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Abstract

Scientific awareness is rising regarding fish and sea invertebrates’ sensitivity to the sound
field’s particle motion component. The AquaVib, a distinctive laboratory setup, provides
a practical methodology for controlled sound exposure experiments on small aquatic
organisms, enabling a separate assessment of their acoustic pressure- and particle motion-
elicited responses across a range of realistic scenarios. The chosen facility design permits the
reproduction of realistic sound exposures at different kinetic-to-potential energy ratios, with
characteristics similar to underwater-radiated noise from human activities such as shipping
or offshore installations (<1 kHz). It provides a cost-efficient multimodal approach to
investigate potential physiological, pathological, and ultrastructural effects on small aquatic
organisms at any stage of maturity. This study details the vibroacoustic characterization of
the AquaVib system, identifies key challenges, and outlines planned improvements. The
ultimate goal of the presented approach is to contribute to the scientific community and
competent authorities in covering the main gaps in current knowledge on the sensitivity of
aquatic organisms to the particle motion component and to identify and quantify potential
acute and long-term detrimental effects arising from human activities.

Keywords: particle motion; aquatic organisms; respirometry; underwater radiated noise;
multimodal approach; AquaVib

1. Introduction
Many aquatic organisms are largely dependent on their ability to interpret and exploit

vibroacoustic cues, e.g., foraging, social communication, alertness, orientation, etc. How
they interact with and to what extent they are negatively affected by anthropogenic noise is
a matter of study that commonly employs the acoustic pressure sound field component
as a unique baseline metric [1,2]. However, recent research consistently demonstrates that
fish, marine invertebrates, and even flora are significantly more sensitive to the particle
motion component of the sound field [3–7]. Although a growing number of field- [8,9], and
lab-based [10–14] studies have investigated particle motion-elicited responses in aquatic
organisms, there is still a substantial knowledge gap.

Recent literature [6,15–19] highlights the inherent difficulties for reliably measuring the
particle motion component in both field- and lab-based studies. The absence of international
standards on how to measure, interpret, and report particle motion measurements complicates
the comparison between published results. Additionally, the tight relationship between
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the sound pressure and particle motion components makes it challenging for scientists to
separately assess the responses of aquatic organisms associated with each of them.

Given the critical disruption that natural soundscapes are experiencing in this An-
thropocene epoch due to an unprecedented introduction of sound sources, e.g., shipping,
offshore wind farm construction [20], the scientific community is devoting its efforts to
building up a global interdisciplinary collaboration effort [18]. One of the tasks in the
EU Horizon 2020 research project SATURN: Solutions at Underwater Radiated Noise
(https://www.saturnh2020.eu/ accessed on 24 September 2025) concerns studies to iden-
tify the most detrimental vibroacoustic cues in shipping sound to key species of fish and
invertebrates, separately assessing the effects associated with both acoustic pressure and
particle motion sound components.

The AquaVib system, inspired by the Larvaebrator [11], the HICI-FT [21,22], and the
standing-wave acoustic tube developed by Sand and Karlsen [23], is presented here as a tool
for laboratory sound exposure studies. It provides a practical methodology for achieving
consistent and comparable data on the sensitivity of small aquatic organisms at any of
their life stages to realistic vibroacoustic cues, assessing acoustic pressure and particle
motion components across varying energy ratios. The compact water volume in which the
organisms are exposed to sound is either compressed (acoustic pressure configuration) or
shaken (particle motion configuration), creating a scenario in which the kinetic-to-potential
energy ratio can be significantly altered. The aim of this paper is to provide a comprehensive
account of the design and operation of AquaVib, an innovative instrument for laboratory-
based sound exposure studies that enables independent evaluation of acoustic pressure and
particle motion effects. We describe the characterization of the setup, presenting a validation
of its current performance, and an exploration of the key challenges in establishing a high-
standard technique for sound-controlled exposure experiments in the laboratory.

2. Materials and Methods
The AquaVib (Figure 1), housed in an artificially illuminated cabin, consists of an

interchangeable rigid-walled, water-filled acoustic chamber (250 mm length × 152 mm
internal diameter), with a 9 mm-thick borosilicate glass (2.7 g/cm3) wall, that holds the
target organisms in 4.5 L of water. The chamber is driven at both ends by a pair of
electrodynamic shakers. These can be configured and controlled so that the target organisms
in the chamber can be exposed to different kinetic-to-potential energy ratios (Section 3.4),
with controllable ambient and spectral characteristics. Furthermore, the behavioral response
of the organisms can be observed through the transparent acoustic chamber wall, while
their oxygen consumption is measured (Section 3.5).

2.1. Sound Field Metrics

The terms and definitions used follow those proposed by Nedelec et al. [18], also
compatible with ISO 18405:2017 [24]. We describe here the most relevant conventions to
ease the interpretation of results.

The sound pressure level (SPL), Lp, in dB re 1 µPa2, is computed as the level of the
time-average mean-square of the measured acoustic pressure.

The mean-square sound particle velocity level (PVL), Lu, in dB re 1 (nm/s)2, is com-
puted from the sound particle acceleration level (PAL), La in dB re 1 (µm/s2)2, as

Lu = La − 20 log10(2π f / f0) dB + 60 dB (1)

where f0 = 1 Hz, the reference value for frequency, and the 60 dB term accounts for the
conversion between the reference values for sound particle acceleration and velocity.

https://www.saturnh2020.eu/
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Figure 1. Detailed view of the AquaVib system. The pair of 1 kN electrodynamic shakers sits on
sliding platforms to tightly adjust their moving heads against the Ethylene Propylene Diene Monomer
(EPDM) membranes, which hold the water inside the transparent exposure chamber. An Integrated
Electronics Piezo-Electric (IEPE) accelerometer is mounted at the rear face of each shaker’s moving
head. The pair of hydrophones is completely submerged in the water volume. A respirometry cell
and the reference temperature sensor are interconnected between the water inlet and outlet.

The total energy carried by a sound wave is made up of the sum of its potential energy
(Epot), and its kinetic energy (Ekin), which are directly related to the compression and
rarefaction of the medium and the motion of the particles that constitute the propagation
medium, respectively. Thus, mean-square acoustic pressure p2, and sound particle velocity
u2, are related to Epot and Ekin as

Epot = p2/
(

2ρc2
)

(2)

Ekin = ρu2/2 (3)

where ρ (~1.03 g/cm3) is the density of seawater, and c (~1500 m/s) is the speed of sound
in seawater.

This is translated into the dB scale as LEpot and LEkin , with reference units Eo = 1 pJ,
uo = 1 nm/s and p0 = 1 µPa:

LEpot = 10 log10

(
p2/2ρc2E0

)
dB = Lp + 10 log10

(
p0

2/2ρc2E0

)
dB (4)

LEkin = 10 log10

(
ρu2/2E0

)
dB = Lu + 10 log10

(
ρu0

2/2E0

)
dB (5)

The energy ratio is then expressed as

LEpot − LEkin = Lp − Lu − 10 log10

(
(ρc)2u0

2/p0
2
)

dB ≈ Lp − Lu − 64 dB (6)

In a plane wave in free-field conditions, i.e., far from sources and acoustic boundaries,
the energy components of the sound field, Epot and Ekin, are considered to be equal [25].
Therefore, from (6), it can be derived that under acoustic free-field conditions,

Lp − Lu = 10 log10

(
(ρc)2u0

2/p0
2
)

dB ≈ 64 dB (7)

On the contrary, when the aforementioned conditions are not met, e.g., at the source’s
near-field, in shallow waters, or close to acoustic boundaries, the potential and kinetic
energies are theoretically not equal (Ekin ̸= Epot) [6], and thus the approximation defined
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in Equation (7) is no longer valid. However, several authors have recently demonstrated
that in many practical cases, except in the very near-field, potential and kinetic energies
are equal within calibration uncertainty of ±1.5 dB, when computed in decidecade bands
throughout a sufficiently large frequency range [25–28].

2.2. Sound Field Spectrum Computation

To compute the reported spectra along Section 3, we applied a 7th-order elliptic
bandpass filter between 5 Hz and 1 kHz on non-overlapping 10 s segments in the time
series. Subsequently, the filtered segments were windowed using a Tukey window with a
15% cosine taper before computing the FFT with a frequency resolution of 0.1 Hz, based on
a sampling rate of 48 kHz.

2.3. Description of the System Setup
2.3.1. Target Organisms Caring

The AquaVib is connected to a system of two 2000 L maintenance tanks that recirculate
filtered natural seawater at a preset temperature (pictures in Supplementary Materials,
Section S10). This system maintains the target organisms under the same ambient condi-
tions during the acclimatization, exposure, and post-exposure periods (Figure 2).

Figure 2. Sketch of the current water piping circuit. A pair of electro valves is used to open/close
the water recirculation between the maintenance tanks system and the AquaVib. The TOFTC2
respirometry cell and the little inline pump are connected in parallel.

Automated maintenance of water temperature within the ±0.5 ◦C range and dis-
solved O2 above 90% of its initial content throughout the exposure prevents harm to target
organisms due to significant changes in the ambient conditions, such as hypoxia or the
accumulation of waste products in the exposure chamber.

2.3.2. Sound Exposure

Powered by a 4 kW stereo audio amplifier (ICE-4000, AudioLab, Huntingdon, UK),
a horizontally oriented facing pair of 1 kN electrodynamic shakers (JZK-100, Sinocera
Piezotronics Inc., Yangzhou, China) is used as vibroacoustic projectors. Sound particle
acceleration is tracked at the rear face of their moving elements through a pair of 100 mV/g
IEPE accelerometers (805-0050, TE Connectivity Ltd., Galway, Ireland). These are pow-
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ered by a CCLD signal conditioner (Type 1704-A-001, Brüel & Kjær Sound & Vibration
Measurement A/S DK-2850 Nærum, Denmark).

The pair of electrodynamic shakers caps both ends of the acoustic chamber. It is
equipped with a pair of preamplified hydrophones (HTI-96-MIN/SSQ, High Tech, Inc.,
North Attleboro, MA, USA) with a sensitivity of −190 dB at 1 V/µPa, respectively, located
at the longitudinal middle point (center hydrophone), and 5 cm away from one end of
the acoustic chamber (end hydrophone; on the left in Figure 1), to monitor the pressure
fluctuations in the water column.

The analog signals acquired by both pairs of sensors are digitized using a USB-1608G
DAQ (Measurement Computing Corporation, Concord, NH, USA).

Two 2 mm-thick Ethylene Propylene Diene Monomer (EPDM) membranes are used as
mechanical interfaces at both ends to enclose the water volume inside the acoustic chamber.
These are directly driven by the Ø108 mm, 5 mm thick aluminum shakers’ moving heads.

2.3.3. System Control and Handling

Based on the LIDO architecture [29], a Raspberry Pi 3B (Raspberry Pi Foundation,
Cambridge, UK) is used for real-time data flow monitoring and remote control of sound field
parameters and ambient conditions. Figure 3 illustrates an example of the dedicated real-time
monitoring GUI, written in Python (version 3.11, Python Software Foundation, Fredericksburg,
TX, USA), which tracks the main test’s parameters (see Supplementary Materials, Section S7).
It aids in identifying unexpected events during the tests, e.g., acquisition failures, sudden
changes in ambient conditions, etc.

Figure 3. Screen snapshot of the dedicated real-time monitoring GUI. Recorded (a) hydrophones,
and (b) accelerometers signals; electric signals from (c) the pair of accelerometers, and (d) the power
amp stereo output (recorded with a pair of 2-channel digital oscilloscopes); (e) temperature (in ◦C;
yellow line) and dissolved O2 content (in µMol/L; blue line) recorded with the built-in respirometry
module. Each panel displays time on the x-axis (units: seconds in (a,b,e); milliseconds in (c,d)).

Each shaker is set on top of a sliding platform to adjust its position relative to the
mounted acoustic chamber, ensuring that its moving head is tightly coupled with the
EPDM membranes.

The shaker-tube assembly is supported by a 5 mm thick steel structure, which in turn
sits on four vibration-absorbing mixed-cell polyurethane elastomer blocks (Sylomer-TSR
450, AMC Mecanocaucho, Asteasu, Spain), over a 20 cm thick reinforced concrete platform,
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ensuring proper isolation from structural- and ground-borne vibrations of the water column
(details in Supplementary Materials, Section S2).

2.3.4. Control of Kinetic-to-Potential Input Energy Ratio

A controllable exposure sound field at different kinetic-to-potential energy ratios can
be generated within the water-filled acoustic chamber by the adjustment of the input power
and the relative phase between the pair of shakers in two different configurations: acoustic
pressure excitation at 0 degrees, and particle velocity excitation at 180 degrees, herein
referred to as AP and PM configurations, respectively.

The concept under the AquaVib relies on two main theoretical assumptions:

• A homogeneously distributed sound field is recreated if the largest dimension of the
acoustic chamber (d) is significantly smaller than the shortest wavelength (λ) of the
input excitation (d ≲ λ/6).

• Through the pair of mechanical exciters placed at each end of the longitudinal section
of the acoustic chamber, the whole bulk of the enclosed water can be compressed or
shaken by playing with their relative phase in two configurations, i.e., 0 and 180 degrees,
respectively. Thus, the kinetic-to-potential energy ratio can be significantly changed.

2.3.5. Physiological Assessment

Both dissolved oxygen and water temperature are autonomously measured by the
FireSting®-O2 optical oxygen meter (PyroScience GmbH, Aachen, Deutschland), which
controls a TOFTC2 sensor (temperature and oxygen flow through cell) and a TSUB21
(reference temperature) sensor, monitored through a dedicated Python library. These
two sensors are connected to the acoustic chambers using a 4.0 × 6.0 mm PTFE-FEP tubing
of low-O2 permeability (Bohlender GmbH, Grünsfeld, Germany). A low-power inline water
pump (Syncra NANO, SICCE S.r.l., Pozzoleone, Italy) is used to continuously recirculate
the water from the acoustic chamber to the TOFTC2 respirometer cell in an adjustable
flow employing a threaded valve. Therefore, stratification inside the respirometer sensor
is prevented [30] while ensuring the correct mixing of the water volume enclosed in the
acoustic chamber [31] and maintaining the water flow rate within the range of the sensors
to obtain reliable measures of both the water temperature and the dissolved oxygen content
within the water-filled acoustic chamber.

The 4000 L of filtered and naturally oxygenated water held in the maintenance tank
system is continuously pumped around in a closed circuit at a preset water temperature
specific to each species. This maintains the target organisms in proper and stable ambient
conditions, serving as a large, clean, and oxygenated water reservoir to rapidly refresh the
water in the acoustic chamber during tests, thereby guaranteeing a return to normoxia after
each flushing phase [31].

Additionally, the lighting is fully controlled, as the AquaVib system is installed inside
a sealed and artificially illuminated cabin.

2.3.6. Behavioral Tracking of the Target Organisms

When there is interest in visual observation of the organisms being exposed, e.g., as part
of behavioral studies, the transparent borosilicate–glass acoustic chamber and a GoPro HERO4
(GoPro Inc., San Mateo, CA, USA) enable for recording the experiment for post-analysis. A
detailed behavioral test-specific protocol is out of the scope of the current text.

2.4. Exposure Protocol

The acoustic chamber is completely submerged in a 300 L basin located at the lower
part of the support structure, where the temperature-controlled, fully oxygenated natural
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seawater is continuously recirculated to the maintenance tank system. The target organisms
are carefully introduced into the chamber once the remaining air bubbles are completely
released from the whole system. While the water recirculates, the acoustic chamber is
closed at its top and placed between the shakers. Four steel rods are used to firmly pack
the whole set together, squeezing the membranes against the moving heads of the shakers,
ensuring direct excitation of the water volume in the chamber.

Once the exposure begins, the water recirculation to the maintenance tanks automati-
cally halts, enabling ongoing monitoring of the temperature and the oxygen content within
the acoustic chamber.

After the exposure test finishes, the initial process is reversed, and the organisms are
carefully placed back into the maintenance tanks.

An input signal correction routine is performed before every exposure session to
compensate for the response of the whole setup, striving to align the spectral characteristics
of the generated sound field with those of interest, i.e., the target exposure (details in
Supplementary Materials, Section S3).

To validate the capability of the AquaVib to investigate the sensitivity of organisms to
each of the two components of the acoustic field, we evaluated the following characteristics
based on various sets of measurements:

1. Background noise levels.
2. Accuracy of the corrected input signal to the target.
3. Particle motion measurement location.
4. Gain consistency of the system response between the acoustic pressure and particle

motion components.
5. Reproducibility of the target exposure across different kinetic-to-potential energy ratios.
6. Accuracy in determining temperature and dissolved oxygen content inside the acous-

tic chamber.

3. Results and Discussion
3.1. Background Noise

The background noise levels should be low enough not to significantly contribute to
the hydrophone or accelerometer measurements.

Figure 4 shows a boxplot of the measured background noise levels based on 33 in-
dependent replicates of a 20 min background bacteria respiration test, i.e., no sound was
played (green bars), acquired from 20 December 2022, to 12 June 2023, within the EU-
funded project SATURN: Developing Solutions at Underwater Radiated Noise (grant No.
101006443), following the same protocol as used in the exposure tests. On top of it, 4 inde-
pendent 2 min long silent tests were taken, i.e., without running the water pump system
(purple bars). The time-average pressure and particle velocity spectra were computed per
decidecade (in 10 s intervals) for each replicate.

The water pump system of the maintenance tanks was identified as the main source
of acoustic pressure background noise, causing a large variability in the measured spectra
at relatively low pressure levels, i.e., below <100 dB SPL, re. 1 µPa2. Therefore, the current
system design is limited in its ability to distinctly separate the biological responses of the
exposed organisms to the target sound field from the effects induced by background noise.

A large peak and a strong minimum were detected, respectively, in the accelerometer
measurements in the 12 Hz and 16 Hz bands with and without running the pumping
system. This appeared to be caused by an electrical noise that leaked into the accelerometers’
acquisition chain.
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(a) (b) 

Figure 4. Boxplot of the statistics of measured background noise in the acoustic chamber based on
33 independent replicates of 20 min tests in which no sound was played back (green bars), against
4 independent silent tests, i.e., without running the water pump system (purple bars). Computed
(a) SPL, and (b) PVL in decidecade bands. The bottom and top of each box are the 25th and 75th
percentiles, respectively. The line in the middle of each box is the median. The whiskers are lines
extending to the furthest observations, to a maximum of 1.5 times the interquartile range away from
the bottom or top of the box. Observations beyond the whisker length are marked as outliers (circle).

3.2. Particle Motion Measurements Validation

Unlike other similar systems [11,22], the two accelerometers are located at the rear
face of the shakers’ moving heads, therefore outside the water column [23].

A validation test of the accelerometer location was conducted by comparing the mea-
sured acceleration of the current accelerometers’ location with an epoxy-encapsulated
accelerometer glued to the membrane face in direct contact with the water column. A uni-
form band-filtered (10–500 Hz) white noise was played for 60 s at 172 dB SPL (Lp re. 1 µPa2),
averaged between the pair of hydrophones. A total of seven independent replicates were
performed for both AP and PM configurations.

Results shown in Figure 5 validate the particle motion measurement location, as-
suming a maximum standard error in the in-water measurements of less than 1 dB and a
maximum broadband PVL difference of less than 0.5 dB in both exposure configurations.

 
(a) (b) 

Figure 5. Boxplot of the relative difference measured between the reference (Lu, out) and the epoxy-
encapsulated (Lu, in) accelerometers (n = 7) at both (a) AP and (b) PM exposure configurations. A
uniform band-filtered (10–500 Hz) white noise was played for 60 s at an average SPL between the
pair of hydrophones of 172 dB SPL (Lp re. 1 µPa2). Interpretation of the boxes is shown in Figure 4.

3.3. Gain’s Consistency Assessment

The gain relation between the two sound-field components, expressed in logarithmic
scale, was assessed for both exposure configurations. A band-filtered (10–500 Hz) HYD-
based corrected container ship’s underwater radiated noise (URN) [32] was used as the
input signal at five different input levels. This employed the signals acquired by the pair of
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hydrophones during the input signal correction routine. For further details, refer to the
Supplementary Materials, Section S3.

The AquaVib shows consistency in terms of gain between the acoustic pressure and
particle motion components in both exposure configurations. Essentially, a variation of
X-dB in the measured SPL is mirrored in the measured PVL. However, in the AP configu-
ration, the particle motion component revealed a nonlinear response of the setup below
the 32 Hz decidecade (Figure 6b) derived from the electrical noise introduced by the ac-
celerometers, no longer perceptible at higher broadband PVL as those shown in the PM
configuration. While this limitation could not be addressed within the scope of the Saturn
project due to time constraints, it is intended to be explored in future work.
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Figure 6. Measured SPL (Lp, dB re 1 µPa2) (a,c) and PVL (Lu, dB re 1 (nm s−1)2) (b,d) spectrums at
five different input levels (represented by different markers) of a band-filtered (10–500 Hz) HYD-based
corrected container ship URN played in both AP (a,b) and PM (c,d) configurations.

3.4. Addressing a Separate Evaluation of Acoustic Pressure- and Particle Motion-Elicited
Responses on Aquatic Organisms

Given the current lack of a standardized methodology for establishing the dominance
of either of the two sound field components over the other, we considered evaluating
their relation in terms of energy. The selection of the two exposure configurations, i.e., AP
and PM, and the adjustment of the input power allow us to create a sound field at either
equal SPL or equal PVL within the water column, delivering different kinetic-to-potential
energy ratios.

To illustrate this approach, Figure 7 presents a boxplot analysis of a dataset comprising
12 independent 20 min exposure tests, collected from 18 April to 13 May 2023, as a task
within the SATURN project, using a HYD-based corrected artificially synthesized container
ship URN as input signal [32]. The signals acquired from each pair of sensors were
aggregated into a common data set for this analysis.
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(a) (b) 

Figure 7. Boxplot analysis in decidecade bands: (a), received SPL (Lp, dB re 1 µPa2); (b), received PVL
(Lu, dB re 1 (nm s−1)2) of 12 independent 20 min exposure tests (6 under the AP configuration, green
boxes; 6 under the PM configuration, purple boxes). An artificially synthesized container ship URN
(orange line, scaled to its peak at 40 Hz for comparison to the received acoustic pressure spectra) was
HYD-corrected. Interpretation of the boxes is shown in Figure 4.

The exposures were at a mean broadband SPL—averaged over the two hydrophones—of
170.0 dB (SD = 0.3 dB) and 169.9 dB (SD = 0.9 dB), in the AP (green) and PM (purple)
configurations, respectively.

The target signal (orange line, Figure 7a) is a broadband continuous sound with a peak
frequency of 40 Hz and a −6 dB bandwidth spanning from the 25 to 125 Hz decidecade
bands. The AquaVib response in that frequency range showed a mean difference to the
target of −0.8 dB and −3.8 dB, and a standard deviation between the samples of that
dataset of 0.3 dB and 1.9 dB in the AP and the PM configurations, respectively, at the 125 Hz
decidecade band.

Under the PM configuration (purple boxes, Figure 7a), the higher the frequency, the
more scattered the sound pressure field becomes, resulting in a larger difference between
the measured SPL at the two hydrophone locations and, therefore, a larger variability
within sound exposure replicates. Additionally, the current setup requires manual adjust-
ment of the power amplifier input gain, introducing greater variability between replicates.
Nonetheless, the current AquaVib setup allowed us to expose these animals virtually at the
same broadband SPL, with a mean difference of 23.8 dB in the broadband PVL spectrum
between both exposure configurations (Figure 7b), while keeping the SPL spectrum of the
target signal.

Any indication of effect under either of the two exposure configurations can be further
investigated at two different broadband SPL (Figure 8b), while maintaining a constant PVL
spectrum between the two exposure groups (Figure 8a). In the absence of real exposure
data at this stage to illustrate this scenario, we conducted a 2 min test in both exposure
configurations without animals in the acoustic chamber using an ACC-based corrected
artificially synthesized container ship URN as the input signal at a mean broadband PVL
of 128.7 dB (SD = ±1.1, Figure 8). The input signal correction was based on accelerometer
data; see Supplementary Materials, Section S3 for details.

A broadband difference of 12.4 dB in SPL was measured between the two exposure
configurations, with at least a 7-dB difference per decidecade in the whole frequency
range (Figure 8b).
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Figure 8. Received PVL (Lu, dB re 1 (nm s−1)2) (a) and SPL (Lp, dB re 1 µPa2) (b) in decidecade
bands at the left (continuous) and right (dashed) accelerometers, and the end (continuous) and center
(dashed) hydrophones, respectively, in the two exposure configurations (AP, solid; PM, hollow), using
an ACC-based corrected artificially synthesized container ship URN as the input signal. In orange,
the target signal was scaled at its peak (40 Hz) to facilitate comparison to the received pressure spectra
in both configurations.

The broadband kinetic-to-potential energy ratio for the AP group under the equal SPL
scenario was 4 dB. In contrast, those exposed in the PM configuration under the equal
SPL scenario, or at either the AP or the PM exposure configurations under the equal PVL
scenario, received a much larger dose of kinetic-to-potential energy (25.4 dB, 17.8 dB, and
29.9 dB, respectively).

We are currently unable to create a potential energy-dominated sound field. The
two water inlets in the acoustic chamber, the inline water pump, and all the flexible tubing
used to recirculate the water introduce decompression spots into the water column, thus
reducing the potential-to-kinetic ratio in the AP configuration, and potentially skewing the
spatial distribution in the pressure spectrum under the PM configuration. Stiffer tubbing
can mitigate this effect.

Nevertheless, at its current stage, the AquaVib system allows us to expose aquatic
organisms to a broad range of kinetic-to-potential energy ratios, offering a deeper un-
derstanding of their sensitivity to these two sound components. These results can be
subsequently translated to real-world scenarios, i.e., scenarios where Ekin

∼= Epot [25–27],
to infer the expected acoustic pressure dose–response curves on particle motion-sensitive
species through standard pressure-based measurements, which are much simpler and
widely applied.

3.5. Physiological Assessment Procedure

Highly accurate readings of both dissolved O2 (in µMol/L) and water temperature
(in ◦C) are acquired every second. Looking ahead, an independent water circuit between
the respirometry module and the acoustic chamber would be preferred to mitigate the
influence of the incoming flow from the maintenance tank system during the flushing
phase (see Supplementary Materials, Section S8).

Following the intermittent-flow respirometry methodology [31] (see Supplementary
Materials, Section S6), we can evaluate the target organisms’ standard metabolic rates in the
AquaVib based on a set of dissolved O2 depletion curves. This enables the identification
of the factors involved in the dynamics of O2 uptake by the exposed organisms during
the entire exposure period, i.e., initial handling stress, habituation to sound exposure, or
circadian rhythms.
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4. Conclusions
Aquatic organisms rely heavily on their ability to detect and interpret vibroacoustic

cues. Sound from human activities within their ecosystems can severely disrupt this ability.
Recent studies pointed to the particle motion component of the sound field as the main
stressor for sea invertebrates, most species of fish, and even flora. Yet, there remains a
notable knowledge gap compared to the acoustic pressure component.

Exciting an enclosed compact water volume employing a pair of self-facing electro-
dynamic shakers, the AquaVib allows us to recreate a controlled sound field at different
kinetic-to-potential energy ratios while maintaining the most significant acoustic pressure
spectral characteristics of the target signal. In addition, the use of a respirometry module, a
transparent acoustic chamber, and a dedicated control over the ambient conditions extends
the scope of this approach to simultaneously conduct physiological and behavioral analy-
sis. Furthermore, these measures mitigate the risk of significant environmental changes
adversely affecting the organisms during the whole test season.

Out-of-the-water particle motion measurements with standard accelerometers signif-
icantly reduce the associated expenses and complexity of in-water measurements while
providing an accurate estimate of the kinetic energy dose received by the exposed organisms
regardless of their position within the acoustic chamber.

Moreover, the AquaVib was designed to easily interchange the acoustic chamber
with others of varying dimensions and materials. This enables experimenting with their
mechanical properties to better align with the specific requirements of an exposure test.

Ongoing efforts are dedicated to expanding our understanding of the complexity
inherent in the sound field generated by a pair of self-facing shakers within an incom-
pressible volume of water, as well as the associated deviations to the target sound field. In
particular, this includes the deviation of the particle motion component spectrum from the
intended target acceleration and the spatial scattering of the acoustic pressure component
observed in the PM configuration. Using more rigid water pipes can significantly mitigate
the decompression effect identified in the acoustic pressure configuration. Additionally,
implementing a real-time feedback loop from the sensors to control the power amplifier’s
output per decidecade band would ensure consistent broadband exposure levels among
replicates in identical sound field conditions.

The AquaVib system is presented here as a cost-efficient lab-based setup for controlled
high-sound-level low-frequency exposures (<1 kHz) on small aquatic organisms at any
of their life stages, where the associated effects of the acoustic pressure and the particle
motion components can be separately assessed. Subsequently, the particle motion-elicited
dose–response curves obtained under this setup can be applied to field-based studies
to infer the associated acoustic pressure dose–response curves at which particle motion-
sensitive organisms might show any sort of acute and/or long-term detrimental effects,
without having to operate specific instrumentation to measure particle velocity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse13101885/s1, Figure S1: AquaVib system: the pair of electro-
dynamic shakers, sitting on each sliding platform, enclose the transparent acoustic chamber at both
ends. The whole set is supported by a 5-mm-thick steel structure. A yellow electric hoist in the upper
part of the support structure is used to maneuver the acoustic chamber. A 300-liter basin, located
at the bottom of the structure, is used to fill up the acoustic chamber to avoid trapped air bubbles
inside it and alleviate the stress on the specimens when introduced into the chamber; Figure S2:
Sketch of the measurement locations (plan view). Accelerometer at the current location for real
exposures (i.e., rear face of the shaker’s moving head), used as a reference to be compared with the

readings of the dummy accelerometer at six different measurement points : [Shell 1–3] 25, 100
and 125 mm away to the reference accelerometer respectively; at the [Rail] of the sliding platform

https://www.mdpi.com/article/10.3390/jmse13101885/s1
https://www.mdpi.com/article/10.3390/jmse13101885/s1
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where the shaker sits on; at the support [Structure] close to the reference shaker at the same excitation
orientation; and at the [Ground] right below the reference shaker perpendicular to the excitation;
Figure S3: Shell-, structural- and ground-transmitted PVL (Lu re. 1 (nm·s−1)2), measured at three
locations in the shell of the acoustic chamber [Shell 1–3]; at the [Rail] of the sliding platform where
the shaker sits on; at the support [Structure] close to the reference shaker at the same excitation
orientation; and at the [Ground] right below the reference shaker perpendicular to the excitation. The
[Ref Acc] corresponds to the measured PVL spectrum at the accelerometer mounted in the rear face of
the reference shaker moving element (exposure tests’ current location); Figure S4: Top. Measured SPL
(Lp, dB re 1 µPa2) (left) and PVL (Lu, dB re 1 (nm−1)2) (right) spectra from playing a hydrophone-
based corrected (HYD, blue lines) and non-corrected (NO eQ WN, black lines) band-filtered white
noise (10 Hz to 500 Hz) in the AP configuration. Bottom. Measured SPL (Lp, dB re 1 µPa2) (left)
and PVL (Lu, dB re 1 (nm−1)2) (right) spectrums from playing an accelerometer-based corrected
(ACC, orange lines) and non-corrected (NO eQ WN, black lines) band-filtered white noise (10 Hz
to 500 Hz) in the PM configuration. The spectra of the measured signals and the target (x-crossed
continuous line) were scaled to ease comparison.; Figure S5: Accelerometers’ response curves A1
(continuous) and A2 (epoxy-encapsulated, dashed). (▲) and (■) refers to the calibration exciter
measurement at 159.15 Hz with A1 and A2, respectively; Figure S6: Temperature (in ◦C; red line)
and dissolved O2 content (in µMol/L; blue line) measured during a 20-min-long real exposure test
carried out on a batch of 20 adult M. edulis, on 3 October 2022, using a container ship URN at 170 dB
SPL (Lp, re. 1 µPa2) as input signal during the whole test; Figure S7: AquaVib GUI main page. Four
different tests can be configured. The input signal correction routine (EQUALIZATION), the water
flushing cycle (SWITCH RELAY), and the stored data clearing (CLEAR DATA) are also handled
from it; Figure S8: Example of Ship Noise Experiment page. A wav file is loaded, and automatically
corrected either HYD- or ACC-based, for the current system response at any of the two exposure
configurations (i.e., AP, PM). Main input sound file parameters are listed (SELECTED FEATURES).
The duration of the test can be manually set (TIMER). Valid data is transferred to LAB’s servers at
the end of the test; Figure S9: Sketch of the current water piping circuit. A pair of electro valves are
used to open/close the water recirculation between the maintenance tanks system and the AquaVib.
The TOFTC2 respirometry cell and the little inline pump are connected in parallel between them;
Figure S10: Sketch of the alternative water piping circuit. The TOFTC2 respirometry cell and the little
inline pump are connected to AquaVib’s acoustic chamber through an independent inlet-outlet pair.
This way, the TOFTC2 readings reflect more accurately the dissolved O2 content in the acoustic cham-
ber, being much less affected by the incoming completely oxygenated water from the maintenance
tanks; Figure S11: Detailed view of the respirometry module: the TOFTC2 cell with the two black
optic cables (red circle), and the TSUB21 reference temperature sensor (blue circle) plugged into
the FireSting®-O2 Optical Oxygen Meter. A low-power inline water pump (green circle) is used to
continuously recirculate the water between the TOFCT2 cell and the acoustic chamber, preventing the
stratification inside the respirometer sensor and ensuring a correct mixing of the dissolved oxygen
content in the enclosed water volume; Figure S12: LAB-owned maintenance tank system. A pair
of 2000-liter fiberglass-reinforced plastic tanks are interconnected with the AquaVib through a pair
of 50-mm pipes that go into the ground. A pair of inline water pumps recirculate clean naturally
oxygenated water between the maintenance tanks and the AquaVib. A physicochemical self-filtration
system with activated carbon and sand (Granada 500, Kripsol, Spain), is used to keep water’s quality.
A pair of temperature-control systems (TK 5K, Teco s.r.l, Italy), allows for setting a constant water
temperature within the 5 to 35 ◦C range. Table S1: Computed broadband SPL (Lp, dB re 1 µPa2) and
PVL (Lu, dB re 1 (nm s−1)2) at five different input levels of a band-filtered (10–500 Hz) HYD-based
corrected container ship URN played in both AP and PM configurations. The relative difference
between consecutive levels is included. (*) Computed PVL rejecting the decidecade bands below
31 Hz. References [32,33] are cited in the Supplementary Materials.
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