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Biological Importance and

Management of Sound in the Sea

sound for key life fu
- Reproduction
Foraging
Predator Avoidance
Spatial Orientation

\] () |&= I

Humans also produce underwater
sound - intentionally or incidentally

Applied Management Questions

What human noise exposures negatively impact marine animals?

How to establish and apply rules for managing impacts?

What are appropriate (and legal) requirements for mitigation?

How to keep up with science that is rapidly evolving?




Potential Effects of Noise on

Marine Species

¢ Interference with Communication

- Auditory masking (loss of acoustic “habitat”)

_ Generally
- Temporary or permanent hearing damage (TTS/PTS)| jncreasing

. Severity

e Behavioral Responses
but
- Orientation, increased alertness, vocal changes

. . .. . ) Generally

- Effects on feeding, social activity, risk of predation Decreasing

- Habitat abandonment: temporary or permanent | 9ccurrence

e Physiological Effects

o Stranding causing injury or death

<€



Evolving Methods for Evaluating

Potential Effects of Noise

160 dB RMS - behavie

* Threshold-based methods (step-functions)

* Probabilistic methods (risk functions)

* Analytical paradigms/frameworks

* Energetic and/or survival models for population-level effects

* Risk assessment methods: species, contextual, other factors
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If we had perfect data & knowledge...

Occurrence . : .
where, when, how long, Environmental Habitat Animal space-

how many animals covariates model time data
use sites/spaces

Exposure
where, when, and Exposure Exposure

how long animals scenarios model
are exposed

Response :
likelihood & Fatality Response Health

magnitude model model proxies/model
of individual-level
effects

~ L™

Consequence -
likelihood & Fecundity

magnitude
of population-level

impacts Population
model




O Insufficient or highly uncertain data/knowledge O Ultimately, pressure to expand marine
to construct & parameterize complex models renewables at pace, while having a

O Principle of parsimony to address a question PIGSESS iiNEl Co9ES ©F GRoe! Seweleh R

Analytical Assessment System Time
approach objectives complexity  course

Scoping/delimiting

Prioritizing

Quantifying
impacts




Risk Assessment Framework Overall Paradigm

Relative
Exposure Index:
“Severity”

SPATIAL
TEMPORAL
SPECTRAL

Exposure Index Value
Exposure Index
{percentile values of % of
Relative Risk Rating
zone population)

| > 80™ percentile Highest (5)

> 60™ to 80 percentile Higher (4)

> 40™ to 60 percentile Moderate (3)

Exposure Index

Vulnerability

Key Color Risk Assessment Rating

Orange Higher (H)

Yellow Moderate (M)

Southall et al (2023)

Managing human activity
and marine mammals: A
biologically based, relativistic
risk assessment framework

Brandon L. Southall**, Dominic Tollit®, Jennifer Amaral®
Christopher W. Clark** and William T. Ellison*

Species and Context-

Specific

“Vulnerability”

Species Population Factor
Species Habitat Use, Compensatory Ability

Potential Masking Factor*

4. Other Environmental Stressors

Total Vulnerability Score
(from factors 1-4)

Total Risk Probability
(% of total possible}

Relative Vulnerability
Rating

80-100% Highest
18-23 60-79% High |
12-17 40-59% Moderate |
6-11 20-39% Low |

0-5 0-19% Lowest |




Predicted % Impacted in Zone

Example Results: Offshore windfarm installation

Managing human activity
and marine mammals: A
biologically based, relativistic
risk assessment framework

Brandon L. Southall*™, Dominic Tollit®, Jennifer Amaral”,

Christopher W. Clark™®* and William T. Ellison®

Aggregate Exposure Index - Year 1 scenario 1 March vs 1 July Start (unmitigated)

1 March Start Aggregate Exposure Index Values - Unmitigated Ranges
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1 July Start Aggregate Exposure Index Values - Unmitigated Ranges
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NEW R-SHINY RAF TOOL

Outputs and Visualizations for Selected Species

2 map # VULNERABILITY 2 WINDFARM CONSTRUCTION

9 SPECIES &:DENSITY @ TEST PANEL

Vulnerabilityscore  Vulnerability figures

Roberts et al. (2023) -

Ga

Copy |Show| 50 |entries

3/13 species selected -

right whale
1 Population 10 10 10 10 10 10 10
2 Habitat 11 12 12 12 10 [ 5
North Atlantic right whale
® LOAD DENSITY 3 Stressors 6 6 6 s s 7 7

Humpback whale
STRUCTION SCENARIO!
1 Population 2 2 2 2 2 2 2
2 Habitat 6 6 6 6 5 4 4
4 TURBINE OPERATION Hoppbackntiais
3 Stressors s s s s s 6 6
Total 13 3 13 13 12 12 12
Fin whale
1 Population 7 7 7 7 7 7 7
. 2Habitat a s s s 4 s s
£ PALETTE Fin whale
3 Stressors 3 3 3 3 3 “ a
Total 1 15 15 15 14 15 15

Showing 1 to 12 of 12 entries

Scenario Vulnerability index scores

Aggregate
vulnerability
(monthly
mean)

Aggregate
vulnerability
o

Installation Buffer
rate size

Vulnerability | Aggregate

Speci
pecies rank El (sum)

Commen dolphin

2025- Common
120 1 5 e o 2
0301 dolphin
2025- Common
120 1 5 ‘e 0 2 0.0602
0501 dolphin
2025 Common
Scenario | 120 1 5 &5 0.0679 2 0.0841
o701 dolphin
North Atlantic right whale
North
2025
120 - 1 5 Atlantic 2625 0.00 5 02774
0201
right whale
North
2025
120 1 5 Atlantic 25 5 0.208
0501
right whale
North
2025
120 1 5 Atlantic 5 0.0072 5
o701
right whale

Showing 1 to 6 of 6 entries

¢ WINDFARM OPERATION

Search:

10 10 10 10 10
3 10 B a 11
7 7 7 7 6

ot _

2 2 2 2 2

4 4 4 4 5

6 6 6 6 s

12 2 2 12 12

7 7 7 7 7

a 4 3 3 3

a 2 a 4 3

15 15 14 1 13
Previous | 1 | Next

Exposure index scores (%)

Aggregate
E Aggregate
(monthy BV
mean)

OVERALL
RISK
RANK

0.0109 02524 1
0.0151 01745 2 Low
0.021 3 Moderate

0.0044 5
0.0745 4
0.0842 03142 4

Previous | 1 | Next

Mean monthly Exposure Index

01

0.08,

15
Mean monthly Vulnerability Index

30

Scenario 1

Common dolphin
Scenario 1

North Atlantic right whale
Scenario 2

Commeon delphin
Scenario 2

North Atlantic right whale
Scenario 3

Common delphin
Scenario 3

North Atlantic right whale



A specirum of approaches to risk analysis

I (YR 1L
”" Heuristic

Species distribution & S =7/ ~“—[.  Structured scoring (or “weight-of-
pecies distribution = s el ) Ll , evidence”) algorithms, sensitivity

habitat modelling, species , : .
; ’ mapping / spatial prioritization tools
and how long birds niche & richness modelling pping / sp .

use sites/spaces S _ Human impact index 0 —

Occurrence Individual-based models
where, when, (IBMs) of movement

Exposure
where, when, and
how long birds
are exposed

T T
85w so'w

Roberts et al 2016

p(response)

Response | . Behaviour response
likelihood & =al === e studies (BRS), * 4 )3 Xy MIGRATION VULNERABILITY s

£ 4 TL 1
. % :

magnitude — controlled exposure M“ﬂ « M\fx FRAMEWORK . @2/ ﬂﬁg@e

of individual-level ' experiments (CEEs)

. =7

effects < « Harris et al 2017 g
Joy et al 2022 Behaviour and &
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Consequence , . . /
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magnitude Disturbance Models /

seismicsurvey |~ migration energy stores
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— A oresponse B
Impacts viability analyses P — t : Green et al 2025
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(PVA) l : b s+ T Potential Biological Removal (PBR) Wade et al 1998

Aynuenp

e e e ]




Comprehensive assessment example:
Grace Edmondson PhD project

Individual usage: generate

Occurrence : : o
where, when, Environmental Animal space- individual movements from
estimated monthly density

h I . .
and .OW ong cetaceans covariates time data distributions (Roberts et al 2016)
use sites/spaces

Figure 5: Predicted mean density of baleen whales in July (A) and January (B) for the { | w ZOOm.”)j: %)(<)(«)

East Coast region. https://www.northeastoceandata.org/data-explorer/

From: Habitat-based cetacean density models for the U.S. Atlantic and Gulf of Mexico
About Explore Data
85°W 80°W 75°W 70°W 65°W

Marine Mammal Summary Products
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Cor lensive assessm
- Ol t]O 2nensive assess

Individual usage: generate
individual movements from
estimated monthly density
distributions (Roberts et al 2016)

Occurrence

where, when,

and how long cetaceans
use sites/spaces

Exposure scenario: combine
planned turbine installations with
a propagation model, calculate RL
at individual locations

Exposure
where, when, and
how long cetaceans
are exposed

Straight Line Monthhy Straight Line Daily Jittered Line Daily

Propoagation Loss = Spreading Loss + Absorption Loss
= wlog o)+ a xr

Aggregate
Spreading loss: w determines the shape of spreading loss; w = 20

eXpOSU re - - ; =gl = '_ when 7 is less than water depth and w = 17 when r is greater than
. = : y . : = -

5 o water depth
estimation e

Absorption loss:
a

X f2 (pH-8) t s
=0.106 x hxr e 056 +0.52 x (1+ —) X —

2+ f2 35

3 = (L+Z
x ]{22+ ;2 X €6 +0.00049 x f2 x ¢"(27*17),
2

where pH = 7.98, s (salinity) = 33.12ppt, t (temperature) = 12.19°C, z
(depth) = 36.43km and frequency we use the third octave bands in
the piling spectrum.
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Occurrence !nd.iv.idual usage: generate
individual movements from
where, when, ) .
i T (387 e estimated monthly density
S distributions (Roberts et al 2016)
Exposure Exposure sce.nan.o: comb'me .
planned turbine installations with
where, when, and .
e a propagation model, calculate RL
S I at individual locations
Response Aggregate response: dose—.
likelihood & response framework to estimate
. P(response) each day, then
magnitude
. aggregate number of days each
of individual-level R .y
individual is disturbed
effects o |
w
O 4
@ 'E 300
T © =
g ° 2 200+
fs S
N 2 100+
S 7 e
=3
e < 0 - —_ ——
1;0 120 140 160 180 200 CI) 5I ‘]IO ‘]IS 2IO

Dose (dB)

Number of days of aggregate expsoure




Comprehensive assessment example:
Grace Edmondson PhD project

Population consequence (iPCoD):
convert number of disturbance
days to reduced survival/fecundity
using an expert-elicited function
(King et al 2021)

Consequence
likelihood & Survival
magnitude

of population-level
impacts 1-0

e e T N —-—— —_— e == ——

Effect on survival or fertility

""""""""""""""""""""""""""" Methods in Ecology and Evolution

Methods in Ecology and Evolution 2015, 6, 1150-1158 doi: 10.1111/2041-210X.12411

An interim framework for assessing the population
consequences of disturbance

Stephanie L. King"z, Robert S. Schickz, Carl Donovan’, Cormac G. Booth1, Mark Burgman", Len
Days of disturbance Thomas? and John Harwood'2*
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Population consequence (iPCoD):
convert number of disturbance
days to reduced survival/fecundity
using an expert-elicited function
(King et al 2021), stage-structured
population models to project
potential consequences in future

Consequence
likelihood &
magnitude

of population-level
impacts

Un-impacted Populatiol Impacted Population Both Populations

cS Rl 0 O
0 JS 0 0

RC 0 F 1
0 0 AS AS




Occurrence
Exposure
Response

Consequence

”\ WSsDO

=y HAPO

Exposure Index

Managing human activity
and marine mammals: A
biologically based, relativistic
risk assessment framework

H H

M H

M M H

L M M
1T’ L-’ L M

2 3 4

Vulnerability

Color Risk Assessment Rating
Orange Higher (H)
Yellow Moderate (M)

Blue Lowest (L-)




Approaches
. Adjust objectives

78
3
4.
3

Pool input data/parameters
Use proxies
Simplify models (impact pathways)

Quantify uncertainty in data & models



. Adjust objectives

. Pool input data/parameters

. Use proxies

. Simplify models (impact pathways)

. Quantify uncertainty

Occurrence
Exposure

Response

Consequence

Occurrence
Exposure
Response

Consequence

EVALUATION

CONTRIBUTE
RESTORE
MINIMIZE




. Adjust objectives

. Pool input data/parameters

. Use proxies
. Simplify models (impact pathways)

. Quantify uncertainty

Occurrence
O Risk = the likelihood and consequence of

outcomes for species/populations
Exposure

O Relative species risk = risks benchmarked
against assessment targets. Can inform about
magnitude differences in risk. For example:

Expected
level of risk

Response

Fatality Displacement
risk ratio risk ratio

level of risk
O Risk ranking = rank order of species, scenarios
or locations (sensitivity maps) by relative risk.

Cannot inform about magnitude differences —
but less demanding of datfa & benchmarks.

Consequence



. Adjust objectives

. Pool input data/parameters

. Use proxies

. Simplify models (impact pathways)

. Quantify uncertainty

Occurrence
where, when,

and how long animals
use sites/spaces

Exposure
where, when, and
how long animals
are exposed

Response
likelihood &
magnitude

of individual-level
effects

Consequence
likelihood &
magnitude

of population-level
impacts

Example
mid/endpoints

e.g., proportion of individuals
within audible range of pile
driving, or habitat within
footprint

e.g., number of takes (e.g.,
fatalities, number individuals
displaced), lost animal time,
risk of habitat degradation,
health proxies

e.g., lost animal years, risk of
reduced population growth,
risk of change in ESA-listing/
IUCN status, risk of extinction




Adjust objectives

Pool input data/parameters

Use proxies

: Simplify models (impact pathways) ]J) @)@)UU“DQ// QUJQ@ ﬁr)ﬁ @

Quantify uncertainty

Groupings based on hearing alone... ... VS groupings based on responsiveness

Marine Mammal Hearing Groups (NMFS 2018) MUITi—species dose—response model,
Hearing Generalized with groupings based on model selection
Group Hearing Range*

Low-frequency (LF) cetaceans (baleen (Bkd_w)
whales) 7 Hz to 35 kHz 1.00-

(Bm,Bp,Mn,Pm)

p(response)

Mid-frequency (MF) cetaceans
(dolphins, toothed whales, beaked whales, bottlenose whales) 150 Hz to 160 kHz
0.75-
High-frequency (HF) cetaceans
(true porpoises, Kogia, river dolphins, Cephalorhynchid,
Lagenorhynchus cruciger & L. australis) 275 Hz to 160 kHz 0.50-
Phocid pinnipeds (PW) (underwater)
(true seals) 50 Hz to 86 kHz
—— 0.25-
Otariid pinnipeds (OW) (underwater)
(sea lions and fur secals) 60 Hz to 39 kHz
* Represents the generalized hearing range for the entire group as a composite (i.e., all species within the group), -UU-

where individual species’ hearing ranges are typically not as broad. Generalized hearing range chosen based on ~65 100 150 200 100 1 50 200 100 150 2
dB threshold from normalized composite audiogram, with the exception for lower limits for LF cetaceans (Southall
et al. 2007) and PW pinniped (approximation).

Dose (dB re 1uPa)

https://pjbouchet.github.io/espresso espresso

Trait-based assessment when species-specific data are sCarce qiq ef a1 2008, Thaxter et al 2017, Galic e al 2024)


https://pjbouchet.github.io/espresso/

. Adjust objectives
2. Pool input data/parameters

3. Use proxies

4. Simplify models (impact pathways)

. Quantify uncertainty .
oW

How often? How

many? e <k lONg?

Occurrenc.

Trends?
Exposure

O When no usage data available: umbrella/proxy species,
adjust resolution

Response

O Density distributions as proxy for average usage and

exposure Longitudinal vs cross-sectional analysis

Many individuals disturbed a little, or few animals a lote

Assumes perfectly mixed and homogenous population

Under-represents important movement routes

Need tools to estimate aggregate usage and
exposure » aggregate effects on individuals




Adjust objectives

Pool input data/parameters

Use proxies
Simplify models (impact pathways)

Quantify uncertainty

Mechanistic; GBSOIUIEISKINNL " Simplified, mechanisfic index

Wingspan

+/-SD
. Avoidance

+/-5D

Flight speed
+/-SD
Operational time
Hub  and downtime
height +/-SD.

Population size,
morphometric, and
behavioraldata |

turbine
data

ps://hidef-aerial-surveying.github.io/stochLAB/
ps://dmpstats.shinyapps.io/avian_stochcrm/

Collision risk model (CRM), n =9 |

# entering wind farm, after macroavoidance

Proportion time flying during day vs nigh’r\

-
p

Proportion of flights at rotor height \

\

Proportion of time with blade at path
~ f(flight speed)

P(collision | microavoidance)
~ f(manoeuvrability, day-night)

S

A simple mechanistic index, n,=5

=

Heuvuristic score

Flight altitude score x OR +
i " Nocturnal flight Manoeuvrability
Flight fime score + +

Fauchald et al 2023, Kelsey et al 2018:

T'he indicator for collision risk s defined by four

Furhess et al 2013:

We use an alternative approach and score separately for colli-

sion concern and for disturba at displacement concern. For
collision r )

> of time flying
Collision risk score =e x (f+g+h)/3

2)
x conservation importance score

Collision risk score, n,=4


https://hidef-aerial-surveying.github.io/stochLAB/
https://hidef-aerial-surveying.github.io/stochLAB/
https://hidef-aerial-surveying.github.io/stochLAB/
https://hidef-aerial-surveying.github.io/stochLAB/
https://hidef-aerial-surveying.github.io/stochLAB/
https://dmpstats.shinyapps.io/avian_stochcrm/

. Adjust objectives

. Pool input data/parameters

. Use proxies
. Simplify models (impact pathways)

. Quantify uncertainty

Distribution of outcomes: risk

Conseguence

Likelihood

- Worst-case
outcomes

Most likely
outcomes
(e.g., 95%)

Best-case
outcomes




R

Approaches

. Adjust objectives

Pool input data/parameters
Use proxies
Simplify models (impact pathways)

Quantify uncertainty in data & models

O O O O O

Ideally using:
Clearly defined assessment endpoints

Evidence-based pooling
Evidence-based, validated proxies
Causal pathways of impact

Uncertainty propagation, sensitivity
analysis
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O Within the spectrum of available approaches, there is a hierarchy of preferable options:

Models whose assumptions have been tested & predictions validated
Realistic & parsimonious, but unvalidated, mechanistic models

Mechanistic models with overly simplistic assumptions
Models with tested heuristics (nb. tfransferability uncertain)

Algorithms with a-priori defined but untested heuristics

uncertainty Iterative/posthoc algorithms with untested heuristics

» Whichever the approach, need to consider both parameter and model uncertainty.

» Going forward, more cross-validation of different approaches needed.
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Questions or comments?

Feel free to email us:
Saana -si66@st-andrews.ac.uk
Brandon — brandon.southall@sea-inc.net
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