying anthropogenic sound impacts across different taxa.

The logarithmic decrease in alarm responses within and
cross PD events is similar to previous tank studies that re-
orted rapid habituation of squid and cuttlefish to sound
Figure 5; Samson et al., 2014; Mooney et al., 2016; Jones
t al., 2020). This reduction in alarm responses over several
ound impulses indicates increased tolerance over time to PD
ound, and suggests these squid may have behaviourally habit-
ated. Interestingly, habituation to repeated sound exposures
as also been noted in some fish (e.g. Nedelec et al., 2016; Neo
t al., 2018; Currie et al., 2020). However, using the same ex-
erimental set-up as in this study, Jézéquel et al. (2022) found
hat scallops did not habituate to repeated PD exposure, sug-
esting inter-specific differences for marine invertebrates in
esponse to PD activity. Behavioural habituation can be de-
ned as a learned, persistent reduction of an individual’s re-
ponse to a stimulus repeated over time, as individuals learn
he stimulus has neither adverse nor beneficial consequences
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Figure 6. Areas computed on six squid shoals exposed to PD sound at the near site. Two different temporal resolutions are shown: during the first strike
and the last strike (i.e. 5 s scale; a) and the first 10 first strikes and last 10 strikes (i.e. 60 s scale; b) of IH sequences. No significant differences were
found in both treatments.
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(Bejder et al., 2009). Another hypothesis to the decrease of
alarm responses over time could be the occurrence of tempo-
rary thresholds shifts due to sound exposure in squid. Some
studies highlighted that artificial sound can induce anatom-
ical damages on statocysts (André et al., 2011), the sensory
organ responsible for sound detection in squid (Mooney et
al., 2010). While we did not analyse potential squid statocyst
damages after sound exposure, acoustic trauma could have
been responsible for the decrease of squid sensitivity to sound.

We found that only a portion of squid in each shoal re-
sponded to PD sound, with overall <40% of squid show-
ing alarm responses (Figures 4 and 5). These results suggest
inter-individual differences in squid sensitivity, which has been
highlighted in fish (Harding et al., 2019). This result is vastly
different from previous tank studies where >90% of squid
showed alarm responses to PD sound (Jones et al., 2020). This
difference can be attributed to the fact that the previous stud-
ies tested solitary squid, which may be more sensitive to preda-
tor cues than squid in a shoal (Hanlon and Messenger, 2018).
This also highlights the importance of studying anthropogenic
sound impacts on shoals and realistic groupings, rather than
individuals for social species (Popper et al., 2022). Another hy-
pothesis is that sound exposure levels were not high enough
to induce alarm responses in all squid. Our measured sound
levels corresponded to roughly 1 km from actual windfarm
constructions (Sigray et al., 2022). Hence, it is possible that
more squid would react at closer ranges where sound levels
are much higher.

Despite the occurrence of short-term alarm responses, PD
exposure did not disrupt squid shoaling areas (Figures 4
and 6). This result is consistent with the findings of Ginnaw
et al. (2020) where fish shoal collective motion was not af-
fected by pure low-frequency tones in tanks, but differs from
Herbert-Read et al. (2017) who found that PD sound ex-
posure (5 min duration) in tanks disrupts collective dynam-
ics of fish shoals. First, it is possible that the cages used in
our study, while relatively large and comparable to other
studies (e.g. Dahl et al., 2020), could have influenced squid
shoal movements, preventing any horizontal dispersion. De-
spite these physical constraints, squid exhibited normal shoal-
ng behaviours without any collisions with the cage netting
see Supplementary materials). For example, wild shoals of
sh can disperse and even change depth when exposed to PD
ound (Hawkins et al., 2014). Second, shoaling is a vital be-
aviour for squid to reduce predatory threats and for repro-
uction, thus there is a likely high motivation for individu-
ls to return quickly to shoaling after behavioural disruption
Figure 3; Hanlon and Messenger, 2018). While our study was
erformed using four to seven squid per shoal, wild Dory-
euthis spp. shoals can be composed of 100 s of individuals
Shashar and Hanlon, 2013), and dynamics could be different
or larger groups. Thus, while our data reflect behavioural re-
ponses and interactions within small (but more manageable)
hoals, there is still a need to address how PD sound may in-
uence larger, wild mating squid. Finally, while the PD sound

evels at our near site were roughly equivalent to 1 km from
SW constructions (Sigray et al., 2022), they might not have
een high enough to induce any shoal disruption (Cones et al.,
022). Further studies should assess potential horizontal dis-
ersion of wild squid shoals in the vicinity of OSW construc-
ions, which have much higher intensity PD activity (Sigray et
l., 2022).

The present study focused on behavioural responses of both
quid individuals and shoals to repeated PD sound exposure.
ere, we did not study dose-dependent responses that could
ave occurred in individuals located at the near site where
AL0p varied between 112 and 123 dB re 1 μm s−2, depend-
ng upon the distance pile-cages (Cones et al., 2022). Dose-
ependence behavioural responses were previously described
n D. pealeii to pure tones in tanks (Mooney et al., 2016),
s well as in S. australis exposed to seismic air gun sound
Fewtrell and McCauley, 2012). Squid elicited a higher pro-
ortion of alarm behaviours with increasing sound levels, im-
lying the severity of sound impact on squid is related to the
istance from the source. Considering the higher sound levels
nd propagation distances arising from OSW constructions
Sigray et al., 2022), further studies are now needed to as-
ess dose-dependent responses, as well as minimum acoustic
hresholds that induce alarm behaviours in D. pealeii in the
arine environment.

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad157#supplementary-data
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To conclude, our results highight two main potential mit-
gation procedures that could be used by OSW developers
o reduce behavioural impacts on squid. First, far fewer be-
avioural reactions were found in squid exposed to the VH
ontinuous and low-amplitude signals, which is consistent
ith our previous study in scallops (Jézéquel et al., 2022).
his suggests that the VH can be used as a mitigation tech-
ique to drasticaly reduce behavioural impacts on squid dur-

ng OSW constructions. Second, the fact that squid mostly
esponded at the onset of the IH events highlights that the
rst IH blows have the most impacts on squid. Here, ramp-up
ould also be used as a mitigation technique. This soft-start
rocedure with slowly increasing sound levels could provide
nimals with a warning signal before sound exposure levels
ise to the full power (Robinson et al., 2007; Bailey et al.,
014). The gradual increase in sound level of the ramp-up pro-
edure may allow the squid to habituate to the sound exposure
aster and stay within the exposure area without avoidance
ehaviour.
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