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Pile driving noise is an intense, repetitiv e, f ar-reaching sound that is increasing in many coastal habitats as the offshore wind energy industry 
e xpands globally. T here is concern f or its impacts on k e y stone species and vit al fisheries t axa such as squids. In controlled laboratory conditions, 
w e in v estigated whether e xposure to pile driving noise from offshore wind f arm construction altered reproductiv e beha viours in the short- 
lived semelparous species Doryteuthis pealeii . Pile driving noise had no significant effects on the occurrence rates of agonistic behaviours, 
mate guarding , mating , and egg laying, compared with silent control trials. The results contrast starkly with behavioural response rates of the 
same squid species during feeding and shoaling . The dat a suggest that squid reproductive behaviours may be resilient to this increasingly 
perv asiv e en vironmental stressor, and that beha vioural conte xt guides responses to windfarm noise f or this in v ertebrate tax on. While some 
non-reproductiv e beha viours can clearly be disturbed, the results show that species with limited opportunity to reproduce can tolerate intense 
stressors to secure reproductive success. 
Keywords: aggression, anthropogenic noise, cephalopod, marine invertebrate, mating, offshore wind. 

b  

p
o  

2  

d
t  

e  

t
f
m  

e  

R  

a  

a

r
l
c  

o  

2  

a  

m
r  

c
o

 

e

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsad117/7232832 by Pacific N

orthw
est N

ational Laboratory user on 17 August 202
Introduction 

Humans are increasingly utilizing and developing coastal en- 
vironments, with many activities having the potential to im- 
pact marine taxa. The offshore wind energy industry is ex- 
panding globally, inducing concern over how anthropogenic 
noise pollution associated with construction, operation, and 

maintenance of wind farms will adversely impact aquatic 
wildlife (Mooney et al., 2020 ). Support vessels, sonars used 

for seismic surveys, construction equipment, and operational 
turbines emit anthropogenic noise during offshore wind farm 

development (Mooney et al., 2020 ). Impact pile driving dur- 
ing construction is considered the most intense and pervasive 
noise (Amaral et al., 2020 ). Pile driving involves repeated ham- 
mering of cylindrical piles into the seabed to support founda- 
tions for wind turbines, generally for those in water shallower 
than 60 m (Musial et al., 2019 ). It is a widespread noise source 
as pile driving is used not only for installation of windfarm 

turbine pilings, but also within harbours and coastal areas for 
a myriad of construction activities, in sum making it a sound 

of primary concern. To minimize negative impacts to marine 
life, studies investigating effects of pile driving noise on animal 
behaviours are crucial, especially behaviours that have direct 
implications for survival and reproduction. 

Many studies have demonstrated effects of pile driving and 

other noise sources on the behaviour of marine mammals and 

fish (Bruintjes et al., 2016 ; Nedelec et al., 2017 ; Graham et 
al., 2019 ), but far fewer have studied effects on marine inverte- 
Received: 31 March 2023; Revised: 26 June 2023; Accepted: 4 July 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
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rates (Wale et al., 2021 ). Among fish, impulsive (i.e. short and
ulsed) noise alters group cohesion and swimming dynamics 
f European seabass shoals ( Dicentrarchus labrax ; Neo et al.,
015 , 2016 ; Herbert-Read et al., 2017 ). Fish exposed to pile
riving noise also suffer temporary injuries to hearing struc- 
ures and organs in close proximity to swim bladders (Casper
t al., 2013a , 2013b ). For invertebrates (a diverse group of
axa), substrate vibrations (as opposed to water-borne noise) 
rom pile driving cause filter-feeding scallops ( Placopecten 

agellanicus ) to reduce valve gape, (Jézéquel et al., 2022 ),
licit startle behaviours in hermit crabs ( Pagurus bernhardus ;
oberts et al., 2016 ) and impair hermit crabs’ ( Pagurus acadi-
nus ) abilities to find key resources, i.e. empty shells (Roberts
nd Laidre, 2019 ). 

There are fewer comparable data regarding impacts of far- 
eaching water-borne pile driving sound on invertebrates. The 
imited knowledge regarding impacts on numerous ecologi- 
ally vital invertebrate taxa is both a concern and a risk as
ffshore windfarm construction progresses (Gedamke et al.,
016 ; Mooney et al., 2020 ). Furthermore, while ecological
nd behavioural contexts have been argued as critical to the
anagement of anthropogenic noise pollution faced by ma- 

ine mammals (Ellison et al., 2012 ; Harris et al., 2018 ), such
ontext-based approaches have not been addressed for most 
ther marine taxa, including invertebrates. 
Given this paucity of data, it is particularly important to

xamine anthropogenic noise impacts on cephalopods (in- 
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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luding squid, cuttlefish, and octopuses) in part because of
heir high ecological and commercial relevance. They made
p 4.5% of global capture production (tonnes) and 6.2%
f global fishery export values (USD) from 2012 to 2018
F AO , 2021 ), and are key central trophic links in food webs
Boyle and Rodhouse, 2005a , 2005b ). Squid can constitute
 50% of regional seabird diets and up to 95% of odonto-

ete diets (Boyle and Rodhouse, 2005a ). Longfin squid ( Do-
yteuthis pealeii ) on the east coast of USA are of particular
oncern with respect to potential impacts of wind farm con-
truction. Commercially, this species has average annual land-
ngs of ∼11000 mt and annual values of $30 million since
010 (NMFS, 2021 ). Lease areas for offshore windfarms in
he northeast United States overlap or are adjacent to inshore
pawning and fishing areas for D. pealeii (MARCO, 2021 ),
nd construction is currently underway or is planned to be-
in within many of these areas by 2025 (Musial et al., 2020 ;
OEM, 2021 ). These squid detect and behaviourally respond

o sounds at frequencies < 1000 Hz (Mooney et al., 2010 ,
016 ), suggesting sound-sensitivity that overlaps with the typ-
cal peak frequencies of pile driving noise. Ecological functions
f cephalopods’ sound detection are unknown; however, they
re thought to utilize sound and vibration for predator avoid-
nce (Hanlon and Messenger, 2018 ) and possibly for devel-
ping an “auditory scene” to orient to and navigate in their
nvironment, as has been discussed for fish (Fay, 2009 ; York
nd Bartol, 2014 ). 

Moreover, key studies of their behaviour, reproduction,
nd sound-sensitivity provide a vital foundation enabling this
axon to act as a model to address invertebrate noise im-
acts. Several studies have reported disruptive behavioural
nd physical effects of anthropogenic noise on cephalopods.
quid display alarm responses normally utilized for predator
vasion, such as inking and jetting, during air gun ( Sepio-
euthis australis ) and pile driving noise ( D. pealeii ; Fewtrell
nd McCauley, 2012 ; Jones et al., 2020 ; Cones et al., 2022 ).
hese alarm responses are dramatic, brief, and typically lim-

ted to the first few impulses during a pile driving period, and
isruptive to the animals’ gate during that time (Cones et al.,
022 ). Pile driving noise also causes D. pealeii to cease their
ursuit of prey (Jones et al., 2021 ). Additionally, noise may
ause physical damage to cephalopods’ sound detection struc-
ures (statocysts; André et al., 2011 ; Solé et al., 2013 , 2017 ).
o the authors’ knowledge, to date no studies have addressed

mpacts of anthropogenic noise on reproductive behaviours of
ephalopods, nor any marine invertebrate. 

Like many cephalopods, D. pealeii is short-lived, and has an
verage lifespan of less than a year (Brodziak and Macy, 1996 ;
acy and Brodziak, 2001 ), mating for a short time period

rom May to October. Although they can mate and lay eggs
ultiple times over several weeks (Maxwell et al., 1998 ; Han-

on et al., 2013 ), they are considered semelparous because they
nly breed for one season then senesce, making mating events
ighly important to individual fitness (Shashar and Hanlon,
013 ). Complex behavioural dynamics are associated with in-
hore mating and spawning of D. pealeii around communal
gg beds and spawning dynamics are well described (Shashar
nd Hanlon, 2013 ; Hanlon and Messenger, 2018 ). Briefly, fe-
ales lay many gelatinous capsules containing eggs into the

ubstrate; these form large bundles called “egg mops”. Males
re visually attracted to and approach egg mops. The cap-
ules contain a contact pheromone that elicits heightened ag-
ression in males, leading to subsequent agonistic behaviours
s they fight to compete for female mates (Buresch et al.,
003 , 2004 ; Cummins et al., 2011 ) . Males take on flexible
ating roles according to their size relative to nearby males,

nd their success or failure in agonistic bouts (Hanlon et al.,
997 ; Shashar and Hanlon, 2013 ). “Consort males” (usually
arger males) will pair with and swim parallel to a female,
nd “guard” her from other males. Consort males perform
he majority of successful mating. “Sneaker males” are usu-
lly smaller and keep their distance from larger males, but
uickly jet towards a female and occasionally achieve a suc-
essful mating. The complexity of this dynamic mating system
ivals that of most vertebrates. 

The present study investigated anthropogenic noise im-
acts on reproductive behaviours of small mixed-sex groups
f longfin squid Doryteuthis pealeii , via controlled labora-
ory experiments using underwater playbacks of pile driv-
ng sound recorded during wind farm construction. To deter-
ine whether this noise impacted reproduction, we measured
 suite of reproductive behaviours including: mate guarding
when consort males actively position themselves between a
emale and other males and defend that female resource), as
ell as male–male agonistic behaviours, mating, and egg lay-

ng. To evaluate behavioural context-dependent effects, we
ompared the response rates during reproductive activities
o those of parallel studies with similar methods addressing
oise-induced disturbances during feeding and resting (Jones
t al., 2020 , 2021 ). 

ethods 

nimal husbandry 

quid were collected by trawl in Vineyard Sound, MA, USA,
rom May to July 2019 by the Marine Biological Labora-
ory (Woods Hole, MA, USA). Squid were transported to
he nearby Environmental Systems Lab (ESL) at Woods Hole
ceanographic Institution and housed in flowing-seawater

anks prior to testing. Males and females were kept in sep-
rate tanks and male squid were further separated by rela-
ive size (“large” and “small”). Water temperature in holding
anks was maintained at 18–20 

◦C and squid were exposed to
 natural light cycle. Squid were fed killifish ( Fundulus spp.)
d libitum daily and kept in holding tanks for 1–5 days be-
ore experimentation. Only visibly healthy squid with mini-
al skin damage were tested. All procedures regarding use
f animals in research followed local guidelines and were ap-
roved by the Woods Hole Oceanographic Institution’s In-
titutional Animal Care and Use Committee (approval to
AM). 

xperimental setup 

xperiments occurred in a cylindrical, 1.8-m-diameter tank
 Figure 1 ) in the ESL between sunrise and sunset, when D.
ealeii are reproductively active (Shashar and Hanlon, 2013 ).
ater was maintained at a depth of 0.82 m and temperature

f 18.0 ± 1.2 

◦C (mean ± SD ). A slow water inflow main-
ained tank temperature and high dissolved oxygen levels.
he bottom of the tank had a 3-cm layer of sand. An Aqua-
0 speaker (DNH, Netherlands; frequency response: 0.08–
0 kHz) and hydrophone (High Tech Inc., USA; sensitivity:
165 dB re 1 V/ μPa; frequency response: 0.002–30 kHz) were

nserted into the tank to project and monitor sound, respec-
ively, during experiments. The speaker was positioned hor-



Squid reproductive behaviours withstand noise 3 

Figure 1. Top–down (a) and underwater (b) views of the experiment tank, showing locations of the underwater cameras (GoPro), hydrophone, speaker, 
egg mops, and squid (F = female, SM = small male, LM = large male). The reflection of scaffolding holding the overhead camera is visible on the water 
surface in (a). The top–down view was used for real-time monitoring during experiments, whereas the underwater footage was used for quantitative 
beha viour analy ses. 
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izontally at mid-depth (0.41 m), 12 cm forward of the tank 

wall behind it, and its main axis of projection faced the centre 
of the tank. The hydrophone was placed at mid-depth, 5 cm 

from the tank wall, and 150 cm away from the speaker. The 
hydrophone was connected to a SoundTrap ST4300 acoustic 
recorder (Ocean Instruments, NZ; 4 dB gain) located outside 
the tank. Trials were recorded with an overhead camera (Sony 
Handycam HDR-XR550), and two underwater cameras (Go- 
Pro Hero 4) facing each other from opposing sides of the tank 

at mid-depth, so that video of the entire inside of the tank was 
captured. 

Mate guarding experiment 

During experiments, squid were exposed to either 5-min long 
pile driving playbacks or 5-min long silent control playbacks 
(hereafter referred to as “pile” and “control” trials, respec- 
tively). Originally, pile driving impulses recorded in the field 

had inter-pulse intervals of about ∼1.8 s, peak-to-peak am- 
plitudes of 194 dB re 1 μPa, and were recorded from a hy- 
drophone array 500 m away from a pile driven for the Block 

Island Wind Farm, 1 m above the seabed, in water 26 m deep 

(Amaral et al., 2018 , 2020 ). These field data, along with parti- 
cle acceleration calculated from hydrophones in the field, were 
provided to the authors (see “Acknowledgements”). Three 
separate playback files were prepared using Adobe Audition 

(version 3.0): First, an ∼1-min long sequence of 30 pile im- 
pulses was sampled from the original field audio data. These 
30 impulses had equal peak–peak amplitude to each other.
This file was then edited to have a consistent inter-pulse inter- 
val of 2 s, resulting in a length of 1 min. To avoid pseudorepli- 
cation of playback stimuli, three new 1-min long files were cre- 
ated by rearranging the 30 pile impulses in different random 

orders. Finally, each of the three 1-min files was copied and 

pasted five times, resulting in a 5 min duration for each play- 
back file. See the supplementary information (Supplementary 
Figure S1) for a diagrammatic description of this playback file 
preparation. 

Squid were tested in groups of three, consisting of a 
large male, a small male, and a female, with respective 
mean ± SD mantle lengths of 22.5 ± 3.3 cm, 15.6 ± 2.2 cm,
and 14.3 ± 1.5 cm. Mantle lengths of each large male and 

small male pair differed by at least 3.5 cm (mean ± SD : 
6.9 ± 2.1). Field and lab studies show that large males act 
s consorts, and small males act as sneakers when large males
re present (Hanlon et al., 1997 ; Shashar and Hanlon, 2013 ).
ll cameras were in place and recording before squid were
dded to the experiment tank. Squid were added sequentially 
o the tank at intervals of 2 min in a consistent order of large
ale, small male, then female. Immediately following the ad- 
ition of the female to the tank, the SoundTrap was turned
n to start monitoring sound levels in the tank. Two minutes
fter the female was added, an egg mop was added to the cen-
re of the tank, and a second egg mop was added near the
ank wall (approximately a quarter of the tank’s circumference 
way from the speaker). The addition of the egg mops marked
he start time of each trial. Egg mops induced male aggres-
ion and mate guarding (Buresch et al., 2003 ; Cummins et al.,
011 ). 
Fifty-five trials were conducted. Of these, 30 trials had 

ales that mate guarded (15 pile trials, 15 control trials) and
ere used for analyses; squid that did not mate guard were
ot played noise or control files and were excluded from anal-
sis to avoid biasing results with individuals not motivated 

o reproduce. For all trials, squid were given at least 10 min
o habituate to the experiment tank before starting playback.
n experimenter was stationed out of view of the squid and
atched the trial on a screen to monitor the occurrence of
ate guarding. Criteria for mate guarding were that the male

emained within two body lengths of the female and actively
ositioned itself between the female and other male (Shashar 
nd Hanlon, 2013 ). Playback was started when mate guard-
ng was observed occurring for 15 s continuously (after the
0-min habituation period had passed). Although this meant 
he duration between the start of the trial and start of the
rst playback varied (median [IQR]: 14.3 [11.1–21.3] min),
his playback start criterion was chosen because the experi- 
ental design was focused primarily on testing whether noise 
isrupted mate guarding. Fast habituation (reduced response 
ver time to the repeated noise) within 1 min of noise exposure
as anticipated based on observations of individual squids’ 

tartle responses to pile driving in an earlier study (Jones et
l., 2020 ) . To test for potential habituation, playbacks were
epeated up to three times if squid resumed mate guarding af-
er the first and second exposure, with a minimum of 10 min
f quiet (i.e. no playback) in between. Only one control trial
nd one pile trial had a single playback period; the remaining
8 trials had three playback periods. Agonistic behaviours, in- 
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luding the number of chases (forward acceleration in pursuit
f another squid) and lunges (forward acceleration followed
y attempt to grab another squid) by males were also quanti-
ed, as defined previously (Cummins et al., 2011 ). 
Two trained observers (50% overlap of analysed trials)

atched videos and recorded time spent mate guarding, num-
er of chases, and number of lunges during 5-min-long “play-
ack” periods, and 5-min-long periods just preceding the sec-
nd and third playback periods (“quiet1” and “quiet2”, re-
pectively). Inter-observer reliability was high for both mate
uarding and agonistic behaviours ( r > 0.96, Pearson cor-
elation). Mating and egg-laying events were also scored by
n observer who watched the entire (1–2 h) duration of each
rial. 

coustic calibration of the experimental tank 

apping of the sound field in the experimental tank involved
imilar methods and instrumentation used in prior studies
Jones et al., 2020 , 2021 ). Briefly, 1 min of a pile driving
le (same as used in experiments) was played through the
peaker and recorded in 20 cm increments in all three di-
ensions (240 recording positions total). Cephalopods de-

ect acoustic particle acceleration rather than pressure (Budel-
ann, 1992 ; Budelmann and Tu, 1997 ; Mooney et al., 2010 ),

herefore, particle acceleration was recorded, as well as sound
ressure for comparison with other studies. Recording instru-
ents were affixed at the end of a PVC probe in the fol-

owing configuration: a PCB triaxial accelerometer (model
356B11, frequency response: 0.5 Hz–5 kHz, sensitivity of

ach axis: 1.04 mV/m s −2 ) was centred at the recording po-
ition, and a Reson hydrophone (model TC4013, frequency
esponse: 1 Hz–170 kHz, sensitivity: −211 dB re 1 V/ μPa) was
paced 1.5 cm to the left of the accelerometer (facing the
peaker). 

Acoustic data analyses were performed following previous
ethods (Jones et al., 2020 ), and are briefly summarized here.
ero-to-peak levels of individual pile pulses, in decibels (dB),
ere calculated for particle acceleration ( SAL z –pk ) and sound
ressure ( SPL z –pk ) as follows: 

SA L z −pk or SP L z −pk = 20 ∗Lo g 10 
(
X pk 

)
, 

here X pk is the maximum absolute acceleration ( μm s −2 ) or
ressure ( μPa). For simplicity, the 3D vector (Euclidean) norm
f particle acceleration was calculated, and its magnitude is
eported. Power spectral density (PSD) was calculated to vi-
ualize these magnitudes across frequencies. All acoustic met-
ics were limited to 20–1000 Hz, encompassing the hearing
ange of D. pealeii . Acoustic analysis results can be found in
he electronic Supplementary Material, which show the under-
ater speaker in the experiment tank projected lower pressure
ut similar particle acceleration levels to those recorded in the
eld. 

tatistical methods 

tatistics were performed in R version 4.0.4 using the lme4
Bates et al., 2015 ), car (Fox and Weisberg, 2019 ), and
lmmTMB (Brooks et al., 2017 ) packages. The significance
hreshold for all tests was α = 0.05. Generalized linear mixed
ffects models (GLMMs) were used to fit mate guarding and
gonistic data with repeated measures. Proportion of time
pent mate guarding was fit with a beta distribution, and
ounts of chases and lunges were fit with a negative binomial
istribution. Treatment (pile vs. control) and period (“play-
ack” periods 1, 2, and 3, and “quiet” periods 1 and 2) were

ncluded as main effects and squid individual was a random
ffect. Interactions between treatment and period were kept
n final models if they were significant. Model best fit was se-
ected according to Akaike information criteria (AIC). Post-
oc Wald type II χ2 tests were used to test significance of fixed
actors. 

esults 

ound field of experiment tank 

he sound field of pile driving playback in the experiment
ank was spatially variable, with highest zero-to-peak lev-
ls (up to 145 dB re 1 μm s −2 ) nearest the speaker, and a
0–40 dB drop-off horizontally towards the centre of the
ank). See the supplementary information (Supplementary Fig-
re S2a) for detailed results of acoustics in the experiment
ank. 

ate guarding 

arge males mate guarded the female squid in 25 of the 30
rials (12 control, 13 pile), and the small male mate guarded in
ight trials (5 control, 3 pile). In three trials (2 control, 1 pile),
he small male mate guarded first, then the large male later
ook over as consort and mate guarded for the rest of the trial.
he consort role shift in the pile treatment took place before
layback1, and the role shifts in the two control trials took
lace during playback2 and quiet2 periods. The number of
ate-guarding small males was too low to perform GLMMs,

ncluding all period and treatment groups, thus statistics were
imited to large males. 

There was no significant effect of the pile driving sound
n time spent mate guarding by large males. Inter-quartile
anges of time spent mate guarding in pile and control treat-
ents largely overlapped, whether comparing these treat-
ents within playback periods, within quiet periods, or com-
aring playback and quiet periods within a given sound treat-
ent ( Figure 2 ). This reflects the similarity of behaviours in
oise vs. quiet conditions, despite the high amplitude pile
riving sound (Supplementary Figure S2). Analysing all large
ales ( Figure 2 ), period was a significant factor ( χ2 = 10.01,
f = 4, p = 0.04), treatment was not significant ( χ2 = 0.88,
f = 1, p = 0.35), and the interaction between period and
reatment was significant ( χ2 = 14.0, df = 4, p < 0.01;
upplementary Table S1). Post-hoc Tukey tests revealed the
ignificant interaction was most likely driven by differences
mong periods in control trials: playback2 vs. playback1
 p = 0.017), quiet2 vs. playback1 ( p = 0.002), and quiet2 vs.
uiet1 ( p = 0.049). We analysed large males in trials where
mall males did not mate guard to determine whether the
ignificant period effect may have been due to consort role
hifts from the small male to large male. In this subset of tri-
ls ( n = 10 control, n = 12 pile), period was not a signif-
cant factor ( χ2 = 2.69, df = 4, p = 0.61), nor was treat-
ent ( χ2 = 0.01, df = 1, p = 0.93; Supplementary Table

2). This suggests that the delay of two control large males
n taking on a consort role led to the significant period fac-
or and significant interaction between period and treatment
or data in Figure 2 . Overall, these results suggested that con-
ort males’ time spent mate guarding was not significantly af-
ected by noise, and that the increase over time of mate guard-
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Figure 2. Proportion of time spent mate guarding in playback and 
betw een-pla yback (quiet) time periods for large males. Periods each had 
5 min duration and are listed in the sequence they were presented to the 
squid. Numbers under each box are sample sizes. Horizontal lines 
represent medians, bo x es e xtend from the 25th to 75th percentile, and 
dots represent outliers, defined as values < 1.5 times the inter-quartile 
range. 
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ing in control trials was likely influenced by variation of indi- 
vidual male squid behaviour rather than the squids’ acoustic 
environment. 

Agonistic behaviours 

Pile driving noise did not have a significant effect on the ago- 
nistic behaviours of large males, in terms of number of chases 
and number of lunges towards competing males ( Figure 3 ).
For number of chases, neither period ( χ2 = 1.43, df = 4,
p = 0.84) nor treatment ( χ2 = 1.88, df = 1, p = 0.17) 
were significant factors (Supplementary Table S3). Similarly,
for number of lunges, period ( χ2 = 1.05, df = 4, p = 0.90) 
and treatment ( χ2 = 0.19, df = 1, p = 0.67) were not sig- 
nificant (Supplementary Table S4). There were no signifi- 
cant interactions between periods and treatment for chase 
or lunge behaviours. Small males did not chase or lunge 
at large males. Overall, these results indicated that aggres- 
sive behaviours of male squid were unaffected by the noise 
treatment. 

Mating and egg laying 

Mating and egg laying continued to occur during and after 
noise exposure. Mating occurred in 30% of trials (5 control, 4 

pile), and was always between the large male and female. Mat- 
ing between a given consort pair occurred once in six trials,
twice in two trials, and thrice in one trial. There was no signif- 
icant difference in duration of mating events between pile and 

control trials (U = 18, p = 0.10, Mann–Whitney U test). Over- 
all, the median duration of the typical male parallel mating po- 
sition was 17 s (IQR: 15–18), and durations ranged from 9 to 

33 s, within those observed in squid in the wild (Shashar and 

Hanlon, 2013 ). In two pile trials, noise playback (playback1 

or playback3) started during mating, and mating continued.
The durations of these two mating events were 18 and 28 s,
within the duration range of mating events that occurred in 

“quiet”periods and control playbacks. Egg laying (by females) 
also occurred after mating at statistically similar rates in pile 
and control trials (mean ± SD : 0.90 ± 0.30, and 0.74 ± 0.14 
ggs capsules min 

−1 , respectively; U = 21, p = 0.41, Mann–
hitney U test). 

iscussion 

esilience of reproductive behaviours during noise 

ere, we present the first empirical dataset addressing the 
otential effects of anthropogenic noise on reproductive be- 
aviours of a marine invertebrate. Overall, there was no indi-
ation that the high-intensity, repeated pile driving noise im- 
acted any of the suite of reproductive behaviours measured,

ncluding agonistic, mate guarding, mating, or egg-laying be- 
aviours. Typical behavioural dynamics (Shashar and Hanlon,
013 ) of sexually active longfin squid continued to occur de-
pite the repeated, high-intensity, impulsive noise treatment.
hese results are perhaps surprising given the array of im-
acts seen in other behaviours of cephalopods and in other
axa (Mooney et al., 2020 ); however, they underscore the ex-
eptionally strong motivation of these squid to reproduce.
quid engaging in these behaviours are nearing the end of their
rief lifespan; females may continue to mate with multiple 
ales and spawn over a few weeks, but both sexes will soon

enesce (Maxwell and Hanlon, 2000 ; Hanlon et al., 2013 ).
rom an evolutionary standpoint, persistence of reproductive 
ehaviours during environmental stressors is advantageous 
or species with limited opportunity to reproduce in their life-
ime. The present results are consistent with theory that re-
roductive behaviours of semelparous species should be rela- 
ively uninfluenced from potentially inhibitory effects of stress 
Wingfield and Sapolsky, 2003 ; de Jong et al., 2020 ). Based
n these data, one might conclude that mating behaviours of
emelparous species are at a lower risk of adverse effects from
oise exposure. 
It is not possible to generalize these trends to all semel-

arous species, all cephalopods, or all noise types, since re-
ponses may be specific to species and noise characteristics.
or instance, females of one semelparous goby species ( Po-
atoschistus microps ) significantly delayed their inspection of 
ests, delayed spawning, and laid fewer eggs during noise from
ir stones (Blom et al., 2019 ). These differences only occurred
hen gobies were presented with continuous, rather than im- 
ulsive, noise. It is possible that longfin squid behaviours in
he present study may have differed if presented a different
oise type (e.g. boat noise). Based on studies of fish, contin-
ous noise with irregular amplitude and frequency character- 
stics is thought to be more likely to cause stress compared
o impulsive sounds that have more consistent amplitude and 

requency spectra (de Jong et al., 2020 ). Impulses played in
he present study were similar to each other in amplitude and
pectra and may be considered “regular”, although ampli- 
udes received by squid varied spatially in the tank. Effects of
ontinuous or irregular noise on squid behaviour remain to 

e tested. Considering species with currently published parti- 
le motion audiograms, cephalopods tend to have lower par- 
icle acceleration sensitivities (higher thresholds) than many 
sh species (Horodysky et al., 2008 ; Wysocki et al., 2009 ;
ooney et al., 2010 , 2016 ; Wright et al., 2011 ; Samson et al.,

014 ). Such differences in hearing sensitivity could also con-
ribute to different responses to noise across taxa, although 

his should not be assumed a priori (Hawkins and Popper,
018 ). 
Laboratory-based studies allow detailed observation of be- 

aviour in a well-controlled environment without confound- 
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Figure 3. (a) Number of chases, and (b) number of lunges to w ards small males by the same large males shown in Figure 2 , in playback and 
betw een-pla yback (quiet) time periods. Periods each had 5 min duration and are listed in the sequence they were presented to the squid. Numbers 
under each box are sample sizes. Horizontal lines represent medians, boxes extend from the 25th to 75th percentile, and dots represent outliers, 
defined as values > 1.5 times the inter-quartile range. 
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ng influence of extraneous noise sources and other environ-
ental factors. Peak particle acceleration levels in the ex-
eriment tank (see electronic Supplementary Material) were
imilar to or exceeded those measured at 500 m from Block
sland Wind Farm piles (1 m above seabed, 26 m depth),
hus representing acceleration levels predicted within a 500-
 radius (Amaral et al., 2018 ). Importantly, sound propa-

ation from piles depends on multiple engineering and envi-
onmental factors, including pile dimensions, angle with re-
pect to the seabed, hammer strike energy , bathymetry , sedi-
ent properties, and seasonally dependent sound speed pro-
les; however, propagation of particle acceleration from piles
s poorly understood (Lippert and von Estorff, 2014 ; Tsou-
alas and Metrikine, 2016 ; Lin et al., 2019 ). In-tank under-
ater acoustics cannot exactly replicate in-situ acoustic prop-
gation (Parvulescu, 1964 ; Rogers et al., 2016 ; Jézéquel et
l., 2019 ; Jones et al., 2019 ). Yet the experimental acous-
ic field can be measured precisely in high spatial resolu-
ion (perhaps more so than in the field), and careful ef-
ort was made to represent similar amplitudes and fre-
uency spectra that squid may experience from in-situ pile
riving. 

ehavioural context-dependent noise impacts on 

quid: cross-study comparisons 

omparisons to response rates of longfin squid in other be-
avioural conditions underscores that behavioural context
f the noise exposure greatly affects responses exhibited
 Figure 4 ). Note that these comparisons are conceptual; these
xperiments were necessarily performed with unique (al-
hough similar) experimental procedures as each study re-
uired its own contextual design, and necessarily on squid
rom different cohorts, which may contribute to variability
n responses to stressors (Zakroff et al., 2018 ). Previous lab-
ratory studies of individual squid either simply swimming,
esting, or otherwise not engaged in specific tasks (Jones et al.,
020 ), or during feeding events, showed substantially higher
ates of alarm and flight responses (Jones et al., 2021 ). Alarm
esponses included inking, jetting, other locomotor startle be-
aviours, and body pattern changes, which are all employed
y squid as anti-predator defences (Hanlon and Messenger,
018 ). Comparatively, noise effects on feeding behaviours
ere more nuanced. There were no statistically significant
ifferences between noise and control treatments in the pro-
ortion of squid that ultimately captured prey during the
rial. Yet noise played during squids’ pursuit of prey led to
 significant increase in missed or abandoned prey capture
ttempts. 

In the present study, trios of squid exposed to high inten-
ity noise did not demonstrate any significant changes in re-
roductive behaviours. Although the same playback equip-
ent and audio were retained across these lab studies, tests

n the present study with multiple squid required using a
arger tank. Maximum zero-to-peak particle acceleration lev-
ls in the tank were about 5–10 dB lower in the present study
han in the tank used in prior studies, thus the acoustic field
ay in part account for behavioural differences across stud-

es. However, in the present study, sound levels of the pile driv-
ng playback were within those that elicited alarm responses
nd missed prey capture attempts in prior studies, and alarm
esponses such as jetting were observed in (although not the
ocus of) the present study (Jones et al., 2020 , 2021 ; Cones
t al., 2022 ). Therefore, behavioural context (solitary squid,
olitary squid with a prey item, or groups of squid engaged in
eproduction) likely influenced differences in responses across
tudies. 

Collectively, these studies emphasize the importance of be-
avioural context when predicting anthropogenic noise effects
n marine taxa. This theme has been demonstrated across
ertebrate and invertebrate taxa (Ellison et al., 2012 ; Bru-
ntjes and Radford, 2013 ; Filiciotto et al., 2018 ). For ex-
mple, boat noise caused cichlid fish ( Neolamprologus pul-
her ) to change rates of digging and attack behaviours when
ggs were not present, but there were no significant changes
o these behaviours when eggs were present (Bruintjes and
adford, 2013 ). In the case of longfin squid, evidence from

aboratory experiments indicate noise exposure is potentially
ore disruptive to anti-predator responses and feeding be-
aviours than to reproductive activities. Notably, noise effects
n feeding behaviour may indirectly influence reproductive
ehaviours in ways not yet assessed; for instance, a reduced
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Figure 4. Comparison of relative response rates of D. pealeii to pile driving noise across studies measuring alarm/defence behaviours (Jones et al. , 
2020 ), feeding behaviours (Jones et al. , 2021 ), and reproductive behaviours (present study). Response intensity is the quantified proportion of noise 
exposure trials with a response subtracted by the proportion of control trials with a response. For the alarm/defence study, a response was defined as at 
least one occurrence of inking, jetting, startle, or body pattern change. For the feeding study, a response was defined as at least one missed predation 
attempt. Since there were no significant noise effects on any reproductive behaviours, response intensity for the present study is set at zero. Example 
videos showing these behaviours during noise are in the electronic Supplementary Material. 
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caloric intake could lead to reduced energy put towards re- 
production. 

Conclusions and future directions 

The present study indicates that reproductive behaviours of 
longfin squid may be less at risk of being disrupted by noise 
relative to anti-predator defence and feeding behaviours. To- 
gether with previous studies on D. pealeii , these results rein- 
force the importance of considering multiple behavioural con- 
texts in which animals’ responses to anthropogenic noise may 
differ. While generally understood for mammals (Ellison et 
al., 2012 ), such a perspective is new for invertebrates, which 

are often considered monotonic in their responses to noise 
stressors (Hawkins and Popper, 2018 ). Given the evolution- 
ary pressure of fitness and reproduction, those species that are 
semelparous or otherwise limited in reproductive opportuni- 
ties may be particularly resilient to noise-mediated responses 
during reproduction. How such “tolerance” then impacts an 

animal physiologically , epigenetically , or otherwise is yet to be 
determined. 

To address wind farm effects in more ecologically and 

acoustically relevant scenarios, additional complementary 
field studies on squid behavioural responses to noise and habi- 
tat changes due to wind farms are needed. These should (i) 
be longer term, as animals’ responses to chronic exposure 
may differ (Radford et al., 2016 ), (ii) investigate potential dis- 
placement (i.e. swimming away) from wind farms during con- 
struction and operation, (iii) include monitoring of physiolog- 
ical changes in addition to behaviour, and (iv) be conducted 

on multiple populations. Laboratory studies have provided 

valuable information on the behavioural contexts in which 

longfin squid may be adversely affected by anthropogenic 
noise and can inform research foci for field studies address- 
ing in-situ and population-level impacts. These research ef- 
forts and the results of the present study are of central impor- 
ance to the fishing industry, regulators, and energy industry 
eeking to assess and address risks that offshore energy ex-
ansion poses to ecologically and commercially key marine 
auna. 
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