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A B S T R A C T

A global increase in offshore windfarm development is critical to our renewable energy future. Yet, widespread
construction plans have generated substantial concern for impacts to co-occurring organisms and the commu-
nities they form. Pile driving construction, prominent in offshore windfarm development, produces among the
highest amplitude sounds in the ocean creating widespread concern for a diverse array of taxa. However, studies
addressing ecologically key species are generally lacking and most research is disparate, failing to integrate
across response types (e.g., behavior, physiology, and ecological interactions), particularly in situ. The lack of
integrative field studies presents major challenges to understand or mitigate actual impacts of offshore wind
development. Here, we examined critical behavioral, physiological, and antipredator impacts of actual pile
driving construction on the giant sea scallop (Placopecten magellanicus). Benthic taxa including bivalves are of
particular concern because they are sound-sensitive, cannot move appreciable distances away from the stressor,
and support livelihoods as one of the world’s most economically and socially important fisheries. Overall, pile
driving sound impacted scallops across a series of behavioral and physiological assays. Sound-exposed scallops
consistently reduced their valve opening (22%), resulting in lowered mantle water oxygen levels available to the
gills. Repeated and rapid valve adductions led to a 56% increase in metabolic rates relative to pre-exposure
baselines. Consequently, in response to predator stimuli, sound-exposed scallops displayed a suite of signifi-
cantly weaker antipredator behaviors including fewer swimming events and shorter time-to-exhaustion. These
results show aquatic construction activities can induce metabolic and ecologically relevant changes in a key
benthic animal. As offshore windfarm construction accelerates globally, our field-based study highlights that
spatial overlap with benthic taxa may cause substantial metabolic changes, alter important fisheries resources,
and ultimately could lead to increased predation.

1. Introduction

There is a global shift towards green energies as countries seek
increased renewable resource use on a warming planet. Over 35 coun-
tries are investing in offshore wind to generate non-carbon-based en-
ergy, contributing to a predicted 400% increase in projects and 900%
increase in power generation within the next decade (www.thewindpow
er.net). The installation of these turbines requires hammering massive
piles into the seafloor, producing one of the highest amplitude man-

made sounds ocean fauna have ever faced (Amaral et al., 2020; Sigray
et al., 2022). Anthropogenic sound is widely recognized as a global
stressor (Duarte et al., 2021) but the ecological consequences of these
intense construction sounds remain largely uncertain (Popper et al.,
2022). Animal responses to anthropogenic sound often manifest in
behavioral changes that, in turn, impact physiological states and
inter-specific interactions. Yet, sound-impact studies largely only focus
on a particular response type (e.g., behavior) in isolation limiting our
understanding of how impacts may be intertwined. There is thus a clear
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need for integrative studies that address key taxa, their interdependent
behavioral responses, physiological consequences, and how such im-
pacts influence community interactions.

The effect of human generated sounds on marine species is multi-
modal and includes behavioral changes (Cones et al., 2022; Jones et al.,
2021; Simpson et al., 2015), altered vital rates (Williams et al., 2022),
and displacement from preferred habitats (Hawkins et al., 2014; Hemery
et al., 2024; Tyack et al., 2011). These effects are likely interrelated, as
changes in behaviors are underpinned by physiological adjustments. For
example, seismic air-gun surveys have altered narwhal dive patterns (i.
e., behavior), heart rate, and respiration (i.e., physiology), but also
certainly disrupt natural foraging and access to food (Williams et al.,
2022). Often, studies examine the impacts of sound under the scope of
one or a few behavioral or physiological assays, forcing data amal-
gamation across multiple studies to determine sound-exposure guide-
lines (Popper et al., 2014). However, comparisons across individual
experimental methodologies are difficult due to unique acoustic spectral
characteristics, environmental conditions, and intra-taxa response
variability (Harding et al., 2019). Such extrapolated comparisons can
put managers and stakeholders, and our predictions of interdependent
impacts at risk because it can be inherently challenging to combine
studies across species to gain unifying principles of impacts. A study
designed to track numerous parameters from behavior to community
interactions will support comprehensive understanding of
sound-induced impacts on marine animals.

Acoustic disturbance research has historically focused on large
pelagic vertebrates, while abundant benthic invertebrate species are
substantially less studied (Popper et al., 2022; Sole et al., 2023).
Offshore windfarm areas have traditionally been selected as shallow
(<100 m depth) substrates on continental shelves (Mooney et al., 2020),
which boast highly productive benthic communities that contribute to
many ecological functions (Stokesbury et al., 2004; Stokesbury &
Bethoney, 2020). Within these communities, bivalves are abundant,
ecologically important, and economically vital marine fauna who show
a sensitivity to low-frequency sounds in the same range as pile driving [i.
e., <1 kHz (Cones et al., 2023; Jézéquel et al., 2023a)]. The only
field-based study examining the impacts of pile driving on a marine
bivalve, the giant sea scallop (Placopecten magellanicus), found signifi-
cant decreases (30–40%) in valve angle and heightened rates of valve
adductions during sound exposure (Jézéquel et al., 2022). These rapid
valve adductions were noted across multiple life stages and observed
concomitantly with every sound impulse throughout the duration of
exposure. These consistent behavioral responses, without habituation,
suggest potential disruptions to vital ecological and physiological
processes.

Scallops modulate their valve angles to facilitate vital ecophysio-
logical functions such as gill venting, respiration, feeding, antipredator
strategies, and excretion (Robson et al., 2010; Trueman, 1983). Many of
these processes rely on valve adductions that are energetically costly for
scallops and can alter their metabolic rates for extended durations
(Livingstone et al., 1981; Robson et al., 2012; Thompson et al., 1980).
Valve adductions are largely anaerobically powered (Livingstone et al.,
1981), and repeated rapid valve adductions measured in response to pile
driving sound (Jézéquel et al., 2022) may significantly affect scallops’
metabolic rates throughout the entirety of pile driving exposure and
post-recovery as oxygen debts are repaid. In addition, elevated meta-
bolic rates force animals to reallocate energy to metabolically recover
from oxygen debts obtained during anaerobic exercise. However, it re-
mains unclear if rapid valve adductions during pile driving could disrupt
scallop metabolic rate or energetically costly movement behaviors.
Metabolic stress induced from pile driving may reduce swimming per-
formance capacity and overall predator evasion performance. Thus,
there is a crucial need to measure sound-induced metabolic costs and
assess if changes increase scallop susceptibility to predation.

Scallops contribute significantly to fisheries and the ecological
function of marine systems. Ecologically, they play an important role in

benthopelagic coupling, acting as biofilters to mitigate anthropogenic
eutrophication, and they transport nutrients into sediments (Newell,
2004). Commercially, numerous scallop species are exploited and serve
as a vital protein and revenue source for communities worldwide
(scallop fishery: 1.7 billion USD, [FAO, 2016]). This confluence of
ecological contributions and commercial value have led to substantial
investments in bivalve aquaculture, valued at 6.47 billion USD, to
address food security for growing human populations, combat eutro-
phication, sequester carbon, enhance biodiversity, and capitalize on
their role as environmental sentinels (Chauvaud et al., 1998;
Garcia-March et al., 2016; Heilmayer et al., 2004; van der Schatte
Olivier et al., 2020). Given their notable behavioral responses to pile
driving and the ecological and economic value of this taxon, there is
substantial concern and many unknowns regarding how offshore
windfarm construction will impact the fishery and its inherent
ecosystem services near construction areas.

Here, we used a novel, field-based approach to measure pile driving
impacts on P. magellanicus behavior, metabolic physiology, and predator
interactions. We sought to answer three fundamental questions: 1) Do
decreases in valve angle arising from pile driving sound exposure alter
the mantle water oxygen levels? 2) Do repeated valve adductions alter
metabolic rates? 3) Do potential changes in physiology lead to weakened
swimming and antipredator performance? To address these questions,
we integrated multiple approaches including fiber optic oxygen probes,
benthic respirometers systems, and biologging sensors to precisely
measure valve angles. We exposed scallops to repeated pile driving at
known distances and sound levels, and we monitored oxygen levels near
the gills as well as oxygen consumption following a before, during, and
after gradient. After pile driving, we elicited innate antipredator re-
sponses by exposing scallops to sea star chemical cues and measured a
suite of predator escape performance metrics. By combining these
various metrics of physiological state and performance, we were able to
provide the first insights into pile driving effects on bivalve physiology
in response to real pile driving.

2. Methods

2.1. Study animals

Scallops used in this study were healthy, hatchery-raised in waters
off Cape Elizabeth, ME (provided by Pine Point Oyster Co.). Individuals
were 2–3 years old (shell height: [mean ± standard deviation] 60.0 ±

5.0 mm; wet weight: 9.9 ± 2.3 g), and no experimental animals had
visible shell damage. Scallops were relocated on August 30th, 2022 to
the Environmental Systems Laboratory at the Woods Hole Oceano-
graphic Institution where they were acclimatized for at least 20 days
before experiments started in an outdoor transparent tent with tanks
filled with flowing, ambient, unfiltered seawater.

2.2. Experimental procedure

Pile driving was conducted for 11 days between September 20th and
October 12th, 2022, off the Woods Hole Oceanographic Institution’s
dock. A cylindrical steel pile (length: 10 m, diameter: 0.3 m, wall
thickness: 0.02 m) was used and construction methods were identical to
previous experiments (see Cones et al., 2022; Jézéquel et al., 2022).
Exposures began as (1) a steel impact hammer (weight: 1500 kg) was
dropped onto the pile from a height of 1.2 m at a rate of 10 strikes/min
for 15 min, which resulted in the steel pile penetrating a minimum of 3
m into the seabed. (2) Next, a vibratory hammer (weight: 212 kg, H&M
model 135, 1150 blows per minute) was used to pull the pile out of the
substrate and to reposition it in an adjacent location for another round of
the impact hammer pile driving. This process was repeated five times
per experiment day, with pile driving activity occurring for 3 h (Fig. 1).
In total, each scallop was exposed to five, 15 min pile driving sequences.
Data were only analyzed in response to the impact hammer since our
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previous study showed that high-intensity transient impulses from
impact hammer (hereafter referred to as pile driving) strikes were
significantly more impactful to scallop behaviors compared to low in-
tensity continuous sounds from the vibratory hammer (Jézéquel et al.,
2022). Piles could not be driven in the exact same locations, resulting in
each pile varying in distance (mean= 4.3 m, min= 1.7 m, max= 7.2 m)
to the experiment animals. Although there were slight variations in the
animal-pile distance between pile driving sequences, this did not impact
our ability to address the study goals since our aim was to assess if pile
driving exposure induced physiological responses rather than examining
dose dependent relationships within this small spatial range.

New individuals were used for each experiment day. At least 12 h
prior to the start of experiments, scallops were tagged with TechnoSmart
AxyS (22 × 13 × 8 mm, 6 g) biologging tags by gluing the sensor to the
upper valve periphery, and a small magnet (11 mm diameter, 1.7 mm
thickness) on the opposite valve. The tag measured tri-axial acceleration
at 100 Hz and magnetic field strength between a magnetometer and the
magnet at 2 Hz. Acceleration data measured scallop valve movements
and body vibrations from substrate-borne sounds during pile driving,
and the magnetometer was used to precisely measure the angle between
the upper and lower valves. After the experiments, tagged scallops were
sacrificed and magnetometers were calibrated by establishing the rela-
tionship between the magnetic field strength (through the
magnetometer-magnet coupling) and the gap opening distance of the
valves. Opening distances were then converted to valve angles using the
equation:

VA=2× arcsin
(
0.5W
L

)

× 100

where VA is valve angle, W is the valve gap (in mm), and L (in mm) is
shell height of the scallop (described in detail in Jézéquel et al., 2023a).

Data were analyzed in a before-during-after scheme (Methratta,
2020). In this way, pre-pile driving periods served as controls to collect
baseline data which were compared to the exposure treatments. Such an
experimental design is widely employed (Deruiter et al., 2013; Fewtrell
&McCauley, 2012; Jézéquel et al., 2022; Miller et al., 2022; Tyack et al.,
2011; van der Knaap et al., 2022) and particularly vital for field-based

stressor studies because it accounts for the spatiotemporal dynamics
that naturally occur in the ocean which influence more traditional
pairings. Otherwise, these spatiotemporal disconnects increase error
and reduce statistical power (Methratta, 2020). Thus, numerous field
studies (e.g., noted above) track individual responses before, during, and
after sound exposures to determine consequences of disturbances.

Each morning between 08:00 and 09:00, animals were placed on the
seafloor for mantle water oxygen and respirometry experiments (Fig. 1).
Each animal was given at least a 3 h acclimation period, and then pre-
exposure measurements began 1 h prior to sound exposure. Post-
exposure measurements were taken for 1 h immediately after the last
pile driving sequence. This study was carried out in accordance with the
principles of the Basel Declaration and recommendations and approval
of the WHOI Institutional Animal Care and Use Committee scientific
protocol to TAM.

2.3. Mantle water oxygen experiment

We used fiber-optic oxygen probes (Pyroscience OXR430-CL5, 430
μm sensor diameter) to non-invasively monitor the dissolved oxygen
levels in the scallop mantle water. Each morning, one to three scallops
were glued onto separate stainless-steel platforms and sensors were
mounted on a sliding bracket, which together allowed movements in
three orthogonal axes. Sensors were carefully positioned and inserted
7–10 mm posteriorly into the mantle cavity adjacent to the shell wing
(Fig. 1). Then, the components were locked in position and the systems
were transferred on the seafloor. Cages lined with 1 mm mesh were
placed over the setups to exclude visual interactions with potential fish
predators. Mantle water oxygen levels were monitored continuously at
0.7 Hz before, during, and after pile driving.

For each experiment day, a control experiment setup was placed on
the seafloor with a cleaned scallop valves. This served to measure
ambient oxygen levels in the water and calculate mantle water oxygen
differential, or the difference between ambient oxygen levels andmantle
water oxygen levels.

Fig. 1. (A) Experimental procedure during respirometry and mantle-oxygen experiments. Animals were positioned in the respective settings 3 h before data
collection for acclimation. Data collection began at 12:00 (noon) when 60 min of pre-sound exposure baseline measurements were recorded. Next, there was 3 h of
repeated pile driving. Pile driving construction consisted of five 15-min pile driving sequences interspersed with consistent breaks as piles were repositioned. After 3
h of sounds exposure, post exposure data were collected for an additional hour. (B) A schematic of the respirometry (left) and mantle water oxygen (right) ex-
periments. Animals were positioned 2-8 m from the pile and were at a depth of 5 m.

S.F. Cones et al.
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2.4. Respirometry

To monitor metabolic rates before, during, and after pile driving, on
each experiment day one to three scallops were isolated in individual
custom-built closed respirometer systems (Fig. 1). Each system consisted
of a cylindrical (diameter: 10.16 cm; height: 17.15 cm) opaque chamber
and a water pump that were connected via non-toxic tubing (V = 1.58
L). A flow-through oxygen sensor (Pyroscience OXFLOW) was integrated
into the tubing downstream from the scallop chamber. A thin (2 cm)
layer of sterilized sand was placed on the bottom of each chamber to
provide a natural substrate for each scallop. The water pump circulated
the water at a flow rate of 2.25 L min− 1 to prevent oxygen gradients
within the chamber and consistently move seawater over the oxygen
sensor. Oxygen sensors were calibrated daily using Pyroscience two-step
calibration method.

Chambers with animals were carefully positioned and buried 5–10
cm into the substrate each morning at set locations. All chambers and
tubing were visually inspected for air bubbles prior to sealing. The
systems remained ‘open’ to the ambient seawater to ensure high oxygen
levels during acclimatization and were subsequently ‘closed’ at 11:00.
The oxygen probes were connected to a computer at the surface, which
provided real-time dissolved oxygen levels within each chamber. Dis-
solved oxygen levels were continuously monitored from 11:00 to 18:00
at 1.0 Hz, and systems were manually flushed by a freediver that
temporarily disconnected a tubing connection at the water pump. This
served to restore high oxygen levels inside the chamber. Flushing only
occurred during quiet periods between pile driving sequences and
served to prevent dissolved oxygen levels from decreasing below 75 %
air saturation (MacDonald & Thompson, 1986).

Each experiment day had a control respirometer which measured the
microbial respiration in the water. These systems were set up identically
to the experiment chambers, but instead of a live scallop, a pair of dead
and cleaned scallop valves were placed in the chambers. Metabolic rate
(mg O2 hr− 1) was calculated by M = Δ VO2/time. Then, to normalize to
mass-specific metabolic rates (mg O2 g− 1 hr− 1), we divided M by the
scallop wet mass in grams.

2.5. Predator attack simulations

To assess if potential physiological changes impacted scallop anti-
predator behaviors, we simulated sea star (Asterias forbesi) predator in-
teractions and quantified swimming performance and behaviors on pile
driving-exposed scallops. Immediately after the last pile driving
sequence of the day, one to two scallops from the mantle water oxygen
experiment were quickly transferred to individual rectangular holding
tanks (0.6 m × 0.4 m x 0.5 m; 0.12 m3) filled with circulating seawater
from the experiment site. Escape swimming behaviors were induced by
injecting 1 mL of homogenized sea star (1 g of sea star per 5 mL seawater
[Thompson et al., 1980]) into the scallop mantle near the shell wing.
Injections were made posteriorly to limit any visual effects. Sea star
chemical cues elicited an innate escape swimming response where the
scallops snapped their valves together in a series of adductions and
abductions (Thompson et al., 1980). However, because the scallops were
glued to the platform, we systematically repeated sea star interactions
every 15 s for 10 min. Control experiments were conducted with iden-
tical methods and at the same experimental site but occurred on days
without pile driving. The same batch of homogenized sea stars was used
for both controls and experiments.

We quantified antipredator performance through tag and video data.
Video data were annotated in BORIS (v7.12.2) (Friard & Gamba, 2016)
for the total number of valve adductions, the number of swimming
events, the duration spent fully closed, the number of simulated pred-
ator interactions in which scallops did not behaviorally respond, and the
exhaustion time. The exhaustion time was defined as the duration, in
seconds, in which scallop valves remained open and did not respond to
three subsequent simulated predator interactions. Exhaustion time was

referenced back to the time of the first of three no response scores.
Swimming events were defined as sequences of at least three strong (>1
g) valve adductions repeated with less than 1 s inter-clap-interval. Valve
adduction rate was normalized and measured as the number of valve
adductions per second scallop valves were open.

2.6. Acoustics

We quantified the pile driving sound field in three ways: particle
acceleration of experimental setups, water-borne particle acceleration,
and substrate-borne acceleration levels. Considering P. magellanicus and
other marine bivalves are sensitive to low frequency (<1 kHz) under-
water particle motion (Jézéquel et al., 2023a; Cones et al., 2023), the
sound field during pile driving exposure was quantified in particle ac-
celeration levels (PALs) using a calibrated triaxial accelerometer (PCB
model W356B11; sensitivity: x = 10.26 mV ms− 2, y = 10.38 mV ms− 2, z
= 10.62 mV ms− 2) with a sampling frequency of 2 kHz (for a detailed
description, see Cones et al., 2022). Recordings were taken when the
accelerometer was glued to the respirometer chamber and mantle water
oxygen experimental platform to directly measure sound levels received
by the animals.

For acoustic measurements, triaxial data were combined as the 3-D
vector quantity. The received sound levels were assessed by
computing 0-peak accelerations (PALzpk dB re 1 μm s− 2). Next single
strike particle acceleration exposure levels [PAELss dB re (1 μm s− 2)2 x s]
were calculated by integrating PALzpk over the pulse length containing
90% of the signal energy, and cumulative particle acceleration exposure
levels [PAELcum dB re (1 μm s− 2)2 x s] were measured over the course of
one pile driving sequence and for all five pile driving sequences.

We also recorded substrate-borne sounds using an ocean bottom
seismometer. A calibrated geophone (model GS-11D from Geospace®)
with a 1000 Hz sampling frequency was buried in the seafloor by divers
adjacent to the experimental setups. Geophone installation occurred
before the start of the three-week experimental period and remained
fixed. It recorded ground-motion along three-orthogonal axes (one
vertical and two horizontal). All data were recorded on a Quanterra Q8
24-bit data-logger after × 8–32 pre-amplification. The vertical axis of
the ocean bottom seismometer was clipped at 5 m s− 2 during pile
driving, so only the magnitude of horizontal substrate acceleration data
are reported as [sqrt (x2 + y2)].

2.7. Statistics

A one-way ANOVA was used to test for differences in both mantle
water oxygen deficit and mass specific metabolic rates across sound
treatments. If a one-way ANOVA resulted in significant result, a post-hoc
Tukey-Kramer pairwise comparison was performed to identify the
groups that had significantly different means. A one-sample t-test was
used to test for differences in metabolic rates across individual sound
exposure treatments. Lastly, two-sample t-tests were used to test for
differences in all anti-predator performance metrics in control and
experimental groups. Data within the text are presented as the mean and
standard deviation. For each boxplot, the central red mark indicates the
median, and the lower and upper box edges (IQR) indicate the 25th and
75th percentiles, respectively. The whiskers denote the limits of the data
that are not considered outliers, which were values 1.5 * IQR above the
third quartile or below the first quartile. The outliers, if present, are
plotted in red. The barplots show the mean and the error bars depict the
standard deviations.

3. Results

3.1. Acoustic levels

A full synopsis of the experimental acoustic field is shown in Table 1.
Accelerometer-based received sound levels were similar at the mantle
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water oxygen and respirometry experiments (PALzpk of 122.1 ± 4.9 and
122.9 ± 5.0 dB re 1 (μ ms− 2), respectively). Horizontal substrate sound
levels in zero to peak adjacent to the experiment setups were 125.5 ±

2.7 dB re 1 (μ ms− 2). Sound exposure levels were calculated on three
different time scales: one pile driving strike, 15 min pile driving
sequence, all five pile driving sequences over an experiment day. Single

strike exposure levels were 81.7 ± 3.8 and 82.4 ± 2.7 dB re 1 (μ ms− 2)2

× s for the mantle water oxygen and respirometer systems, respectively.
For a single 15 min pile driving sequence, PAEL increased to 102.2± 3.1
and 103.7 ± 3.1 dB re 1 (μ ms− 2)2 × s. Over an entire experiment day,
PAEL was greatest at 109 and 110 dB re 1 (μ ms− 2)2 × s.

Table 1
Received water and substrate-borne sound levels for the mantle water oxygen and respirometry experiments. Rise time is the time, in milliseconds, for pile driving
impulses to increase from 5% to peak amplitude. Particle acceleration levels were measured directly on experiment setups and are expressed as zero to peak (PALzpk).
Particle acceleration exposure levels were measured for one hammer strike (PAELss), one pile driving sequence (PAELcum/sequence), and over the entire experiment
day (PAELcum/day). Lastly, substrate-borne sounds were measured by an ocean bottom seismometer within 1 m from both experiments, and only horizontal mag-
nitudes were calculated since the vertical axis was clipped.

Experiment Rise Time
(ms)

PALzpk dB re 1 (μ
ms− 2)

PAELss dB re 1 (μ
ms− 2)2 × s

PAELcum/sequence dB re 1 (μ
ms− 2)2 × s

PAELcum/day dB re 1 (μ
ms− 2)2 × s

Horizontal substrate sound dB
re 1 (μ ms− 2)

Mantle water oxygen 14.5 ± 93 122.13 ± 4.9 81.68 ± 3.8 102.15 ± 3.1 109 125.5 ± 2.7
Respirometer 13.3 ± 93 122.88 ± 5.04 82.4 ± 2.7 103.74 ± 3.09 109.8

Fig. 2. Pile driving reduces scallop valve angle and mantle water oxygen levels. Concurrent valve angle (A) and mantle water oxygen (B) from an experimental
animal during a pile driving sequence. Pile driving onset is indicated by the black arrow shortly after t = 0. Black time series is the air saturation in the control setup
measuring ambient oxygen levels in the water column. (C) Average valve angles for all 25 experiments during pre and post sound treatments and average valve angles
during pile driving sequences. (D) Mean valve angles for all experiments over individual pile driving sequences (grey) and averaged across of five bouts (black)
beginning at sound onset (t = 0). (E) Average oxygen deficit (ambient DO minus mantle DO) for 25 experiments before sound onset, each pile driving sequence, and
post pile driving. (F) Percent change in mantle water oxygen differential from the onset of sound (t = 0) throughout each pile driving sequence (grey: mean value
over five pile driving sequences per day and per individual, black: average value across all individuals).

S.F. Cones et al.
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3.2. Mantle water oxygen experiments

Over 11 sound exposure days, we conducted 25 mantle water oxygen
experiments. Scallops showed reduced valve angles in response to pile
driving sound exposure, with the strongest valve angle reductions
occurring at the onset of each pile driving sequence (Fig. 2A). The
average valve angles observed before (19.44◦) and after pile driving
(18.49◦) were higher than those recorded during any of the pile driving
sequences [14.82–15.71◦ (Fig. 2D)]. This signifies an average valve
angle reduction of 22.5% from the pre-exposure conditions. Similarly,
scallops had reduced valves angles throughout the course of individual
pile driving sequence relative to just prior to pile driving onset (Fig. 2D).
In addition, repeated valve adductions of varying magnitude were seen
throughout in response to each pile driving strike (Fig. 2A).

Average mantle water oxygen deficit (ambient oxygen – mantle
water oxygen) was greater during all pile driving sequences
(15.65–10.02 % air sat) relative to pre- (9.85% air sat) and post-
exposure (7.64 % air sat; Fig. 2E). The difference was most noticeable
for the first pile driving sequence where mantle water oxygen deficit was
59% greater than pre-exposure conditions, however, these trends were
statistically insignificant [One-way ANOVA, F (6, 147) = 1.72, p =

0.12].
A rapid decrease in mantle water oxygen level was observed when

isolating data at the onset of individual pile driving sequences (Fig. 2F).
For all experiments and pile driving sequences, average mantle water
oxygen decreased 5.25% of air saturation relative to just prior to sound
onset and reached a maximum deficit of 6.74%.

3.3. Respirometry experiments

Across six pile driving days, we conducted 14 respirometry experi-
ments. In line with the mantle water oxygen experiments, scallops
exhibited higher average valve angles both before (18.22◦) and after
(18.52◦) sound exposure compared to all pile driving [15.17–16.04◦
(Fig. 3A)] sequences. This signified a reduction in average valve angles
of 14.6% from pre-exposure conditions for all pile driving sequences. At
a finer temporal scale, scallops had reduced valves angles over the
duration of individual pile driving sequences relative to just prior to the
first sound impulse (Fig. 3B).

Average metabolic rates varied between the three treatments: before,
during, and after pile driving construction (One-way ANOVA, F (2, 33)
= 4.43, p = 0.0198). Post-hoc pairwise comparisons revealed that
metabolic rates were significantly higher after pile driving relative to
pre-exposure baselines (Tukey-Kramer, p = 0.015), while metabolic
rates measured throughout the entire pile driving activity did not differ
statistically from baseline (Tukey-Kramer, p = 0.17, Fig. 3C). Average
metabolic rate before pile driving was 0.0733 mg O2 g− 1 hr− 1 and
increased 33.1 % to 0.0976 mg O2 g− 1 hr− 1 during entirety of pile
driving. After pile driving, metabolic rates were even greater at 0.114
mg O2 g− 1 hr− 1, representing a 56.0 % increase relative to before pile
driving.

Metabolic rates were analyzed across individual pile driving se-
quences to test for potential changes in oxygen consumption across
minute time scales. There were significant reductions in metabolic rate
in the first 200 s of the first (t-test, t-stat = − 4.6, df = 5, p = 0.0058,
Fig. 3F) and third (t-test, t-stat = − 2.55, df = 10, p = 0.029, Sup Fig. 1)
pile driving sequences relative to the last 600 s. During these periods,
metabolic rate distributions overlapped zero signifying oxygen

Fig. 3. Pile driving alters the metabolic rate and oxygen consumption patterns of P. magellanicus. (A) Average valve angles for all 14 exposure experiments before
(Pre), during pile driving sequences, and after (Post) sound treatments. (B) Mean valve angles for all experiments over individual pile driving sequences beginning at
sound onset (t = 0). (C) Metabolic rates before (Pre), during sound exposure (averaged over the entire 3-h pile driving exposure (Sound)), and 60 min after sound
stopped (Post, One-way ANOVA, F (2, 33) = 4.43, p = 0.0198). (D) One example experiment showing a ‘breath hold,’ or a flattening in oxygen consumption during
the first pile driving sequence. The dotted grey line denotes sound onset, and (E) co-occurring valve angle of the blue shaded area shows the flattening in oxygen
consumption corresponded to a 50% valve angle reduction from baseline during sound onset. (F) Oxygen consumption rates reflected as the dissolved oxygen in all
chambers (grey lines) during the first pile driving sequence beginning with sound onset at t = 0; the black line represents the mean. (G) The metabolic rates for the
initial 200 s are significantly lower than those at last 600 s after sound exposure (t-test, t-stat = − 4.6, df = 5, p = 0.0058). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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depletion rates similar to control chambers with no animal present
(Fig. 3G). Concurrent tag data showed periods of flattened oxygen
consumption rates were accompanied by drastic reductions in valve
angles (Fig. 3D and E). Metabolic rates during the second (t-test, t-stat =
0.10, df = 10, p = 0.92), fourth (t-test, t-stat = 0.25, df = 6, p = 0.81),
and fifth (t-test, t-stat = 0.66, df = 6, p = 0.53) pile driving sequences
were statistically similar throughout.

3.4. Antipredator performance

In total, 15 antipredator experiments were conducted over 10
experimental days. Both experiments and controls (n = 8) were con-
ducted over the same temperature (two-sample t-test, p = 0.31, exper-
iment = 19.3 ± 1.8 deg C; control = 18.6 ± 1.2 deg C) and oxygen
conditions (two-sample t-test, p = 0.35, experiment = 95.9 ± 7.9 % air
sat; control = 91.6 ± 5.6 % air sat). Control scallops enacted signifi-
cantly more swimming events than experimental animals exposed to pile
driving (two-sample t-test, t-stat: 2.10, p = 0.0445, Fig. 4A). Control
scallops also had a higher valve adduction rate when normalized for the
duration valve were open (two-sample t-test, t-stat: 2.46, p = 0.021,
Fig. 4B). Additionally, animals exposed to pile driving became exhaus-
ted significantly more rapidly (two-sample t-test, t-stat: 3.326, p =

0.0026, Fig. 4C). Lastly, experimental scallops spent less time fully
closed (two-sample t-test, t-stat: 2.57, p = 0.0163, Fig. 4D) leading to an
increased percentage of no responses to the predator stimuli (two-sam-
ple t-test, t-stat: 2.09, p = 0.0462, Fig. 4E).

4. Discussion

This integrative field-based study highlighted four key results. First,
in support of our previous study (Jézéquel et al., 2022), pile driving
repeatedly induced valve angle reductions and valve adductions across
seconds to hourly time scales. Second, the altered valve behaviors
resulted in decreased oxygen within the mantle cavity. Third, oxygen
consumption rates and patterns were impacted by pile driving exposure.
Metabolic rates were significantly greater after pile driving than during
quieter preconstruction conditions while the animal was likely repaying
oxygen debts from numerous valve adductions. Finally, the physiolog-
ical changes resulted in weaker swimming behaviors and earlier
exhaustion that could lead to increased predation in the wild, potentially
increasing scallop mortality during and after exposure to pile driving.

4.1. Behavioral responses to pile driving exposure

The modulation of valve angles is an underlying mechanism for all
scallop movement behaviors, and it governs many aspects of their

biology [i.e., vision, gill venting, feeding (Robson et al., 2010), anti-
predator strategies (Trueman, 1983), and regulation of mantle volume].
Consequently, disruptions to natural, preferred valve positions could
have cascading impacts to these essential ecophysiological functions.
We found for both mantle water oxygen and respirometry experiments,
scallops showed notably lower valve angles during pile driving and
valve angle reductions were most severe at sound onset. Additionally,
there was no evidence of behavioral habituation or desensitization to
repeated pile driving sequences at seconds to hourly time scales. This
result is in marked contrast to other sound-impact studies on other
mollusks such as squid (Cones et al., 2022; Jézéquel et al., 2023b) and
tank-based studies on other bivalve species (e.g., Hubert et al., 2022)
that show the probability of behavioral response decreases with time.
Lack of habituation indicates that impact severity may be positively
correlated with pile driving duration or simply in situ pile driving may be
a more impactful source than confined, tank, and speaker-based repli-
cations. Future work should continue such field-based exposures with
actual pile driving at similar temporal scales as offshore windfarm
construction.

4.2. Mantle water oxygen experiments

Reduced valve angles led to a reduction (4.75% air saturation) in the
mantle water oxygen levels throughout pile driving sequences.
Throughout sound exposure, mantle water oxygen levels mirrored valve
angles and decreased rapidly at sound onset and persisted at lower
values throughout exposure. Thompson et al. (1980) measured the
physiological impacts of a 1-h duration valve closure in P. magellanicus
and found closures led to several physiological changes including a
decrease in mantle water oxygen, similar to our study. In addition, valve
closures rapidly led to decreased blood oxygen and blood pH, and
altered oxygen consumption (Thompson et al., 1980). Upon re-opening
after the disturbance, oxygen consumption increased 700% and other
physiological parameters took up to 3 h to return to baseline. These data
suggest long recovery times are needed after valve angle reductions, and
oxygen uptake will dramatically increase after a disturbance, a similar
trend to our study (see section 4.3). Scallops have a much lower effi-
ciency of oxygen uptake relative to other aquatic species such as fishes
and thus need substantial recovery periods in which energy allocation is
disrupted (Livingstone et al., 1981; Robson et al., 2012). In this context,
our results suggest that mantle water oxygen levels will reduce during
the entirety of sound exposure, and other physiological parameters such
as blood oxygen (not measured here) may be altered for prolonged pe-
riods even after pile driving ends.

Fig. 4. Scallops exposed to pile driving performed worse during simulated sea star attacks. (A) Experimental sound-exposed scallops elicited significantly fewer
swimming events (two-sample t-test, t-stat: 2.10, p = 0.0445) (B) and had a lower valve adduction rate (two-sample t-test, t-stat: 2.46, p = 0.021). (C) Experimental
scallops became exhausted more rapidly (two-sample t-test, t-stat: 3.326, p = 0.0026. (D) Control animals spent more time with valves fully closed (two-sample t-test,
t-stat: 2.57, p = 0.0163). (E) Sound-exposed scallops had a higher probability of not behaviorally responding to sea star stimuli (two-sample t-test, t-stat: 2.09, p
= 0.0462).
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4.3. Respirometry experiments

Scallop metabolic rates exhibited marked elevations both during and
after pile driving exposure, surging by 33% and 56%, respectively,
compared to baseline conditions. This notable increase underscores the
great energetic toll exacted by the rapid valve adductions endured
during pile driving exposure. The heightened metabolic rates are likely
attributed to the contractions of the larger phasic portion of the adductor
muscle that largely relies on phosphagen (anaerobic) energy pathways
to power their valve movements (Livingstone et al., 1981; Thompson
et al., 1980). Phasic muscle contractions enable fast valve adductions
but have limited energetic scope. Consequently, repeated valve adduc-
tions resulted in oxygen debts that persisted for at least 1 h after the
cessation of pile driving. Total recovery time is particularly important
for scallops since they often select to fully recover metabolically before
enacting other movement behaviors such as swimming to escape from
predators (Robson et al., 2012). Therefore, a critical avenue for future
research lies in determining the total duration required for metabolic
recovery from pile driving exposure. Such insight will shed light on the
extent to which scallops are compelled to divert energy to recover and
remain susceptible to predation during this protracted recuperation
period.

4.4. Antipredator performance

The heightened metabolic rates after the pile driving sound exposure
led to weaker performance of antipredator behaviors. When oxygen
debts are incurred, scallops are limited in the rate of energy expenditure,
which narrows their metabolic scope and swimming performance
(Robson et al., 2012). A lower number of swimming events, more rapid
exhaustion, and less time fully closed all indicate that pile
driving-exposed scallops had a lower probability of escaping a sea star
predation attempt. Sea stars, in addition to crabs and lobsters, are well
known scallop predators (Barbeau & Scheibling, 1994; Elner & Jamie-
son, 1979). Sea stars can be more abundant than scallops by over a 2:1
ratio in key scallop habitats (Stokesbury et al., 2004). High densities of
sea stars suggest predation attempts may not occur in isolation and
scallops may need repeated swimming events and/or full valve closures
to evade capture. Thus, the earlier time to exhaustion may be detri-
mental and ultimately lead to higher mortality.

Successful predation requires a series of behaviors from location,
attack, capture, and ingestion (Barbeau & Scheibling, 1994). Scallops
are an excellent model to assess escape performance during capture
attempts because valve adductions and angle regulate all antipredator
behaviors, and therefore can be controlled and measured easily. While
our results indicate a significant decrease in scallop’s ability to evade a
sea star, it is important to note that our antipredator tests did not
concurrently measure pile driving sound effects on sea stars. Sea stars
search for their food via chemoreception (Sloan& Campbell, 1982), and
it is unknown whether pile driving sound would interfere with their
ability to locate or attack prey. Our experiment methodology used ho-
mogenized sea stars rather than living animals, thus the hypothesis was
tested in isolation and future assessments of pile driving sound impacts
to sea stars are needed to fully clarify this predator-prey relationship.

4.5. Broader implications

Although our experiments represent a significant step forward in
replicating offshore windfarm constructions in a controlled field setting,
the pile diameter of our experimental setup was 1/30th of the diameter
of the current piles being used in commercial installations (Kallehave
et al., 2015). Thus, the physiological and anti-predator impacts found in
this study will likely extend to a much greater spatial extent. Addi-
tionally, our setup only allowed for 15-min sound exposures. Because
scallops failed to habituate to the impact pile driving, we would expect
longer exposure durations would demonstrate even greater severity

impact. Previous studies measuring pile driving of a larger monopile
offshore lasted 310 min at a more rapid hammering rate (60 strikes
min− 1 versus 10 strikes min− 1 used in this study), resulting in over 6300
strikes for a single pile (Sigray et al., 2022). The PALzpk were 7 dB
greater at 880m from the pile without mitigationmethods than what the
experimental animals received in our study. Given the propagation ef-
ficiency of this low frequency sound, impacts such as those observed
here could occur more than 1 km away from each pile installation
(Sigray et al., 2022). This impact distance is greater than the spacing of
turbines, suggesting that animals would be impacted throughout the
entire windfarm area.

In context, the giant scallop, P. magellanicus, is abundant in the Mid-
Atlantic Bight, USA, where multiple future offshore windfarms are
planned. Stokesbury and Bethoney (2020) calculated in situ population
density (277,090 scallops/km2; 9 billion total) in locations within and
near the proposed windfarm lease areas. Considering these numbers and
a conservative impact radius of 1 km based on sound level data from
Sigray et al. (2022), our data suggests that the potential impacts dis-
cussed herein could affect anywhere from 672,440 to 1,068,500 scallops
(within a 95% confidence interval) or roughly 6.7–10.7 metric tons of
scallop meat per wind turbine (Sup Mat 1). Notably, this estimate is only
0.00012% percent of the regional population in the Mid-Atlantic Bight
and the total number of impacted scallops will likely be a function of the
number of turbines. However, it is important to emphasize that the
actual impact on these scallops may be more severe than noted here
because there will be generally higher sound levels within the defined
impact radius, and offshore windfarm pile driving construction typically
occurs at a rate 2–3x faster than what we can replicate here. To gain a
clearer understanding of the severity of these impacts within the
affected area, it is essential to assess the relationship between received
sound amplitude and the behavioral and physiological impact severity.

Our tests focused specifically on the impacts of offshore windfarm
construction sounds on scallops. Sound impacts during non-construction
windfarm phases (i.e., survey, operation, decommission) will likely
differ from the impacts shown in the present study since response
severity has been shown to vary with frequency spectra and temporal
characteristics (Jézéquel et al., 2022; Mooney et al., 2020). Indeed,
seismic airgun explosions, which are a common windfarm survey
method, have been shown to alter blood biochemistry of Pecten fumatus
(Day et al., 2017), but long term impacts on productivity and survi-
vorship postexposure of other bivalves (Pinctada maxima) are less
evident (Parsons et al., 2023). Field data from operational and decom-
mission stages are lacking, but it is likely operational windfarm areas
will act as a refuge from fishing pressure as commercial fleets will likely
experience disrupted access to areas within windfarms.

5. Conclusion

Offshore wind energy development is rapidly proliferating world-
wide in habitats with high bivalve abundance. This is the first field-
based study to assess how pile driving sounds impact the behavior,
metabolic physiology, and community interactions for a marine inver-
tebrate. Our results demonstrate the ongoing and imminent construction
may have cascading ecophysiological impacts spanning reduced oxygen
availability to the gills, altered oxygen consumption rates and patterns,
to weakened anti-predator behaviors. Our field-based study is a sub-
stantial step forward in moving sound-impact studies of marine bivalves
into field conditions. Considering the clear physiological and antipred-
ator impacts to scallops reported here, as well as previous field studies
noting behavioral impacts across three life stages (Jézéquel et al., 2022),
we stress the importance of selecting location of both wind farms and
pile foundations in context of natural scallop density data. By combining
acoustic measurements from larger-scale commercial windfarms and
P. magellanicus distribution data, we estimated that physiological im-
pacts noted in this study may impact over a million scallops per turbine
during future construction in productive Mid-Atlantic Bight habitats.
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However, there is high scallop density variability across multiple spatial
scales that may be exploited by ocean use regulators to selectively avoid
productive habitats, mitigating disruptions to ecologically-important
and abundant scallops, safeguarding one of the most lucrative fish-
eries in the U.S. and allow nations to meet renewable energy needs.
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