OCS Study
BOEM 2024-036

Research Methodologies to Study
Behavioral and Physiological Effects on
Fishes and Aquatic Invertebrates from
Particle Motion and Substrate-borne
Vibration Exposure

U.S. Department of the Interior .
Bureau of Ocean Energy Management .
Office of Environmental Programs —

: Bureau of Ocean Energy
Sterling, VA Management




OCS Study
BOEM 2024-036

Research Methodologies to Study
Behavioral and Physiological Effects on
Fishes and Aquatic Invertebrates from
Particle Motion and Substrate-Borne
Vibration Exposure: Study and
Workshop

June2024

Authors:
Shane GuarArthur N. Popper, Joseph Haxéames Martin, Jamés Miller, SophieNedelecGopu
Potty,Louise Roberts, Joseph SisnerosAnne Dangerfield

Prepared under contra#t40M0123Q0027
by

Blue World Institute

4660 Fay Blvd.

Cocoa, FL32927

U.S. Department of the Interior [
Bureau of Ocean Energy Management .
Office of Environmental Programs o yer Oce_an Bt
Sterling, VA Management A




DISCLAIMER

Study concept, oversight, and funding were provided bytBeDepartment of the Interior, Bureau of
Ocean Energy Management (BOEMEnter for Marine Acousticsinder Contract Number
140M0123Q0027This report has been technically reviewed by BOEM, and it has been approved for
publication.The views and conclusions contained in this document are not necessarily the opinions or
policies of BOEM nor does mention of trade names or commercial products constitute endorsement or
recommendation for use.

REPORT AVAILABILITY

Download a PDF file of this report hattps://espis.boem.gov/Final%20Reports/BOEM_2038.pdf

To search for other Environmental Studies Program ongoing and completed studies, visit
https://www.boem.gov/environment/environmergaldies/environmentatudiesinformation/

CITATION

Guan SPopper AN, Haxel J, Martin J, Miller JH, Nedeled®ity G,Roberts L, Sisneros JA,
Dangerfield A 2024 Researcimethodologies to study behavioral and physiological effects on fishes
and aquatic invertebrates from particle motion and subdimates vibration exposur&terling(VA):
U.S. Department of the Interior, Bureau of Ocean Energy Managed@hp. Obligation No.
140M0123Q0027Report No..OCS Study BOEM 2-036.

ACKNOWLEDGMENTS

Funding for this study and the associated workshop was provided by the Bureau of Ocean Energy
Managemerit €enter for Marine Acoustic€MA, Jill Lewandowski) The authors thankamison Smith
of the Blue World Research InstitysndScott McCrearyand Debbie Schechtef CONCUR, Inc. for
organizing thaVorkshop on Research Methodologies to Study Biological Effects from Particle Motion
and Substrat@orne Vibration We thank Hilary Kates Varghese, Morgan Martin, Molly Reevel

Erica Staatermafor serving as moderators and note takers fomihikshop. We thank the following
reviewers who provided valuable inputs to this report at various stages to make it muciRbdtiey
Cluck, Yoko Furukawalichele Halvorsen, Tahmineh (Jade) Haddary Kates Varghesdkatherine H.
Kim, HsingZ e n fi Ma dilkLewahdes&iGopu Potty, Amy Schol#Schlomerand Heather Samce
And finally, we thank all thevorkshop attendees who contributed their time and expéottee
discussion.


https://espis.boem.gov/Final%20Reports/BOEM_2024-036.pdf
https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.boem.gov%2Fenvironment%2Fenvironmental-studies%2Fenvironmental-studies-information%2F&data=05%7C01%7CElaine.Leyda%40boem.gov%7C296fdc87bf524d776dc908db7e380540%7C0693b5ba4b184d7b9341f32f400a5494%7C0%7C0%7C638242551289337177%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=IQZe3VNm3s0cerKjGrNpfrzynyuW8z3gYktPwLrihVQ%3D&reserved=0

Contents

TSy o) o [ 1= SRR iii
[ ES] Ao N 1= o =2 PSR TPRR iii
List of Abbreviations and ACIONYMS ... e e e e e e e e e e s st e e e e e e s e e nnnrenneees iv
[IES] o] @o ] a1 ] o101 (0 = R SROTPSR iv
SUIMIMIAIY ettt e e e e et e ettt s s e e e e ee e taaan oo e et ee et et o e e e e e e ee e ba e e e e et e e e e ab e e e e e e e eeebaaneeeeeeeesbnn s eeas 1
1] 4 oo LU Y o3 (1o ] o NSRS UTUPPRORRRP 3
2T T2 o | (0] [T USRS 3
PUrpose Of the WOTKSNOP..........uiiiiiiiec it e e s e e e e e s s et e e e e e e e e s e nneabaeeeeeeeeaanns 4
The WOTKSNOD o 6
RVAY TS 1] o IO AV =T V= PR 6
P g ao] c= c=To [ aNe =] o To I TR PP P PO PPPPTTOO 6
KEYNOLE PrESENTALIONS ....ciii ittt e e e e ettt e e e e e s s bbb et et e e e e e saaba b b e e e e e e e e aanbbbneeeaaeeeaanes 8
KEYNOLE PreSENTALION L.....iiuiiiiiiiiiiee ittt ettt et e e e st e e e sabe e e e e saba e e e e sabbeeeeabbeeeesbbeeeeans 8
KEYNOLE PrESENTALION 2. .. iiiiieiiiiii ittt ettt e ettt e e sttt e s bt e e s abe e e e s aabb e e e e snnneeas 10
KeYNOLE PreSENTALION 3..... . ieiiiiiiiiii ettt ettt e e sttt e skt e s bbb e e e s sbb e e e s aabb e e e e nanneeas 11
N[0 = T=T 0] = LT I TP O TP SPP PP 12
KEYNOLE TAIK 5 ...ttt e sttt e ekttt e e ek b et e st b et e e e eabb e e e e e nbb e e e e anbbe e e e nnnneeas 13
Breakout GroUP DISCUSSION ........iiiiiiiieeiiiite ettt ee e sttt e e sttt e ettt e e st e et e s asbe e e e s aabb e e e s aabb et e s anbb e e e s annneeesannneeas 15
Research Methodology to Address Behavioral and Physiological Effects from Anthropogenic
Particle Motion and Substrate-Borne Vibration on Fishes and Aquatic Invertebrates .................... 17
2.2 An Overview of Underwater Acoustics: Sound Pressure, Particle Motion, and Substrate-Borne
[V o] = 1o o PP PP PP PTPPPPPPRPT 17
2.2.1 Sound as a MeChaniCal WAVE...........ooiiiiiiiiiia et e e e e e 17
2.2.2 Acoustic Pressure and PartiCle MOLION ..........ooooiiiiiiii e 18
2.2.3  SOUNA LEVEIS ...ttt ettt e e e e e bbbttt e e e e e e e aba b e e e e e e e e e e anbabbeeeaaeeeanns 20
2.2.4 Sound and Substrate-Borne Vibration Waves in Different Media.............ccccceeiiiiiiiiinneennnnns 21
2.3 Major Research Questions Regarding Particle Motion and Substrate-Borne Vibration Effects.....21
2.4 Selection of Species for Particle Motion and Substrate-Borne Vibration Studies............c.cccceeennee. 25
Earlier Attempt to Prioritize FiSh SPECIES........oii it 26
AQUALIC INVEIEDrate SPECIES .......iiiiiiiiie ettt abreee e 26
PriOFtiZAtION Of SPECIES ...ttt sttt e e s e e e s saneeeas 27
2.5 Recommendations on Experimental Settings for Particle Motion and Substrate-Borne Vibration
Y L0 1= O PP PP TSP PPPPT PO 27
2.5.1 A Historical Review of Experimental Settings for Bioacoustics Studies on Fish and Aquatic
TNV g =T o] = 1= PP PP 27
2.5.2 Experimental Settings CONSIAEIEA ........c..uuiiiiiiiei ittt e e e e e e ee e e e e e aaes 28
2.5.3 Sound and Substrate-Borne Vibration Field in Different Experimental Settings..................... 28
2.5.4 Appropriate Acoustic Sources and Receivers for Different Experimental Settings ................ 29
2.5.5 Advantages and Disadvantages of Different Experimental Settings ..........ccccccviiiiiiieieeennnnns 30
2.5.6 Types of Questions and Species that Can and Cannot be Addressed in Each Experimental
S T=1 11 oo PP RP PSPPI 32
2.5.7SUMMary and CONCIUSIONS .......ooiiiiiiiiiii ettt e e e et e e e e e e e e anbb b b e e e e e e e e aaanbbneeaeaens 35
LR C] =] =] o ot =2 PP PRUPT R 37
Appendix A: WOrKShop PartiCiPants .......ooi ittt ettt e e e e e e e ranb e aeeee s 49



Appendix B: Keynote Presentation SIAES .......cooiiiiiiiiii e s s seeer e e e e s e e e e e e 50
B-1. Sound Pressure, Particle Motion, Substrate Vibration i A History of Rethinking Fish (and

Invertebrate) Hearing (Arthur N. POPPEI) .....ueiiiiiei e 50
B-2. A Review of Vibroacoustic Wave Generation Devices that Are Suitable for Fish and Invertebrate
Acoustic Studies in Laboratory Settings (James Martin) ...........ccccvvveereeeiniiiiiiieneee e csvireee e e 58
B-3. A Review of Proper Experimental Design and Lessons Learned from Fish Vibroacoustic Research
Under Laboratory Settings (JOSEPh A. SISNEIOS) ....cuviieiiiiiiiiiiiiee e e e snaaae e e 64
B-4. A Review of Physical Characteristics of Particle Motion, Substrate-Borne Vibration, and Interface
Waves that Are Biologically Relevant (James H. MIller) ........ocooiiiiiiiieiie e 74
B-5. A Review of Proper Experimental Design and Lessons Learned from Invertebrate Vibroacoustic
Research Under Laboratory Settings (Louise RODEIS) ........c.eviiiiiiiiiiiiiiiieee e 87

List of Figures
Figure 1. The relationship between peak (Ppk), peak-to-peak (Ppk-pk), and rms (Pmms) acoustic pressure
values Of & SINUSOIAAI WAVE ..........coiiiiiiiiiiiec e e s ee e e e e e e e eneeees 19

Figure 2. Relationship between particle displacement (3) (blue line), particle velocity (u) (orange), and
particle acceleration (a) (yellow) of a sinusoidal wave ............ccccccee e, 20

List of Tables

Table 1. Initial views of pros and cons of four different experimental settings to study fishes and aquatic
invertebrates behavioral and physiological effects from particle motion and substrate-borne
A1 = 11 o] o RSP 31

Table 2. Suggested research questions that can and cannot be addressed under each of the
experimental settings for fishes and aquatic invertebrates...........cccccvveeeieiiciiieei e, 33



List of Abbreviations and Acronyms

Short form Long form

AEP auditory evoked potentials

BOEM Bureau of Ocean Energy Management
BWRI Blue World Research Institute

CMA Center for Marine Acoustics

DAS distributed acoustic sensing

dB decibel

DOI Department of the Interior

LFA Low Frequency Active

MEC marine energy converter

NYSERDA New York State Energy Research and Development Authority
OCSs Outer Continental Shelf

Pa pascal

PNNL Pacific Northwest National Laboratory
RMS root-mean-square

SPL sound pressure level

pPa microPascal

List of Contributors

Name Affiliation
Arthur N. Popper University of Maryland
Shane Guan Bureau of Ocean Energy Management

Joseph Haxel

Pacific Northwest National Laboratory

James Martin

Georgia Institute of Technology

James H. Miller

University of Rhode Island

Sophie Nedelec

University of Exeter, UK

Gopu Potty

University of Rhode Island

Louise Roberts

The University of Liverpool, UK

Joseph A. Sisneros University of Washington

Anne Dangerfield Blue World Research Institute




Summary

Therearegrowing needs to understand biological effects on fishes and aquatic invertetsatisg

from exposure tainderwater particle motion and substriatene vibration associated with offshore
energy activitiesThese activities include, but may not be limitedftshore renewable energy
development regulated by the Bureau of Ocean Energy Management (BOEM). However, studies to
investigate such effects face multiple challenges due to the complettityasfousticfield, which

involves watetborne particlenotion and substrateorne vibration. Without appropriate experimental
designsandstudies it would be difficult or even impossible to understandiiodogical and
physiologicaleffectson fishes and aquatic invertebrates

Over the past several years, the scientific community has become increasingly aware that most fishes and
aguaticinvertebrates sense acoustic energy in the form of particle motion and substreteibration,

and that significant data gaps exist concerning potential biological effeetsimalf these

disturbances from offshore energy developngerg.,Hawkins et al., 2021; Popper and Hawkins, 2018)
However, studies to address these interdisciplinary issues often face challenges regarding the appropriate
experimental setting, measurement collection, and data interpretation. In a laboratory environment,
careful consideration must be given regardiogrimlary conditions, sediment types and thickness, and

me as ur e me nt lehavdralaadiomeatrigdnd physiological respongdawkins et al., 2021, p.

2; Roberts et al., 2016b)

To address these issues, BOEM convened a viieakshop on Research Methodologies to Study
Biological Effects from Particle Motion and Substrterne Vibrationon 19 20 October 2023. The
Workshopbrought together researchers and experts in the aréRdfish andaquaticinvertebrate
sensory biology and biotremologthe study of biological use of vibrationgnd (2) physical and
engineering acoustic¥he goal waso providerecommendations on general experimental desigimd
and substratborne \brationapparatuses, and testing procedures that are appropriate to address specific
research question$hese questions includéhether fishes and aquatic invertebrates can be grouped
under different functional hearing groups based on their auditory mechanisms or hearing semsitivity
whether exposure to anthropogenic particle motion or substoate vibration would cause changes in
vital rates or hormone levels in fishes and aquatic invertebtataddition, representatives from major
funding agencies and regulators also participated the Workshop to gain knowledge of this field.

Theworkshopincludedfive keynote talks and breakout group discussions. The keynote talks focused on
reviews of research designs and fundamental physical acoustic concepts relatedidelstvidyal and
physiological effects from underwater particle motion and subghatee vibration orishes and aquatic
invertebrates. Thedeeynotetalkswerethe following

1 Arthur N. PopperfiSoundPressure, Particle Motion, Substrate Vibratiioh History of
Rethinking Fisi(andInvertebratg Hearing

1 James MartinfiA Reviewof Vibroacoustic Wave Generation DevidbatAre Suitableto Fishes
andInvertebrates Acoustic StudigsLaboratory Settings

1 JosephA. SisnerosiiA Reviewof Proper Experimental DesigandLessons Learnefllom Fish
Vibroacoustic Research Under Laboratory Settings

1 JamedH. Miller: A Reviewof Physical Characteristiexf Particle Motion, SubstratBorne
Vibration, andinterface WavethatAre Biologically Relevari

1 Louise RobertsfiA Reviewof Proper Experimental DesigamdLessons Learnefilom

Invertebrates Vibroacoustic Research Under Laboratory Seitings



Breakout group sessions served as platforms for experts to discuss and respond to a set of questions
directed atdentifying appropriate research methodologies to stuglyavioral and physiological effects
from underwater particle motion and substiadene vibration exposumen fishes and aquatic

invertebrates.

A very important outcome of tHeeakoutgroups was the idea that one must filsterminehe research
guestions and then select the most appropriate experimental approach to answer those questions. Thus, the
research question(s) must drivewthey are answered.

A second critical outcome of the discussions has research questiodsand research approacBeare

likely to differ depending on the species of interastwell as on the age and size of the animals studied.
Thus, an experimental approach tivety be appropriate foarval fisresmay notbe suitable foadults,

and an experimental approach that works for a sessile species may not be suitable for a mobile species.

The participants also recognized that the outcome of the cwoekshop was building upon several
earlier workshops conducted by BOEM and other agerBassed on these prior workshops and
associated studies, this report identi@major research questions. These research questions are
grouped into four major series: auditory mechanisearing effectshehavioral effectsandphysiological
effects.

To link specific research questions with appropriate experimental designs, the report identifies four basic
experimental settings: (1) laboratory tank; (2ghound pond/tank or aboyground tank; (3) large water

body, such as a pond, river, lake, or ocean/bay with animals confined in cagesv@penconfined);

and (4) large water body with freanging animals (opewater, freeranging).

Finally, the reporiprovidesinitial views of pros and cons of these four different experimental settings to
study fishes and aquatic invertebradesl thebehavioral and physiological effects from particle motion
and substratborne vibratiorexposure The report thesuggest research questions that can and cannot
be addressed under each of the experimental seffiabtes 1 and th the main documeht



Introduction

Background

As aFederalagency charged with the responsibilitynafnagng the development of U.S. Outer
Continental ShelfOCS)energy and mineral resources in an environmentally responsib|&®&M
mustensure that environmental protection is a foremost and indispensable considertgidedrsion
making Development of OCS energy and mineral resodrcsh as oil and gaxploration and
production offshorerenewable energy facility construction and operation,raadne critical mineral
prospecting and extractidnoftengenerate underwater sourasd vibrationghat may adversely affect
aquatic life(Hawkins et al., 2015; Miller et al., 2016; Mooney et al., 2020; Popper et al., 2024; Popper
and Hawkins, 2013, 2016)he urgent need to reduce reliance on fdesilsto combat climate

change has been driving unprecedented development of offshore renewable energy in the U.S. and
worldwide. Industrial activities leading to the construction and operations of various offshore
renewable energy structures also raised nesuess concerning the effectsasfthropogenicoises on
aquatic life from these activities, and research priorities to understand such (fbppsr et al.,

2022b, 2023)

While BOEM hashistorically supported research iritee impacts oindustry-generatedinderwater noise
on marine animal&eview inGuan et al., 2022; Normandeau, 2Q18pst of thegore-2010 esearch
focused on marine mammdksg.,Madsen et al., 2006; Richardson et al., 1995; Southall et al.,.2007)
However,over the past decadaterestin understandinghe impact ouinderwater anthropogersound

on fishes and aquatic invertebrateas growr(e.g.,Casper et al., 2013; Halvorsen et al., 2012; Hawkins
and Popper, 2014; Morley et al., 2014; Popper and Hawkins, 2013, 2016; Solé et al al#0@ax)h
effortsand fundingon these taxa are still far less tl@mtinuing efforts focusedn marine mammals

To further understand thaeotentialeffects of anthropogenic sounds on fishesaahticinvertebrates,
BOEM convened a workshop on tBfects of Noise on Fish, Fisheries, and Invertebrates in the U.S.
Atlantic and Arctic from Energy Industry Sou@enerating Activitietn March 2A.2. The results of the
that workshopwas reported itdawkins et al(2015 andNormandeat2013)

It is fundamentally important to understand thatlike marine mammaléwvhich only detect sound
pressurg fishes andaquaticinvertebrates sense acoustic energy in the form of particle motion and
substrateborne vibratio (Hawkins et al., 2021; Mooney et al., 2010; Nedelec et al., 2016; Popper and
Hawkins, 2018) The exceptiosiare some fish species tl@so detect sound pressure using hearing
specializations such as the air (swim) bladdat convertsoundpressure to particle motipwhich may
thenbe detectable by the e@@opper and Hawkins, 2018)

Because of thanportantrole of particle motion and substraierne vibrations for sound detection by
fishes and invertebratesne needs to take a very different perspective in formulating specific research
guestionsaandapproachefor these animals as comparedafgproaches taken to stucharine mammals
(Hawkins et al., 2015; Hawkins and Popper, 2017; Popper and Hawkins, B028Bver, studies to
addressesearch questions appropriate for fished invertebratesften face challenges regarding the
appropriate experimentdesign datacollection,analysis, anéhterpretatione.g.,Gray et al., 2016;
Sisneros et al., 2018ndeed, theacoustidield in alaboratorytankrarely approximatesccuratelhthe
natural environmenPopper and Hawkins, 2021; Roberts et al., 2016b; Rogers et al., ZBt§)an

a n i nraspahso a laboratory acoustic fielay be very differerfrom their responsén a natural

I'n the technical paper where the term fAinvertebrateo



environmentsince the physical interactions between the animal and the tank will affect the nature of the
exposure

Manystudies orthe potentiaimpactsof anthropogenisoundon fisheshavefocused on physical injuries
and auditory effectéCasper et al., 2013; Dahl et al., 2020; Halvorsen et al., 2012; Jenkins et al., 2022;
Popper et al., 2005, 2013, 2016; Smith et al., 2022; Soloway and Dahl, Pbé4g acuté.e., severe,

and sudden in onsetffectsareusuallycaused byntenseimpulsivesound (e.g.,from underwater
detonation, seismic airguns, and impact pile drivingglatively close range to the animal

In addition tonoise sources that causeute effects, animals could be exposesbiands at sufficient
distance from the sourgeesuling in chronic effectsSuch sounds are generally fréonv-level, long
durationacousticsourcessuch a®peratiors on aroffshore renewable structure and increased vessel
traffic. Biological effectoon fishes and invertebrattem such longasting chronic exposure to particle
motion and substrateorne vibration have not beadequatelyaddressedespecially on wild species
(Nedelec et al., 2014; Wysocki et al., 2007)

Furthermorechronicnoise ofterextendsconsiderable distancé®m its sourceandhas the potential to

affect large numbers of animalEherefore, research into addressing the effects of chronic noise exposure
is important(Popper et al., 2022b, 2023) particular offshore renewable energgvelopmentare
spatiallylarge,and theiractivitiescan lasfor decadesThe longterm effectonfishes and invertebrates

in theseareas have not been studibdt animals exposed to soundsémewable development areaay
encountebehavioral disturbances, displacemamiichanges imeproductive states, hormonal levels,
growth, and developmef.g.,Hawkins and Popper, 2017; Popper et al., 2022b, 2023)

To addressgjuestions related to potential effects of exposure to chronic BideMé s Cent er f or
Acoustics (CMA)fundedthe Workshop on Research Methodologies to Study Biological Effects from
Particle Motion and Substrateorne Vibration(Workshop) on 1820 October 2023. Theorkshop
broughttogether researchers and experts in the areas of (1) fish and invertebrate sensory biology
bioacousticsand biotremologythe study of biological use of vibratign®oberts and Rice, 2023,

Roberts and Wickings, 20223nd (2)underwaterphysical and engineering acousticEhe attendees
usedareview of existing literature arareakoutgroupdiscussion to develogcommendations on general
experimental designyaterborne particle motioand substratborne vibratiorapparatuses, and testing
procedures that are appropriate to address specific research questions.

Purpose of the Workshop

ResearcherBave beeinvestigatingnechanosensory organs awlind and substraterne vibration
wave detection of fishes amdjuaticinvertebrategor over 100 yearée.g.,Dijkgraaf, 1952; Enger, 1973,
Fay, 1984; Hawkins and Horner, 198Hpwever manyof theolde® but very well done and

insightfuld studies may bpoorly known tocontemporary researchdrsview inMoulton, 1963; Sand et
al., 2023) Furthermorehistorically, very limitedfundinghas beendevoted to addressing anthropogenic
acoustic effects ofishes and aquatic invertebrates as comparéueteesourceallottedto study these
effects ormarine mammalsThereforeinnovation inlaboratory and fieldesearch methodolas to
investigate particle motion and substrht®ne vibration effects on fishes and aquatic invertebrates
very limited

The purpose of ik workshopwasfor BOEM, other Federahgenciesscientistsand potential cdunders

of future researcto acquire knowledge and information on general experimental designs, protocols, and
procedures that are appropriate to address specific questions concerning biological effects from
anthropogenic particle motion and substiadene vibrationAs a result of the discussions, all

participants also learned more about what is known and not knownthbbudlogical effects of particle

M



motion and substrateorne vibrationallowing the participants to consider questions and approaches
based on the most recent (albeit limited) data.



The Workshop

Theworkshopwas areighthourvirtual meetingspanning two day$dur hours each dayjt was
organized and facilitated by Blue World Research Institute (BWRICGIDNCUR Inc., with funding
provided bythe BOEM Center for Marine Acoustics (CMA)

Workshop Overview

Forty participants attended tlveorkshop. Most of the invited participam®&resubject matter experis

fish and invertebratbioacousticshiotremology ,sensory biologyunderwater acoustics, aptiysical and
engineering acoustic®Vorkshop participants also included representatives from several Federal funding
agenciessuch as th&).S.Navy, U.S. Army Corps of Engineers, ath@ Department of Energy.
Approximately half othe subject matter expeyhadabackground in biological sciences and the other
halfin physicsengineeringor earth science# list of theparticipants and their affiliations ppovided in
AppendixA. Theworkshopincludedkeynote presentations and breakout group discussions. The keynote
presentationare discussed in Section 2.3.

Annotated Agenda
Day 17 October 192023,11:007 15:00 EST

f 11:007 11:10 Welcome
0 Welcome and convene therkshopi Jill Lewandowski BOEM CMA
0 Introduce the workshop objectiveShane GuarBOEM Environmental Studies
Program
o Briefly explain simple ground rules for the WorkshoBcott McCrearf CONCUR Inc.)
 11:107 Introduce the two upcoming speakérShane Guan
9 11:107 11:30 Arthur N. Poppér Sound pressure, particle motion, substrate vibratidrhistory
of rethinking fish (and invertebrate) hearing
 11:30i1 11:50 James Martin A review of vibroacoustic wave generation devices that are
suitable to fishes and invertebrate acoustic studies in laboratory settings

11:507 12:55Break

9 11:55i 12:40 Breakout session A: Smathnk experiments

o Group 1i Physical o Group 3i Biological
variables variables

o Group 2i Physical o0 Group 4i Biological
variables variables

12:407 12:50Breaki Time for breakout group rapporteurs and moderators to gather thoughts

1 12:5071 13:10 Concise report outs from edmmeakout group

1 13:10i Introduce the upcoming speakeBhane Guan

T 13:107 13:30 Josepl. Sisnerog A reviewof proper experimental design and lessons
learned from fish vibroacoustic research under laboratory settings

13:307 13:35Break

T 13:35i 14:20 Breakout session B: Medium outdoor tank experiments



o0 Group 1i Physical o Group 3i Biological

variables variables
o Group 2i Physical o Group 4i Biological
variables variables

14:2071 14:30Breaki Time for breakout group rapporteurs and moderators to gather thoughts

1 14:3071 14:50 Concise report outs from each breakgroup

I 14:5071 14:55 Summarizing discussion to reflect on the key findings of Day 1

1 14:5571 15:00 Final comments or observations about Dayshane Guan, other
presenterspr workshopconveners

15:0071 Day 1 Ends

Day 21 Oct 20 11:00 15:00 EST

11:007 11:05 Welcome and define terin$Shane Guan

11:03111: 05 Overview oifScottMoECreatyay 6 s acti vities
11:057 11:15 Breakout groups 3 addeport out from Session B Medium Outdoor Tanks
11:157 11:15 Introduce the two upcoming speakeghane Guan

11:157 11:35 Jametl. Miller T A review of physical characteristics of particle motion,
substrateborne vibration, and interface waves that are biologically relevant

11:357 11:55 Louise Raobertis A review of proper experimental design and lessons

learned frominvertebratevibroacoustic research under laboratory settings

= = =4 —a —a A

11:5571 12:00 Beak

T 12:007 12:45 Breakout session A: Mesocosm experiments

o Group 1i Physical variables o Group 3i Biological
o0 Group 2i Physical variables variables
0 Group 4i Biological
variables



12:4571 12:55 Beaki Time for breakout group rapporteurs and moderators to gather thoughts
 12:557 13:15 Concise report outs from each breakgroup
 13:157 13:45 Discussion about emerging themes
0 Review and capture the key observations from the Day 1 and Day 2 breakout sessions
o Look for crosscutting themes and important insights that emerge from the discussions
9 13:45i 14:15 Discussion about the strengths and weaknesses of the different experimental setups

14:157 14:20Break

1 14:207 14:30Thoughtsharingsession about a bonus topic
o0 Are there physical principles or specific tools/metrics that can be used to separate
substrateborne vibration vs. watdsorne particle motion?
1 14:30i 14:35 Final comments or observations on the work$h®pane Guan, other presenters
or workshopconveners
T 14:35i 14:40 Shar¢he next steps with thevorkshopparticipants Shane Guan

14:40Workshop Ends

Keynote Presentations

TheWorkshopfive presentations by subject matter expértee summary of the presentatioagrovided
below as extendeabstracts. Thelides from theresentations aie Appendix Batthe end of this repart

Keynote Presentation 1
Dr. Arthur N. Popper, Professor Emerit@sology, University of Maryland College Park, Maryland

SoundPressure, Particle Motion, Substrate Vibraiioh History Of Rethinking Fis (andinvertebrate)
Hearing

Abstract

The interest imesearch oparticle motiorand fishesan be traced back at least to workibgter
Poggendor{Poggendorf, 1952put we still do notknow much abouiish detection of this component of
anunderwatesound field However, understanding the role of particle motion in heasimgegral to
understanding sound detection shksand invertebrates his isbecause all fishes detect particle
motion,andit is likely that all sounedetecting invesbrate only use particle motiofe.g.,Nedelec et al.,
2016; Popper and Hawkins, 2018)

The earliest worlon fish detection of particle motidry Poggendor{1952)found that species of
catfishwill detect and-espondo this sounccomponentSven DijkgraafDijkgraaf, 1960)subsequently
supported the idehatparticle motion is most imgrtantfor fishes andhe proposed thatis likely used
to determine sound source direction (sound source localization). Then, in 1963, Willf@wdiga and
JeromeéWNodinskyprovided behavioral data showing that some fish species could patdcte motion
as well as sound pressuyiieavolga and Wodinsky, 1963)

A critical idea first came from H. de Vries 1®50andwasreinforced in1967by Willem van Bergeijk
bothargued thattte ear of fishesesponds to particle motion and not sound pregsare Bergeijk, 1967;
de Vries, 195Q)Van Bergeijkfurther arguedhat sound pressure is detectedy if the animal has a swim
bladder thatonvertspressure to particle motion and is close endoghe eafor this particle motion to
be deteted Moreover,bothde Vries and van Bgeijk argued that particle motion causes differential



motion between the fish body (and sensory epithelium of the ear) and the otolith that overlies the
epithelium.With this differential motion, cilia on the sensory cells (which contract the otolith) are bent,
and thisstimulateghe sensory cells

A major hurdle tounderstanding particle motion detectisrihe difficulty of settingip a particle motion

stimulus in a tankRogers et al., 2016; Slabbekoorn, 201@)is isbecause sound reflecdft he t ank o s
surfacesas well as the diwvater interfaceandcreatesa complex and hartb-define particle motion field.

Thus, for studies done in most fish tanks, it is not possible to accurately detdresaasitivity of

animals to particle motion since the sigoahnot be easily calibrateloreover, when one measures

particle motion in a tank, just putting a fish in the tank changes the sound field from the one measured

This makest evenharderto determine thesignal to which a fish wagspondingsincethe relevant

incident signal is neither the signal measured with the fish absent nor the one measured with the fish
present

Related to issues of particle motion is the much newer idea that many aquatic invertebrates and some
fishes are likely to detect substrate vibratiansluding thosehat result from human activities, such as

pile driving, since theyput energy into the substrate. We know almost nothing about how animals
respond to and use substratirnevibration,and this is an area of great importance for study along with
studies of hovanimals detect and respond to particle motion.

What is needed to make progress?

1. Understangarticle motiordetectionby fishes and invertebrates. Understand behavior and
behaviorakesponses including sound levels that elicit responses.

2. Develop fcilities wherdnvestigatorsan accuratelgontrol, measure, and calibratarticle
motion

3. Understandhearing sensitivity in terms garticle motionas well as pressure

4. Focus on important species related to pile driving, wind farms, etc. Identify five to seven fish
speciesandseverainvertebratespecieghat can represent the diversity of animals.

5. Develop asyto use and small devices to meaguaticle motion

6. Develop lasicdesigns for tanks and facilities that would enable precise control of the acoustic
signal in terms ofoundpressure angarticle motion

7. Use similarapproaches faheinvestigation of substrateornevibration

8. Much more focus on these issuesifwertebrates

Takehomemessagemclude the following

1 Increasdunding (fisresand invertebrates are more importionithuman welbeingthan marine
mammals)

9 Decide upon thenost important questions to gitaandfocus on theseNeed to have

comparable data across labglinvestigators. Need collaboration across labs

Select relevant species of concémgnagencies and locales

Think about issues from the perspective of the animal, not the perspective of thesmiuaing

or mitigating device: if the animals anet affected, wavould nothave tobe concernedbout

mitigation (Popper et al., 2020)
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Keynote Presentation 2
Mr. James Martin, Principal Research Engineer, Georgia Institute of Techpattagyta, Georgia

A Reviewof Vibroacoustic Wave Generation DevidbatAre Suitablefor Fishandinvertebrate
Acoustic Studiegn Laboratory Settings

Abstract

Work with biological effects of underwater sound began at Georgia Tech in 1993 around concern over

Low Frequency Active (LFA) Naval sonar systemso e
work on the LFA program spanned roughly a decade and invodating in a variety of tanks and the

development of a device known as Ratabrator(Delecki, 2002) This travelingwave tubepermitted

laboratoryscale acoustic exposure of small mammals (rats and mice) to specific acoustic signals at levels
sufficient to produce physiological damage. Ratabraoprovided a known incident signal to an animal

with the correct fredield radiation impedancead (i.e, radiation mass)it was designed to produce three
canonical incidensignals a plane wave, a pwgessure signal, and a purelocity signal. Although the

freefield casegenerallyis considered the most relevant, this is rarely the bictcident signal to which

an animal would be exposed in situ because of nearby boundaries anpatiutiropagation.

For later studies of pildriving effects on fishat alaboratoryscale a Fishabratorwas designed and
constructedCasper et al., 2013; Halvorsen et al., 2012; Martin and Rogers,. 2008)was essentially a
Ratabrator in which the subject was free swimming rather than restrained, and the vertical incident angle
could be controlled by tilting the device rather than the angle of restviong recent work in this area

has involved collaborative efforts on in situ testing on fish to assess behavioral changes from seismic
exploration signals. Here the problem is one of characterizing rather than controlling the exposure.

The source requirements of tRatabratorandFishabratorexposure chambers followed similar

principles to the design of other tank experiments. Sotihe¢produced a force rather than a

displacement in response to the driving sigmale required because the compliant subject was near the
sourcewhere its presence would affect the radiation load on the source. Similarly, a compliant non
resonant source was required to achieve the correct radiation load on the subject. Neither of these
requirements woultlave existed if the subject were in the far field of the source, which is not feasible at
a laboratory scale. Sources capable of producing substantial acoustic displacements were also required
because the frequencies of interest in all these studiedome(e1,000 Hz). This requirement would

have been more problematic if the subject had been in the far field of the source because of geometric
spreading. These three requirements led to the selection of electrodynamic (moving coil)(Bainoe:s
1988)for all the soung:xposuresystems that were designed. Additionally, a desire to produce an
exposure field with a specific incident impedance led to a requirement for a least two sources to be used
in each exposure system. The tringgwave tube experiments differed from the other studies in that they
did not require immersion transducers. Only the moving surfaces of the sources in these devices were wet.

In all cases where a soumdposuresystem is being designed, the problem of source selection cannot be
decoupled from the problem of tank (or body of wa
both too small or too larg@artin et al., 2005)The former problem occurs either in behavioral stydies

where the tank constrains the natural behavior of the subjaotany study where it alters the acoustic
radiation |l oad on the subject. This makes the sub
signal. The latter problem occurs when there are modes of the tank in the frequency range of interest. In

this case, the problem is both one where the tank alters the radiation load on the subjectrend

where the subject alters the nabdtructure of the tank. This makes it impossible to meaningfully

characterize the incident signal that produces any observed response.
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For these reasons,gtobablywill be desirabléo use electrodynamic transductmsmost future animal
soundexposure studies.tAeasttwo will be required when measurements are made in small bodies of
water rather tham situ (where the use of the actual sources of interest is also an option). For behavioral
studiesit may be necessary to select electrodynamic sowitepermanent field magnetas these

would not require constant cooling, which can add significantly to the background noise domjahe
exposurdree baseline.

The cost and availability of appropriate immersion souapgeato be an ongoing issue. Inexpensive
electrodynamic immersion sources such as swimming pool speakers tend tolbeave irsonances, low
inconsistent source levels, and be relatively easy to damage. Standard transducers such as tid USRD J
-13, and-15are no longer commercially produced for sale and must be rented at a currenabost of

$9,200 per yeawith somewhat limited availability. Thus, it would be helpful if equipment were shared
between research groups. If there were sufficient demandrtant it, something functionally similaor
superior to these sources (in the context of this application) could be constructed around commercially
available electrodynamic shakers. This would essentiallyRegabrator/Fishabratoturned inside out.

Keynote Presentation 3
Dr. JosephA. SisnerosProfessof PsychologyUniversity of WashingtonSeattle, Washington

A Reviewof Proper Experimental DesigmndLessons Learnefiom Fish Vibroacoustic Research Under
Laboratory Settings

Abstract

In this presentation, | review some of the appropriate experimental designs and lessons learned from
previous fish vibroacoustic reseanpirformed inaboratory settings. The experimental designs presented
are based on the research that has been conducted by the Sisneros lab ove2Glyeqragi investigae

fish bioacoustics and hearing.

The first question one might ask when designing fish hearing experimgmtghatis the appropriate
s t i muTo answerthis question, one must first understand what is sound

Soundis a mechanical disturbance that propagates as a longitudinal wave inwaatandnd itcan be
described in terms of bo#oundpressurendparticle motion Sound pressure is defined as the
fluctuation of the force per unit area (pressatajve and below the ambient lewehereagarticle
motion is defined as thmovement of fluid particles caused by the fluctuating forces of pressure.

Now that we know what sound MWhkatistweappreopisi at ®eust iom

or mor e s p aatdcoustiadudi.ey, pressute orfparticle motion, or bpth the fish ear
designed to detea?

The fish inner ear consists thireesemicircular canals (anterior, posterior, and horizontal}laned

otolithic end organs (saccule, lagena, and utricle) eBisaive two modes of hearing: an inertial mode and
apressure mode. The inertial mode of hearing involves thefuke otolithic end organs to directly

detect acoustic particle motipwhile the pressure mode involves the use of the otolithic end organs to
indirectly detect sound pressure via the particle motion createdumdinducedpressurdluctuations of

the swim bladder or other géifed organ.

The pressure mode of hearing varies across fish species depending on whether the given species has a
swim bladder or othegasfilled structure. Thus, the swim bladder can act as an acoustic organ and permit
soundpressuranducedvibrations of the swim bladder (or othgasfilled structure¥to be transmitted to

the inner ear end organs for hearing.$hes possess a oO6continuumbé of
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vary in their pressure sensitivity depending on the proximity of the gas bladder to the inPapgar et

al., 2022a; Popper and Fay, 201This continuum ranges from fissthat have thie swim bladder

connected to the inner ear via Weberian ossicles (pressure sensitivity is relatively high; e.g., goldfish and
zebrafish), to fisaswith the swim bladder close but not connecting to the inner ear (pressure sensitivity is
related to how close the swim bladder is to inner ear; e.g., Atlantic cod),as\igh the swim bladder

far from the inner ear (pressure sensitivity is relatively low or no sensitivity; e.g., salmanidis),

fisheswith no swim bladder (no pressure sensitivity; e.g., flagfssind sharks)

In cases where fishes do not have swim bladders (e.g., stmat#atfisheg, the appropriate stimulus to
characterizgin terms of hearings particle motioror particle velocityor accelerationThese acoustic

stimuli can be measured using a triaxdatelerometer. We can produce particle motion stimuli using a
shaker table system such as that desigpy ProfessoRichardR. Fay(Fay, 1984; Fay et al., 2023)

which produces particle motion in three dimensions. Such a system can be used to chafaeterize
directional sensitivity of fishes or invertebrates to particle motion and can reliably test frequencies lower
than tfosefrom underwater speakers. The drawback to the shaker table system is thagthetestable
frequenciess limited, the size of fish to be tested is limitedustfit in the dishor apparatus), and the

data acquisition system is outdated.

A onedimensional shaker table systamsocan be used to test hearing in larval fishes. Behavioral assays
such as prepulse inhibition, which is a veensitivebehavioral assay to test fish hearing, candes to
characterize fish hearing thresholds, which are much lower than acoustic startle response thresholds
(Bhandiwad and Sisneros, 20168)ne advantage of this assay is that it does not require conditioning or
sacrificing animals. A drawback to this stimulus system and assay is that it only wwdy amall

animals (e.glarval zebrafistbut not adult zebrafishlBhandiwad et al., 2013AlIso, habituation to

startle stimuli used in the prepulse inhibition assay may vary by species.

In cases where figsare pressure sensitive, we recommend that experimenters measure both the sound
pressure and particle motion sensitivities of fishes. Unfortunatelgotined fieldthat is produced in

small tankds very messylue to many factors that includedgoustic resonances and reflectiohthe

tank 2) changes in theslationship between sound pressame particle motiornat and near thenk walls
and water surfagavhichresult in changes ithe acoustic impedance at various points intdrk (every
tank is differentwhich makes it difficult to predict or modeBnd 3) thevavelengths ofhe frequencies
tested are often bigger than the tank tredspeed of sound often varieader these conditior{fopper et
al., 2019) In sum, the testing of fish hearing in small tanteates a very unnatural acoustic environment
with many inherent problems. However, small tanks can be useful when comparsgrfidar different
test conditions but in the same experimental tank environsigeit adefore and after exposureloud
sound (noise exposurdgsting the hearing capabilities of &stunder different reproductive or hormone
exposure conditiongand comparing the hearing abilitiestioit differ in stages of development
(ontogeny)

The testing of fish hearing smalttank (artificial) environmentsloes not accurately refleitte hearing
capabilities of fishes in the taal environmentinstead of taking the fish into the |adme solution to this
problem is taake thedab to the fish Current work in the Sisneros lab aims to perform auditory evoked
experiments on the hearing capabilities of fishiisin the field in more natural acoustic environments

Keynote Presentation 4

Dr. JamedH. Miller, Professor and Chair, aimd. Gopu PottyProfessorDepartment of Oceanography,
University of Rhode IslandNarragansett, Rode Island

A Reviewof Physical Characteristiad Particle Motion, Substratieorne Vibration andinterface Waves
that areBiologically Relevant
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Abstract

Pile driving for offshore wind farm construction produces kigknsity underwater acoustic disturbances
that are known to have adverse effenisnarine life(Casper et al., 2013pDver the years, many studies
have been carried out to understaild-driving sound field characteristics and sound propagation to
address these environmental concerns and assess the impacts. However, most of thesalstigdiess
focused on acoustic pressure waves in the water cdl@mnReinhall and Dahl, 2011)

Apart from the high acoustic pressure field being generated in the water dojuimse deviceshese
disturbances also include watawrne particle disturbances, compressional and shear waves in the
sedimentandinterface (Scholte) wavedongthe seabed. These nrpressure wave phenomena are

generally known as particle motiéMiller et al., 2016) Some of these wave disturbances could contain

high energy that, in cases of labdsed impact pile driving, could cause structure damage to nearby
buildings. There is also increasing evidence that fishes and marine invertebrates primarily sense sound as
a form of particle motioffPopper et al., 2003; Popper and Hawkins, 20B8&hthicdwelling species are
particularly sensitive to and could potentially be impacted by subsioate particle motio(Roberts et

al., 2016a)

Notwithstanding such relevance of particle motion detection by fish and invertetatesninghoise
impacts from marine engineering activities, these types of vibroacoustic disturbances hdambben
overlooked and rarely monitorédawkins et al., 2021)A few studies that investigated particle motion
from in-water pile driving or offshore wind farm operaticarglimited to describing the amplitudes and
frequency contents of such disturbances at measurement log®tdtyset al., 2020)Results from recent
BOEM-fundedstudies show thaat ranges of 500 m and 1,500 m, particle acceleration levels measured
ontheseabed were well above the behavioral sensitiyityo a frequency of approximately 300 fdz
Atlantic salmon, plaice, dab, and Atlantic ¢tDR, 2019, 2020)However, in comparison to acoustic
pressure wave propagation, there are very few studies on the propagation or modelbsgrafdoorne
particle motion that can be used to assess the cnggpact(e.g.,Miller et al., 2016)

This presentation reviews the fundamentals of interface Wawvetuding definitions of Rayleigh,

Scholte and Stoneley wavésand their relation to compressional waves and shear waieshowed the
results from finite element modelirglyliller et al., 2016)using parameters from the work (@&einhall and

Dahl, 2011) Measurements of particle velocities were shown from the Coastal Virginia Offshore Wind
with and without bubble screens. This work showed that bubble screens were not effective for vibrations
below about 200 Hz.

A participant asked how the pitleiving as a source wanodeled Dr. Miller responded that a force was
imposed on the top of the pile. One can ptin&-varyingspike of force pushing the pile down and use a
function with amplitude and decay time. That propagates down the pile and crigielscane. It is

linear.

Keynote Talk 5
Dr. Louise Robertd.ecturer (Assistant Professoljniversity of Liverpool Liverpool, United Kingdom

A Reviewof Proper Experimental DesigatndLessons Learneflom Invertebrate Vibroacoustic Research
Under Laboratory Settings

Abstract

Invertebrates make up ©82% of all marine species and consikan exceptionally diverse range of
phyla differing greatly inerms ofiife cycles, habitat usend body morpholog Three types of
mechanoreceptors may be used by invertebrates to detecthwaterparticle motion and substrdierne
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stimuli (Budelmann, 1992a, 1992b; Popper et al., 2003; Popper and Hawkins, 2018; Roberts and Elliott,
2017) Thestatocyst and sensory hair cells are shared by a number of invertebrate groups with varied
morphology(Budelmann, 1992b; Solé et al., 2028hereas the chordotonal organs are found in
crustacean@Budelmann, 1992aPverall,these receptors detect ldrequencyyibroacoustic stimuli,

typically < 1,000 Hz.

Given the prevalence of benthic (bottalwelling) and demersal (on or near the bottom) aquatic animals,
the consideration of watdrorne stimuli alone neglects an important piece of the aquatic sensory
environmend that of substratéorne vibrationgRoberts and Elliott, 2017; Roberts and Wickings,
2022)The use of substrateorne vibration is prevalent in terrestrial anima¥gh vibrations useébr
environmental sensing and communicatibhe study of vibrational use and communication is known as
biotremology a sister discipline to bioacoustig¢sill and Wessel, 2016)nsectsas well as htaxa of
vertebrategespecially amphibians and mamn)aldilize vibrations. Over 200,000 species of insects use
vibrations,with many using vibrations as their sole communication metHdlj 2008; Hill et al., 2019;

Hill and Wessel, 2016 here is growing evidence that substiatene waves are being sensed and used
by aquatic organisms, particularly those living in, amd around the seab@®oberts et al., 2016a;

Roberts and Rice, 2023; Roberts and Wickings, 2022)

Currently, underwater bioacousticians work separately from terrestrial biotremologists, yet the two fields
technically overlap at the surfaces of aquatic substratessedgnent, artificial substrate, or plant or

animal matterTherefore we suggested an alignment between underwater bioacoustics and biotremology,
particularly regarding terminology and experimental technigReberts and Wessel, 2023his
alignmentinvolves a reset ithinking toconsidersubstratebornevibrationin aquatic systemss wellas
waterborne particle motion and soufidoberts and Wessel, 2023) consideration ofubstrateborne

stimuli involves a refocus, away from the water column and pelagic animals. Currently stiiastnate

stimuli are considered in terms of eliciting waberne soundHowever themainfocus in the

p r e s eview, shoudddbe stimuloriginatingin the substrate ardirectly eliciting substratéorne

wave$® and, of course, animathatare predominantly residing in and on substrate for all or part of their
life cycle.

As with the fish literature, the literature base in relation to invertebrates and vibroacousticistimuli

plagued with difficulties and complexitigherebymaking comparisongetween studieg challenge (e.g.

small unquantified tanks; studies measuring pressure rather than particle motion; limited species
coverage)The majority of published studies measure noise in terms of pressure alone and do not consider
waterborne particle motion or substraterne motion. Howevethe number of published papé¢hst

measure the stimuli relevant to invertebrates is growing, as discussed here.

The basic exposure sap for invertebrate exposure and sensitivity experiments has similar considerations
to fish studies, as outlined by Dr Joseph Sisnéiagerborne particle motion (velocity or acceleration)

can be produced via shaker tables or shakers in either one or all three dimensions, or via underwater
speakers. Substrabmrne waves can be produced in a number of whending on the scale of the
experimental question to be addressed. These methods range from miniature piezoelectricaaaiuators
tactile speakers to electromagnetic shakers and plafotethniques used extensively by
biotremologist{Aimon et al., 2021; Lewis et al., 2001; Roberts et al., 2015, 208dation of the
experimental tank from external ground vibrations (andbaine sound) is necessary in laboratory
conditions. An added layer of complexity for invertebrates (and indeed some fish) is the need for
appropriate amounts of sediment, or fgatar substrates, for many benthic species.

Shorttermbehavioraindices can be used to characterize invertebrate thresholds at a whole animal level,
tested in a similar manner as in fish studies. Physiological, behaendaphysical assays have been
utilizedin broader vibroacoustic exposure studfdthough conditioning of invertebratésuch as
crustacearjds possible, this procedure has not been explored to any degree in sensitivity experiments.
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Sets of audiograms, potentially best described as
invertebrate groups but are focused around crustaceans andks)@hg are limited in the number of

species which have been covefed).,Roberts and Elliott, 2017YVarying techniques have been used to

obtain these sensitivity curves. There are anecdotal observations of vibrational responses of other
invertebrate phylabut these have yet to be explored fully. The ideal scenario is for invertebrate

sensitivity tests and exposures to be performed in the natural environment, as for fish. New methods

should be mindful of recent developments regarding crustaceans (andpepbkafeeling pain, and the
concept of invertebrate fApeonsesnal ityo affecting i

Breakout Group Discussion

There were three breakout sessions duringvitreshop eachfocusng on one ofthree experimental

settings:(1) small indoor tank(2) medium outdoor tankand(3) mesocosm. During each session,

participants were assigned to one of four breakout groups. Groups were assigned and divided to focus on
biological variables or physical variables of experimental deJigmpromote collaboratioamong

different disciplines, &h group oapproximately 0 personsad a mix of biologists, physicists, and
engineersas well asa moderator and a rapporteur.

During eachoreakoutsessiontwo groupsdiscusgdbiological variablesand twodiscusged physical
variables. To facilitata discussiorfocusedon theworkshoptopics, two sets of questions concerning
biological and physical variablegereprovidedto the groupsTo allow for adequate discussion on each
guestion during the breakout session, each breakout group was givéimreetyuestions from a set of
four or five depending owhetherthey were discussinghysical or biologicaVvariables:

Physical Variables

1. What are the best or most appropriate acoustic apparatus (e.gFHICI
shaker tableynderwatespeaker, subwoofer, scalddwn piling
hammer) to recreatethe vibroacoustic field of interest?

2. What are potential concerns (e.g., standing waves, reflection, low
frequency cutoff, contamination from external vibration) in each of the
experimental settings?

3. How can the recreated vibroacoustic field be accurately measured and
validatec®

4. Canthe vibroacoustic issues presented in the above question can be
mitigated, and how?

Biological Variables

1. What type of behavioral assays can be used for fishes and invertebrates
to determine the effect of under wat e
2. What types of effect (e.g., nauditory injury, auditory impact,
behavioral disturbance, physiological response, masking) studies are best
suited undeeachb r eakout sessionsd® experi ment
tank, medium outdoor tank, mesocosm)?
3. What are the best or most appropriate methods to measure each of the
above effects (e.g., AEP or behavioral audiogram for auditory effects,
flinch response for certain aquatic inverts behavioral response)?
4. How do we determine detection threshold when AEPs or full behavioral
audiograms are not possible, e.g., flinch response in mssels
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5. How much detail of the structure and function of the mechanosensory
organs of fishes and aquatic invertebrates must we kmaaddress (or
model) biological effects from anthropogenic particle motion and
substrateborne vibration?

At the end of the workshopp he entire group was given a fAbonus qu

Are there physical principles or specific tools/metrics that can be used to separate sodisteate
vibrationfrom waterborne particle motion?

The breakout discussions produced valuatdeghts andecommendation study particle motion and
substrateborne vibration effects on fishes and aquatic invertebratesdh experimentaletting These
insights and recommendatioaecompiled andummarized irChapter3 of this report.
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Research Methodology to Address Behavioral and Physiological
Effects from Anthropogenic Particle Motion and Substrate-Borne
Vibration on Fishes and Aquatic Invertebrates

As mentioned in Section 2.4, a very important outcome of the discdssinnhe brealout groups was

the idea that one must first design the research questions and then select the most appropriate
experimental approach to answer those questions. Thus, the research question(s) must drive the way they
are answeredt was also clear that many of the methods discussed in the breakout\gesapsoadly

applicable and could be used to answer a range of important research questions!

A second critical outcome of the discussions was that research questions and research approaches are
likely to change depending on the species of inteasstyell as oithe age and size of tlamimals studied
Thus, an experimental approach that works with larval fish magppyto adults, an experimental
approach that works for a sessile species may not be suitablméiile speciesand an approach that

works well for fishes that hear well may not be suitable for species that have poorer.hearing

The participants also recognizetht the outcome of the currémorkshopbuilt upon several earlier
workshops conducted by BOEM and other agendiless, rather than treat the outcome of the current
Workshopin vacuo, the participants recognized the importance of learning from and building upon earlier
material.

Thus, Section .2 starts with a brief, but broad, overview of the research questions developed in earlier
workshopgo ensure an integration of ideafier discussion (Section 3.1) of basic underwater acoustic
concepts.

2.2 An Overview of Underwater Acoustics: Sound Pressure, Particle
Motion, and Substrate-Borne Vibration

This section provides an overview of basitlerwater acoustimoncepts thatrerelevant to
understandindpow anthropogenisoundimpacts theaquaticenvironment. It covers not only acoustic
pressure wawe somethingelatively well understood by most marine bioacousticians, but also particle
motion (both wateborne and substrateorne)(Nedelec et al., 2016, 2021; Popper and Hawkins, 2018)
andinterface waves (e.g., Scholte waydawkins et al., 2021)Thefollowing subsectiongenerallyare
written without mathematical formalism so they can be easily understood by readers ayithgsits or
engineering backgroun@Hawkins et al., 2021; Nedelec et al., 201&)r anin-depthunderstandingf
physical acoustics and underwatepustics, readeege referred to several excelldmtoks(e.g.,Kinsler

et al., 2000; Medwin and Clay, 1997)

2.2.1 Sound as a Mechanical Wave

In a broad sensepundis a mechanical wauveavelingthrough a medium that waseated by a physical
disturbancdoy a sourceWhile thetermivi br oacousticdo can be used to de
that comprise sound and vibration, this term has not been widely accepted in the bioacoustics community
particularly for aquatic animal3 herefore, in this papene useéheternsi sound ankbmes ubstr at
vi bration. o
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A physical disturbance causesarbyparticles to oscillate back and forth, thus creating alternatingls

of high and low particle densitie the acoustidar field (where the propagating waves are plarthg,

region with high particle density alsodtasigh acoustigpressureandhigh positive particle velocityyhile

the region with low particle density has low acoustic pressure (lower than the ambient pressure) and high
negative particle velocitylhe highpressureaegionis calledcompressionand helow-pressureegion is

referred to asarefaction The area betweamgions ofcompression and rarefaction has greater positive or
negative particle acceleratiohile the physical disturbance in the formaasfound or substrateorne
vibrationwaveis beingpropagatedapidly outwards from the source into th&roundhg medium, the
particlesoscillate aroundheir loations

2.2.2 Acoustic Pressure and Particle Motion

Thepropagation of @ound or substratieorne vibrationwave carbeinvestigated by its acoustic pressure,
particle displacement, particle velocity, and particle acceleration. Among all these quantities, the acoustic
pressure iscahlr, meaning that ihas amplitude but not directiolm contrastparticle displacement,

particle velocity, and particle acceleration geetorquantities, meaning that they have amplitadd
directions.These vector quantitiepllectivelyare called particle motio.o visudize sound pressure and
particle motion, sethetutorial videoWhat is Sount®

Acoustic pressure Acoustic or sound pressuigthe change of ambient atmospheric pressure (for air
borne sound) or hydrostatic pressure (for underwater sound) due to wave disturbagarg.of
acoustic pressure in thternational System of Unit$() used to describe acoustic pressure is pascal
(Pa) or micropascal (LPa).

Sincethe acoustic pressure changes rapid oscillation between compression and rarefaction of the
particles, the values used to describe the sound prdssalearepeak (pk Or po-pk), peakto-peak (pkpk),
androotmeansquare (rms)gms (seeFigure 1).

Thepeak sound pressutevelis defined as the maximum sound pressure within a waveTdrenpeak

to-peak pressurkevelis the difference between the maximum negative and maximum positive.

Therefore, armssound pressurelevilt y pi cal ly computed to describe
pressureThe relationship between peak, pgalpeak, and rms acoustic pressure vabfes sinusoidal

waveis shown inFigure 1.

2 Discovery of Sound in the Sea, Tutorial: What Is Sound? Availati&zt://dosits.org/tutorials/science/tutorial
whatis-sound/

18

t


https://dosits.org/tutorials/science/tutorial-what-is-sound/
https://dosits.org/tutorials/science/tutorial-what-is-sound/

T
1 » 7}
‘ A A
081
0.6 p
)
— L pk
@ 04 Prms
7]
@ 02F i
&
. [ Y P
0 K-pk
2 e
®-02F
[]
o 04 F
067
08¢+
a2k Y
0 0.05 0.1 0.15 0.2 0.25

Time (s)

Figure 1. The relationship between peak (Ppk), peak-to-peak (Ppk-pk), and rms (Prms) acoustic
pressure values of a sinusoidal wave
Note: Tp is the period of the sinusoidal wave.

Particle motion: Particle displacemenis the distance #toscillating particlearedisplaced from their

original positiondue to mechanical disturbances of the medidanticle velocityand particle

accelerationarethe velocityand acceleratioof the oscillating particles abotlteir origin, respectively

The Sl units for particle displacement, particle velocity, and particle acceleration are meter (m), meter per
second (m'$), and meter per second squared (fy sespectively.

While particle motioroscillatesabout their origin, it should be noted that they are not synced. Particle
displacement lags particle velocity by*°98nd particle acceleration is P&t of phase from particle
displacement. For example, when particle displaceneaichests maximum positive amplitude, particle
acceleration isitits maximum negative value, and particle velocity is zEigure 2). In thefar field

away from any boundarieahere theacoustiovave can be approximated as a plane wavegleart
velocity (u) can be calculated from acoustic presgprgy) using the following equation

06 — (1)

wherej is the density of the medium in kg nc is the sound speed in theediumin m <%, and the
product) ds thecharacteristic acoustic impedarafehe mediunin Pa-s m.
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Figure 2. Relationship between particle displacement (3) (blue line), particle velocity (u) (orange),
and particle acceleration (a) (yellow) of a sinusoidal wave

2.2.3 Sound Levels

The faintest soungressure human with excellent hearing can detdctkHzhas an acoustic intensity of
1 pW ni2 (1 picowatt per square meter, 1x10'2 W m'?) (Gelfand, 2016)A F-22A Raptor military jet
engine produces acoustic intensitshigh as 10 W ) which cancause auditory discomfort or injury
(Stout et al., 2015 or plane waves, these intensities correspond-moaite acoustic pressure ranging
from 20 ¢ Pa Tadescriberseund irGessiti€sand presswithsthis wide intensityrange, it is
customary to use a logarithm scale of the ratio of a value to a referenced value. This a@ppicabth
compresses the a | waage bBetween a single and a cougflbundreddigits. These numbers are known
assound levelsSound levels are expressediectibelgdB) with a notation of the referenced value. For
example thermssound pressure level (SPL) for a plane wave can be calculated using the following
equation

_ p?/pc\ _
SPL = 10log,, (p?ef /pc) = 201log1o(p/Pres)

(2)

whereprt is the reference8PL, whichhasv al ues of 20 ¢e-Pome anduwhdedvater Pa f or a
sounds, respectively. For example, a blue whale that produces a sound with rms sound pressure of 3 kPa
has an SPL of about 190 dB re 1 e€Pa in whakHar ; and
has an SPL o fnaiONot that due to thé® differéhtireference levels, sound levels in air and

water cannot be compared directly.

Li kewise, particle motion can dBscalesActoralingetxtipenS®Os s e d i
standards on underwater acous(i&O, 2017) the referenced unit for particle displacement level,

particle velocity level, andnsparticle acceleration level are 1 picometer (ptmanometer per second

(nm $Y), and 1 micrometer per second squared €?), respectively(seeNedelec et al. (202Xpr a

detailed discussion)
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2.2.4 Sound and Substrate-Borne Vibration Waves in Different Media

Within different mediaanacousticwaveexhibits different modalities in its propagation. In gas (air) or
liquid (water), which are collectively known as flgj@én acoustievave can only travedarallelto the

direction of particle oscillation. Such a wave is called a compressional wave or longitudinal wave. Most
mammalian and avian ears only respond to acopstisuravaves in a fluidliguid and gasjAu and
Hastings, 2008)While some fish species can also detect acoustic presaues most fishes and all

aquatic invertebrates can only detect particle motions in the(Nlddelec et al., 2021; Popper et al.,

2019; Popper and Hawkins, 2018herefore, in a narrow sengspuna only refessto acoustic wave

that propagates through air or water.

In solids(such as bedrock or animal hard tisguasoustiovaves can travel not only along the direction

of particle oscillation but also perpendicular to the direction of the oscillation. Such a wave is called a
shear wave dransverse wavén generalnoncompressionalvavestravelingthrougha solid substrate

are called substratgornevibrations Human activities thagenerate anthropogenic sound in the water
column can also induce acoustic waves in the substrate, either through the direct abtipdirapurce
within the seabed (e.qg.,-imater pile driving;(Miller et al., 2016)r throughthe propagation of sound

from water into the seabed (e.g., seismic surflesizelwood and Macey, 2016)

Research has shown thaainyterrestrial invertebrates communicate acoustically thraudpstrateborne
vibration(e.g.,Cividini and Montesanto, 2020; Hill et al., 2019; Hill and Wessel, 2016; Pekas et al.,

2024; Roberts and Wickings, 2022) addition,someterrestrial vertebrates also use substbatene

vibrationto communicat andfind prey(e.g..Ca o r s i et al ., 2019; -Rodavellny et
et al., 2001; Young, 2003)n comparison, there are very limited studies on fidaed aquatic
invertebrate8detection of substrateorne vibration(e.g.,Jézéquel et al., 2022b; Roberts et al., 2015,

2016a; Roberts and Elliott, 2017; Roberts and Laidre, 2019)

Severalwavesexist at the boundary of two media, rather than in the medium, and are called surface
waves(e.g.,Aimon et al., 2021; Hawkins et al., 2021; Hazelwood, 2012; Hazelwood and Macey, 2016)
For example, the Rayleigh wagakthe boundary of a solid substrate andhag an elliptical particle

motion, with its major axis perpendicular to the surface and the wave propagation dirBetytgigh

waves traveling through the groundre detected by terrestrial animals, such as elepha@t® Co-n n e | |
Rodwell et al., 2001andscorpiongBrownell et al., 1979)If the particle motion is oriented with the

plane of the surface but perpendicular to the direction of propagation, the wave is called a Love wave.
Surface waves can propagate between different types of mediaveé\between solid and fluid is called a
Scholte wavea wavebetween two solids is called a Stoneley waveecent BOEMfunded study has
shown that Scholte waves generated from impact pile droimigngwind farm construction can travel

great distancewith little attenuationJames HMiller et al., per.Comm, February 5, 2024 However,

how marineanimals use Scholte waves for their life functiand how such waves affect these species
has not been studied.

2.3 Major Research Questions Regarding Particle Motion and Substrate-
Borne Vibration Effects

Several reports and discussions at this Workstearlyindicated thatesearchinghe potential impact of
particle motion and substrab®rne vibration on fishes and aquatic invertebretesitical Sound
pressuralsowas recognized ascncern Every species ofish (including sharks and rayajpd most
likely, all aquaticinvertebrate species detect particle motion and/or substoate vibrationsincetheir
sensoryreceptors ardhasically accelerometer@Hawkins et al., 2021; Mooney et al., 2010; Nedelec et
al., 2016; Popper and Hawkins, 2018deed, fishes detect all these signals with their, @drich are
homologous to the ears of terrestrial vertebrégeg,Popper et al., 2003; Sand et al., 2023)xddition, a
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limited number of fishes (and likely no invertebrates) are likely to detect sound pressure because of the
presence of a swim bladder or other air chamber located near, or connected to, their ears.

Thoughtheworkshop focused odeterminingthe appropriatenethods to answeesearchguestionsthe
participants agreetthat developing@napproach firstequired understanding the most important research
guestionsThe participants alskecognized that research questions concerning specific species or species
groups ould best be answered using different methedsch require different experimental

environments such as laboratory tanks, larger cages in outdoor environments, or the field.

During the discussions, many participants made the critical point that specific experiment design must be
linked to specific research questipasn d t hat t he research questions sh
approach used. Furthermore, the participants emphasized that without a given research question, it was
difficult to evaluate the usefulness of a specific experimental setting. In adthigoparticipants also

emphasi zed that an analysis of an ex psderationeghet al se
species being tested, its sigwelevel of mobility (e.g., mobile vs. sessile), ahédevelopmental stage

(e.g., egg, larvae, adult).

Othersynthesis studieand reviewssome written by participanis this workshop,alsoshed light on the
types of research questions t hat (Boreay of DaeanrEeelge v an't
Management, 2020PDnesuch gnthesis byHawkins et al(2015)stemmed from a BOEMponsored
workshopon theEffects of Noise on Fish, Fisheries, and Invertebrates in the U.S. Atlantic and Arctic
from Energy Industry Sour@enerating Activitiegn March 2012ANormandeau, 2013Hawkins et

al. (2015)comprehensively reviewed tieformation gap$indering theunderstandingf noise
effectsonfishes and aquatic invertebrafBse papepointed out thatat the timehaving a clear
conclusion abouthe nature and level of anthropogenic soumplacton these speciagas almost
impossible Many issues raisedtthe Effects ofNoise on Fistworkshopare stillopen questionand

their answers are vital to understandihgeffects of anthropogenio@ands on fishes and aquatic
invertebratesExamples of some open questiamslude the followingWhat is the appropriate

approach to construspecially designed tankkatcan play a role in enabling preciselyntrolled

and measured sound stimuli to be presented to feseegnvertebraté&sWhat are the refutions of
methodological difficulties in presentimgeasurable sounds tsfies and in determining thresholds

to different types of sourd

As the potentialimpact of particle motion and substrate vibration on fishes and invertebrates became
increasingly recognizeanore researcherecommendethcorporating thesdisturbances o noise
impactanalysege.g.,Hawkins et al., 2021; Hawkins and Popper, 2017; Nedelec et al., 2016; Roberts and
Breithaupt, 2016; Roberts and Elliott, 201Mawkins and PoppdHawkins and Popper, 201f@pinted
outseveraimportantissues, includinghat(1) many of the impact assessments on fishes and

invertebrates had focused on sound pressure exposure instead of particle motiothamdef2ics

employed to describe sounds from different souneetbeen derived from poorly designed and

controlled studies.

Rapid development of offshore renewable endrgy increased the netxbetter understarftbw
underwater noisaffectsfishes and aquatic invertebrates, manwhbich arecommerciallyimportant.in
2020, the New York State Energy Research and Development Authority (NYSERDA) convened a
workshop orSound and Vibration Effects on Fishes @afiatic Invertebratefor the State of the Science
Workshop on Wildlife and Offshore Wind Energy 2020: Cumulative Im(Rapper et al., 2021)
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Then, n May 2022, the Pacific Northwest National Laboratory (PNNL) convened a workshop on
Measuring and Reporting Acoustic Particle Motion for Marine Energy Environmental Monitoring
Discussions from both workshops were compiled into two-pmeewed papers that focusedtbe
potential impacts of wind farm developméRbpper et al., 2022[and alternative marine energy
converters (MECsPopper et al., 2023)espectively, on fishes and aquatic invertebrates.

Papersfrom the NYSERDA and PNNL workshofscused heavily owaterborneparticle motion and
its potential impact on fishes and aquatic invertebrates. Moreover, both builthgearlier BOEM
sponsoreavorkshop(Normandeau, 2013hat was later published by Hawkins e{2015)

Thereportfrom the 2023BOEM Workshopfocused on similar questiontsut with an emphasis on
particle motiorand substratborne vibrationThe additional consideration sfibstrateborne vibration
was that this topicecentlyhas become a topaf concern for both fishes and invertebrgtgawkins et
al., 2021)

Based on thaforementionegbrior studiesthis currentreportidentifies 20 major research questioabout
animal behavioralphysiological, and hearing effects, and p#iiem with the most appropriate research
methodology and experimental setingjhese research questiarggrouped into four major series:
auditory mechanism (Ahearing effects (Hbehavioral effects (Bandphysiological effects (P).

It is important to note¢hat these four sections arbitraryandthat theyoverlap substantiallyndeed,
thesesections ar@rimarily provided only for the sake of organization and convenieaeglthe questions
and issues posed in each of the sections couldany case®asily go into other sections. Thus, while
thesectionsare kepffor conveniencei is important to recognizénat when questions discussed below are
raised, answering them may impact more than one of these seatidrithey may amger more than one
guestion.

Auditory mechanism (A): Research questions in this category relate to the anafysiology, and
functionof the auditory system, agell as sound detectiarapabilities Given the large number of fish
(over 34,000 specieand aquatic invertebragéwell over 70,000 species that likely detect soward)
their great diversity of mechanisns detect sound and vibratide.g.,Popper, 2023; Solé et al., 2023)
one of the importat questions isvhether to characterizpecies into function hearing groups based on
their sound detection mode (e.g., waterne particle motion, substraterne vibration, or acoustic
pressure), frequency range, ets discussed in Popper et(aD14)

Hearing effects (H): Research questions in this category relate to the effects of anthropsigeaison
hearing capabilities, including maskirfgequencydiscrimination,intensity discrimination, and

localization While acute impacts, such as permanent or temporary shifts of hearing sensitivity from
intense sound exposure, are not the focus of this topic, fishes demonstrate masking in the presence of
anthropogenic soun@.g.,Fay, 1974; Hawkins and Chapman, 1975; Tavolga, 196¢pesting that

even lowlevel sound could impair detection of biologically relevant sounds and lead to potéfetitd

on behaviolaso see Simpson et a2015b) Each of these capabilities is critical for an animal to be able
to detect and use soun@dsy and Popper, 200Q)ittle is known about potential effexcof anthropogenic
signals on invertebrat€Solé et al., 2023)

Behavioral effects (B):Research questions in this category relateotw animalsreact behaviorallyo
sound and vibratorglisturbances. These responses can range from altering brgleayipstopping
foraging), changein sound production, and/or avoidance of a cefftaales Some of these behavioral
effects are temporary and may disappear when the disturbaasespr the animals may become
habituated to the stimulDtherresponsemay be persister@ndthus affect the fithess or survival of the
population. It is important to focus dhe biologically significant effecthat affect the species at
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population levele.g.,Slabbekoorn et al., 201)Qalthough impacts on individual animals may also have
importance

Physiological effects (P)Research questions in this category relate to changésl rates (e.g heart

rate, breathing rate) and body chemistry (e.g., stress hormone) of animals when exposed to anthropogenic
sounds, and how changes could affect then i mheedltls sind fitnesd.ike behavioral effects, some of the
changesnay betemporary while others may be prolonged. Chronic exposure to anthropogenic
disturbances in a large habitat could leagddpulationlevel effects (e.g.,El-Dairi et al., 2024;

Slabbekoorn et al., 2010)

Below, we provide thepecific research questions under the four megts of questions
Initial Question

What limited number of species should be usedllithe studie? (Applicable to all other research
guestions.]See Section 3.3, below.)

Auditory Mechanism (A):

AlL.How do anatomi cal features influence fibareesd anc
and substratborne particle motich

A2. What is thehearingbandwidthand sensitivity to particle motion and substrate vibration?

A3. Are there interspecific differencesnongfishes ancdamongaquatic invertebrates in sound (vibration)
detectior?

Hearing Effects (H):
H1. What level of masking is associated with various anthropogenic sources?

H2: Do anthropogenic sounds alter the ability of fishes to discriminate between signals and localize
sounds?

H3: Is sound detection and/eound and substraterne vibratiordetection affected in aquatic
invertebratedy the presence of maskers?

H4. Do fishes andhquatic invertebrates demonstrate signal discrimination and sound source localization?
H5. Canfishes andaquatic invertebrates detect signals in the presence of maskers?
H6: How do hearing functions differ between species?

H7. Doeslong-term exposure to particle motion or substiadene vibration lead to degradation in
hearing sensitivity in fishes and aquatic invertebrates?

Behavioral Effects (B):

B1. Will long-duration anthropogenic sourcesuse fishes to avoidsaund sourcareaand, therefore,
alter thér migration routes othelocation forbiologically importanfunctiors?

B2. Will the presence of an anthropogenic source alter the behaviors of animals that normally live in a
particular region?
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B3. Will the presence of an anthropogenic source resuttdhile animals moving from their home
territories, thereby subjecting them to potential predation aadZontinuing search farew territory
resulting in a loss ditness?

B4. How do animals react at the onset of an anthropogenic saumndevill they, over time, habituate to
the sourcendcontinue their normal activities in the presence of the stimtsfugh there still may be
physiological effects!)

B5. Will animals be able talter their calls tcompensate for changing noise condisiaas shown in
birds and mammal&.g,Fournet et al., 2018; Parks et al., 2011; Thode et al., PD20)

B6. Are fishes and invertebrates ablaifferentiatesource characteristi@dthus exhibit different
behavior when exposed to different sources?

Physiological Effects(P):

P1. Does the presence of a continuous anthropogenic sourcetedfdetelopment of eggs and laryae
and are there effects on their development, growthpraatdratior?

P2.Do anthropogenic disturbances cause changes in physiological status, such as vital rates and hormone
levels in fishes and aquatiovertebrate®

P3. At what amplitude levetioes sounffom anthropogenic sourseause physiological effect®&
such levels need to be considered in terms of sound pressure or particle motion?

2.4  Selection of Species for Particle Motion and Substrate-Borne
Vibration Studies

MostWorkshopparticipantsandearlierreports cited above recogniztidt thefirst vital decision for a
research project walecting focaspecies. Moreovethe Workshopparticipants agreetthatB OE M6 s
future work should focus orelevant species occurring in offshore renewable energy areas, especially
ecologically or commercially important specie

Getting the most information from a study is necessary because of the sheer number of fishes and
invertebrates worldwide.Rere are over 34,000 extant fish spe¢itaifman et al., 2009approximately
17,500 species of decapod crustacean sp@amss et al., 2022)andover43,000 marine mollusk
speciegRosenberg, 2014plustens of thousandsf otherecologically or economically importaatuatic
macroinvertebrates that likely detect sound. Moreover, there is extraordinary variatiersiructure of

t he ani mal s6 det eliveinfarmors diverse @miisonmeriisitealy gneaps efo
terrestrial vertebrates. As a result, it becomes extraordinarily difficult to extrapolate results across taxa
andeven for some taxonomic groupsetween closely related animaldis diversitynecessitates
selectingspecis that provide the most, and most useful, data.

Thus,afundamental questiois which specieshould bestudiedin orderto considerthe potential impacts
of particle motion and substralb®rne vibration on aquatic animals. Clearly, there are far too many
speciego study withina reasonablperiod(e.g., 510 years)even if those chosen are restricted to
species of BOEM concerihus, Imiting the number oftudiedspeciess the best hope to achieve any
depth of understandingto the interactions and responses of animals to particle mstibstrateoorne
vibration andsound pressure. Put another wstydyingmore than a few species will result in superficial
informationunlikely to provideinsights that willdevelop future impaeatnitigation measure€onversely,
studyinga small number aigencyrelevantspecies will provide dataf considerals value to decisions
about anthropogenic sound and aquatic life.
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The fact is thaBOEM (and other agencies) must prioritizrtain studyspecies andlsorequire
investigatorgo focus on these species rather tleasrelevantanimals odab-amenablenimalsthat lack
theimportant characteristics (e.g., heargapabilities behaviory present immnimalsrelevant to
understanding the potential effecfsanthropogenisignals.For example, although studyiagbrafish
(Popper and Sisneros, 2028pldfish(Fay and Simmons, 1999nd other latoriented speciemay
providegreat insight into hearing and otterdiory functionsin some specigshe results are irrelevant
to understanding sound impacohn tunasalmonid, and many othepeciesinder BOEM stewardship
because thedaboratoryfisheslikely hear and respond to anthropogenic sowedy differently.

Selectingrelevant species will not be edsyn fact, it is likely to be quite difficult since trepeciesot
only need to be of interest to BOEM but also amenable to answering research guestierample,
Atlantic cod may be highly relevant in termsusfderstanding thpotential impacts of wind farms, but
theyrequire very large holdinfacilities. They arddifficult to studyin small tanksor lab environmerst
Similarly, some invertebrates require deep sedirffariurroning, which can be a logistical challenge in
laboratory conditions.

Earlier Attempt to Prioritize Fish Species

Oneprojecd that wassupported by BOEM, the National Science Foundation, the Office of Naval

Research, and other agenéiedevelopednterim criteria and guidelines tassess the effects of

anthropogenic sounds fisheqPopper et al., 2014Yhe international group of experts quickly realized
thatthey could not develogriteria for individual species, or even for a few dozen species. Thus, they
recommendedi vi di ng fi shes i,baswellastkeggeand ldrvae Bhe fismgrougsr oup s
includedfishes without a swim bladder that only detect particle motion, fishes with a swim biladder

primarily detect particle motion, and fishegh evolved mechanisms to detect sound pressure as well as
particle motion.

A significant outcomef aPopper et akeportwasrecommendations afriteriafor sound leved that

could potentially lead to death and severe injury to fisisesell as to recoverable injury amanporary
threshold shif{(Popper et al., 2014However, the panel concluded that they could not recommend
criteria for sounds that could impact behavior since (a) there were too few properly done behavioral
studies upon which to base reliable conclusions, and (b) most fishes detect particle noatieneawere
virtually no data on responses of fishes to such a sigmdt was impossible to develop criteria based on
the limited responses to sound presséitehe time of the reporthere was no real knowledge of
substrateborne vibration.

Aquatic Invertebrate Species

Compared tdishes, far fewer data are availabletom w i n v e r t erdact 8 anel are potentidllye s 6
impacted by soundr substrateéborne vibratiorsignals(Hawkins et al., 2015; Roberts and Breithaupt,
2016; Roberts and Elliott, 201 MNloreover, there are far more aquatic invertebrate species than fishes
(e.g.,Rosenberg, 2014and it is not always clear which invertebrates detect sousabstrateborne
vibrationsignals Finally, whereas many fish species may move away from an anthropogenic source
(Krebs et al., 2016manyinvertebrate species are sessile or move very littlefrarsinay bemore

impacted byanthropogenic signatban fishes.

At the same time, many issues relevant to BOEM and other agencies are tlfier saveetebratesis
they ardfor fishes. Howeverselectingand developing experimerfsr invertebrates ikely far harder
for invertebrates since so little is known about their mechanisms and abilidiegectsound or substrate
borne vibratiorsignals(Solé et al., 2023Many more invertebrate species copddentially be impacted
compared tdishes. Finally, while criteri¢o selecfish speciefiavebeen thought out ovéine past
decade (see Sectior83l), no such efforts have been made for invertebrates!
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Prioritization of Species

Popper et al. (2021) offered NYSERDR#potential approacto prioritize species of interetttat BOEM
could follow. (Popper et al., 2021)We have modified and updated this apprdaelow:

1 Selectspecies that occur within areas of interest to BQEMN.,Friedland et al., 2021)
1 Select species where a sufficient number of animals can be obtaimeddarchand it is

possible to hold the species in captivity.

9 Focus on species with different hearing capabilities and mechanisms, as done in the 2014 study
cited abovgHawkins et al., 2020; Popper et al., 2014)

0 Sincelittle is known about hearing in most fishes (and invertebraB€3EM could select
species based apdated and modifiecriteriafrom Popper et a[Popper et al., 2014s
well as from a detailed and extensive evaluation of what is known about invertebrate
hearing Thisapproachnvolves an early research focus on tiearing capabilitiesf
potential representative animalait with a focus on hearing thresholds for particle
motion along with sound pressure

Select species that represent a range of ecological niches (different habitats, diets, etc.).
Other relevant bases fepeciesselection include (but are not limited to) one or more of the
following:

0 Species of recreational and commercial importance.

0 Species of ecosystem importance.

0 Protected and atsk species.

1 Species potentially vulnerable to offshore wind, including:

0 Species that spawn in or nedfshore wind development sites travel through these
areas taeachreproductive sites.

0 Species that may be attracted to structures such as wind farms and other energy
producing device@egraer et al., 2020)

0 Species that are expected or known to be sensitive to displacement from offshore wind
construction or operations.

0 Species that may be vulnerable to substbaime vibration at one or more life stages

= =4

2.5 Recommendations on Experimental Settings for Particle Motion and
Substrate-Borne Vibration Studies

2.5.1 A Historical Review of Experimental Settings for Bioacoustics Studies on
Fish and Aquatic Invertebrates

Despite major information gaps concerning the auditory capabilities, behavioral uses of sound, and effects
of anthropogenic sound on marine animals, bioacoustics reseatishashas a much longédiistory than

that of any other aquatic organisms (reviewed in Sand 2028. Many pioneering studiesn fish

hearing were done on captive spe@adperformed in relatively small tanks.g.,von Frisch, 1923; von

Frisch and Dijkgraaf, 1935; Poggendorf, 195P3view bylLadich, 2023; Sand et al., 2023)here the

sound field is very complefe.g.,Parvulescu, 1964; Rogers et al., 2016; Slabbekoorn, 2018s

recognized in the early days of bioacoussitdies that fishes detect particle motferg.,van Bergeijk,

1966; Dijkgraaf, 1960; Tavolga and Wodinsky, 1963; de Vries, 1935@)everresearchers continue to
usesmall tanks in fish bioacoustistudiesdespite the inability, even today, calibratethe particle

motion of the sound in such environments. Indeed, the realization of physical acoustics concerns in small
tank setting (e.g.,Gray et al., 2016Jézéquel et al., 2022a; Okumura et al., 20p2npted researchers

to rethink their experimentaktupsand, in particular, the size and overall design of the experimental
enclosures.
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Over the yearggesearchers have developatious experimental settings for testing hypotheses
answering research questions. The earliest devices were tubes-likdigtrictures developdast by

Per EngefEnger, 1966and colleagues for fishes where the particle motion coufddye accurate and
more accurately measureh alternative approach was to test fishes in open and deep water lochs (in
Scotland)wh er e t he s o u n d(refieweHalvking ansl Cifapman, 20201 0

Fay (1984) developeti¢ most recent device for fish@zsay, 1984)with a shaker tabléhatmovedfish,

mimicking stimulation fromall directions(Fay, 1984; Lu et al., 1996; Lu and Fay, 1995; Meyer et al.,

2012) However, shaker tabdareonly effective for smaller animaland the signals are artificial in the

sense that they do not include sound pressure alo

2.5.2 Experimental Settings Considered

During this Workshop we focused our discussioms which experimental desigmsaybest fit a research
guestion and specieandaround three enclosure sizes that we referred to as experimental settings
(1) small indoor tank, (2) medium outdoor tank, and (3) mesocosm (see Section 2.4).

However, in this Technical Repovte further dividehe mesocosm into settingsth cagedvs. free-
ranginganimals Thereforethis report considerthe following four experimental settings:

(1) Laboratory tank (lab tanke.g.,Hubert et al., 2022; Jézéquel et al., 2021; Jimenez et al., 2020;
Lara and Vasconcelos, 2021; McCormick et al., 2019; Mooney et al., 2020; Neo et al., 2015;
Olivier et al., 2022; Roberts et al., 2016a; Smith et al., 2011; Spiga et al., 2017; Voellmy et al.
2014);

(2) In-ground pond/tank or aboxground tank (outdoor tanke.g.,Davidson et al., 2009; Jones et
al., 2023; Song et al., 2031)

(3) Large water bddssuch as a pond, river, lake, or ocean/bay with animals confined in cages
(openwater, confined;(e.g.,Buscaino et al., 2010; Day et al., 2017, p. 201; Hawkins and
Chapman, 2020; Hubert et al., 2020; Jézéquel et al., 2022a, 2023c, 2023a, 2023b; Magnhagen et
al., 2017; Sara et al., 2007and

(4) Large water body with fremnging animalsqpenwater, free-ranging;(e.g.,McQueen et al.,

2022, 2023; PuidPons et al.2021; Simpson et al., 2005, 2016b, 2016a; Staaterman et al.,
2020).

Althoughthis approach is subjective, virelievethat it is a reasonable way to disctlssexperimental
settingsappropriate foaddresig specificresearch questions and species

2.5.3 Sound and Substrate-Borne Vibration Field in Different Experimental
Settings

Lab Tank: Thoughstudying fish and aquatic invertebrates in small laboratory tagkadsical and
economial from the perspective of working with the animals, such tanke in@erent issues concerning
the complexity othesound field, both in terms of acoustic pressure and particle m@@mulescu,
1964; Rogers et al., 2018) | a b rigidavallkahdswater surface, as well as treiall sizecreate
reverberations at frequencies higher than the tan
than the resonant frequendshis distortghe acoustic signals within the ta(fRogers et al., 2016For
example, frequencies betwe2h(or lowe) and 1,000 Hz, which are relevant to fishes and aquatic
invertebrateshavewavelengtls betweenl.5and75m. These wavelengths aneuchlongerthan the
dimension of a typical lab tank. Additionally, at thea ndutérdoundarieand surfacgthe acoustic
pressure falls to near zero (i.e., pressure release), but particle vetmstyo(Kinsler et al., 2000;
Parvulescu, 1964; Rogers et al., 20T8)us, tre complexity ofa labtanksound field makes controlling
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and measuring acoussinalsextremely difficult(Akamatsu et al., 2002; Okumura et al., 20B2ay et
al., 2016.

Thesedeficiencies coulghypothetically be reduced by selecting frequencies diffefemnthet a n k 6 s
minimum resonant frequency and placagydrophone within the attenuation distance of the sound
source(Akamatsu et al., 2002However these modificationgould limit the applicability of smaltank
experiment@and prevent behavioral studies whanémalsmustmove around the tanknother

mitigating methodusesspecialized testing chambers thadducea traveling wave simulatg the far-
acoustidield in a free fielde.g.,Martin and Rogers, 2008; Parvulescu, 196450 see discussion by
Martin, Sectior?.3.2 and Appendix B)2Howeverthese chambeise very bulky havethick walls, and
are costly tdouild, as discussed in Section 2.;3&e alsdrogers et al., 2016J0 overcome the
boundary conditionone technique usedi t aimad a n k 0 wherethesjudyanimals are placed in a
small lab tank which iplaced intoa much larger tanfe.g.,Hubert et al., 2022; Olivier et al., 202Even
with thesemitigation efforts smalkttank settings may suffeinceaf i sphegescén a tank changethe
acoustic fieldRogers et al., 2016)

Outdoor Tank (and In-Ground Ponds} Like lab tanks, acoustic fiekdn outdoor tankalso suffer from
boundary conditiomand limited spatial dimension. Howevdhreir larger sizesomewhat reducdew-
frequency attenuatiocomparedo labtanks Al s o, 0 u r catBgorizdtighmclodes intgund 0
ponds, which may have more natural boundariggificial large outdoor targcan be fitted with sand
and/or soibottomsto simulate natural conditionshich reducesottomboundary conditionto acertain
degree. Therefore, outdoor abey@und tanks and iground pondsnay be reliable settings facoustic
experimentgocusingon small fish and invertebrates that live in shallow wafBisgers et al., 2016)

OpenWater: Openwater environmest like the natural environment, have onbturalsurface and
bottomboundaryconditions. The large dimension of opeater settingallows sound to propagate
distances without distortiomeven if the animals are in cagas long ashe cage material doest
interferewith the sound fieldThe ®und field in an opemvater environment often closely represents the
Areal wheeranhind liveTherefore, opemvater experimenat setting areoften considered the

most appropriate settirfgr acoustics research on fishes and aquatic invertel{dese et al., 2023;
Jézéquel et al., 2022b; Slabbekoorn, 20H@wever, the presence extraneoudoats, other animals,
etc.,can introduce unwanted sound into the experimental setting, thus making control and comparison
difficult. For example, elevated background noise could cause auditory maskisgffecting how the
studyanimalwould respond to &iologically relevansound if the masker was not present

2.5.4 Appropriate Acoustic Sources and Receivers for Different Experimental
Settings

Sound and Substrate-Borne Vibration Sources

As discussed in Sectid@], dl sound and substratsrne vibrationwaves contain pressure oscillation

and particle motionThereforeall sound sources that generate sound pressure waves produce particle
motion. Sources that are coupled with the seabed also introduce sdbstreteibration at and below

thesea botton{Section3.1.4. However there is a limited selectiast acoustic sources that can be

controlled to generatide sound and substraterne vibrationvavesnecessary for specific research
designsOff-the-shelf source exaples include underwater speakéten designed for use in swimming
pools)and J series transducers produced by the U.S. Navy. Besides these commercially available devices,
researchers haweistomdesigned and built sourcesmeettheir specific needdn laboratory settings

(and smaliscale field scenarios@lectromagnetic shakers (e.Bruel & Kjeer(Neerum Danmark), tactile
speakers, and fAbass s h anbhenednemaysystems) cansdba sseddopmduse ( ¢ o m
vibrational signatures, thaiques prevalent within the biotremology research community for reproducing
bendingLove and Rayleigh waves.
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Openwater environmeistmay usea realsource or scaledownreal source to generateund and
substrateborne vibratiorwaves thatlosely representatworld scenarios (e.gvessehoise] andpile
driving].

Sound and Substrate-Borne Vibration Receivers

Unlike hydrophoneswhichhave been widely accessible for decademeasureinderwater sound
pressurecommerciainstrumentatiorthatmeasuregarticle motiorhasonly been availabléor a much
shorter time The need for particle motion research in the contenhdérwateanthropogenisound
assessment hasoducedseveral papers on particle motion sengerg.,Martin et al., 2016; Nedelec et
al., 2016, 2021)Readersshould seehtese referencder detailed information othe particlemotion

s e n sfunctionality and applicatiarBelow, we summarizenly the available sensem@ppropriate for
the experimental settingefinedduring the Workshop and in this report. Martin ef(lslartin et al.,
2016)classifessensors suitable for particle motion measurements into three categories:

(1) accelerometel?) velocity sensor, an¢B) hydrophonearray. Accelerometers and velocity sensors are
called vector sensors since they measure acoustic particle motion directptrasthydrophone arrasy
that derive particle motion frotime pressure gradient between hydrophone elements.

Althoughvector sensorare available in compact forngs.g., laser velocimeter or accelerometer [Rogers
et al., 2016]for usein lab tanks or outdoor tanks/ponds, hydrophone arrays are usually too large for lab
tanksand even outdoor tanksinds

As with many studieB marine bioacoustics, early field research using particle motion sensors focused

on marine mammals due to these s éerngGeensgétalc2d@abi | it
Thode et al., 2012; Wilcock, 2012)o research the effects of noisefies and aquatic invertebrates,

BOEM has funded studies using ocdmantomseismometer@OBX) and Geosledourcedor particle

motion and substratgorne vibration measurements associated with offshore wind constructions (HDR,

2021; 2022)In the laboratory, single and-&ixial accelerometers (such asBiel & Kjeer) can be used

for substratéborne measurements well asingle and traxial geophoneandlaser doppler vibrometry.

The resultsndicate that thesenstruments, initially developed for seismology research, are excellent tools

for fish and aquatic invertebrate bioacoustiedies

Most recently, researchers are exploring the use of distributed acoustic sensing (DAS) technology to
detect and monitor undersea biological sounds @ayiffaut et al., 2022; Wilcock et al., 2023uo et

al., 2023;Landrget al., 202D. DAS infersacoustiadisturbance in an area usitige phase shift of
backscattering from a laser pulse being injected into the fiber optic cable. It is most sensitive to
frequencies between 0.001 Hz and below 1 &hidpotentiallycouldbe a great tool to track soniferous
fishes and aquatic invertebrates in a large area.

2.5.5 Advantages and Disadvantages of Different Experimental Settings

Based on the Workshop discussions and other published inforntaggparticipants provideexamples
oft he pros and c on sexpefimentd settingim Tialdehl dhglohe pafticpants
recognize that this table is a starting point to discussion of the use of different experimental settings
anticipate future changes
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Table 1. Initial views of pros and cons of four different experimental settings to study fishes and
aquatic invertebrates behavioral and physiological effects from particle motion and substrate-

borne vibration

Experimental

Setting Pro Con

Easy control of environmental Very difficult to create a realistic sound and substrate-
parameters such as borne vibration field (e.g., pile driving)
temperature, salinity, light pH, Concerns about boundary conditions, standing waves,
substrate type, etc. external vibrations, etc. that make measuring the sound
Once the sound field is field very difficult
established and mapped, it is Acoustic parameters are different from those experienced
potentially repeatable when testing species in the wild
Perhaps most suitable for Unli kely to obtain informat
physiological experiments that | wild since the size of the tank severely limits animal
look at blood and other behavior
parameters Particle motion is impossible to predict or measure and

Lab Tank the presence of animals in the tank, especially fishes with

a swim bladder, will very likely change the sound field
from that measured without the animal.

Particle motion will vary substantially over the whole tank
in a non-definable manner

Tanks may be too small to accommodate animals larger
than a moderate size

Most tanks studies have used freshwater species that are
easier to care for and not the marine species of most
interest to BOEM and other agencies

Hard to mimic substrate vibrations in such tanks 1 if
nothing else, the depth of the bottom is likely very limited
in such tanks
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Experimental
Setting

Pro

Con

Outdoor Tank (or
In-Ground Pond)

Generally easy control of
environmental parameters
such as temperature, salinity,
light, pH, substrate type, etc.
Once the sound field is
established and mapped, is
repeatable

If the body of water is much
larger than the fish, the
presence of fish will likely not
alter the sound field too much
(though this has never been
tested).

Suitable for physiological
studies

Difficult to create a realistic sound and substrate-borne
vibration field (e.g., pile driving, seismic air gun)

May be hard to develop a substrate that would support
realistic substrate vibrations

Depending on frequency, could be concerns about
boundary conditions, standing waves, external vibrations,
etc.

Depending on species, environmental parameters could
be different from those experienced by the test species in
the wild

Testedani mal s 6 mayadt mimic their behavior in
the wild

Possible to create a realistic
sound and substrate-borne
vibration field

Few, if any, concerns about
boundary conditions, standing
waves, etc.

Impossible to control certain environmental parameters
(e.g., temperature, salinity, pH, etc.), thus making some
repeatability difficult

Environmental factors such as weather, presence of other
boats, etc. are generally not controllable and could impact
the conduct of studies or even results

Open-water: Environmental parameters Due to the changing environment, the sound field may
Confined reflect those experienced by vary from day to day
the species studied The presence of human observers may alter the behavior
Some species may be able to of animals
exhibit behaviors that are seen | Some species may still be confined and may not exhibit
in the wild the same behaviors as in the wild
Requires far more support, such as boats, divers, etc.,
than lab studies
Realistic sound and substrate- | Impossible to control certain environmental parameters
borne vibration field (e.g., temperature, salinity, pH, etc.), thus making
Few concerns about boundary | repeatability difficult
conditions, standing waves, Environmental factors such as weather, presence of other
etc. boats, etc. are generally not controllable and could impact
Environmental parameters the conduct of studies or even results
Open-water: reflect those experienced by Due to the changing environment, the sound field may

Free-ranging

the tested species

With proper setting, tested
ani
their response in the wild

mal s 6 cam efleet v i

vary from day to day

May be difficult to observe animals throughout the study
range.

The presence of human observers may alter the behavior
of animals

Requires far more support, such as boats, divers, etc.,
than lab studies

2.5.6 Types of Questions and Species that Can and Cannot be Addressed in
Each Experimental Setting

Due toconstraing of acoustic propertiesourcesandreceivers, not athe Workshoexperimental
settingscanaddressheresearchssuedisted in Sectior8.2,andespecially notfor all species or life
stagesFor opics related to auditory mechangsmwhereunderstandinghe functional anatomy @

a n i msmundédstectingorganis crucial small laboratory tanks tend bethe most appropriate setting.

Researchers arew consideringifferent approaches to investigdith and aquatic invertebrate
mechanosensory orgaasd hearing mechanisgrzarticularlyfor particle motion and substrab®rne
vibrationdetection One approach proposadapts théinite element method (FEMa techniqueised to

investigate lowfrequency hearing of baleen whales by examining the biomechanical and acoustic
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properties of their skull@Cranford and Krysl, 2015; Tubelli et al., 2018)fisheg(MarcéNogué and Liu,
2024) Related approachesmalyze fish ear function witmicroCT, providing adetailed observation of
ear function in whole animals and thea reSp®nses to sourfiflaiditsch et al., 2022; SchuMirbach et
al., 2019, 2020)

In contrast studieson thebehavioral and physiological effecganthropogenic sound exposure often
require a setting closely resenmgt he ani mal s & nBebhavioradrespanséroma on me n't
confinedmobileanimalare unlikely to reflectesponses the wild, especially when such behavior

involves movement or migratiorlowever,it is possibleo conducsuch studies on sessile invertebrate
specieqe.g.,Roberts et al., 2016p)~or physiological effects, physical confinement itself caitdss

the testing animal, making it difficult to relate changes in vital rates or stoes®nego solely acoustic
disturbancesOpenwater, free-ranging experimental settingsing tracking tags and /or videameras

are mosappropriatdor studying thebehavioral or physiological effectd noiseon fishes and aquatic
invertebratesWhile controlled exposure experiments using acoustic tags have beavestte past

two decadeto study marine mammal behavioral responses to anthropogenic(gogin8outhall et al.,

2019), thetechnique has not be&ridely adoptedor fish or aquatic invertebrastudiegMcQueen et

al., 2022, 2023; McQueen and Sivle, 2028primary challenge is that thetgsare often too largo

place ormediumsizedfishes.Thoughsmaller tags are availabdémdoftenhavethe ability to gather a

good deal of data, thegenerallyhave very short transmission ranges, short battery lives, and need a high
density of receivers in order to have the signals detected.

Finally, the effects of lowintensity noise omnimal hearinde.g., auditory maskingjotentiallycould be
studiedin most experimental settings, as long as the acoustic field can be accurately mapped and
measurede.g.,(Buerkle, 1969; Hawkins and Chapman, 2020, 1975)

Table 2below provides a initial summary of different experimental settings that can best address certain
research questions and species groups (fishes vs. aquatic invertebBuaes)discussion and research
likely will modify the material in the table.

Table 2. Suggested research questions that can and cannot be addressed under each of the
experimental settings for fishes and aquatic invertebrates

Initial Question:What limited number of species should be used in all of the sR@ipplicable to all
other research questions.)

. Open-water: Open-water:
Research Question Lab Tank Outdoor Tank R~ Free-ranging
Al. How do anatomical features
influence fishes® ¢ Fishes:Yes Fishes: Yes Fishes: Maybe Fishes: Maybe
sound detection through water-borne Inverts: Yes Inverts: Yes Inverts: Maybe Inverts: Maybe
and substrate-borne particle motion?
A2. V_\/_hgt is the h_earlng t_)andW|dth and Fishes: Yes Fishes: Yes Fishes: Maybe Fishes: Maybe
sensitivity to particle motion and . ) . .
o Inverts: Yes Inverts: Yes Inverts: Maybe Inverts: Maybe

substrate vibration?
AS‘ How do flshes a_md aquatic Fishes: Maybe Fishes: Yes Fishes: Yes Fishes: Yes
invertebrates differ in sound (or ) . . .

. . . Inverts: Maybe Inverts: Yes Inverts: Yes Inverts: Yes
vibration) detection?
H1. What level of masking is associated | Fishes: Yes Fishes: Yes Fishes: Yes Fishes: Yes
with various anthropogenic sources? Inverts: Yes Inverts: Yes Inverts: Yes Inverts: Yes
H2.‘.D° anthropogenlc §oynds alter the Fishes: Maybe Fishes: Maybe Fishes: Yes Fishes: Yes
ability of fishes to discriminate between : ) ) .

. . Inverts: Maybe Inverts: Maybe Inverts: Yes Inverts: Yes
signals and localize sounds?
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Research Question

Lab Tank

Outdoor Tank

Open-water:

Open-water:

Confined Free-ranging

H3. Is sound detection and/or sound
and substrate-borne vibration detection | Fishes: Maybe Fishes: Maybe Fishes: Yes Fishes: Yes
affected in aquatic invertebrates in the Inverts: Maybe Inverts: Maybe Inverts: Yes Inverts: Yes
presence of maskers?
H4. Do fishes gnd aquatic |_nve_rtebrates Fishes: Maybe Fishes: Maybe Fishes: Yes Fishes: Yes
demonstrate signal discrimination and . ) ) .

Inverts: Maybe Inverts: Maybe Inverts: Yes Inverts: Yes

sound source localization?

H5. Can fishes and aquatic

. ] . Fishes: Yes Fishes: Yes Fishes: Maybe Fishes: Maybe
invertebrates detect signals in the . ] } .
Inverts: Yes Inverts: Yes Inverts: Maybe Inverts: Maybe
presence of maskers?
H6. How do hearing functions differ Fishes: Yes Fishes: Yes Fishes: Maybe Fishes: Maybe
between species? Inverts: Yes Inverts: Yes Inverts: Maybe Inverts: Maybe
H7. Does long-term exposure to particle
motion or substrate-borne vibration lead | Fishes: Yes Fishes: Yes Fishes: Yes Fishes: Yes
to degradation in hearing sensitivity in Inverts: Yes Inverts: Yes Inverts: Yes Inverts: Yes
fishes and aquatic invertebrates?
B1. Will long-duration anthropogenic Fishes: Maybe
sources cause fishes to avoid a sound Fishes: NA Fishes: NA Fishes: No Inverts (mobile):
source area and, therefore, alter their Inverts: NA Inverts: NA Inverts: No Maybe
migration routes or the location for ) ' ' Inverts
biologically important functions? (sessile): NA
B2. Will the presence of an ::nl\s/gtratz: (’:/In?gijlg)- E\S/Zﬁz: (’\rfﬁgijl(;)'
anthropogenic source alter the Fishes: NA Mavbe ’ Mavbe " | Fishes: Yes
behaviors of animals that normally live Inverts: NA | y | y Inverts: Yes
in a particular region? nverts nverts
' (sessile): Yes (sessile): Yes
B3. Will the presence of an
anthropogenic source result in animals Fishes: No Fishes: Maybe
moving from th(_elr home territories, Fishes: NA Fishes: NA Inverts (mobile): | Inverts (mobile):
thereby subjecting them to potential : ) No Maybe
) I Inverts: NA Inverts: NA
predation and/or a continuing search for Inverts Inverts
new territory resulting in a loss of (sessile): NA (sessile): NA
fithess?
. Fishes: No . ) ; . ; .
B4. How do animals react at the onset . . | Fishes: Maybe Fishes: Maybe Fishes: Yes
. . Inverts (mobile): AL A .
of an anthropogenic source, and will N Inverts (mobile): | Inverts (mobile): | Inverts (mobile):
- : o
they, over time, habituate to the source | Maybe Maybe Yes
f : L nverts
and continue their normal activities in (sessile): Inverts Inverts Inverts
the presence of the stimulus? Maybe ' (sessile): Yes (sessile): Yes (sessile): Yes

B5. Will animals be able to alter their
calls to compensate for changing noise

Fishes: Maybe

Inverts (mobile):

Fishes: Maybe

Inverts (mobile):

Fishes: Maybe

Inverts (mobile):

Fishes: Yes
Inverts (mobile):

conditions, as shown in birds and Maybe Maybe Maybe Yes
mammals? Invert_s Invert_s Invert_s Invert_s
’ (sessile): NA (sessile): NA (sessile): NA (sessile): NA
Fishes: No Fishes: Maybe Fishes: Maybe Fishes: Yes

B6. Are fishes and invertebrates able to
differentiate source characteristics and

Inverts (mobile):

Inverts (mobile):

Inverts (mobile):

Inverts (mobile):

thus exhibit different behavior when I’\rll(\)/erts ms)e/:)ti msgai I]?ISEI”[S

i 2
exposed to different sources? (sessile): NA (sessile): NA (sessile): NA (sessile): NA
P1. Does the presence of a continuous | Fishes: Maybe Fishes: Maybe Fishes: Maybe Fishes: Yes

anthropogenic source affect the
development of eggs and larvae, and
are there effects on their development,
growth, and maturation?

Inverts (mobile):
Maybe

Inverts
(sessile): Yes

Inverts (mobile):

Maybe
Inverts
(sessile): Yes

Inverts (mobile):

Maybe
Inverts
(sessile): Yes

Inverts (mobile):
Yes

Inverts
(sessile): Yes

34




. Open-water: Open-water:
Research Question Lab Tank Outdoor Tank | ~0a g Free-ranging
P2. Do anthropogenic disturbances
cause changes in physiological status, Fishes: Yes Fishes: Yes Fishes: Yes Fishes: Yes
such as vital rates and hormone levels, | Inverts: Yes Inverts: Yes Inverts: Yes Inverts: Yes
in fishes and aquatic invertebrates?
P3. At what amplitude levels does
sound from_anth_ropogenlc sources Fishes: Yes Fishes: Yes Fishes: Yes Fishes: Yes
cause physiological effects? Do such . ) ) .

: - Inverts: Yes Inverts: Yes Inverts: Yes Inverts: Yes

levels need to be considered in terms of
sound pressure or particle motion?

Note: A: auditory mechanism; B: behavioral effects; P: physiological effects; H: hearing effects.

2.5.7 Summary and Conclusions

Despiteour growing understandirthat anthropogenjainderwater sound coulttlversely impadishes

and aquatic invertebrates, very little isknoavitb o ut s 0 u n dpedfic effectsMaol obstaclas

to our knowledge include the lack of informationtbageneral sound detection mechanism of fishes and
aguatic invertebrates, as well as their auditory, behavioral, and physiological respamskswater
sounds (including particle motion and substtadene vibration).

Another significant issue is that, unlike marine mammals, with only about 135 species and substantial
similarities in sound detection mechanisms, there are far more species of fishes and even more aquatic
invertebrates. Thus, even if limited to the few tiadspecies ofikely concern to BOEM and other
agenciesthe results ofound impacstudies will bemmenselydifficult to extrapolatdetweerspecies.
Thesespeciés sound det ect iphysiologieat amcphyisisabsponset ihtensersounds,

and thé& behavioralresponséo anthropogenic soundse immensely diverse

An additional critical issue is thatost fish speciesand all invertebrates do not respond to acoustic
pressuréutrather toparticle motion and substrab@rne vibration (for benthic species)frequencies
< 1 kHz Most studies to date have focugedoneouslypn responses to sound pressarglit is clear
thatmajor challenges exist properexperimental desigooncerning generating, measuring, and
validatingsound or substratieorne vibratiorfields to which these animals are exposed

The ultimate problem is théte large number of species and their great diversity in size, life history, and
distribution makeéti mpos si bl e -dizefitstad Vv & atpdxmenneerdahdesign and
procedureTheWorkshopparticipants recognizethat experimental settings to address sound effects on
fishes and aquatic invertebrates should be based on specific research questions and species/taxa

Finally, thoughnot discussed at the Workshop, it is increasingly clear in the literature on terrestrial
anthropogenic sound that animals are often exposed to multiple anthropogenic stimuli (pressures) at the
same time, and theséimuli will have synergistic effects on the responses of the aniialgk on

multiple anthropogenic pressures are very limited for fishes, particularly when they include sound (and
substratevibration),andthis area needs considerati@xg.,Thomsen and Popper, 2024)he fact is that

a fish may respond to a sound in one way when it is the only anthropogenic pressure, but the response
may be very different (or even not take place) when other anthropogenic pressures (e.g., a visual
stimulus)arealso present.

In conclusion, in comparison to our understandifignthropogenitioises éffects on marine mammals,
there isagreat knowledgegapmur under st agifettis ondishesand aquatisirvertébrates.
However, gven that manyish and invertebratspeciesprovidemore tharl5% of the human

populatio® s p r o t,and theysaeecritical marineecological rolegBoyd et al., 2022; Tidwell and
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Allan, 2001) more fundingor studies oranthropogeninoise effects on fishes and aquatic invertebrates
is critically needed.
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Purpose of Talk

* Particle motion and substrate vibration relatively new
topics for fish research — real interest only in last few years

* Both, however, integral to understanding sound detection
by fishes and invertebrates because:

* All fishes detect particle motion — though some detect
pressure indirectly via swim bladder or other air bubble -

* Likely that all sound detecting invertebrates only use
particle motion

* We been aware of PM and fish issues >75

* However, interest relatively recent thanks to new
interest in fishes (and invertebrates) and formative
papers

Pretr.

* Will not mention many specific papers, but several of the
authors are here today©

(AND great credit to Tony Hawkins, but he cannot I —
join us today)
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Dieter Poggendorf (1952)

“The labyrinthine sensory cell of the ostariophysi
are stimulated not only by vibrations in the swim
bladder and transmitted to the ...labyrinth, but
also by direct stimulation by water particles [e.g.,
particle displacement] vibrating due to the sound
field in the water. ...After elimination of the
Weberian ossicles (including the swim bladder)
these vibrations alone wiII act on the labyrinth.”

gi)g ndo rf D (1952 D absoluten Horschwellen des nebulosus) und Beitrage zur Physik des Weberschen Apparates der Ostariophysen,”

de Physiolo g 34 222-257. 101007/%!00298502

Sven DijkgraaF (1960)

“..The ears of specialist fishes are predominantly
pressure receptors (Poggendorf 1952). In the normal
fishes, on the other hand, the ears presumably act as
movement detectors... Since the density of the fish
does not differ much from water, the whole animal
will vibrate with the surrounding body of water. This
may cause the specifically heavier otoliths of sacculus
and lagena to stay back at every reversal of
movement, thus stimulating the hair cells of the
maculae. ... So the stimulation intensity of sound
waves when acting on otolith organs might be
different according to their direction, and this could
possibly offer a basis for sound location.”

Dijkgraaf, S. (1960). "Hearing in bony fishes," Proceedings of the Royal Society B: Biclogical Sciences 152, 51-54
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A Tad of History!

= Tavolga and Wodinsky (1963) did behavioral hearing in nine
fish species - Classic paper
* While they could not measure particle motion, they
made it clear that the direct stimulus for the ear was
particle motion and not sound Pressure o, w. N, and Wodinsky, 1.

(1963). "Auditory capacities in fishes: pure tone thresholds in nine species of marine teleosts.," Bulletin of the
American Museum of Natural History 126, 177-240.)

* Willem van Bergeijk (1966) argued that the vertebrate ear
(in fishes!) evolved to respond to particle motion
* He pointed out that ”...thanks to the pressure-to-
displacement transformer-action of the swim bladder,
the inner ear is now sensitive to pressure waves. It

”
hears. (p3 72) (van Bergeijk, W. (1966). "Evolution of the Sense of Hearing in
Vertebrates," American Zoologist 6, 371-377.)

Fish Ears Respond Only to Particle Motion!

Dorsal

I anterior
Anterior ———— semicircular
canal
posterior

semicircular
canal

utricular
otolith

lagenar
otolith

2

lateral
semicircular
canal

saccular
otolith 200 “M

Figure copyright 2017 Xiaohong Deng, all rights reserved
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Sensory Epithelium and How Stimulated

DG Zeddies, 2005
—_—

Figure copyright 2017 Anthony D. Hawkins, all rights reserved

First Studies Showing
Particle Motion Involvement
in Hearing

* Tony Hawkins & Colin Chapman
* Cod detects sound pressure

* Dab (flatfish) and salmon only
respond to particle motion

* Hawkins did most of the very
few studies that looked at
particle motion

* Did in Loch Torriden (mid-1970s)
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Most Past Studies Focused on Sound Pressure

* Even as late as 2015 (and sometimes now!), many workers did not acknowledge
particle motion or had no sense of its importance!
* Problems in asking questions in terms of PM
* Hard to measure — devices very large, expensive, etc.

* Tank acoustics very complex
* PM in tanks very complex (Parvulescu 1964, 1967)
* PM very hard to measure accurately in tanks

* Moreover,

« fish in tank totally changes any measures may have made
* PMis 3D and must measure in all directions

* Thus, while “hearing” described in terms of sound pressure, what do the data
really mean if the fish is detecting particle motion?

* In fact, still know VERY little about fishes and detection and use of particle
motion; have few data on PM thresholds!

Substrate Vibration

* |Interest in substate vibration even more recent

* First time many of us heard about it was in 2008 in Nyborg — topic
raised by Dick Hazelwood

* Of great importance to animals in, on, and just above substrate
* Other than some invertebrate work (Lucille Roberts!) know very little

* BUT clear that we need to know more and that it likely to have great
impact on fishes and invertebrates
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What is Needed to Make Progress? - 1

* Particle motion “hearing” by fishes (and invertebrates):

* Focus on particle motion as the stimulus, and present data in terms of
particle motion

* Understand behavior and behavioral responses of fishes in terms of
PM, including sound levels that elicit responses from fish

* Experiments in facilities where can accurately determine PM — which
means not in fish tanks!

* Acoustics

* Need to understand hearing sensitivity in terms of PM as well as
pressure

* Need to understand when and where PM can be estimated in terms of
sound pressure — trouble is, many environments in which fishes live are
too shallow to do this!

What is Needed to Make Progress? - 2

» Studies on species of importance to major issues such as pile driving, seismic air
guns, wind farms, etc.

* AND not on zebrafish, goldfish, or other “lab species”

* Trouble is, species of importance are often very hard to work with since cannot
easily be done in a "small” enclosure or in a lab

* Need to drop from 34,000 fish species to very few that give good
representation of diversity in animals

Need small and easy to use devices to measure PM so regulators and others can
use them and apply the data to real-world situations

Need some basic designs for tanks and facilities that would enable precise control
of the acoustic signal in terms of pressure and PM

Need similar approaches for investigation of substrate vibration

Much more focus on all these issues for invertebrates
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Caveats

* Substrate vibrations may not only be detected by an ear — possibly
other receptor systems related to touch, lateral line, etc.

* How do we account for these systems in thinking about substrate
vibration?

* Even if the ear does not respond to substrate vibration, we may be
impacting animals if they detect with their touch or somatosensory
systems!

* Lateral line also detects particle motion signals and perhaps take that
into account

* Thus, in considering these stimuli, it is not only the ear to think about!

Take Home

* Need to:

* Get funding for fish and invertebrate research at levels now only devoted to marine
mammals

* (When is the last time you ate a marine mammal vs. when you last ate a salmon or
lobster or cod or Maryland blue crab?)

* Develop a common methodological approaches for important questions about
particle motion detection by fishes and invertebrates to get comparable data from
different labs

* Ask similar questions across investigators so data can be validly compared to answer
most important questions

* Selected species that broaden our overall understanding of the issues of concern —
which means no goldfish, no zebrafish, no perch, etc.

* Collaborate across labs and individuals so we work together to most effectively and
efficiently get the data needed
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Finally:

When asking questions about any anthropogenic
sounds and potential impacts on animals, we
must always think about issues from the
perspective of the animal, and not the
prospective of the sound producing or mitigation
devices!!!!

Popper, A. N., Hawkins, A. D., and Thomsen, F. (2020). "Taking the animals’ perspective regarding underwater anthropogenic sound,"
Trends in Ecology and Evolution 35, 787-794. https://doi.org/10.1016/j.tree.2020.05.002

A Few Citations

* Hawkins, A. D., Hazelwood, R. A., Popper, A. N, and Macey, P. C. (2021).
"Substrate vibrations and their potential effects upon fishes Nedelec, S. L., et al.
(2016). "Particle motion: The missing link in underwater acoustic ecology.,"
Methods in Ecology and Evolution 7, 836-842.

. Eo}y])per, A. N, and Hawkins, A. D. (2018). "The importance of particle motion to
51%62821%1(1 invertebrates," The Journal of the Acoustical Society of America 143,

* Popper, A. N, Hawkins, A. D., and Thomsen, F. (202(2. "Taking the animals’
%ersFe(_:tlve re%ardm underwater anthropogenic sound," Trends in Ecology and
volution 35, 787-794.

* Popper, A. N., et al.(2022). "Offshore wind energy development: Research priorities
for sound and vibration effects on fishes and aquatic invertebrates," The Journal of
the Acoustical Society of America 151, 205-215.

* Roberts, L., and Howard, D. R. (2022). "Substrate-borne vibrational noise in the
anthropocene: From land to sea," in Biotremology: Physiology, Ecology, and
Evoizét%'o;lq,s gdited by P. S. M. Hill et al. (Springer International Publishing, Cham),
pp. 125-150.
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B-2. A Review of Vibroacoustic Wave Generation Devices that Are Suitable
for Fish and Invertebrate Acoustic Studies in Laboratory Settings (James
Martin)

Vibroacoustic Wave Generation Devices

G-

A review of vibroacoustic wave generation devices that are suitable to
fishes and invertebrates acoustic studies in laboratory settings

Jim Martin
Principle Research Engineer*
Georgia Institute of Technology
Woodruff School of Mechanical Engineering
Atlanta, GA 30318

* Often mistaken for a technician
Sometimes mistaken for a physicist
Never mistaken for a biologist

10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 1

Vibroacoustic Wave Generation Devices

My History with biological effects of underwater sound @

~1993: Concerns over Low Frequency Active (LFA) Naval SONARs
Effects on marine mammals and human divers (physical injuries)
Testing on rodents, pigs, and humans in small(ish) tanks
Construction of the Ratabrator

~2006: Concerns over pile driving (physical injury)
Effects on fish, testing with fish
Construction of the Fishabrator AKA HICI-FT (“hissyfit”)

~2017: Concerns over seismic exploration signals
Effects on commercially important fish
In situ testing on fish

10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 2
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Vibroacoustic Wave Generation Devices

LFS-1 Project (1994-5) Lung Resonance Measurements on Diving Pigs CC—\%“' .
PIG SCUBA SYSTEM
100 PSIAIR REGULATOR ANESTHESIA MACHINE.  REGULATOR
PRESSURE —S VENTILATOR g a_
- 1
! 32p5I
PRESSURE VESSEL
AIR HOSES (STIFF)
‘“ENDOTRACHEALTUBE ‘
MASK (NEOPRENE)
—
EXHAUST TUBE
™
oG 32ps!

STRAPS Sl

10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 3
Vibroacoustic Wave Generation Devices
a Top Sound Source
© =/ - : i
‘\,.,,._ '. [ ¥
AN TV A ;“ ] |
N Y 1F =
o {
10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 4
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Vibroacoustic Wave Generation Devices

10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 5

Vibroacoustic Wave Generation Devices

Details of Animal Exposure Chamber CC\E%L‘ g

Bottom of Chamber Top of Chamber
(Dry End) ] (Wet End)
]ﬂ é:
E 73
End Ca Shaker Mount
P Membrane Seal (4 mounting rods
\ - = notshown) Waterproof
AF Tube N
110 LB } [ 110 LB
Shaker / 7 Shaker
. = =
Lightweight
Piston
10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 6
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Vibroacoustic Wave Generation Devices

4 Standard Drive Modes For Exposure Chamber GI'

Pure Forward Plane Wave
Veloclty A~ E

Drive signals are out of phase by 180°t. Velocity is uniform in Mation of top piston leads metion of bottom piston by
tube. Pressure is zero at the center of the tube and rises linearly a prescribed time delay. Wave propagates

toward each piston. downward.
Pure Pressure Backward Plane Wave
? ‘\ /
.’/

Drive signals are in phase”. Pressure is uniform in tube. Velocity is  Motion of bottom piston leads motion of top piston by a

zero at the center of the tube and rises linearly toward each prescribed time delay. Wave propagates upward
piston. * Driver orientation is mirror symmetric
10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 7

Vibroacoustic Wave Generation Devices

10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 8
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Vibroacoustic Wave Generation Devices

Sound Exposure System Requirements:

* Sufficient dynamic range:
* Signal must be large enough to produce desired effect
* Signal must dominate “ambient” noise
» Sufficient frequency range
* Appropriate incident impedance:
* Plane wave?
* Pure pressure or velocity?
* Incident direction?
* Measurable incident signal:
* Thisis harder than it sounds
* Appropriate time-domain signal:
* Linearity?
* Nonintrusive WRT animal’s response:
* Behavioral response
* Physical response

10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 9

Vibroacoustic Wave Generation Devices

The exposure system is made up of both the sound source(s) and the body of water. ]E
Surface Impedance Ratio (Encl. vs FF) Magnitude {linear) Surface Impedance Phase Relation (Chamber vs. FF) in a Pressure Release Enclosure
10

150
100

7 = 50

P &

x X
0
50

01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
alb afb
Sometimes, small tanks are too small. Sometimes, small tanks are too big.
(JASA 117(4) pp 2291-2300, 2005)
10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 10

62



Vibroacoustic Wave Generation Devices

Acoustically small tanks do not guarantee field uniformity C%, ;
® ®
source location source location
450 cm Wavelength in water 360 cm Wavelength in water

field inside the tank at 332 Hz field inside the tank at 415 Hz

50 cm

cm 50 cm

8 6 4 12 10 8 6 -4 25 20 15 10 5
Pressure dB re maximum level Pressure dB re maximum level
10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 11
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Vibroacoustic Wave Generation Devices

G~

Conclusion: We will probably want to use electrodynamic transducers (at least 2) with permanent field magnets

* Controllable signals

* Linearity

* Large volume displacements (i.e. high source levels at low-frequency)
* Compliant suspensions

Some examples: USRD type J-9, J-11, J-13, J-15, pool speakers, shakers

10/19/2023 BOEM Workshop on Biological Effects of Sound, James Martin, Georgia Institute of Technology 13



B-3. A Review of Proper Experimental Design and Lessons Learned from
Fish Vibroacoustic Research Under Laboratory Settings (Joseph A.
Sisneros)

A Review - Proper Experimental Design and Lessons Learned
from Fish Vibroacoustic Research Under Laboratory Settings

Joseph Sisneros

DEPARTMENT OF PSYCHOLOGY
UNIVERSITY of WASHINGTON

SISI’ICI'OS Lab

1V€r51ty of Washingto

Our lab has been exploring the underwater world of fish hearing
and bioacoustics since 2004 (19 years).

Our lab is interested in the fish auditory system and changes in hearing related
to influences of ontogeny, reproductive state, and steroid hormones.

We are also interested in sound source localization and how fishes detect and
locate underwater sound sources in both relatively simple and complex acoustic

environments. _'W'
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When Designing the Proper Fish Vibroacoustic Expt Under Laboratory Settings,
One of first questions to ask is: what is the appropriate stimulus??

Sound is a mechanical disturbance that propagates as a longitudinal wave in air and water.

:r:::é,':::. 'o"}&f. ir: .3{3.’ : l.. L L : !::o 5’}'..:.:?..2. ."ﬂi"o.;'g : ;
s .“..‘.: .°J.".' ..l . N O’ l’.. :J‘ ;Fc..n -‘

T 0 PR R B i S L A Iy LA

. e ' n:..eg.:“.{d :... '.....'qr‘:’:. 0?..'.1 h:."."‘;'-, o 2
e .‘ » ® .-j'- .:%'... i .:' .:.: .. :. .".u'.:.

'.:.a;'..l. .' .o..w“ 't-.},'& :.‘:::?'.. ... ek, 380 ™, $ 1-'-‘

. Compression Compression
particle Rarsfaction
wave ©2015, Dan Russell

Description of Sound

Sound can be described in terms of both pressure & particle motion

Pressure = fluctuation of the force per unit area (pressure)
above and below the ambient level.

Particle motion = the movement of fluid particles caused by
the fluctuating forces of pressure.

What acoustic cue(s) is the fish ear

TtTTt+T1tT1T1t1T1 is designed to detect???

C R C E C R C E C ;4

l i l l l What is the appropriate stimulus
E 0 Time  for g given set of expts?
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How Do Fish Hear?

Forebrain

-

Utricle

The Fish Inner Ear

consists of:

Midbrain
— X

- ;,»"' = '\._}
2 «,Jﬁ\ Lagena
~y

Saccule

Hindbrain

Hawaiian sergeant fish
(Abudefduf abdominalis)

Maruska & Tricas 2009

- three semicircular canals (ant., pos. & hor.) }major vestibular

- utricle * (otolithic end organ)

- saccule (otolithic end organ)
- lagena (otolithic end organ)

parts of the ear

major auditory parts
of the ear

Midbrain_
Forebrain =

How Do Fish Hear?

Two Modes of Fish Hearing

1) Inertial mode — otolith end organs are
use to directly detect particle motion

Ancestral mode of hearing

~ Hindbrain

&D | Lagena
{

Saccule

Utricle
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Two Modes of Fish Hearing

2) Pressure mode — otolith end organs are used to indirectly
detect sound pressure via the particle motion created by the
pressure fluctuations of a gas-filled organs.

(©)

Popper 2011
More recently derived
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