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SUMMARY

Activities associated with the construction, operation, and maintenance of waterborne
fransport infrastructure (e.g. wharves, jetties, shipping channels and berths, piled structures)
generate underwater sounds, and there is a growing international awareness that these sounds
may impact ecological receptors (e.g. aquatic species) within the surrounding waters.

Underwater sound is not a problem in itself; problems arise when sounds furn into an exposure
that has an impact (or poses arisk) (thus becoming underwater noise), which depends on the
hearing sensitivity of the receptor species (predominantly aquatic fauna) and on the type of
impact generated (e.g. masking, behavioural change, physical damage).

It is possible to broadly determine the risk of potential impacts to aquatic fauna from
underwater sound based on the type(s) of activity being proposed. Activities such as
underwater blasting and percussion piling can be considered potentially high-risk activities,
while other activities, such as driling and rock dumping, can be considered relatively low-risk
activities.

A variety of freshwater, estuarine, and marine animals are known to be affected by
anthropogenic underwater sound. Negative effects for more than 100 aquatic species (e.g.
cetaceans, teleost fishes, sea turtles and invertebrates) have been reported in scientific studies.
Marine mammals have been the most researched and are recognised as being potentially
sensitive fo anthropogenic underwater sound. More recently other groups including fish, diving
birds and invertebrates are also being considered in impact assessments, particularly if
important habitats or migration routes occur in proximity to proposed activities.

This report provides a review of the potential biological effects of underwater sound from
waterborne fransport infrastructure activities and a framework for the evaluation of the
potential ecological risks. A risk-based approach is proposed for the assessment and
management of the environmental effects of underwater sound associated with the
development, operation and maintenance of navigation infrastructure. This methodology can
inform management decisions for a comprehensive range of underwater sound sources and
site-specific scenarios.

This report is structured to (1) provide an overview of underwater sound including key natural
and anthropogenic sources relevant to waterborne infrastructure, (2) provide an overview of
the potential environmental effects of anthropogenic underwater sound, (3) present a
conceptual framework for the assessment of risk, and (4) recommend guidance on the
development of management measures. Additionally, recent case studies are provided to
demonstrate the application of risk-based approaches applied to underwater sound
scenarios.



TABLE OF CONTENTS

LIST OF FIGURES .......ccoooiiiiiritrieeretenetenesatessnesestsssasesesessesasessnsesssasessssesesssessssasesassssssesssasssasesesassssns 7
L €7-1  T=1 (o | 172X o 1= o3 - PUPRPPRRRRNt 9
1.1 N ete] o1 N RSP URST 9
1.2 INTTOAUCTION ..ttt ettt e et e et e e st e e e bteesnbeesnteeenbeesnseeenneens 9
1.2.1 TErMS Of REFEIENCE ...ttt e et e s beeeeaeeens 9
1.2.2 Purpose and STructure of REPOIM .......ooiiiiiiee e 9
1.2.3 REIGTEA PIANC REPOITS coiiiiiiiie et e et e e e e e eaaar e e e e e e eeaanns 10
1.2.4 Members of the WOrking GrOUD ....iccuiiie e e 11
*denotes ongoing membership from the Commencement of the WG ..., 11
1.2.5 ACKNOWIEAGEMENTS..eeiiiiiet e e e e e e e e e et ba e e e e e e e e e nararaeeas 11

2 UNAerwaler SOUNd.........coo ittt eeecccrrreseeeeeessssssssensesesessssssssessasesssssssnsseeasssassssnsnnnns 12
2.1 What is Underwater Sound and When is it an ISSUE2 .........evviiiviiieeiie et 12
2.2 UNIts Of MEASUIFEMENT c....eiiiiee et et e e e e a e 13
2.2.1 SOUNA PreSSUIE LEVEL...ciiiiiiiiiiiee ettt e e e e e e e e e e e e e nnnaraees 13
2.2.2 Peak SOUNA Pressure LEVEL ...ttt e e et e e e e e e e e 14
2.2.3 SOUNA EXPOSUIE LEVEL ...ttt ettt ettt aen 14
2.2.4 Frequency and Auditory Weighting.....ccuuveieiiiieeeeee e, 15
2.2.5 Impulsive versus NOoN-impuISiVE SOUNTS .......uviiiiiiiieiiiiiiiieee e 15
2.3 Natural BAOCKGroUNd SOUNG ......uuiiiiiiiiceeceee ettt ettt e e e e 15
2.3.1 PRYSICAI SOUMTES .ttt ettt e e et e e e sabae e s eabaee s esbaaeeennes 16
2.3.2 BIOIOGICAI SOUIMCES ..ttt et e e et e s e eaae e s e bae e e e 17
2.3.3 Measured Levels of Ambient SOUN ... 17
2.4 Sources of Underwater Sound (NON-IMPUISIVE) ....oceceviiiiiiiiieeeieeeeeee e 18
2.4.1 Vessel Operations (General Shipping, TUGS) ..ccvviieeiiieieieeeeeeeeee e 18
2.4.2 Dredging (Capital and MAINTENANCE) ...eiiicviiiieiiie e 19
2.4.3 ROCK DUMPING 11ttt ettt ettt et e e e tae e e e eiaa e e e eeatae e e e aaaeeeenaseeeennes 22
2.4.4 9] 1111 Ve TSRS 22
2.5 Sources of Underwater Sound (IMPUISIVE) ..occceiiiiiiiiieeeeeeee e 23
2.5.1 PN ettt et e e e e tb e e ete e e abeeeabeaetaeeenreeeanes 23
2.5.2 SONAI/SEISIMNIC .. e e e e e e e et e e e e e e e eeaaraeeas 24
2.5.3 ] (@ 1) 11 0T T PP PRSP 25
2.6 Overview of Potential EnvironmMental RiSKS.........cooviiiiiiiieiieeccieeeee e 25
2.6.1 Cetaceans (Dolphins, Porpoise, WHAIES) ....cceecviieeeiiiiiieiiiee et 26
2.6.2 Pinnipeds (True Seals, Sea Lions, FUr SEAIS) c...uiiiviiiiiiiiieeieeeee e 27
2.6.3 Sirenians (DugonNg anNd MANATEE) ...ccuuiiiieiiieeeeeee e 27
2.6.4 =T @ I KU 1 USSR 28
2.6.5 T o TSRS 28
2.6.6 DIVING BIFAS oottt ettt e et e e e eta e e e e eata e e e esaatee e e areeeeennreas 29
2.6.7 VBT EIIATES ...t e e e e e e e e e tr b r e e e e e e e e nsanbaaaaeaaeas 30

3 ASSESSMENT OF RISK .....oceeiiiiiiiiririnteeeierenntensresesneessnesessessssesesasssssnessssassssssssssessssssssnsasssasassnnes 31
3.1 Infroduction to Underwater Sound Risk ASSESSMENT ......ccoviiiiiiiiiieiiee e 31
3.2 Overview of Underwater Sound Risk Assessment APProaCh ........coeeeeveciveeeeeieeeeccinne. 32
3.3 SCIEENING ASSESSMENT ...ttt e e e e e et eeeesataeeeeesseeeeeasaeeeennsaeeeennsees 33
3.3.1 ProjeCt FOrMUIGTION ..oiiiiiiiieeee ettt ettt e 34
3.3.2 Analysis: Determination of Level Of RiSK ......c.vuiiiciiiieiiiiieeciee e 35
3.4 Detailed Risk ASSESSIMENT ..ot et et 36
3.4.1 OVEIVIEW OF PrOCESS ... vttt ettt e et e e et e et e e e eeaaaeea s 36
3.4.2 Problem FOrMUIGTION ...t et 37
3.4.3 EXIDOSUIE ANGIYSIS ..ttt ettt ettt e e et e e et e e e e etr e e e e eataee e eeateeeeeeateeeeenrnas 39
3.4.4 Ecological EffeCts ANQIYSIS .....uviiiiiiiie e e 4]
3.4.5 Risk CharaCterisSAtioN ...o.uiii e e 43
3.4.1 UNCEITAINTY 1ottt ettt e e et e e e e etae e e eabaeaeesabaeeeesnsaeeeessaeaeennseas 44
3.4.2 Integrating Sustainability and RESITENCY ......eiviiiiiiiiiiiiiiecteeee e 45



4  DEVELOPMENT OF MANAGEMENT MEASURES ........cccccoviiiuimnniiniinicnicnncnnccntessessessssssssesssens 46

4.1 FIOMIEWOIK ettt ettt ettt e e ettt e e ettt e e e sabbee s enaabee s e nbbeee e nsaeeesnnseeeeannnes 46
4.2 AVOIAONCE ..iiiiiiieiiie ettt ettt ettt e et e et e e st e e e beeestbeessseeesaeeassaeessseeasseeessseesseesssaeansseensseennses 48
4.2.1 EXCIUSION ZONES ..veiineiieeiiie ettt ettt ettt e st e et e e st e e et e e tbeesssae e sseessseaensseessseeensns 48
4.2.2 ENVIrONMENTAl WINAOWS ....eiieiiieiieecieeeee ettt ettt e e aaeesstaeesaaeeseseeenes 48
4.3 MINIMISOTION .t ettt et e e tb e e e be e e bt eeesbeessbseessseeensaeensseeennes 49
4.3.1 Y] 1 B ) (e [ USSR UUUURRUP 49
4.3.2 YU ] 111 1] 1] o TSRS 49
4.3.3 REAUCTION Lttt ettt et e et e et e e st e e nb e e snteeensaeeenseeenees 49
4.4 ] ale] o111 £ 1T o F PSPPSR 53
4.5 (@)1 1T 1 10T O ST TSP UU PP TUUPPPPURRPPRPTINY 53
5 CASE STUAIES ittt sttt e e st s s s e s sas e s san e s s ae s s sas e s sasessane s nesesanessaasnns 54
5.1 Case Study 1: Lowestoft Eastern Energy Facility Project, United Kingdom ................. 54
5.1.1 TRE ACTIVITY ettt e e e e et e e e e 54
5.1.2 LOCAI ENVIFONMENT ....iiiiiieeeete ettt et e e tb e e et e e taeessseeensaeessseeenees 56
5.1.3 EXDOSUIE ANGIYSIS ..ttt e e eeeete et e ettt e e e e e ettt e e e e e e e eeeettareeeeeeeeetaraaseaaaeeeeenanes 56
5.1.4 Ecological EffeCts ANGIYSIS c.ccoeeiiieieeeeeeee et 57
5.1.5 Proposed MaNAgEMENT MEGSUIES ........uuviiiieeeeeeeiieeee et e e e e e 57
5.2 Case Study 2: Assessing Blasting Impacts to Fish Eggs in Sensitive Freshwater Spawning
Habitat near the S0o Locks, UNited STATES ....cii i 58
5.2.1 TIE ACTIVITY et e e e e e e e e 58
5.2.2 LOCAl ENVIFONMIENT....oiiieie ettt et e e e e e ra e e e e 58
523 EXIDOSUIE ANQIYSIS ..ttt e e et e e e e e e e e e e e e e eeenaaeaeeeeeeeeeennaes 59
52.4 Ecological EffECts ANQIYSIS .....vviiiiiiiie e e e 59
525 Proposed MaNAgEMENT MEGSUIES ........uuuviiiieeeeeccteeee et e e e 60
5.3 Case Study 3: Assessing Pile Driving Ecological Impacts at the Mardie Solar Salt Project,
Y U] (e 1@ PSPPI 60
5.3.1 TRE ACTIVITY ottt e et e e be e e taeesabeeeaeeeseseeennes 60
5.3.2 EXIDOSUIE ANGIYSIS 1ttt ettt ettt ettt e et e e et e e e etbee e e eribaeeeesabaeesennsteesenssaeeeennsees 61
5.3.3 Ecological EffECTS ANQIYSIS c...eviiiiiiiiieeee ettt et e e e e 62
534 Proposed MaNAGEMENT MEGSUIES ........uviiiiiieeeeeciiiieee e e et e e e e e e esiearareeea e e eeeens 62
5.4 Case Study 4: Port of Alaska Dredging, United STafes......coocviiiieciiiiieieeeeee e 63
5.4.1 LTSI X 11771 RSP 63
5.4.2 LOCAl ENVIFONMIENT ....oiiiiiiee et et e e e e e e 63
543 EXIDOSUIE ANQIYSIS ..ttt e et e e e e e e e e e e et eeeeeseeennaaenreeeeeseeennnes 64
5.4.4 Ecological EffeCts ANQIYSIS .....uviiiiiieie et 65
5.4.5 Proposed MaNAgeEMENT MEOSUIES ....c.viiiiieiiieeeeiieeeetiee e eeitee e eteee e esatee s e evree e e 65
5.5 Case Study 5: Channel Deepening and Cruise Berth Project in Lyttelton Port, New
F4=T e | (] T IR USSP 66
5.5.1 TRE ACTIVITY oot ettt e et e e stb e e eaee e aaeeeans 66
5.5.2 LOCAl ENVIFONMIENT ..ottt ettt e e e tae e e et e e e ennraee e ennas 66
553 EXIDOSUIE ANQIYSIS ..ttt eeee e e e e e e e e e e e et eeeeeeeeeenaaenreeeeeeeeenanes 67
5.5.4 Ecological EffeCts ANQIYSIS .....uviiiiiieieeeeee et 67
5.5.5 Proposed MaNAGEMENT MEGSUIES ........eviiiiiieieeeciitee e e ettt e e e errrr e e e e e e e eeaens 67

6 SUIMMMAIY .ottt cercee e ee sttt e e e sae e e e s s sat e e s s s aae s s s saeessssaaasssssnaeesssssaaesssssaeessssssaessssnsasssnsseans 68
6.1 UNAEIWATEN SOUNT ...iiiiiiee et ettt e e et e e e bee e e s enateeeennes 68
6.2 ASSESSIMNENT OF RISK 1.ttt ettt e et et e e e e ar e e e eeaareea s 68
6.3 MANAGEMENT OF RISK ..viiiiiiiiie ettt e et e e e eereeeeetaeeeeensaeeennns 69
7 REFERENGCES ..........oeeiieieeeeicceeteeecteeeeessneeeeessneeesssseesssssseesssssnsesssssnsesssssssasssssssesssssasesssssnsasssssanas 70
APPENDIX A: GLOSSARY, ABBREVIATIONS AND SYMBOLS .......ccooiiicieinrienieeecneeeseeesseessseeessseennne 74
AT GLOSSARY ittt e e ettt e e et e e e e e ba e e e e bt e e e e abaee e e aaee e e nbaaae e nbtaeeeantaaeeennraaeeenrees 74
A.2 ABBREVIATIONS ...ttt ettt e ettt e e et e e e et e e e e sabaeeeesbaeeeessaeeeesnsaeeeennsaaeeennsees 74
ALSSYMBOLS et ettt e e ettt e e e et e e e e bae e e e ba e e e e bt e e e e tbbae e e abaeeeeanbaaeeennraaeeennees 76
APPENDIX B: Further INformation..........cocuiiieeet ettt ree e s ree s e s aaa s e s anaeenen 77
B.1 Underwater Sound from General SNiPRING .. ...coociiieeeiiee et 77
B. 1.1 General Shipping Considerations in Open Water.......cccocoiiieeiiiiiecieeeeeee e 77



B. 1.2 General Shipping Considerations IN HArbOUrS ........cccviiiieiiiiieeieeeecee e 81

B.2 Additional INfOrmMation fOr FISN ........uieiiiieie ettt eare e 82
B. 2.1 Fish Hedring Sensitivity OVEIVIEW ......cccuuiiiiiiiie e e 82
B. 2.1.1 Fish with a Swim Bladder or Air Cavities that Aid Hearing.........cccccveeeeiiiececieeecee, 82
B. 2.2.2 Fish with a Swim Bladder that Does Not Aid Hearing ........ccccveeeeeciiicecciee e 82
B. 2.2.3 Fish With NO SWIM BIGAAET ....uiiiiiiieiieecee ettt e eeaae e 82

B3 RE B ENCES ..tiietei ettt ettt e et e e b e et e e ab e e e ta e e aab e e e bae e tbeeenbaeenaraens 85

LIST OF FIGURES

Figure 1: Schematic representation of the zones of potential impact surrounding an underwater
sound source as described in Box 1. Note: PTS = permanent threshold shift (auditory response);
TTS = temporary threshold shift (auditory response). ‘Background sound’ refers to both natural
and anthropogenic ambient sources as described in Section 2.3.....ccoovvciiiieciie e, 13

Figure 2: Comparison of peak and peak-to-peak sound pressure waveforms [Bellmann et al.,

2020 ettt ettt ettt e et e e ettt e e tte ettt e e tteeaa—ee e taeeatbte e hteaataeeahtaeatbeeabaeeabeeanbaeetbeeasbeeentaeeenreeanres 14
Figure 3: Hydraulic (top) and mechanical (bottom) dredge types and their potential sound
@10 (o1 = OO PRSPPI 20
Figure 4. Underwater Sound Risk Assessment APPIOCCK ....uviiiiiiiiiiiiiiieeee e 32

Figure 5: Underwater Sound Screening Assessment Approach with Example Questions and
PIOCESSES ettt ettt ettt ettt e ettt e ettt e e e a bt e e et e e e et e e e e bt e e e e nbteeeenbaeeeeabees 33

Figure 6: Detailed risk assessment approach for assessing and managing risks associated with
Ul gle [STa e 1] g @10 o T PSSP UPRPR 37

Figure 7: Example graphical conceptual site model that can be used to communicate sound
sources and potential species of concern in a typical shipping POrt ......cooccivieeiiiieeeiiiee e 38

Figure 8. Generic conceptual site model used to communicate details of sound sources,
exposure scenarios, receptors, and endpoints for a dredging sCeENAriO. .......ccccvveeeecvieeeeciveeeenn, 38

Figure 9: Proposed mitigation hierarchy for management measures guided by risk assessment
for underwater sounds (modified from Glasson and Therivel (2013))...uiiivcieeiecciieeeieee e, 46

Figure 10: A Double Big Bubble Curtain (DBBC) is deployed around the Giant7 floating piling
vessel, ‘Wikinger Project’, Germany (Photograph courtesy of BOskalis). ....ccuveeevciiieeeiiieeeennnenn. 50

Figure 11: Results of propeller design process showing the trade-off between efficiency and
noise; colours indicate the generatfions from magenta (first generation) to green (last
generation) Figure reproduced from Lloyd et al. (2020)....cc.uvvieeciiiieeciiieeeieee e 51

Figure 12: Overview of the Lowestoft Eastern Energy Facility (LEEF) Project in East Anglia, UK
[ABPINET 2021) et e et e e ettt e e et e e et e e e e e etaa e e e ettt e e e eaaabaaeettaaeeeantreeeeaaaraaaan 54

Figure 13: Key construction elements comprising the Lowestoft Eastern Energy Facility (LEEF)
ProjJECT (ABPIMET 20271 ) .evviiieeiiiieeeie ettt e ettt e e et e e et e e e e esabeeeeessaeeeessssaeeeensseeeeennsaaeeenssaeeeennsees 55

Figure 14: Construction at the new Soo Locks facility located on the St. Marys River, Sault Ste.
Marie, Michigan, USA (Photo courtesy of Hal Harrington; USACE). ...cceeivecviiieeciiieeeieee e, 58

Figure 15: The Soo Locks blasting zones and fish spawning habitats located on St. Marys River,
Sault Ste. Marie, Michigan, USA [McQueen et al., 2021] ..o 59



Figure 16: Species sensitivity distributions for fish eggs from all egg developmental stages
exposed to blasting peak particle velocities (as PPV cm/s). Blue dots represent egg LD10 data
(n=171) and 95 % confidence limits (dashed lines). Median hazardous concentration for 5 %
of species (HC5; cm/s) and the predicted no effect concentration (PNEC;cm/s) are presented
with lower and upper confidence intervals given in parentheses [McQueen et al., 2021] ...... 60

Figure 17: Mardie project location western Australia (WA) ..o 60

Figure 18: Mardie Project jetty during early construction phase (yellow ‘traveller’ moves offshore
as piling proceeds and serves as platform for pile driving). .....cocveeeeeiieieiieeeeeee e, 61

Figure 19: Piling ‘hammer’ (laying on ‘traveller’ platform between piling operations).............. 62

Figure 20: Dredging study area located in Anchorage Harbor Alaska, USA. [McQueen et al.,

Figure 21: Estimated hearing Impairment response isopleths for species of concern based on
maximum sound levels (168 dB re 1 uPa) from a hopper dredge in the screening assessment.
PTS = permanent threshold shift TTS = temporary threshold shift; LF = low-frequency; MF = mid-
frequency; HF = high-frequency; Risk isopleths based on assumptions from NMFS (2018); and fish

risk thresholds based on Popper et al. (2014). [McQueen et al., 2023] ....cccvveeeeiieieeciieeeeieeeea, 65
Figure 22: Location of the channel deepening, disposal site and cruise berth project in Lyttelton
[ ) PO USSP 66
Figure 23: Underwater sound risk assessment aligns with the Adaptive Environmental Risk
Management (ERM) frameworks for navigation infrastructure projects [PIANC, 2019] ............. 69
LIST OF TABLES

Table 1: Summary of measured sound levels from various ship types [McKenna et al., 2012] . 19

Table 2: Typical and worst case acoustic properties of dredging activities
IMMO, 20T5] ittt ettt ettt e et e et e e st eeestaeessseesssaeessseeanseeansseeessaeansseeanseeensseeanseeensaeennseeennes 21

Table 3: Factors influencing underwater sound from PIliNG. c...veeeeeiiiieeiiieeee e 23

Table 4: Applicability of the most common propagation models according to water depth,
acosutic frequency, and range dependency [Farcas et al., 20T6] ......ocoecviiiieciiiiieeciieeeeciieee, 40

Table 5: Reported thresholds for biological responses in aquatic fauna groups.........eeeeeeeveeee.. 42

Table 6: Examples of sources of uncertainty incountered during an ecological risk assessment
process for underwate sounds (modified from McQueen et al. (2020)). oeeeeieieeecieeiecieeeeee, 44

Table 7: Concepts for underwater sound management measures (the Mitigation Hierarchy) 47



