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Role of sound for marine invertebrates

* Sound travels five times faster in water (ca.
1500 m/s) than in air (ca. 340 m/s)

Long-distance communication in water, but also
implies a long-distance impact of noise on aquatic
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Basics of marine invertebrate bioacoustics

Wide diversity of taxa (crustaceans, cephalopods, gastropods, bivalves, bryozoans, echinoderms, cnidarians,
tunicates, zooplankton...)

Variety of habitats including the water column; close to, on, or within the seafloor

Acoustically complex, with multiple routes for sound and vibrations to travel within seafloor and the water column
as well as the interface between them

Vibrations in many ways. Water-borne acoustic energy has a sound pressure component and a particle motion
component

Sound Wave Propagation
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Techniques used to study marine invertebrate bioacoustics

Imaging techniques
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Techniques used to study invertebrate bioacoustics

Electrophysiology

Respirometry

Solé, M., Kaifu, K.,
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Techniques used to study invertebrate bioacoustics

Cellular-biochemical-molecular aspects yy

Haemocyte count (THC)

Heat shock proteins expression
Total protein concentration (PT)
Phenoloxidase activity (PO) in

Light Microscopy. Haemocytes of the spiny

Male Female Male Female Male Female Male Female

Group Single

Filiciotto
etal., 2014
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Sound perception

Physic aspects: Acoustic pressure vs. particle motion

Sound is a physical phenomenon: mechanical Acoustic Longitudinal Wave
oscillation of particles in an elastic medium, Y S T
capable of provoking an auditory sensation ' y

Sound propagates in the form of pressure
waves: the sound waves are variations of
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Sound perception

Physic aspects: Acoustic pressure vs. particle motion

Underwater hearing may involve the Acoustic Longitudinal Wave
detection of the pressure component, the % B e o
particle motion component, or the detection 3 y

of either of these two sound field

components
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Receptor Systems

Biological aspects: Cilia-based mechanosensory systems

Invertebrates can detect underwater sound (i.e., of mechanical disturbance of water) through three types of sensory
systems: the body superficial receptor systems, the internal statocyst receptor system and the chordotonal organs

Protozoans
Cnidarians
Ctenophores
Platyhelminthes
Annelids
Bivalves
Gastropods
Cephalopods
Chaetognates
Tunicates
Cephalochordates
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Sound production

Bivalves:

- Mussels: snapping sound (stretching and breaking byssal threads) (Ubirajara Gongalves et al., 2020)

- Valve movements (expelling water and faeces ,“cough” by the contraction of the two valves of their shell
(sharp “crack” followed by a long puffing noise as the two valves close) (Di lorio et al., 2012)

Echinoderms:
-Long-spined sea urchin (Diadema antillarum) crackling sounds by stridulation of its stiff spines and with a special feeding
structure, the Aristotle’s lantern. (Uses the five teeth of the lantern to scrape kelp or invertebrates from the substrate

13
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Sea Urchin
(crackling sounds)

Snapping Shrimp
(explosive clicks)

.
P

Sound courtesy of Craig A
Radford, University of
Auckland

Sound courtesy of Paul Perkins,
NUWC Engineering, Test and
Evaluation Department.
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Marine noise pollution

Sound sources

(Natural, Biological
and Anthropogenic Origin)



https://www.amydozier.com/todays-ocean-soundscape

Marine noise
pollution

Underwater anthropogenic sources

TNT
(1-100 1bs)

Pile driving

Dredging

Drilling

‘Wind turbine

Small boats and ships

Large vessels

Military sonar low- frequency

Source level
(dB re 1 uPa-m)
*

272-287
Peak

228 Peak/
243-257
P-to-P

168-186
rms

145-190

rms**

142 rms

160 -180
rms

180-190
rms

Bandwidth
(Hz)

20->20 000

Major amplitude Duration (ms)
(Hz)

Offshore industrial activities

30->20 000

10-10 000

16-20 000

20->10 000

6->30 000

100 - 500 Continuous

Continuous

Continuous
Shipping

Continuous

Continuous

600-1 000

Directionality

Omnidirectional

Omnidirectional

Omnidirectional

Omnidirectional

Omnidirectional

Omnidirectional

Omnidirectional

Horizontally

Tonal/
impulsive

Tonal/
impulsive

Continuous

Continuous

Continuous

Continuous

Tonal/

focused impulsive
Military sonar mid-frequency 223-235 2800-8200 3 500 500-2 000 Horizontally Tonal/
Peak focused impulsive
Echosounders 235 Peak Variable Variable 1500 - 36 000 5-10 ms Vertically focused Tonal/
impulsive
Seismic surveys
Airgun array 260-262 10-100 000 10-120 30-60 Vertically focused* Tonal/
P-to-P impulsive
Other activities
Acoustic deterrent/harassment 132-200 Variable 15-500 . . Tonal/
5 5 000-30 000 5 000-30 000 Omnidirectional ; ¢
Devices Peak ms impulsive
Tidal and wave energy 165-175 10-50 000 _ Continuous Omnidirectional Continuous
devices*** rms***
* Nominal source, ** Higher source levels from drill ships use of bow thrusters, *** Projection based on literature data with levels back-calculated at 1 m (Modified from Gotz, 2009).
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Marine noise pollution

Effects of noise on marine invertebrates (Early life stages)

- Delayed hatching and development - crustaceans eggs,
Impaired embryonic development or significantly increase
larvae abnormality and mortality rates in crustaceans, bivalve
and gastropod (Christian et al., 2003; Courtenay et al., 2009;
Stanley et al., 2010; Aguilar et al., 2013; Nedelec et al., 2014)

Zooplankton (copepods, krill), in situ experiment on seismic air
gun impacts on Calanus spp. - mortality (Fields et al., 2019;

McCauley et al. (2017)

- Critical period of increased sensitivity to acoustic trauma in
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Marine noise pollution

Species mMMmon name Acoustic Perception Study

Bivalves

Acoustic sensitivity

s . . Burrowing behaviour =
Donax variabilis coquina Sounds below 4096 Hz s (Ellers, 1995)
responses to sound

Di ing movements after

Macoma balthica Baltic clam BB T ETAS . (Moshe
vibratory stimulation

Vibration stimulus (Sinusoidal

excitation -tonal signals (5—-410

Hz). Thresholds 0.06—0.55 m/s~ closure)

(RMS)

Bchavioural changes (valve s .
Roberts e

Mytilus edulis blue mussel

Valve closure

Crassostrea gigas Japanese oyster 10-200 Hz pure tones

(accelerometer oyster shell) (Charifi et al., 2017)
Behavioural (shell
oscillations) dircctional
sensitivity of ASO to water-
borne vibrations.

Mizuhopecten yessoensis Japanese scallop 30-1000 Hz (Zhadan. 2005)

Behavioural (shell

oscillations) directional

Chl ift swifti s 11 30-1000 Hz= Zhadse 2005
e S “ sensitivity of ASO to water— ¢ o 3

borne vibrations.

ASO Fibres I: 20—1000 Hz (max

E. c ca 4 Zhadan and
P gt seallp O SO Electrophysiological study (& an an

Patinopecten yessoemnsis
o8 . ASO Semen’kov, 1984)

Cephalopods

Sepia officinalis

European common cuttlefish

ASO Fibres II: 20-340 Hz

Particle motion (acceleration)
<4x 1077 m/s?

Fit the frequency dependence of

Behavioural changes in
breathing and jetting
activity

Physical model of the

(Packard et al., 1990

Sepia officinalis European common cuttlefish . . R L 2011)
particle motion sensitivity model sensory system
PM encompass the whole bod
. s _ i i Experimental set based on
Sepia officinalis European common cuttlefish of cephalopods and cause it to - et al., 2016)
- laser Doppler vibrometer
move with same phase and =
" techniques
amplitude
. . . . . _ Auditory brainstem
Sepioteuthis lessoniana oval squid 400—-1500 Hz (Hu et al., 2009)

Ocropus vulgaris

Octopus vulgaris

Octopus vulgaris

Amphioctopus fangsiao/

common octopus

common octopus

common octopus

webfoot octopus

400—-1000 Hz

Fit the frequency dependence of
particle motion sensitivity model

Particle motion (acceleration)
=4x 107> m/s®

50-150 Hz

response (ABR) approach

Auditory brainstem
response (ABR) approach

Physical model of the
sensory system
Behavioural changes in
breathing and jetting

activity

Behavioural changes

aifu et al., 2011)

>ackard et al., 1990)

Ocropus ocellatus’ (respiratory activities) (Kaifu et al., 2007)
N N N 141 Hz particle motion at
Amphioctopus fangsiaos X . ! Behavioural changes
¥ webfoot octopus particle accelerations below 1.3 x z
Octopus ocellatus > (respiratory activities) s
10 -3 m/s (Kaifu et 2008)
Amphioctopus fangsiao/ - Fit the frequency dependence of Physical model of the
P Pres fang webfoot octopus 2 ey o )
Octoprs ocellatus = particle motion sensitivity model sensory system et al., 2011)
Behavioural changes in
i i Particle motion (acceleration) 3 g
Loligo vulgaris European squid _a > breathing and jetting
<4x 107 m/s’ s 1
activity dackard et al., 1990)
Auditory evoked potentials
20-500 Hz (lowest thresholds
Loligo pealeii longfin squid < (AEPs) with electrodes (Mooney et al., 2010) 19

bLetween 100-200 Hz)

placed near the statocysts
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Marine noise pollution

Acoustic sensitivity

Crustaceans

Anatomical techniques,
Palaemon serratus COMIMOoN prawn 100-3000 Hz electron microscopy and
electrophysiology

" = Behaviour responses to
Nenrbons smorveaicus Norway lahster 2—180 H=

< 5 Cuk > > aors - 5 (Ra 1 >}
AV TECS G TTeRT b PRI Cray O R A e auditory evoked potentials
(AEP)
Electrophysiological
i ) recordings
Homarus americanus American lobster 20-300 Hz s - ( )
(Sensory hairs, cuticular
sensilla)
Uca sp. fiddler crab Barth’s myochordotonal
=300 Hz N s I ( € )
Ocypode sp. ghost crab organs (Barth’s MCO)
Electrophysiological,
auditory evoked potential
Alpheus =1500 Hz. (AEP)
snapping shrimp (Dinh & R: 1)

richardsomni (more sensitive: 80-100 Hz) in response to only particle

motion and to both particle

motion and sound pressure.

(' Octopus ocellatus has been accounted as a junior synonym of Amphioctopus fangsiao ( n 1 05)

- DOSITS Webinar, 30th April 2025, Marta Solé - 20


https://www.frontiersin.org/files/Articles/1129057/fmars-10-1129057-HTML-r1/image_m/fmars-10-1129057-t002.jpg

A UNIVERSITAT POLITECNICA
L B DE CATALUNYA
\ BARCELONATECH

Marine noise pollution

Effects of noise on marine invertebrates (Adults)- Physical effects

Bivalves
- Dose-dependent increase scallop mortality - exposure to an airgun (Day et al., 2016).
- Abnormal reflexes, indicating damage to mechanosensory organs (Day et al., 2017

Cephalopods

- Giant squid stranding (Guerra et al., 2004)

- Consequences on the functionality and physiology of cephalopod statocysts, sensory organs
responsible for equilibrium and movements in the water column (André et al., 2011; Solé et al.,
2013a; Solé et al., 2013b; Solé et al., 2017) (laboratory and offshore conditions) (feeding and mating
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Case Studies (Cephalopods). Capture and Husbandry

Catalan Coast (NW Mediterranean Sea)
2 years

Closed system of recirculating natural seawater at 2
plastic tanks of 2000L capacity (18-20°C, salinity 35%. “=
and natural oxygen pressure)
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Case Studies (Cephalopods)
Sound exposure protocol closed system of

recirculating natural
seawater (at 18-20°C,
salinity 35%o and

natural oxygen
pressure

Sacrifice & Analysis

Sequential Sacrifice

)

50-400 Hz sinusoidal
wave sweeps with
100% duty cycle and

Sweep a 1-second sweep

generation & period for two hours
noise measurement

amplifier
ouT
B&K 3106 m_
" Hydrophone Q
RL = 1575 dB re 1 pPa with

peak levels up to SPL =175 dB
re 1 yPa

— A
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Case Studies (Cephalopods)

Analysis (SEM & TEM)  Macula statica princep
of statocyst inner sensory B
epithelium S
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Marine noise pollution
Case Studies (Cephalopods)

Analysis (SEM & TEM)
of statocyst inner
sensory

epithelium
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Case Studies (Cephalopods - Offshore experiments)

AQUO AT SEA CONTROLLED EXPOSURE EXPERIMENTS ON INVERTEBRATES

Support Fishing Vessel
Control Animals
Supplier

Control Animals

Control: 9
(3 before CEE,
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Marine noise pollution - Applications -

Case Studies (Windmill construction - Noise influence on cuttlefish - St Brieuc Wind Farm Site)

- DOSITS Webinar, 30th April 2025, Marta Solé -
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Case Studies (hermit crab + anemone)

Dardanus calidus
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The lesions included:

Loss of the unique
kinocilium Calliactis parasitica

Crown of stereocilia lost
or totally fused

Bent, flaccid or expoiled
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Fight against pests
TIME | &
Case Studies
(BIOACOUSTIC
APPLICATIONS to
mitigate the effects of
aquatic plagues)

Patents:
André M., Solé M., Van der Schaar, De Vreese
S (International Patent WO 2018/167003 A1l).
20-09-2018. A method for inducing lethal

CONTROL
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Case Studies
(BIOACOUSTIC
APPLICATIONS to
mitigate the effects of
aquatic plagues)

Solé, M.; Constenla, M.; Padrés, F.; Lombarte, A.;
Fortufo, J.-M.; van der Schaar, M.; André, M.
Farmed Salmon Show No Pathological Alterations
When Exposed to Acoustic Treatment for Sea Lice
Infestation. J. Mar. Sci. Eng. 2021, 9, 1114.
https://doi.org/10.3390/jmse9101114
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Fight against pests

Case Studies
(BIOACOUSTIC
APPLICATIONS to
mitigate the effects of
aquatic plagues)

Solé, M.; Constenla, M.; Padrés, F.; Lombarte, A.;
Fortufo, J.-M.; van der Schaar, M.; André, M.
Farmed Salmon Show No Pathological Alterations
When Exposed to Acoustic Treatment for Sea Lice
Infestation. J. Mar. Sci. Eng. 2021, 9, 1114.
https://doi.org/10.3390/jmse9101114

wgw

) Eﬁ‘“ ‘:
s
“Gn
-

i{. :

- DOSITS Webinar, 30th April 2025, Marta Solé---

- %:%ﬁ@é %“ ] 'E’

Histological assessment
Norwegian Salmon

Head kidney (first line) and posterior kidney (second line) of salmon
at different sampling times. (A) Control. (B) 1 week after exposure.
(C) 2 weeks after exposure. (D) 3 weeks after exposure. (E) 4 weeks
after exposure. Scale bar: 100 um.

Stomach (first line), intestine (second line), liver (third line)
and spleen (fourth line) of salmon at different sampling
times. (A) Control. (B) 1 week after exposure. (C) 2 weeks
after exposure. (D) 3 weeks after exposure. (E) 4 weeks after
exposure. Scale bar: 100 ym.
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Sole, M. [et al.]. Marine

. . . o inv b d noise. "F i
Effects of noise on marine invertebrates (Adults) - Behavioural effects inmoe

in marine
. science", 7. 2023, vol. 10. URI:
Bivalves

Valve closure
Alterations in recessing reflex behaviour (establish thresholds of sound detection) (Roberts et al., 2015)
Flinching behaviour (a rapid retraction of the velum and then returned to position) - commercial scallops (Pecten fumatus)- seismic survey. (Day et al., 2016

http://hdl.handle.net/2117/385081
DOI: 10.3389/fmars.2023.1129057

Changes in scallop behaviour and reflex responses disruption - 120 days after seismic survey exposure (Day et al., 2017)

Cephalopods,

Startling responses (jetting and inking) - seismic surveys (Fewtrell & McCauley, 2012) and in laboratory conditionss (Samson et al., 2014)

Habituation (fewer alarm responses with subsequent exposure to noise (Fewtrell & McCauley, 2012), (McCauley et al., 2000; Samson et al., 2014; Mooney et al., 2016).
Behavioural response to acoustic stimuli in a context of anti-predator defence (Hanlon and Budelmann, 1987; Kaifu et al., 2007)

Feeding and foraging behaviour altered - different noise stimuli (Jones et al., 2021)
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Case Studies (BIOACOUSTIC APPLICATIONS to mitigate the effects of aquatic plagues)

- DOSITS Webinar, 30th April 2025, Marta Solé--— 37



A UNIVERSITAT POLITECNICA
L B DE CATALUNYA

Marine noise pollution

Case Studies (BIOACOUSTIC APPLICATIONS to mitigate the effects of aquatic plagues)

Blue crab (Callinectes sapidus)
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Marine noise pollution

Effects of noise on marine invertebrates (Adults) - Physiological effects

Bivalves

- Alteration in metabolism related genes (Peng et al., 2016)
Incresses in levels of biochemical stress parameters measured in their plasma and tissues
(La Bella et al., 1996; Vazzana et al., 2016; Vazzana et al., 2020a)

Long-term capability of scallops to maintain homeostasis reduced (Day et al., 2016)
Decreased respiration (Wale et al., 2019) (Shi et al., 2019),

Cephalopods
- Statocyst endolymph changes in the protein content immediately and 24 h after sound exposure (Solé et al., 2019) (proteins related
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Protein identification: Proteomic Techniques
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Protein identification

IDENTIFICATION FUNCTION

Hemocyanin, units G and H Stress reaction-oxygen transport
Sepia officinalis (2 spots)

Elongation factor-1 alpha

Hemocyanin, subunit 2

Sepia officinalis (7 spots) Stress reaction-oxygen transport
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Effects on populations and ecosystems

Enormous impact on the regional population structure of a species (induced emigration, unbalanced prey—predator
relation, effects on larva development lead to a reduced recruitment (Peng et al., 2015)

Reduction of the population - decline in the fisheries catch. (Ex: Effects of seismic noise exposure on regional catch

rates (snow crabs in Canada (Christian et al., 2004) and rock lobsters and scallops in Australia (Parry and Gason, 2006;
Harrington et al., 2010). No clear: no negative effects on catch rates of diferent sp. (crabs (Morris et al.

2020b),(cephalopods (La Bella et al., 1996), bivalves (Parry et al., 2002; Harrington et al., 2010), gastropods (La Bella
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Marine noise pollution

Effects of noise on marine plants

Posidona oceanica ROOT

« Number of starch granules progressively
decreased after the exposure until their total
disappearance

Control plants showed high number starch-
containing amyloplasts - Exposed plants
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Marine noise pollution

Effects of noise on marine plants
Posidona oceanica RIZHOME

* Number of starch granules progressively decreased after the
exposure until their total disappearance

* At 48 h after sound exposure some starch grains
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Effects of noise on marine plants
Fungal symbionts of P. oceanica roots

Y 00020
T R * Fungal hyphae colonizing
hypodermal cells of

W exposed P. oceanica roots -
A degraded aspect

i ) b

“'-f‘.“d

Cytoplasm of the exposed
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Gaps and perspectives LAB @

(1) The biological mechanisms of sound detection and production lack of descriptive data for most species.

(2) Some marine invertebrate groups are very poorly investigated — it is needed to provide tools to identify species that are
especially vulnerable to noise.

(3) The physical and physiological variables related to stress, energy metabolism and hormones responses need to be
improved (including proteomic and metabolomics methods), especially how these changes may influence individual and
population health.

(4) More information is needed to predict the noise responses of understudied species or survive in noisy habitats or have a
lower auditory sensitivity.
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