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Abstract

Major progress has been made since the publication
of noise exposure criteria by Southall et al. (2007)
in addressing the probability and severity of marine
mammal behavioral responses to measured noise
exposures. New methodological developments for
studying behavioral responses have broadened the
spatial, temporal, and population scales of poten-
tial disturbance studies and expanded scientific
data on responses of marine mammals (or lack
thereof) to various human noise exposure scenar-
ios. Experimental and observational studies have
substantially expanded the resolution, parameters,
and contexts for understanding individual and
group responses to discrete noise events. The com-
bined data strongly suggest that efforts to derive
simple all-or-nothing thresholds for single noise
exposure parameters (e.g., received noise level)
and behavioral responses across broad taxonomic
and sound categories can lead to significant errors
in predicting effects that are fundamentally incon-
sistent with the probabilistic nature of responses.
Differences between species, among individuals,
across situational contexts, and with the tempo-
ral and spatial scales over which exposures occur
lead to variability in the probability and severity of
behavioral responses. Studies that account for such
factors and the variability they cause can provide
far more accurate probability functions for predict-
ing effects and can reduce variabilities related to
exposure level and response. To that end, several
new approaches are developed here for evaluating
response severity in laboratory and field conditions
in terms of effects on vital rates. These are applied

to selected studies of marine mammal behavioral
response to demonstrate their application in more
consistently addressing acute exposure contexts
for individuals or discrete groups. Needs for new
approaches and transparent processes are identi-
fied for addressing sustained and/or repeated noise
exposures on population scales.
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Introduction

Southall et al. (2007) sought to establish broad expo-
sure criteria to inform management and conserva-
tion decisions about the effects of noise on marine
mammals. They categorized marine mammal taxa
into five functional hearing groups and anthropo-
genic noise sources into two groups based on their
acoustic characteristics (pulse and non-pulse), each
with two modes of exposure (single and multiple).
They addressed auditory effects and behavioral
responses, deriving a novel response “severity
scale” to assess behavioral impacts associated with
noise exposure for captive and free-ranging marine
mammals.

After a decade of ongoing research in each area,
several other experts joined the original panel
(please see “Acknowledgments” for a complete list
of all panelists) to evaluate, update, and improve
upon the recommendations of Southall et al.
(2007). The first publication of this group updated
evaluations of effects of noise on hearing in marine
mammals (Southall et al., 2019a). Herein, we
present updates for assessing behavioral response
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severity using novel, modified approaches for stud-
ies on different spatial and temporal scales. The
primary innovations were to assess how noise can
affect vital rates through aligning scores with sur-
vival, growth, and reproduction; different means of
categorizing sound source types; and differences in
how severity scoring may need to be considered to
be applicable to studies that evaluate broader-scale,
population-level impacts.

Questions regarding behavioral impacts on
marine mammals have been addressed using
observational and experimental methods for over a
half century (e.g., Payne & Webb, 1971; National
Research Council [NRC], 2000; Southall et al.,
2007; Southall, 2017). Experimental approaches
such as controlled exposure experiments (CEEs)
can test causal relationships between designed
and quantified exposure events and behavioral
responses of individuals or identifiable groups
of marine mammals (e.g., Nowacek et al., 2007;
Southall et al., 2007, 2016). Deliberate escala-
tion of exposure parameters (e.g., received level)
within CEEs can identify the lowest exposure con-
dition at which a response is elicited. Many stud-
ies for which structured severity assessment have
proven the most effective thus far have involved
CEE methods. In some well-documented situ-
ations (e.g., Moretti et al., 2014), observational
studies can document whether a response occurs
where exposures are measured and/or modeled.
This may require the assumption that the response
either occurs coincident with the lowest known
exposure condition, if they are variable and uncon-
trolled, or at an identified point if exposure levels
are known to be increasing (e.g., by approaching).

Ideally, severity scales for estimating noise
impacts will consider the full range of possible
outcomes associated with exposure. If one or
more responses are estimated to occur, the basis
for calculating any function predicting the asso-
ciated impact(s) must be clearly specified. Too
narrow a focus may lead to an overly broad appli-
cation of any assessed “score.” For example, when
assessing workplace accidents, the Occupational
Safety and Health Administration (OSHA) (1999)
defined an accident severity rating as the number
of workdays lost from an accident per thousand
worker hours. This definition lumps many dif-
ferent medical or psychological outcomes into a
single factor most impactful to the employer—lost
workdays—but does not assess impacts of greater
importance to the worker such as how disabling
the injury was nor chronic effects that do not nec-
essarily preclude work in the short term.

Another approach to evaluating risk involves
classifying effect severity along a logical continuum
scaled from low to high. Many semi-quantitative
risk assessments, particularly for health indicators,

assign scores (typically from O to some integer) for
the severity of each parameter, summing scores
for a composite total. For example, anesthesiolo-
gist Virginia Apgar developed a scoring system to
assess the status of neonates in their first few min-
utes of life. Five different parameters are scored 0
to 2 and then summed for a maximum value of 10.
The scores are self-referential, meaning the health
value of one for a specified parameter is not neces-
sarily of equal health consequence as a score of one
for a different parameter. Nevertheless, the Apgar
scores provide, in broad terms, a means for deter-
mining whether an infant requires rapid, critical
intervention such as cardiopulmonary resuscitation
(Schmidt et al., 1988).

Initial Marine Mammal Response Severity
Scoring

The novel response severity scale developed by
Southall et al. (2007) described marine mammal
behavioral responses to noise in ascending order
of presumed consequence. For example, responses
such as a “brief orientation” to a noise source
were deemed to be low severity (severity score 1)
whereas more intense or sustained responses such
as “prolonged changes in locomotion” (severity
score 5) and “significant separation of females
and dependent offspring” (severity score 8) were
deemed moderate to high severity responses. Such
ordinal scores would be assigned within the context
of an experimental or observed noise exposure by
informed observers based on the extent to which
the observed behavior matched described responses
in the severity scoring table ranging from 0 to 9
(p- 450). Southall et al. recommended coalescing
severity scores in the 0 to 3,4 to 6, and 7 to 9 cat-
egories into “low,” “moderate,” and “high” severity
responses. Different regulations and/or regulators
may apply different thresholds at which a response
is regulated; in this case, regulators can use the rel-
evant severity score and ignore lower levels.

The basic unit of analysis in these scales is the
unit for which a response was observed—that is,
an individual or a group with an observed number
of individuals. For social group observations,
Southall et al. (2007) proposed, as a precaution-
ary approach, scoring the most severe response
by any individual as the response score for the
entire group. Where multiple discrete responses
are observed from the same individual or group,
Southall et al. assigned a discrete severity score
for each response but applied a subject-weighting
whereby a fractional value of one divided by the
number of observations would be applied to each
defined exposure for which a response severity
was assessed such that the individual (or group)
would have the same overall weighting as an indi-
vidual with one response.
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Southall et al. (2007) reviewed the existing litera-
ture for different sound types and marine mammal
taxa and used their response severity scale to assess
the results. Severity scores were judged indepen-
dently by a subset of the authors and agreed upon
(adjudicated) by scorers. Results were tabulated for
each hearing group for pulsed and non-pulsed sounds
(see Southall et al., 2007, Tables 6-23). Apparent
patterns in response as a function of received noise
level (sound pressure level) highlighted a number of
potential errors in using all-or-nothing “thresholds”
to predict whether animals will respond. Tyack &
Thomas (2019) subsequently and substantially
expanded upon these observations. The clearly evi-
dent variability in response is likely attributable to
a host of contextual factors, which emphasizes the
importance of estimating not only a dose-response
function but also characterizing response variability
at any dosage. The pooled data showed that some
individuals had severe responses at low exposure
levels while others had little or no response at high
exposure levels. Several species-specific patterns
also emerged for particularly sensitive species
(e.g., harbor porpoises [Phocoena phocoena] and
beaked whales), more tolerant species (e.g., hump-
back whales [Megaptera novaeangliael), and spe-
cies for which differences in response probability
depended upon behavioral states (e.g., bowhead
[Balaena mysticetus] and blue [Balaenoptera mus-
culus] whales). Because of the high degree of vari-
ability within and between species and noise types,
Southall et al. (2007) did not provide generalized
risk probability functions for marine mammal
hearing groups spanning all noise exposure types.
However, they did provide a descriptive foundation
for objective assessments of response severity that
was and could be applied in structured assessments
of existing literature, along with preliminary cat-
egorizations of species’ variability and behavioral
contexts that potentially affect severity of observed
results.

Advances in Marine Mammal Response Severity
Assessment

Several empirical studies of behavioral responses
to noise exposure have employed the resulting
severity scoring methods developed by Southall
et al. (2007). Miller et al. (2012) applied the
severity assessment to evaluate responses to
sonar signals of killer (Orcinus orca), long-finned
pilot (Globicephala melas), and sperm (Physeter
macrocephalus) whales. Two groups of subject-
matter experts independently evaluated individual
time-series data from archival movement and
acoustic tags and visual observations with known
exposures and received noise conditions to iden-
tify specific times (“change points”) and contexts
associated with defined behavioral changes.

Based on their observations, Miller et al.
(2012) proposed modifications to the Southall
et al. (2007) scale, primarily more precise tempo-
ral descriptors of behavioral responses. Southall
et al. (2019b) applied and expanded the Miller
et al. (2012) response severity scale and scoring
approach with independent groups of subject-
matter experts to quantify effects of sonar on blue
whales and compared resulting assessments with
those from quantitative statistical methods using
designated behavioral indices. Miller et al. (2014)
conducted similar comparisons of scored sever-
ity and statistical change point detection meth-
ods with killer whales. Miller et al. (2012, 2014)
and Southall et al. (2019b) thus yield individual
instances within a time-series context in which
discrete exposures of known received conditions
and responses of variable severity were deter-
mined. Each method was effective and quite con-
sistent in identifying changes in most subjects.
However, some blue whales that were not feed-
ing during the pre-exposure period actually began
feeding during noise exposure. These whales
were identified statistically as responding, given
that those methods are designed to detect changes
from the pre-exposure periods regardless of their
direction, but not so by independent assessors as
feeding onset was not a specified response in the
behavioral severity scale. Additional statistical
methods have been developed and applied to inte-
grate the results of such responses (or lack thereof)
in known exposure conditions to derive species-
specific and multi-species exposure-response risk
functions using model selection methods (Harris
et al., 2016), Bayesian hierarchical models (e.g.,
Miller et al., 2014; U.S. Department of the Navy,
2017), and recurrent event survival analysis
(Harris et al., 2015).

Integrative analyses that yield probabilistic
response functions for responses of specified
severity are being increasingly applied to assess
impacts on individual vital rates and consequences
for population-level impacts. Specifically, model-
ing efforts to quantify population consequences of
disturbance from noise seek to build from short-
term behavioral and physiological changes to
longer-term population-level effects (e.g., Pirotta
et al., 2018). Recent efforts (Pirotta et al., 2021)
have parameterized these population-level mod-
eled impacts with empirical data from behavioral
responses measured in individuals and evaluated
with response severity assessments using expert
elicitation (Southall et al., 2019b). These kinds
of integrative assessments coupling short- and
longer-term individual and population-level res-
ponses require information on the type, probabil-
ity, and severity of responses. Further, they require
information about how responses affect activities
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such as foraging or mating, or how responses to
threats may influence vital rates of survival and
reproduction. Finally, they are strengthened by
empirical measures of response at both the individ-
ual and group/population level. Few experimental
or opportunistic studies have analyzed results from
short-term behavior through to life history impacts,
but obtaining and integrating results at each level
is increasingly relevant and required for efforts to
evaluate population-level impacts from discrete
and aggregate stressors (National Academies of
Sciences, Engineering, and Medicine [NAS], 2017,
Pirotta et al., 2019).

In light of research progress, evolution of risk
assessment methods, and evolving policy drivers
since the publication of the Southall et al. (2007)
noise exposure criteria and severity scale, herein
we provide several new assessment methods
to systematically characterize marine mammal
responses. Due to the wide range of spatial and
temporal scales of exposure and potential dis-
turbance over which researchers are measur-
ing, we distinguish between the kinds of studies
and assessment methods needed for acute noise
exposure events with identifiable responses from
known individuals or groups vs those involving
sustained or repeated (chronic) exposure scenar-
ios and potential responses at population levels.

Most of the early consideration of these issues,
including the Southall et al. (2007) exposure cri-
teria and subsequent analytical methods (e.g., U.S.
Department of the Navy, 2017) has focused on dis-
crete responses of individuals to known exposures,
often tagged individuals in CEEs (e.g., Southall
et al., 2016). These kinds of assessments are par-
ticularly needed in regulatory scenarios for which
responses are considered at the individual level
such as discrete behavioral responses deemed to
represent a specific level of impact such as specified
“takes” of individuals as evaluated under the U.S.
Marine Mammal Protection Act of 1972. Herein,
we adapt earlier approaches and develop new ana-
Iytical methods aimed to improve assessments of
acute exposures and potential behavioral responses
with a more explicit distinction of field and cap-
tive scenarios. Further, we abandon the hearing-
based distinction of impulsive and non-impulsive
noise categories because some source types, such
as airguns, may produce impulsive sounds near
the source and non-impulsive sounds at greater
ranges (for further discussion, see Southall, 2021).
Instead, we distinguish more practical operational
categories of sources, applying the revised sever-
ity assessments to selected studies in each category.

Applying the revised acute exposure severity
scale (described in greater detail below) to longer-
term (e.g., seasonal, annual) studies with fewer
discrete exposures to specific individuals reveals

limitations in the applicability of this approach
for these scenarios. Some long-term studies have
evaluated the impacts on presence and distribu-
tion (i.e., at population levels) of aggregate or
cumulative exposure to stressors, acoustic and
non-acoustic, from human activities such as
coastal development, whale watching, and long-
term seismic airgun surveys. We highlight the
need for additional analytical approaches (beyond
the acute severity scale) for broader spatial scale
population studies, particularly for regulatory
assessments of cumulative impacts and in regula-
tory paradigms where the focus is at the popula-
tion level (e.g., European Union Marine Strategy
Framework Directive). We explore several new
means of evaluating and addressing these broader
scales, including new applications of assessment
methods for evaluating long-term impacts of
whale watching and novel methods to quantify
population consequences of disturbance(s).

Studies of both discrete exposure-response and
medium- to long-term population-level responses
(e.g., distribution, broad-scale acoustic behavior
changes) are needed and can be insightful if properly
designed. They simply require different analytical
methods for results to be integrated more broadly in
efforts to predict response type, occurrence, severity,
and consequence for application in real-world deci-
sion making. Both types of assessment, however,
require more comprehensive, detailed, and consis-
tently reported information on exposure contexts,
received noise metrics, ecological conditions, and
detailed descriptors of individual and/or population
response metrics.

Methods

Needed Exposure and Contextual Metrics

There has been increasing focus on the range
of exposure and response variables that may be
relevant in understanding and describing marine
mammal behavioral responses. This includes rec-
ognition that different metrics of acoustic expo-
sure may be relevant in different settings (e.g.,
Madsen, 2005; Southall et al., 2007, 2019a) and
the importance of contextual factors (e.g., spa-
tial proximity, behavioral and reproductive state,
natural history, ecological parameters) in response
probability and magnitude (e.g., Ellison et al.,
2012; Southall et al., 2019b).

Consequently, a broader suite of noise expo-
sure conditions other than a single received level
(RL) metric should be analyzed and reported in
response studies. The relevance of certain expo-
sure and contextual metrics in captive and field
exposure scenarios will differ based on species,
noise source, context, and temporal scales of anal-
yses, to name a few. Variables related to aspects of
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sound propagation and spectral/temporal/spatial
aspects of sound exposure may also be signifi-
cant mediating contextual factors (Ellison et al.,
2012). Herein, we provide a comprehensive set
of recommended metrics that we advocate should
be consistently reported, to the extent possible
and applicable, to support integrated analyses of
exposure-response relationships (Table 1). These
are segregated into subject-specific (A), expo-
sure context (B), and noise exposure (C) metrics.
Additional details and discussion for each of the
elements identified in Table 1 are provided in
Appendix 1.

Some of these metrics are more applicable and
relevant for acute exposure studies than long-term
exposure scenarios where it may be more chal-
lenging to characterize individual exposures, but
many are relevant regardless of temporal context
or may be summarized with ranges or average
values for longer-term studies. Many are self-
evident and would typically be included in stud-
ies, but we advocate for a consistent, systematic
reporting of as many of these synoptic data and
covariates as possible. Where space is limited due
to the constraints of journal length, metrics less
essential to the study design can be included in
supplementary materials. Not only are the listed
metrics important to understanding the outcome
of particular studies, but their absence has likely
contributed to outcomes of meta-analyses that are
difficult to interpret (Southall et al., 2007) or neg-
ative (e.g., Gomez et al., 2016).

Subject-specific  variables (Table 1A) are
intended to identify individual or group features
that may be relevant in coding metadata (e.g., spe-
cies, functional hearing group) and determining
appropriate quantitative weighting for individual
or multiple exposures (e.g., number of individu-
als, whether subjects were exposed on multiple
occasions). Identifying whether exposure events
were “censored” denotes whether responses were
observed at the lowest exposure condition (e.g.,
RL) tested (left-censored) or if no response was
measured in any exposure conditions (right-cen-
sored). We also call for reporting of social factors
(e.g., group size, composition) and behavioral state,
which may be important contextual covariates to
account for in interpreting responses and/or in
pooling results (e.g., Southall et al., 2016, 2019b).

Other variables related to the exposure context
are called for as well, including the categorical
type of exposure (meaning the four broad cat-
egories specified herein along with more specific
descriptors) and spatial and relative frequency of
similar exposures in the study area (Table 1B).
These contextual aspects of exposures are called
for because relative proximity, similarity with
predator signals, familiarity with exposures, and

the presence of other disturbances are impor-
tant factors affecting the type and probability
of response in earlier marine mammal studies
(Southall et al., 2007; Tyack et al., 2011; Ellison
et al., 2012; Miller et al., 2012; Wensveen et al.,
2019). Note that in some cases (e.g., similarity
with predator signals), research may be needed to
define how such contextual variables should be
quantified.

Calls for comprehensive and consistent stan-
dardized reporting of the kinds of acoustic exposure
metrics called for in Table 1C have strengthened in
the last decade (e.g., Ellison et al., 2012; McKenna
et al., 2016). Given the diversity of sound types,
including impulsive and non-impulsive signals
(and those which may transition from the former
to the latter), and because subsequent criteria may
seek to differentially apply different metrics, we
advocate for a complete accounting of multiple
sound pressure level (SPL) and sound exposure
level (SEL) metrics. As we discovered, these met-
rics may become important in meta-analyses even
though the original authors did not consider them
to be the preferred independent variables for study
purposes. Accounting for exposure conditions in
the context of concurrent noise (e.g., signal-to-
noise ratio [SNR]) and subject-specific hearing
sensitivity (e.g., sensation level [SnL]) in specified
bands has also been called for (e.g., Ellison et al.,
2012). In the long run, there will also be value in
developing better measures of audibility that can be
applied to real-world sounds, although needed psy-
chophysical data are still lacking for animals (e.g.,
Bee & Micheyl, 2008).

Evaluating Behavioral Response Severity —
Discrete Exposures

The Southall et al. (2007) response severity scale
has been applied and revised in the course of prac-
tical applications using expert elicitation methods
(e.g., Miller et al., 2012; Southall et al., 2019b).
We propose herein a number of substantial addi-
tional modifications for discrete exposure events.
Notably, we derive discrete severity scales for
captive and field exposure contexts. Further, we
segregate responses along different categorical
“tracks” of increasing severity. For captive marine
mammal contexts, this includes discrete consid-
eration of responses related to untrained and
trained behaviors. For field contexts with free-
ranging marine mammals, we segregate responses
into categories related to foraging, survival, and
reproduction, which may differentially affect vital
rates.

The severity scale derived by Southall et al.
(2007) included discrete tracks for responses
observed for free-ranging and captive marine
mammals in known exposure conditions. This
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resulted in both empty cells and unintended pre-
sumed equivalences in severity between very dif-
ferent contexts. Herein, we decouple the different
contexts of behavioral responses in captive and
field conditions. Both the captive and field sever-
ity scales describe discrete responses of presumed
increasing severity, but they differ in the resolu-
tion of ordinal severity sequence, include different
overall categories of response, and have specific
and dissimilar descriptors of behavioral responses.

Response Severity Assessment Methods (Captive
Studies)—The severity assessment proposed herein
for captive marine mammals is more narratively
descriptive than the field scale and is somewhat
more similar to the captive portion of Southall et al.
(2007). Inherent in the separation of severity scales
for captive and field settings is the observation
that captive studies of marine mammal behavioral
responses may be limited in their application to free-
ranging scenarios given the very different environ-
mental and motivational contexts. In particular, a
training paradigm makes it possible to measure the
aversiveness of exposures to noise very precisely,
and negative responses of captive animals can be
observed in greater detail than is possible with indi-
viduals observed for short periods with remote mon-
itoring equipment. However, probabilistic response
relationships as a function of noise exposure for cap-
tive animals that have been reinforced in training to
respond to particular signals may be usefully com-
pared to free-ranging animals that experience posi-
tive and/or negative reinforcement for responses to
ambient signals in the wild (e.g., reactions of resi-
dent animals to net alarms where food is present).
It may also be useful to compare responses of cap-
tive animals to sounds that have not been associated
with reinforcement with responses of free-ranging
animals to novel sounds or those that lack clear con-
sequences. Habituation may be difficult to measure
in free-ranging animals where subjects in CEEs may
or may not be familiar with an exposure stimulus or
experimental situation, but under captive conditions,
repeated exposures over periods of days or weeks
can be used as a way of differentiating stimuli that
are intrinsically aversive from those that are avoided
if novelty arouses defensive behaviors (e.g., Bowles
& Anderson, 2012). Such comparisons may help
clarify whether animals are responding to acoustic
properties of a signal or showing responses that are
habitual or conditioned by reinforcement.

Within captive responses, we distinguish be-
tween trained and untrained behaviors (Table 2).
Both tracks represent increasing severity, but the
increase is not necessarily proportional between
the two tracks. If a subject exhibited any one of the
responses within a severity category, it received
that score. Narrative heuristic descriptions are
provided for untrained responses to provide some

insight into general overall comparisons with field
observations of behavioral response. The objective
was to develop a practically useful scale (Table 2)
for considering studies with heterogeneous meth-
ods for comparing different types of responses
within untrained and trained behavioral contexts.
The scales for captive animals do not incorporate
fitness and survivorship-related tracks (e.g., effects
on foraging) because they are to be applied in
situations where population-level effects are less
relevant and certainly less measurable. However,
they include details of behavior that might not be
measurable in free-ranging animals and include
accounting for habituation, which will be unknown
or unmeasurable for most free-ranging animals. A
direct way of determining whether a behavior is
the result of defensive neophobia as opposed to
aversion per se is the response over the course of
habituation, particularly in a context where sub-
ject marine mammals are exposed with a compet-
ing positive stimulus (e.g., Gotz & Janik, 2011).
The captive marine mammal scale differentiates
responses that habituate rapidly and completely
(severity score 2), responses that habituate slowly
and incompletely (severity score 3), and responses
that decline little or even amplify over time (sever-
ity score 4 — sensitization).

Response Severity Assessment Methods (Field
Studies)—We propose a fundamentally different
approach from Southall et al. (2007) for evaluat-
ing the relative response severity for free-ranging
marine mammals. The overall approach retains
discrete behavioral categories identified along an
ordinal scale of increasing severity with descrip-
tors of response type, magnitude, and duration.
The objective is to expand on the original response
descriptions and to identify those of increasing
severity in more ethological terms along three
parallel severity tracks. This framework is thus
explicitly relevant to vital rates, defining behav-
iors that may affect individual fitness and, conse-
quently, population parameters. The three tracks
evaluate behavioral responses related to the
following:

1. Survival (including effects on defense, rest-
ing, social interactions, and navigation)

2. Reproduction (including mating and parent-
ing behaviors)

3. Foraging (encompassing search, pursuit, cap-
ture, and consumption)

The presumption is that responses increase in
severity along each track, but identical scores
across tracks do not imply equivalent sever-
ity. There is no expectation nor requirement that
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subjects would exhibit all the responses within one
severity category; a score is assigned for a sever-
ity category if a subject displays any response
within that category. If it makes several responses
from different categories to the same exposure
level at the same time, the highest severity score
is reflected for that exposure. While there is some
small degree of redundancy across these descrip-
tors (e.g., behaviors that arguably relate both to

Southall et al.

foraging and to survival), the intent is to provide
a means of evaluating behavioral responses in a
way that facilitates interpreting consequences in
terms of vital rates. Herein, we seek to improve
the biological and ecological basis for evaluat-
ing the severity of responses to discrete exposure
events by placing them in the context of individ-
ual vital rates (Table 3).

Table 2. Behavioral response severity scale for discrete exposures of captive marine mammals

Response

severity
score

Untrained behavioral responses

Trained behavioral responses

0 Heuristic: No response™ No detectable response
No detectable response No evidence of change in coping behavior**
1 Heuristic: Just detectable responses—surprise, brief ¢ Initial short-term or short-distance movement of head
neophobia, and investigation or body while at station or in transit during response
. . .g., looking, brief rupt movemen
* Momentary detectable behavioral change (e.g., brief (e.g., looking, brief stop, abrupt movement)
orientation, change in swimming, defensive silence) ~ * No detectable change in performance of trained
. . . Lo behaviors
* Short-term orientation and/or investigation of sound 0
source * Easily habituates to stimulus (ceases movements with
. . L repeated exposure
e Short-term and short-distance avoidance during initial P p )
exposure, especially if stimulus onset is rapid No or minor changes in coping behavior
2 Heuristic: First evidence of aversion and defensive * First evidence that a response is negative rather than
behavior; more than surprise; response habituates neophobic or investigative
« First evidence that a response is negative rather than e Short-term or short-distance avoidance after repeated
neophobic or investigative or habituating exposures
* Brief/short-range persistent avoidance * Change in performance begins, especially if the task
. . . is difficul ffect small
* Isolated or transient defensive behaviors (e.g., bubble s difficult but effect sma
clouds, rapid approaches or swimming passes, jaw  Experienced subjects begin to show sensitization, but
claps, brief surface activity) the behavior habituates over time
 Conservative defensive behaviors—for example, * First evidence of coping behaviors
congregation of mothers and calves
* Naive subjects avoid the source, but at close range and
< exposure duration
3 Heuristic: Aversion and defensive behavior; exposed ¢ Detectable decline in performance

animal does not fully habituate

* Frequent defensive behaviors (e.g., bubble clouds,
rapid approaches, jaw claps)

¢ Moderate avoidance of sound source (> criterion
distance; ~duration of exposure)

* Decline in response with repeated exposure
 Defensive congregation (all age/sex classes)

* First evidence of aggression or exclusion directed at
other individuals

¢ Changes in response to trained behaviors interfere
with task (e.g., leaves station frequently, reluctance to
return to station, long inter-trial intervals)

* Food reward still a sufficient inducement to work in
some trials, but experienced subjects begin to avoid
the source consistently if there is no food reward

* Experienced subjects with a food reward attempt to
“game” the reward without getting exposed

« Startle is initially negatively reinforcing but will not
consistently deter subjects if food reinforcement is
available
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4 Heuristic: Sufficiently aversive that animal makes

significant effort to avoid; aversion habituates poorly;

may not tolerate exposure even if food reward is
available; persistent agonistic behavior

* Subjects avoid experimental situation or retreat to
refuge area = duration of exposure

¢ Pinnipeds may jump out of the water

* Persistent threats, charging, or attacks directed to
sound source or displacement objects

* Repeated exclusion or displacement of subordinate

animals

» Negative anticipatory behavior, especially when

familiar with the stimulus (e.g., enters refuge as soon

as trial begins)

* Logging at the surface or bottom of the test pool,

» Breaks in stationing prolonged or station avoided*

* Stops ongoing activity to charge or attack sound
source or displacement objects

* Refusal to perform conditioned tasks over time even
in the face of food reinforcement

* Overt and repeated aggression threatened or directed
at trainers, other subjects, or objects

* Logging or retreating to the bottom of the test pool
even when encouraged to return

« If a refuge space is available, retreats into it

especially if the subject does not have the opportunity

to leave area

*Note whether the criterion is based on observer judgments or statistical comparisons.
**Animals sometimes develop habitual behaviors when a training task becomes difficult. This criterion addresses changes
in these behaviors —for example, if they become more exaggerated or if the animal begins to engage in stereotypical

movements when it did not before exposure.

“Strong responses are defined based on the upper limit of response in their experimental situation. The strongest response

varied by species, stimulus, and degree of habituation.

Evaluating Behavioral Response Severity —
Sustained (Chronic) Exposures

As described (and demonstrated below), the kinds
of acute severity assessment methods described
above are not necessarily well-suited to evaluate
studies on the long-term consequences of non-
lethal effects of sounds and concurrent multiple
threats (i.e., climate change, other anthropogenic
disturbance, etc.). For instance, where the unit of
analysis in a longer-term study is a local popu-
lation and, thus, would be reduced to a single
observation, there may be inappropriate or unfair
comparisons with severity assessments of acute
exposure studies where n known exposed indi-
viduals are weighted as N observations. While
controlled experimental and observational stud-
ies reporting individual-level exposure, context,
and response remain critically important, other
approaches are needed to consider mechanistic
linkages between short-term acute exposures and
population effects (e.g., Lusseau, 2014), and to
evaluate the conservation impact of acoustic dis-
turbance and chronic stress (e.g., Blickley et al.,
2012; Simmonds et al., 2014).

Assessing the consequences of non-lethal
disturbance is challenging and requires substan-
tial data before and after disturbance, which are
rarely available for long-lived marine mammal
species. In recent years, ecological modeling
and simulation studies have been adopted to

overcome the logistical and practical challenges
of collecting relevant life-history parameters. For
instance, age-structure population assessment
allows us to consider different impacts across
age class and can be coupled with new technol-
ogy such as unmanned aerial vehicles (UAVs)
for rapid assessment of individual and population
health conditions (Booth et al., 2020). Energetic
modeling methods have also been developed to
link short-term behavioral responses to distur-
bance to reproductive outcomes (e.g., New et al.,
2014). Additionally, Population Consequences of
Multiple Stressors (PCoMS) allows the modeling,
as the name suggests, of population consequences
of multiple and concurrent anthropogenic and
environmental disturbances (NAS, 2017).

These new methodologies are still at an early
stage of development, however, and are rarely
evaluated against empirical data. The assess-
ment approach we use herein for evaluating and
systematically assessing population-level studies
for chronic and aggregate disturbances is based
on concepts first identified by Bejder & Samuels
(2003). As a starting point for systematically
reporting and assessing longer-term, population-
level disturbance studies, we expanded the origi-
nal approach to specifically address selected stud-
ies primarily associated with whale watching.
Such studies comprise some of the longest-term
marine mammal studies conducted and, thus, the
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Table 3. Behavioral response severity scale for discrete exposures of free-ranging marine mammals

behaviors (e.g., head thrusting, mouth gaping)

e Individual aggressive behavior (e.g., jaw
clapping, gnashing teeth, abrupt directed [rush/
ramming] movement potentially directed at
conspecifics)

* Sustained avoidance behavior (e.g., heading
away and/or increasing range from source)

e Separation of females; dependent offspring
exceeding baseline

* Group aggressive behavior (e.g., mobbing)

* Sustained changes in vocal rates or signal
characteristics—potentially related to higher
auditory masking potential

success exceeding typical
daily intake requirement
(potentially extending
beyond exposure period)
¢ Energy expenditure
exceeds nominal daily
baseline
e Sustained disruption of
nursing behavior
* Sustained changes in
vocal rates or signal
characteristics —potentially
related to higher auditory
masking potential

Response Behavioral changes Behavioral changes Behavioral changes
score affecting survival affecting feeding affecting reproduction
0 No response detected with methods sufficient to No response detected No response detected
identify responses relevant to survival with methods sufficient to with methods sufficient to
identify responses relevant  identify responses relevant
to feeding to reproduction
1 Identifiable change in behavior indicating Detectable interruption of Detectable interruption
vigilance response: foraging behavior of advertisement and
e Orientation courtship behavior
* Interruption of resting behavior
* Listening: Delay in vocal behavior/locomotion/
breathing
¢ Detectable change in diving behavior
* Minor deviation from typical migratory pathway
2 Sustained or multiple vigilance responses
3 * Individual investigation of potential threat Behavioral state changes Behavioral state changes
* Recruitment of orienting behavior from foraging to other from advertisement and
e Increase in contact or alarm calls to initiate behavior courtship to other behavior
social cohesion
e Individual startle response
4 * Prolonged silencing or other cryptic behavior to ¢ Non-foraging state longer ~ * Non-reproductive
avoid detection than typical (advertisement and
* Defensive bradycardia or stillness * Detectable elevation in courtship) state longer
* Increased interval between surfacing bouts energy expenditure (e.g., than typical
« Reduction in variance of heading increase in dynamic ¢ Brief/minor changes
. . acceleration, respiration in vocal rates or signal
* Change in group cohesion . -
o fmi N ; | onal rate, locomotion, speed) characteristics —
B;le n:m‘ort‘c angei 1nfv (l)lc a r]a ttes dotr Slllgn; ¢ Brief/minor changes potentially related to
¢ ?im ers ICE._ po etn 1ta_ ly relatec to higher in vocal rates or signal h1gher~aud1tory masking
auditory masking potentia characteristics — potential
potentially related to
higher auditory masking
potential
5 * Onset of avoidance behavior (e.g., heading away ¢ Reduction of foraging
and/or increasing range from source) success less than typical
* Recruitment of defensive social behaviors (e.g., dail}./ intake requirement
rafting, marguerite, vocal threats) (during exposure period)
¢ Increase in mother—offspring cohesion * Detectable change in
(including acoustic signaling and/or mother nursing behavior
herding offspring)
6 * Repeated startle response; abrupt agonistic * Reduction of foraging * Reduction of

advertisement and
courtship behaviors
potentially sufficient
to reduce reproductive
success

e Disruption of parental
attendance behavior

e Sustained changes in
vocal rates or signal
characteristics —
potentially related to
higher auditory masking
potential
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7 * Separation of females and dependent offspring
sustained for long enough to compromise
reunion

e Clear anti-predator response (e.g., severe and/or

sustained avoidance or aggressive behavior)

* Displacement to area of increased predation risk

¢ Failure of vocal mechanisms to compensate for
noise (e.g., silencing affects group cohesion/
defense)

* Reduction of foraging
success sufficient to
compromise health and/or
reproduction

e Failure of vocal
mechanisms to
compensate for noise
(e.g., cessation of
acoustically mediated
foraging)

* Interruption of breeding
behavior

e Failure of vocal
mechanisms to
compensate for noise
(e.g., cessation of
acoustic advertisement
displays)

8 ¢ Disruption of group social structure (e.g.,
breaking pair bonds/alliances, altering
dominance structure)

* Prolonged/significant separation of females and
dependent offspring with disruption of acoustic
reunion mechanisms

¢ Prolonged displacement
to suboptimal foraging
habitat

e Disruption of group social
structure (cooperative
feeding groups with
specialized knowledge or
division of labor)

Disruption of breeding
behavior sufficient to
compromise reproductive
success (e.g., repeated
interruption of mating,
disrupting male—female
association)

Disruption of group
social structure (e.g.,
breaking pair bonds/
alliances, altering
dominance structure)

9 Risk that behavioral response leads to serious
injury or mortality (predation, outright panic,
flight, stampede, stranding, mother—offspring
separation)

Disruption of energetic
balance sufficient to result
in morbidity or mortality

Failure to successfully
reproduce during breeding
season

most suitable to illustrate direct linkages between
behavioural responses to human disturbance
(including noise disturbance) and population con-
sequences. Factors and corresponding codes used
to identify study elements and distinguish among
different exposure and response characteristics
based on the approach developed by Bejder &
Samuels are specified in Table 4.

We constrained our review to peer-reviewed
literature, in preference to “grey” literature, using
key words, including whale watching, dolphin
watching, long-term effects, impact, ecotour-
ism, anthropogenic disturbance, and other similar
terms. All references identified in this search were
then evaluated for relevance and, if appropriate,
reviewed in full. Of the 16 references included
in the review, 11 were directly related to whale
watching and related touristic activities. In addi-
tion, five papers examined long-term conse-
quences of other anthropogenic disturbances. In
some cases, more than one paper was included
per body of work or project to provide syner-
getic results while avoiding overlap between the
sources. This is by no means an exhaustive review
of these issues but an illustration of an adaptive
structured review and assessment of studies in
four main topical and temporal categories:

1. Studies evaluating effects of whale watching,
encompassing a dataset of multiple years

2. Studies

evaluating

long-term effects of

whale-watching industry, encompassing a
dataset of > 10 y and providing long-term
measures of the effects of whale-watching
activities on population dynamics

3. Studies evaluating long-term effects of anthro-
pogenic activities (other than whale watching),
encompassing a dataset of > 10 y or making
use of a modeling approach to forecast long-
term measures of the effects of anthropogenic
activities

4. Studies evaluating long-term effects of multi-
ple concurrent threats, encompassing a data-
set of > 10 y or making use of a modeling
approach to forecast long-term measures of
the effects of anthropogenic activities

We reviewed each study, highlighting study
design and analytical approach, data collection
platform, and whether the unit of analysis was
individuals or groups. Different research methods
carry specific strengths and weaknesses. Further
discussion on the most appropriate methodology
for population-level studies is beyond the scope
of this review, but various limitations have been
widely considered (e.g., Bejder & Samuels, 2003;
Senigaglia et al., 2016; Booth et al., 2020). We
specifically considered studies that included both
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Table 4. Codes and definitions of factors (derived from Bejder & Samuels, 2003) used to evaluate studies associated with
whale watching and other forms of human disturbance in population-level studies evaluated in Tables 9, 10, and 11

Factor Code Definition
Short-term measures
BB  Changes in behavioral states/activity budgets
A Loss of acoustic space/masking (of communication or prey acquisition)
H Changes in swim speed, course, and orientation (horizontal avoidance)
\% Changes in surface, ventilation, and dive patterns (vertical avoidance)
E Energetic imbalance due to increased demand (avoidance or increased
swimming speed) or decreased intake (less foraging opportunity)
G Changes in group size/dispersion/cohesion
M Changes in animal motivational state
BC  Body condition (body mass; blubber thickness)
Long-term measures
Reproductive success and survival H Health status
CR  Calving rate
CS Calves survival
AS Adult survival
PD  Population decline
Ranging patterns and habitat D Displacement
utilization SR Sighting rate
Study characteristics
Type E Empirical data collected
M Modeling approach
C Combination of empirical data and modeling forecast approach
Design CE  Controlled experiments
(6] Opportunistic observations
H Historical data
Platform B Data are collected from a boat-based platform
L Data collected from land platform
Analytics WE  Within effect comparison
CI  Control vs impact comparison
BDA  Before/during/after comparison
Subject G Focus on the group
1 Focus on the individual

Whale-watching industry characteristics

Duration S Short established industry: < 5 y operation
L Long established industry: > 5 y operation
Regulatory framework P Permits/license legislation
R General regulation for cetacean protection
G Guidelines (voluntary or official)
Intensity LI Low impact: < 3 boats present at one time
HI  High impact: > 3 boats present at one time
WW  Whale-watch/dolphin-watch tours
SW  Swim-with in water encounters with humans
Source of anthropogenic disturbance
Whale watching wWw
Pile driving P
Seismic survey S
Non-targeting boat traffic BT
Military exercise (e.g., sonar) M
Commercial fishing F
Pollution PC  Chemical pollution
PA  Acoustic pollution
Climate change C
Other (6] (Specific information given on a case-by-case basis)
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empirical measurements and modeling approaches
to forecast long-term consequences. For whale-
watching studies, we also included a description of
the history of development of the industry in each
location. These activities are frequently imple-
mented with highly variable levels of regulatory
oversight and vary greatly in capability, in terms of
fleet size and number of vessels allowed per encoun-
ter and/or animal, and by type of tour offered, with
or without an in-water component. We classified
the type of whale-watching regulatory framework
in place based on categories provided in Tyne et al.
(2014), using methods described in Table 4, which
are described and specified in the corresponding
text and tables in the “Results” section.

In cases of resident populations or animals show-
ing high fidelity to an area, we assumed that the
duration since implementation of the industry was
a proxy for the potential magnitude of an effect.
We thus highlight the number of years from when
whale watching was implemented. Mysticetes and
odontocetes differ in their life history characteris-
tics. Mysticetes are capital breeders, accumulating
energy on feeding grounds and transferring energy
to calves in breeding grounds; whereas odontocetes
are generally income breeders with less discrete
feeding and breeding periods occurring throughout
the year (e.g., McHuron etal.,2017). Anthropogenic
disturbance studies generally focus on specific
habitats within an animal’s home range (namely,
feeding and breeding grounds, migratory corridors,
and areas where populations reside year-round)
as this may affect their ability to compensate for
disturbances. We consequently separated studies
on mysticetes and odontocetes and consider com-
pensatory opportunities on a study-by-study basis.
For each temporal category, we provided in-depth
analyses of a single selected study per taxonomic
group (mysticetes vs odontocetes), when available,
representing examples of best practice and/or most
significant results. One example for each is given
to highlight potential differences (e.g., Wade et al.,
2012) or similarities (e.g., Senigaglia et al., 2016)
between species in each taxa with different life-
history strategies. Results from the remaining stud-
ies reviewed are included within the corresponding
“Results” tables for the chronic exposure severity
assessments, with additional corresponding text
included in Appendix 2.

Results

Adjudicated Response Severity Results from
Selected Acute Exposure Studies

A full application of the revised behavioral
response severity scales for acute (captive and
field) exposure scenarios (provided in Tables 2 and
3) to the entirety of marine mammal literature on

behavioral responses to all anthropogenic noise
sources is well beyond the scope of this article. In
an effort to evaluate and illustrate how the modified
severity assessments function, multiple assessors
independently evaluated a subset of the published
literature. We used a structured process both to cat-
egorize studies and to select a manageable number
(n = 20) from over 400 studies published prior to
2018 that were initially identified and considered.

First, we focused primarily on studies of free-
ranging marine mammals given the prevalence of
such studies in the published literature. Second,
we pooled studies by operational source types
(specifically, active sonar sources, industrial [con-
tinuous] sources, pile driving, and seismic airgun
surveys) for all species rather than impulsive/non-
impulsive and animal hearing group distinctions
(Southall et al., 2007, 2019a). Finally, we assessed
all 400+ studies and categorized them (within the
four operational source types specified) as having a
high, moderate, or low priority for scoring accord-
ingly. High priority studies were identified as those
having many (> 9) of the exposure, contextual,
and response metrics specified (Table 1); papers
with less than nine metrics reported were then
subsampled for review and evaluation (where > 5
studies existed within each source type) based on
the distribution of reporting metrics across catego-
ries of animal subject variables, exposure context
variables, and exposure metrics. Moderate prior-
ity studies were identified as those having three
to nine of the exposure, contextual, and response
metrics given in Table 1. Low priority studies were
identified as those having fewer than three of the
exposure, contextual, and response metrics speci-
fied. Within each source type, where more than five
studies were identified in the high priority category,
a randomization process was used to identify those
that would be selected first from that category. If
more than five high priority studies were identified
within a source type, they were randomly selected,
and the selected studies were scored by all three
assessors. Where fewer than five high priority stud-
ies were selected within a source type, moderate
priority studies were selected from the random-
ized pool until a total of five studies per source
type were identified. Low priority studies were not
selected or scored.

Following this study selection process, 20 stud-
ies (five from each of the four source types) were
evaluated relative to the acute (field) severity
scale (Table 3) independently by three assessors
(authors P. Tyack, D. Nowacek, and B. Southall)
with extensive field and analytical experience
with marine mammal behavioral response stud-
ies. It should be noted that each of these asses-
sors were also lead or co-authors of a number of
the studies evaluated. There is extensive benefit in
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having experts in the field familiar with methods,
species, and exposure types involved in studies
being assessed within a structured expert assess-
ment, as well as a higher likelihood that the more
experienced an assessor, the more likely they may
have been involved in some of the most relevant
studies. However, a fair criticism could certainly
be made that the inclusion of authors of studies
being evaluated in this process is not impartial.
Subsequent assessments using these methods
(e.g., full reviews of all literature for a specified
noise type) should consider the relative balances
between having very experienced reviewers vs
assessors with fewer potential biases within what
remains a relatively small field.

Following their independent assessments, an
adjudication process (following Miller et al., 2012;
Southall et al., 2019b) was conducted in which con-
sensus results summarizing exposure and response
occurrence, type, and severity were identified.
Syntheses of the adjudicated results, including the
level of agreement among the independent assessors,
are provided below for each source type, including
active sonar sources (Table 5), industrial (continu-
ous) sources (Table 6), pile-driving sources (Table 7),
and seismic airgun survey sources (Table 8).

Adjudicated Response Severity Assessment
Active Sonar Sources—Research on the behavioral
effects of active sonar on marine mammals has been
a very active field, with both observational studies
of actual sonar exercises and CEEs to measure indi-
vidual responses to known exposures (see Southall
et al., 2016). Consequently, numerous high priority
studies were identified with results amenable to the
severity assessment developed here. From these,
five were selected: Tyack et al. (2011), DeRuiter
et al. (2013), Hastie et al. (2014), Miller et al.
(2014), and Isojunno et al. (2016) (see Table 5).
Tyack etal.(2011) combined results from exper-
imental and incidental exposures and responses of
Blainville’s beaked whales (Mesoplodon densi-
rostris) to naval active sonar signals played back
through a stationary playback system and to actual
naval sonar exercises. Experimental exposures
with fine-scale tag sensors are detailed in terms
of exposure and response. Longer-term satellite-
transmitted tag data provide a longer perspective
on avoidance during and following sonar exercises
but require assumptions about exposure given
the lack of acoustic data and limited information
on source proximity (lowest possible RLs were
reported). There was extremely consistent scoring
of exposure, context, and response severity by all
assessors given the details presented. Responses
were documented in all individuals, including ces-
sation of foraging and (most commonly) sustained
avoidance.

DeRuiter et al.’s (2013) experimental study
measured behavioral responses of Cuvier’s beaked
whales (Ziphius cavirostris) to naval active sonar
signals and killer whale sounds. Individual expo-
sures and responses were measured continuously
using acoustic tags and are reported in detail with
some known contextual and exposure metrics
specified. Each assessor provided nearly identical
assessments of exposure and responses of vari-
able severity, which included cessation of fluking,
cessation of echolocation, extended dive dura-
tion, shallow ascent, and sustained avoidances.
Further, assessors noted the apparent indication of
range-dependent response differences and poten-
tial RL-dependent effects when considered within
exposures.

Hastie et al. (2014) conducted CEEs in a cap-
tive setting with gray seals (Halichoerus grypus)
exposed to two sonar signals; this single captive
study was assessed with the field severity scale.
Exposure conditions and responses were specified
in detail, and assessors reported nearly identical
metrics of exposure and response type and sever-
ity. Two individuals were each exposed to two dif-
ferent signal types, and RLs were reported within
the most sensitive band of hearing. Assessors
identified avoidance of the sound source in both
individuals to both signals, with a stronger haul-
out response identified (and assumed to represent
sustained avoidance) for one signal type.

Miller et al. (2014) studied behavioral responses
of killer whales (Orcinus orca) to several kinds of
naval sonar signals. Assessors largely concurred
on exposure and responses which were sampled
continuously with tags and described in detail,
with some brief adjudication required for con-
currence on weighting responses by individual.
Assessors identified clear responses in tagged
individuals in some but not all contexts, primarily
involving avoidance (severity score 6 — survival
track), but in one case involving female—calf sepa-
ration (severity score 8 — reproductive track). This
contained the most severe responses observed in
any study considered.

Isojunno et al. (2016) measured responses of
sperm whales (Physeter macrocephalus) to sev-
eral different sonar signals (those used by Miller
et al., 2014) and analyzed responses in terms of
behavioral state switching. Individual whales were
monitored using tags before, during, and after
exposure to multiple sonar types, but data were
analyzed and presented across individuals within
sonar treatment types. Assessors were generally in
good agreement in terms of the type and nature
of response, although one assessor noted avoid-
ance in one instance but agreed in adjudication it
was not sufficiently supported by the data. One
score is recorded per sonar treatment type given
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that multiple whales were included in each treat-
ment type; individual-level data were obtained but
could not be scored based on data as reported. A
reduction in foraging (severity score 5 — foraging
track) was detected for one of three sonar types.

Industrial (Continuous) Sources—Behavioral
responses of marine mammals to other continu-
ous sources such as offshore drilling, construction,
or vessels has also been the subject of extensive
research for decades (see Southall et al., 2007; NAS,
2017). During our study, we found a large number
of papers that failed to provide sufficient details
about noise source parameters and operations and
were thus deemed low or moderate priority stud-
ies. We selected and scored five studies for assess-
ment from the few high priority studies identified —
Malme et al. (1986), Gordon et al. (1992), Nowacek
et al. (2004), Holt et al. (2009), and Kendall et al.
(2013)—and several were deemed moderate in
terms of the number of exposure and response
parameters provided (see Table 6).

Malme et al. (1986) conducted experimental
playbacks of recorded vessel and drilling noise
and seismic airguns to migrating gray whales
(Eschrichtius robustus). The industrial (continu-
ous) noise exposures are considered here, and
the seismic airgun surveys are scored separately
(below). This published technical report pro-
vides extensive details at the individual level of
exposure(s) and response. It was noted that the
context of and relatively low source levels for
drilling sounds played back relatively closer to
animals differ from full-scale operational sources.
There was very good agreement between review-
ers given extensive details on individual expo-
sure and response with some slight differences
between reviewers in scoring onset of avoidance
(where clear movement away from the noise
source is first observed) vs sustained avoidance
(where directed movement is maintained during
and especially following exposure). This was
adjudicated to the former.

Gordon etal. (1992) conducted an observational
study of potential responses of sperm whales to
whale-watching vessels in different contexts.
Multiple observations were made of groups with
different compositions of individuals and pre-
sumed familiarity with such vessels. Individual
acoustic and diving behavior was observed but
reported at the group level. There was moderately
good agreement among assessors on the nature of
responses, with some discussion required regard-
ing exposure metrics and weighting the observa-
tions. Because it was challenging to assess the
relative differences between animal groups in
experience or familiarity with sources with cer-
tainty, assessors adjudicated to scoring a single
observation for this study. Assessors concurred

on the presence of detectable changes in diving
and in subsurface interval/time, the latter being
the more severe response and the effective score
assigned. Insufficient information about exposure
was provided to report explicit corresponding RLs
with the observed responses. It was noted that this
type of study would be better assessed within the
context of longer-term severity assessment.

Nowacek et al. (2004) conducted CEEs with
North Atlantic right whales (Eubalaena glacialis)
using a variety of industrial (vessel) and experi-
mental (alarm) stimuli. Given the low source
level of all stimuli, they were projected at rela-
tively close range for all exposures. Extensive and
detailed individual exposure and response param-
eters were measured continuously using tags sup-
porting scores for all individuals (weighted by
number of exposures as needed). Assessors were
in complete agreement for individual responses
and individual weighting, as well as exposure and
response conditions, given the detail provided.
Some discussion was required to adjudicate minor
differences in severity of foraging changes and
inclusion of minor changes in diving.

Holt et al. (2009) studied vocal responses of
killer whale groups to vessel presence. Group
observations of one feature of vocal characteristics
(estimated source levels) were observed in differ-
ent conditions of vessel exposure. Assessors gener-
ally agreed on both the group weighting (a single
observation for the study) and the nature and sever-
ity of response being brief/minor changes in vocal
rates or signal characteristics. Insufficient details
were provided on noise exposure conditions at the
group level to assign a RL (or range); maximum
levels given are not applicable since they are not
associated with the response that was detected.

Kendall et al. (2013) studied acoustic responses
of beluga whales (Delphinapterus leucas) to con-
struction noise in an observational study of group
vocal (clicking) behavior. Group observations
were made in relation to construction noise, but
details on noise exposure conditions or ranges for
groups were not reported. There was good agree-
ment about the nature of response and reporting
weighting as a single observation. A reduction
in click rates was detected, which could either
reflect movement from the area or reduction in
vocal output. Since this trend of reduction was
not significant, it was considered a potential vocal
response but of the least possible severity. It was
again noted that this type of study is also likely
more appropriately considered with population-
level assessments.

Pile-Driving  Sources—Extensive research
has been conducted on the potential effects of
noise associated with the installation of offshore
facilities, notably the noise associated with pile
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driving, which is impulsive at the source. Many of
the published studies on the effects of pile-driving
noise are observational rather than experimental
in nature, and many focus on the local population
rather than the individual level, making appli-
cation of our assessment for response type and
severity more challenging as it is not designed for
assessing population responses to long-duration
activities. We selected from identified high and
moderate priority papers as described above and
herein provide assessments for Blackwell et al.
(2004), Brandt et al. (2009, 2011), Tougaard et al.
(2009), and Thompson et al. (2010) (see Table 7).

Blackwell et al. (2004) conducted an observa-
tional study of responses of ringed seals (Phoca
hispida) hauled out or in the water in the course
of construction (pile driving) and operations (heli-
copter noise) associated with an offshore energy
facility. Individual responses were reported, but
individual identity was not known across days,
meaning that individuals could have been exposed
on multiple occasions. Multiple stimulus types
were considered, some occurring simultane-
ously, with aerial and underwater noise conditions
reported. Maximum levels were given at the posi-
tion of the closest seal but were not reported for
all individuals. Assessors were in moderate agree-
ment, with some different interpretations of includ-
ing individual-level data and how to report RLs
associated with scores. Assessors agreed on the
nature of responses, which included mild orienting
responses with a single incident of a seal abandon-
ing a haulout, and they concurred upon adjudica-
tion to report individual incidents separately as pre-
sented. Maximum RLs were determined here only
for individuals at or within 10 m distance reported
for closest seal.

Brandt et al. (2009) is a technical report docu-
menting potential responses of harbor porpoises
in the area to the construction of an offshore wind
facility; Brandt et al. (2011) is the peer-reviewed
publication that followed. Both were scored here
in part to evaluate relative differences in informa-
tion provided and assessments drawn from a more
expansive technical report and a peer-reviewed
publication. Assessors had slightly different inter-
pretations of the results from the same study pub-
lished in separate formats. In each, group vocal
responses (changes in clicking behavior) are
reported, but it is difficult to distinguish whether
the reported reduction in clicks represented reduc-
tions in foraging or avoidance of disturbed areas
or both. For each publication, assessors agreed on
reporting a single value given the unit of observa-
tions, which was not specific to an individual or a
group. Maximum RLs reported were not included
with a severity score since response results were
pooled across multiple recorders, not all of which

included measured levels. Assessors identified a
minor reduction of vocal output and possible sus-
tained avoidance in Brandt et al. (2009) as changes,
adjudicating to include both scores given ambigu-
ity on the nature of this response; whereas changes
reported in Brandt et al. (2011) were scored as
reduced vocal mechanisms and possible sustained
avoidance. Both scores are reported with a differ-
ential weighting proposed for Brandt et al. (2011)
as both scores reported had the same severity,
though it is noted that effectively one observation
with a severity score of 6 was determined for each
publication.

Tougaard et al. (2009) conducted a similar
observational study with group vocal responses of
harbor porpoises to pile-driving noise. There was
good agreement among assessors regarding use
of a single observation for this group-level study.
Aspects of the study suggest habitat avoidance in
addition to vocal reduction; assessors scored both
butrated a lesser severity to vocal reduction (sever-
ity score 4). Source-level estimates and some RL
measurements are given, but assessors found these
challenging to assign to a specific exposure and to
relate to the severity scores. Assessors noted that
this was an important and clear study but, given
the broad spatial extent of the study and the lack
of a clearly defined response onset and cessation,
it would likely be more appropriately evaluated by
using methods for assessing severity on broader
spatial and longer temporal scales.

Thompson et al. (2010) observed group vocal
activity for three odontocete species (harbor por-
poise, common bottlenose dolphin [Tursiops trun-
catus], and common dolphin [Delphinus spp.]) in
the presence of offshore wind power installations.
The nature of these observations was similar to
those in Brandt et al. (2009, 2011) with similar
challenges in determining whether reduced click
rates reflect changes in vocal rates or habitat
avoidance. This study required substantial discus-
sion and adjudication among assessors, primarily
centered around whether and how to report data
by species. Assessors ultimately determined not
to report scores for Tursiops or Delphinus given
challenges in distinguishing among delphinid
clicks. Scores for Phocoena were reported and
equally weighted as sustained avoidance and
vocal reduction. Insufficient data were provided
to assign specific RLs in terms of minimum levels
associated with onset of response.

Seismic Airgun Survey Sources—Some of the
earliest quantitative analyses of human noise
impacts on marine mammals concerned the
potential effects of seismic airguns on whales (see
Richardson & Wiirsig, 1997). In recent decades,
this has remained an area of active research
involving experiments wherein the investigators



441

Marine Mammal Behavioral Response Severity

uonerndod *$19p10921 9dnynw ssooe (mo12q 938) (1102)
2o om ssiodiod pajood a1om s)Insar asuodsar aours 10y “Te 30 Jpuelg sopadaid
9 o1 SurAnp opig 109 H.NI POpN[OUT JOU dIoM ST “XBIA ‘SoSueyo se yorym 310dar [eoruyos)
s : SUOTIONPAI [BO0A UAIS QOUBPIOAR PIUTEISNS ) ST SIYT, "snpnwns
9rqrssod pue (Indino [eo0A Jo uorONPaI astou Surarp-aid
uvonendod  1ourur) asuodsar Jo aInjeu pue (suonealesqo  (puaodoyd 03 sasuodsaI [eo0A
[eo0] astodiod Jo aryeu dnoiS uoAIS onfeA O[SuUIS)  PUIVD0Y]) dnoi3 jo Apms (6002)
¥ 00 SurAup o[id IoqIeH Sunysom 0y yoroidde uo juowearde poon) ostodiod 1oqrey [eUONBAIOSqQ ‘[® 19 Jpuelg
0 0l TordodrjeH
0 01 Suraip d[id
0 (121eM) (T SuIALIp o[l
0 (191em) 0T SUIALIP I
0 (109em) 0] SutALIp oid
0 (103em) 0] SurALp o[id
0 (1o7em) (] SUIALIP oI
0 (1o1em) T SUIALP 3[id
0 (17em) ([ SUIALIP 9l
0 (17em) ('] SUIALIP Ol
0 (17em) (] SUIALIP oI
Syl IS1 0 (1o1em) 01 SUIALIP [id
06 9 I () 0’1 o[y + 3ulnid
06 96 I (re) o[ ofay + 3uljid *Teas 3s9s0[0 10J pajrodar anjea Jo W (]
S (re) 0’1 ooy + Sulid UTYIIM IO JB S[eNPIAIPUL JOJ A[UO STY “Xeuwl
0 (101em) ' Oy + Sulfid ap1ao1d 0) Ssem UOISIOOP 0S ‘A[[enpIAIpul
I (1o7em) (" Oy + Surid paytodar Jou a1om suonIpuod aInsodxyg “UQATS J0U
1 (1o1em) )T O[9Y + SuI[ig ‘A[orexedas syuaprour [enpiarput 110dar o) KINUapI [enpIAIpUI Jnq
! - sem uonedIpn(py "A[[enpraipur paysmsunsip ‘parrodar sasuodsar
I (11e/) 0" OI2Y + Sulid 9q AJureirad jou prnod A3y} se sfenprarpul [enprarpuj ‘suonerddo
I (1o188) 0'T O + Sullld 100 11ds 10 UONBAIISQO I[IUIS © OIUT uMOuY JO SILI0FIL
1 (19em) o)1 O[9Y + Sulfig QUIqUIOD 0) JAYIAYM SUIPIeSI SAOUIIJIP [BIDASS JO 9SINOD #002)
I (11eM) (] O[Y + Surig  payroads Qwos YIIMm ‘AI10Aas pue odA) asuodsar (ppidsiy pooy ) oy ur sasuodsar Jo T’
chl ¢ I (101M) (] O + Sur[ig JON UO SIOSSISSE TUOWE JUIWARITL AJRISPOJN  [B2S PIgury Apmis [eUONIBAINSQO)  [[oMOR[g
TdS SINY SQ100S Sunysop  snnung 109[qng AIewwuns Juowssassy parpnys saroadg adKy Apmg Apms
pajedipnlpy

asuodsar ou J1 Ty

“xew 1o jurod a3ueyd
18 Ty PAIRIOOSSY

$201n0s JurALIp-o[1d — s1oded paroos pajod[as 10J JUAWSSISSE AIewung */ e,



Southall et al.

442

uonendod
[eo0; astodrod

*s10p10931 9[dnnw ssoxoe pajood arom
synsar osuodsar 3oUrs AI3Y PapN{ouI Jou
0S[e 2IoM STTY "XBJA "SOSULYD SB PIIJIUIPI

‘(ar0qe
99s) 110daz [eO1UYO)
(6000) 'T& 12 1puelg

9 S0 Suranp o[ig IoqreH o1oM (K)110A9s Tenbo) suononpar [eooA oy woiy uonesrqnd
UQAIS Q0UBpIOAE paure)sns d[qissod pue PpamaraaI-1oad oy
SWISTUBYOIW [EO0A PIONPAI ‘a10y papraoxd SI STY T, "Sn[nwns
uonjeue[dxa pue S[1eJOP Y} UIAIT ‘TOAIMOH astou Jurarp-aid
uonendod -osuodsal JO aInjeu pue (SUONBAIISQO 0] sasuodsar [eooA
[eo0; astodzod Jo amjeu dnoi3 uaAI3 anfea 9[3urs) dnoi3 jo Apnys (1102)
9 S0 Suranp 9[id 10qIeH Sunysom 03 yoroidde uo juowaaise poon) astodiod 1oqrey [euOnBAIdSqQ ‘[ 12 Jpuelg
(dds snuydjaq)
uonejndod 'Sy o1y10ads ugisse 03 payrodor UOHEWIOJUT urydjop
Teoo] astodiod JUSIOIJJNSU] “UOTONPAI [BIOA PUR JOUBPIOAL uowrwo))
9 $0 uIALp o[ld 1091eH paurelsns yjoq se patodar nuaoo0yJ 10y uone[eIsur
$2100G "payiodar oq jou pynom snurydjaq Mﬁ”ﬂ“ﬂ% K319U9 puIm 2I0YSIJO
10 $do1s.41 ] J0J SAI0IS ‘SIOI[O UO Paseq ni diop JO 1X9Ju09 ur sa1oads
uonendod sprurydjop Surgsmsunsip ur so3ua[[eyd : UBIIRIID 1Y) IO (0102)
[eoof astodiod  uoaIs yey) Juowaaide ‘uonesrpn(pe ysnoryJ, osousmod Kyanoe [eooa dnois jo e
9 S0 SurAup o[id JoqIeH 's10ssasse Juowe JuawadIde eniur 1004 dstodiod Joqiey  Apnis [euonealdsqQ  uosdwoy],
asodxa o1y10ads © 0) udisse
0) SuISu[[eYD J1 PUNOJ SIOSSIASSE INQ ‘UIAIS
QIOM SJUSWIINSEIUW WIOS UL ST 0] umouy
SOJBWITISO [OAS[-0INOS "OI0IS JATIOJ Y} ST Jou d19M ST pue
10)J[ AU} $O0UBPIOAE PAUIE)SNS PUB UONONPAI POIJIIUAPI JOU IOM
voneindod [E90A QIDASS SSO[ Opnyoul 0} Ing ‘Yjoq 31odar S[enPIAIPUT YOTYMm
Eo.oﬁ astod 0) PAJEdIPN[PY *9OUBPIOAE PAUTL)ISNS JO 10J SUOIBAIISQO JO
9 01 Suanpopg  -iod uo@.amm uonINPAI [BIOA JYIIA JO UOISN[OUT SUIPIRFaI QInjeu UAAIS SUIALIp
o ’ SOOUQIQIJIP JOUIW QWOS JUSWISSISSE onid 0y sestodiod
K)119A9s pasnd0J-dnoi3 yirm IOpISuod 0} 10q1eY JO sasuodsax
uonendod drenrdosdde a1ow 9q pnoo siy) (Apnys onsnooe dnoid (6002)
[eooj astodiod [9A9]-dnoI3 S1y) 10J UOTIBAISSQO [SUIS pauLjop-[[om ym BLRE]
¥ 00 SurAup o[ig 10qQIeH Surpie3ar s10ssasse Juowe JuowadIde poon) asiodiod 1oqiey  Apnis [UONBAIISQO preesnog,
TdS SINY $31008 SunySop  snnung 102[gng Arewrwuns JUSWSSISSy parpnys saroadg ad£y Apmg Apmg
paeatpnlpy
asuodsax

ou J1 Ty "Xeuw 1o
jurod oSueyo 1
T PaIRI0SSY




Marine Mammal Behavioral Response Severity 443

direct sound sources or monitor ongoing opera-
tions. We selected experimental studies in the high
priority category for this source type, scoring five
studies: Madsen et al. (2002), Miller et al. (2009),
Dunlop et al. (2015, 2017), and Gailey et al.
(2016) (see Table 8). We also scored the seismic
airgun exposures reported in Malme et al. (1986).

Madsen et al. (2002) was an experimental
study with sperm whales using visual observa-
tions at the individual level accompanied by
acoustic monitoring. Two different exposure sce-
narios were reported with multiple individuals at
different distances from sources. No observable
responses were reported for any individual (i.e.,
right-censored data as defined above); maximum
levels are thus appropriate to associate with no
response. The assessors generally agreed on rel-
evant details of exposures and lack of observable
response(s). Assessors differed as to whether to
report an overall response and weight by number
of individuals, but ultimately agreed that suffi-
cient detail was provided to support three separate
scores, each with associated response scores and
received noise levels.

Miller et al. (2009) exposed sperm whales to
known and controlled exposures to a full-scale
seismic survey. Responses were measured and
reported at the individual level with archival
movement and acoustic tags, and augmented
with visual observations. There was very good
agreement among assessors regarding exposures
and response at the individual level. Behavioral
changes were scored for almost all individuals
classified as either vigilance and/or reduced forag-
ing. A slight difference among assessors initially
regarding responses as vigilance or reduced forag-
ing was adjudicated to the more severe response
based on reduction in foraging rate.

Dunlop et al. (2015) conducted experimen-
tal exposures of tagged individual humpback
whales to a single seismic airgun. Behavior was
characterized from passive acoustic recordings
as well as observational tracking at individual
and group levels. Responses were considered and
reported within age classes, which were assumed
but not known to be unique individuals since the
study was in the context of migratory behavior.
Received noise conditions were not quantified
at the individual level, though broad ranges of
exposure conditions were given. Assessors did
not initially agree in terms of segregating groups/
individuals into separate exposure instances or
in terms of severity of response. Upon adjudica-
tion, it was agreed to report a single value for the
study given limited information about individual
exposure conditions, mixed contexts across con-
ditions/age classes, and some level of uncertainty
on whether individuals were observed repeatedly.

The single observed score was identified as a
minor deviation in the typical migratory pathway.

Gailey et al. (2016) studied behavior of gray
whales incidentally exposed to an ongoing seis-
mic survey. Individuals were observed and
tracked during operations; two focal case stud-
ies were reported. Extensive multivariate data
were presented on movement before, during,
and after exposure to seismic airgun signals, but
limited information was provided on individual
exposures and responses. Assessors were in good
agreement that it was not possible to conduct a
severity assessment for this study given informa-
tion available in the paper. It was noted that while
this was a useful study with an extensive, expen-
sive, and complex effort, when results were com-
piled within complex multivariate models without
individual exposure details provided either within
the paper or supplementary materials, exposure
and response are challenging to assess for severity
scoring.

Dunlop et al. (2017) conducted CEEs with
tagged individual humpback whales exposed to
a seismic airgun array. While individual exposure
and response were known, they were reported
and analyzed collectively, making it impossible
to score individual responses. Exposure-response
contexts of RL and source proximity were both
used in a multivariate analysis. Avoidance
responses were observed for some individuals,
and these were scored as a group response by
assessors. There was generally good agreement
among assessors for reporting a single score given
the nature of the analyses. Assessors noted that
for this type of study where individual details
were obtained and known—whether provided in
supplementary materials or linked to the paper—
additional individual scoring with this sever-
ity scale would be possible. Given the expense
and difficulty of conducting this kind of study,
detailed reporting of the individual cases would
be advisable, enabling future analyses.

Malme et al. (1986) conducted experimental
playbacks of recorded drilling noise and vessel
noise (described above), as well as operational
seismic airguns, with migrating gray whales.
There was very good agreement among assessors
given extensive detail on individual exposure and
response parameters. Responses included minor
deviations from the migratory pathway, changes
in locomotion, and brief avoidance.

Population-Level Study Results

Multi-Year Whale-Watching Studies— A number
of studies have empirically evaluated multi-year
effects of whale-watching disturbance on vital
rates or predicted long-term consequences for both
mysticetes and odontocetes. We evaluated selected
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studies which specifically investigated whale-
watching effects on vital rates and which were
comprised of data collected in impact and control
situations over multiple years (Williams et al., 2002,
2006; Lusseau, 2004, 2005; Lusseau et al., 2006;
Christiansen & Lusseau, 2014, 2015). For each of
these studies, we provided a summary assessment
for a selected example based on the structured
review process described in Table 4 and a short
synthesis of each paper (Table 9); additional details
for other studies are given in Appendix 2. Overall,
the studies examined reports that whale-watching
activities influence cetacean behavior that, in turn,
can have repercussions on vital rates. However, the
impact of such changes largely depends on indi-
vidual cumulative exposure through time as well as
concurrent environmental stressors and additional
anthropogenic activities.

Christiansen & Lusseau (2015) quantified the
effect of whale watching on the energetic expen-
diture of minke whales (Balaenoptera acuto-
rostrata) on a feeding ground using 4 y of data.
The whale-watching industry in Flaxafoi Bay,
Iceland, started in 1991 (Martin, 2012) and now
coexists with the whaling industry, reinstated in
2006 in waters neighboring the whale-watching
area (Bertulli et al., 2014). Christiansen & Lusseau
(2015) quantified individual exposure to vessels as
a function of duration and encounter rate and docu-
mented seasonal and yearly variation reflecting the
industry’s seasonal variation and inter-individual
differences in whale behavior. They documented
that whale watching can affect body condition in
minke whales, but the low cumulative exposure
of individual minke whales to vessels in the area
indicated that levels of disturbance at that time
did not have significant long-term effects on vital
rates. However, individual variation in estimated
exposure to disturbance increased with increasing
whale-watching prevalence. Moreover, whales’ use
of the area is strongly influenced by the presence
of sand eels. In years of low prey density, whales
spent more time in the area and, thus, were sub-
jected to greater exposure to whale-watching dis-
turbance. Adaptive management strategies in years
of low sand eel density could therefore be adopted
to mitigate interactive effects of higher disturbance
during periods of reduced prey availability.

Williams et al. (2002) investigated the effect of
whale watching on northern resident killer whales
(NRKWs) in Johnstone Strait, Canada, document-
ing sex differences in responses to disturbance.
Williams et al. (2006) subsequently investigated
the energetic cost of anthropogenic disturbance
on NRKWs in the presence and absence of whale-
watching vessels. Activity budgets were then con-
verted to energetic cost to calculate the energetic
consequences of disturbance. Whales reduced their

amount of time feeding and increased traveling; and
while the associated energetic cost of active avoid-
ance is estimated to be just 3 to 4%, the concurrent
loss of feeding opportunities resulted in an estimated
18% decrease in energy gain. However, the 5 y of
data collected were insufficient to measure popula-
tion fluctuations. Disturbance in Johnstone Strait at
that time was apparently sufficiently limited such
that NRKWs were able to balance the energetic cost
of avoiding boats without detrimental consequences,
although concerns regarding auditory masking
effects that could decrease prey detectability were
identified. Similar findings of behavioral disruption
have also been reported for the endangered southern
resident killer whale (SRKW) population (Williams
etal., 2006, 2009b). These highly social odontocetes
rely on echolocation to locate fish prey and to live
in high-traffic, prey-depleted areas (Williams et al.,
2011), with high levels of whale-watching distur-
bance that have been identified as factors related to
population decline (Williams et al., 2006).
Decadal-Scale Whale-Watching  Studies— A
small number of studies have evaluated decadal-
length effects of whale-watching disturbance on
vital rates and linked these to long-term conse-
quences. We evaluated selected studies with suf-
ficient available data (Bejder & Samuels, 2003;
Bejder et al., 2006; Weinrich & Corbelli, 2009;
Filby et al., 2014; Senigaglia et al., 2019) and pro-
vide a summary assessment and synthesis of each
in Table 10, with selected examples discussed in
detail below and others considered in Appendix 2.
We identified a single study that quantified
disturbance in terms of population dynamics for
mysticetes. Weinrich & Corbelli (2009) measured
calf production and survival of humpback whales
in southern New England where the whale-watch-
ing industry began in 1960 and presently includes
over 15 companies on Stellwagen Bank alone.
Data from 1980 to 2006 were used to explore
calving rates and calf survival rates at ages 1 and
2 y in relation to exposure (measured as total
exposure time and total number of boat—whale
interactions). The exposure of female humpback
whales to whale watching during conception and
pregnancy was compared against successful calv-
ing events while prey density (mean number of
sand lance) was accounted for as a possible con-
founding factor during putative pregnancy years.
There was no evidence of reduced female repro-
duction or calf survival. Prey availability was
not correlated with calving rates but influenced
calf survival at both ages 1 and 2 y. Weinrich &
Corbelli concluded that, at that time, the industry
was deemed sustainable for humpback whales.
Bejder et al. (2006) documented a decrease in
relative abundance of bottlenose dolphins due to
increased whale-watching pressure in Shark Bay,
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Western Australia. This area is inhabited by one
of the longest studied populations of bottlenose
dolphins for which research activities started
before the whale-watching industry began in
1993. They compared relative dolphin abun-
dance between two adjacent sites (“control” and
“tourism”) with different anthropogenic pres-
sures across three consecutive 4.5 y time peri-
ods, corresponding to before commencement of
whale watching, with one tour vessel operating
(up to 4 trips per day) and with two vessels oper-
ating (up to 8 trips per day combined). Bejder
et al. demonstrated significant increases in dol-
phin exposure to tour vessels with concomitant
decreases in the average relative abundance in
the tourism site. Increases in relative dolphin
abundance in the adjacent control site were not
detected. The impact of whale-watching distur-
bance may be negligible on the large and geneti-
cally diverse Shark Bay dolphin population, but,
according to Bejder et al., the effect of tour ves-
sels on dolphin abundance in a region of low-
level tourism calls into question the presumption
that dolphin-watching tourism is benign.

Multi-Year to Decadal-Scale Studies of Other
Disturbances—A relatively small number of
long-term (many year) studies have evaluated
disturbances from non-whale-watching anthropo-
genic activities on cetacean vital rates and linked
these to long-term population consequences.
We selected and evaluated selected studies that
reported sufficient information (New et al., 2013,
2014; Pirotta et al., 2014, 2015) and provide a
summary assessment and synthesis of each paper
in Table 11, with additional details provided in
Appendix 2.

Multi-Year and Predictive Studies on Population-
Level Consequences of Multiple and Concurrent
Threats via Modeling Approach—New technolo-
gies are being developed to allow rapid assess-
ment of vital rates in the wild (Booth et al., 2020;
Christiansen et al., 2020; Currie et al., 2021).
However, given the challenges of obtaining such
measurements over multiple generational time
frames, studies have increasingly employed mod-
eling approaches to assess the effects of long-term
disturbance and multiple stressors (Pirotta et al.,
2019). Ecological and behavioral models allow
the consideration of multiple potential sources
of cumulative impacts in predicting population-
level consequences from short-term behavioral
responses. Quantitative tools can be used to fore-
cast population trajectories under different cir-
cumstances (i.e., additional management actions
implemented, increased human pressure, climate
change, etc.), including decision trees and simu-
lation-based analyses such as population viability
analyses (PVAs) (Strindberg & O’Brien, 2012;

Lacy et al., 2017). Such methods incorporate the
combined effects of stochastic processes, such as
demographic, environmental, and genetic variabil-
ity, and deterministic processes (e.g., overexploi-
tation, human disturbance, habitat degradation) to
simulate population dynamics and assess potential
extinction risk (Himes Boor, 2014). Moreover, a
theoretical framework is currently being devel-
oped to quantify the Population Consequences of
Multiple Stressors and assess the potential con-
servation threat associated with the exposure of
wildlife to multiple stressors. Challenges in the
implementation of both PVA and PCoMS remain
in the large volume of data required, encompass-
ing multiple years and considerable amounts of
funding. Few studies successfully employed such
methodologies using empirical data (Lacy et al.,
2017; Senigaglia, 2020).

Lacy et al. (2017) explored the cumulative
effects of multiple stressors on the endangered
population of SRKWs in the North Pacific with
the aim of prioritizing conservation actions and
guiding the implementation of effective manage-
ment plans. PVAs were used to model population
growth under different scenarios which varied in
the levels of anthropogenic stressors (including
noise disturbance measured as loss of acoustic
communication space), pollution, and prey avail-
ability. The relative importance of anthropogenic
stressors was also assessed. The comprehen-
sive dataset used encompassed multiple decades
of killer whales’ demographic parameters and
40 y of data on Chinook salmon (Oncorhynchus
tshawytscha) survival and reproduction. The
results of this study confirmed the fragility of
the population to any increase in disturbance,
with prey limitation being the most influential
determinant of a potential population decrease.
However, the authors conclude that mitigation of
SRKW population decline via prey management
alone would be unfeasible, while reducing noise
and chemical pollution would be insufficient to
meet the recovery target. Only a combination of
decreased disturbance and a 15% increase in prey
availability would allow for a forecasted popula-
tion growth of just 2.3%. This study highlights the
importance of considering multiple sources of dis-
turbance when developing effective management
plans, and the importance of employing predictive
modeling and new technologies to assess human
impact on marine mammals.
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Discussion

As we continue to study and understand aspects of
the effects of noise exposure on marine mammal
behavior, it has in some ways become more chal-
lenging to provide simple assessments of what kind
of exposures will initiate responses and of what
severity. Whereas initial assessments and regula-
tory approaches focused almost entirely on received
noise levels (in simple sound pressure units) with
proposed step-function thresholds for broad taxa,
science is telling us there is much more nuance
required. It was unrealistic to expect that diverse
populations would all respond to various sounds at
the same RL. Tyack & Thomas (2019) demonstrate
that using an all-or-nothing threshold, ignoring
the variation inherent even within one population
responding to one signal, can underestimate effects
by a factor of 280 for the dose-response function
estimated by Miller et al. (2014). Responses of wild-
life to sounds are probabilistic in nature both within
and across individuals. Considerable variability in
response type and magnitude has been observed
for similar noise exposures as a function of species,
age/sex class, individual behavioral state, and a host
of interacting biological and ecological contextual
factors (e.g., Richardson et al., 1990; Southall et al.,
2007,2019b; Ellison et al., 2012; NAS, 2017).
Effective management of the effects of sound
on marine mammals requires criteria that rec-
ognize the inherent variability of how animals
respond to different doses of sound in different
situations. Methods have been developed to use
results of behavioral response studies to estimate
probabilistic functions relating to exposure and
response. It is possible to estimate how the prob-
ability of an individual animal responding varies
as a function of acoustic exposure, using any of
several parameters for acoustic dosage and pool-
ing data from any set of populations, settings, and
sound types. However, pooling data from less
sensitive species with those from highly sensitive
ones will result in exposure-response functions
that may fail to predict responses of the sensitive
species and may fail management goals.
Documented variability in patterns of response
to anthropogenic sounds raises questions about
which taxa, contexts, and sound types should be
pooled and where discrete probabilistic functions
are needed to make informed decisions. The best
method for analyzing specific issues, such as
effects of seismic surveys on bowhead whales in
shallow Arctic seas, would be the derivation of a
discrete function with sufficient sample size for
this particular setting. However, it may not be
realistic to develop separate functions for each
population, sound source, and setting. This raises
the question of when it may be valid to extrapolate

from one situation to another, or how to pool data
when sample sizes are not large enough.

Southall et al. (2007) initially pooled taxa by
hearing groups and had segregated exposures
using purely acoustic pulse or non-pulse catego-
ries more relevant to auditory impact differences.
Remarkable progress has been made in the past
decade in developing methods to estimate proba-
bilistic dose-response functions that can be used
to predict the probability of response (Miller et al.,
2014) at different severity levels (Harris et al.,
2015). The Bayesian methods described in Miller
et al. (2014) use reasonable a priori assumptions
to efficiently derive strong statistical power from
modest sample sizes. As the number of response
studies increases, we have more options of using
methods that empirically test which taxa, sounds,
and contexts show similar enough dose-response
patterns to indicate pooling them and which are
so different that they are better treated separately
(e.g., Harris et al., 2015). We advocate here for
a rational, common-sense framework with which
to systematically and objectively assess available
science and yield a manageable number of proba-
bilistic response functions with which to make
informed decisions.

These kinds of exposure-response methods and
this framework require the ability to integrate data
from many separate studies with common mea-
sures. We strongly advocate for much more robust
and systematic reporting of key exposure, contex-
tual, and response metrics in both experimental
and observational studies. Multiple and differ-
ential noise exposure metrics are clearly needed,
including multiple SPL and SEL conditions as
well as derived variables including SNR. This
relates to all studies of marine mammal behavioral
response, whether in the field or in the lab and
whether acute or chronic exposure. While some
of those identified in Table 1 may be more or less
relevant than others, depending on the species and
context of exposure, a common observation from
Southall et al. (2007) that remains largely true
here is that many studies simply provide insuf-
ficient details regarding these metrics to be as
useful as they could be. To make matters worse,
many studies certainly had such information col-
lected but just not reported. These should be much
more conspicuously and systematically reported
in papers or, where not possible given space
limitations, provided in supplementary materials
of published papers (e.g., DeRuiter et al., 2013;
Southall et al., 2019b).

In terms of assessing discrete (acute) exposure-
response events, we made substantial progress
and associated observations in several areas. First,
in acknowledging the radically different contexts
of discrete (acute) exposure-response events in
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captive and free-ranging conditions, we formalized
the distinction between them and disentangled the
severity scoring approach for them. The revised
severity scale for captive responses further distin-
guishes between the different contexts of disruption
of food-reinforced behavior and those observed in
other conditions. These should logically be consid-
ered separately, which is of relevance for entities
concerned with responses of animals in captive
conditions. In terms of free-ranging animals, we
propose a thorough reassessment and adaptation of
the existing severity scale for discrete (acute) expo-
sure-response events, taking a vital rate perspective
with responses of progressive severity in different
“tracks.” For free-ranging marine mammals, we
directly applied this severity scale to a subset of
the marine mammal literature using a systematic
assessment method based on the relevant details
provided in candidate studies.

Herein, we made a very important distinction
from how Southall et al. (2007) conducted a simi-
lar evaluation of the initial severity scale. Rather
than segregating noise exposure into the “pulse”
and “non-pulse” acoustic categories derived more
for the purposes of evaluating auditory effects such
as temporary threshold shifts in hearing, we seg-
regated them into functional noise categories. By
segregating noise sources into the effective indus-
trial categories of active sonar, industrial (continu-
ous), pile driving, and seismic airgun surveys, we
were seeking to not only evaluate things that share
some general contextual similarities at some level
but that also are more likely to be regulated and
hopefully mitigated using common practices. To
be clear, a complete and thorough evaluation of
all available studies in any of these industrial noise
categories was well beyond the scope of this article.
We did this deliberately to emphasize the point that
such noise category segregation, including potential
additional segregation for the purposes of deriving
meta-analysis response functions (e.g., more sensi-
tive and more tolerant species within sound types),
would be a logical approach. The derivation of
such group and noise type exposure-response prob-
abilistic functions is an area of extensive and active
research effort. This is also beyond the scope of this
article. However, these could include, for example,
Bayesian hierarchical models for generating dif-
ferential forms of behavioral response curves (with
uncertainty), model selection methods for assess-
ing support for species pooling, and reversible-
jump Markov chain and Monte Carlo methods to
select those models best supported by the data.

Akey observation and segregation of the sever-
ity assessment methods and results provided
herein relates to differences in the temporal and
spatial scales of exposure scenarios and associ-
ated studies. As discussed, we evaluated a number

of important longer-term, population-level studies
using the acute response severity scale with dis-
appointing and/or potentially misleading or unfair
conclusions. Put simply, these more conventional
means of scoring response severity for known,
discrete exposures at the individual or defined
level are less applicable for studies conducted for
less well-defined groups and/or local population
levels and for repeated or chronic exposures.

Borrowing heavily from the literature associated
with the study of chronic exposure in scenarios
lasting years or decades (e.g., whale watching),
we derived systematic review and assessment
approaches. While these are perhaps more lim-
ited in yielding quantitative severity scores, they
do provide a useful means of synthesizing results
presented on variable (including long) temporal
scales placed in a population context. From these
assessments, the following general and specific
conclusions arise. Longitudinal studies of marine
mammals over the entire span of their home range
are of particular importance in quantifying the abil-
ity of the targeted animal to compensate for distur-
bance and the associated impact(s). Animals living
in depleted habitats or that rely on heterogeneously
distributed resources will be less resilient, and the
impact of disturbance on vital rates will be higher
(Lusseau, 2014). Population-level consequences
are mediated by individual responses (Lusseau,
2014), and herein we highlighted the importance of
considering individual exposure rates (Christiansen
& Lusseau, 2015; Pirotta et al., 2015).

For instance, the combined results of reviews
of annual to decadal scales illustrate differences
in impacts of whale watching between mysticetes
and odontocetes, likely as a result of variabilities
in their compensatory opportunities. It appears
that mysticetes, although affected by vessel pres-
ence both physiologically (increases in stress hor-
mones; see Rolland et al., 2012) and behaviorally
(disruption of feeding activity; see Christiansen
& Lusseau, 2014), may be more readily able to
compensate for short-term effects that may not
translate into long-term impact. Mysticetes are
capital breeders; thus, they accumulate energy
while in feeding grounds and transfer energy
to calves while in breeding grounds. We might
expect disturbance to have different consequences
in these two areas and differences in compensa-
tive measures adopted by the animals. Migratory
whales may be able to compensate for behavioral
disruption in one part of their foraging grounds by
feeding in other areas. A number of factors deter-
mine compensation ability in mysticetes, includ-
ing individual cumulative exposure, presence and
impact of concurrent disturbance sources, central-
ity and relative importance of study area within
the home range of the animal, prey availability,
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and predictability (Lusseau, 2014). While these
natural history factors may result in differen-
tial sensitivity to some kinds of disturbance, the
threatened or endangered (in some species criti-
cally) status of many baleen whales and associated
requisite conservative approaches to management
are clearly relevant associated considerations.

Conversely, odontocetes, at least in some
contexts, may experience a higher cumulative
exposure to whale-watching disturbance due to
their localized and coastal home range (Lusseau,
2014; Senigaglia et al., 2016). They also might be
less resilient than mysticetes to overexploitation
(Wade et al., 2012), requiring a different manage-
ment approach (Williams et al., 2009a) because
of their socioecology. Moreover, heterogeneity in
spatial use over the animal home range can arise
due to environmental factors such as uneven dis-
tribution of prey (Hastie et al., 2004), predation
risk responses (Heithaus & Dill, 2006), or behav-
ioral differences among individuals (de Stephanis
et al., 2008; Senigaglia et al., 2012). These area
usage differences may potentially lead to individ-
uals’ over- or under-exposure to whale-watching
disturbance (Pirotta et al., 2015).

In summary, simple all-or-nothing thresholds
that attempt to relate single noise exposure param-
eters (e.g., received noise level) and behavioral
response across broad taxonomic grouping and
sound types can lead to severe errors in predicting
effects. Differences between species, individuals,
exposure situational context, the temporal and spa-
tial scales over which they occur, and the potential
interacting effects of multiple stressors can lead to
inherent variability in the probability and sever-
ity of behavioral responses. Studies that quantify
this variability can estimate probabilistic response
functions, which then provide much better accu-
racy for predicting effects and identifying poten-
tially important contextual covariates. If one can
pool data from different studies, methods are avail-
able to empirically decide which taxonomic, acous-
tic, or contextual factors so alter the dose-response
function as to require estimating a separate func-
tion. Few behavioral response studies report the
critical data in a systematic, structured, objective
way. Such reporting is essential for these studies to
achieve their full potential for improving manage-
ment of the effects of sound on marine mammals.
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Appendix 1. Description of Subject-Specific,
Contextual, and Noise Exposure Metrics

The following gives more comprehensive expla-
nations of recommended metrics for disturbance
studies listed in Table 1A, B, and C.

Table 1A. Subject-Specific
(Individual or Group) Variables

Species — Species should be given, including
metadata regarding the identification method and
reference resources. For example, we have used
Society for Committee on Taxonomy (2021) and
Southall et al. (2019), Appendices 1-6, in our
assessments of the literature. Any possible ambi-
guities in identification should be made explicit in
the metadata for the study.

Functional Hearing Group — The reference
resource on functional hearing groups should be
specified. We have used Southall et al. (2019)
here, but it is possible that other references will
become relevant as additional or alternate hearing
groups are refined or developed in future criteria.

Subject Individual Identifier (Where
Applicable) — The subjects of observations may
be defined as groups or individuals. As discussed
in the article, separate processes may be required
for long-term studies in which case the group
may be a local population. If the subject is an
individual, the code for that individual should be
specified. In metadata for the observation, the
time-scale of the identifier should be specified
clearly (e.g., within track, during trial, during
trial series, over the period that an instrument
is attached, or long-term using photographic
or other permanent identification). If there are
reasons to suspect that different individuals
were observed in successive time blocks (e.g.,
because subjects were migrants), this should also
be specified.

Subject Weighting — If subjects are exposed to
multiple stimuli or to the same stimulus multiple
times, individual responses should be weighted by
1/n to ensure that analyses are not biased due to
imbalances in sample size where n is the number
of stimuli or stimulus presentations. For instance,
if individual x is exposed three times, there will
be three severity scores (s:1, s:2, s:3) for that indi-
vidual, with either different or identical severity
scores. Each would be given a subject weight of
1/n = 0.33 such that the overall contribution of
that individual to an across-individual assessment

of response probability would be N = 1, with a
severity score of S.as follows:

1 1 1
S = (le *;) + (sz *;) + (Sx?’ *;)

Censored Data? — It is possible that subject
responses are observed even at the lowest expo-
sure level in a series of planned experiments, indi-
cating that the threshold for response is lower than
the minimum of the test range (left-censored).
Alternatively, animals may not respond at even
the highest level of exposure (right-censored).
The range of exposure levels should be specified
and censoring indicated.

Age Class (If Known) — The age class of a sub-
ject should be specified, including the resource or
method used to determine age class.

Sex (If Known) — The sex of the subject should be
specified, including the resource or method used
to determine sex.

Calf Present? (If Female) — The presence of
calves should be encoded. This metric is known
to have an effect on the type and probability of
responses, but it can be somewhat circular if the
sex of the animal accompanying a calf has been
determined using its presence. The resource or
method for sexing the subject should be specified.
For some species, particularly highly social small
whales, examples of possible sources of confusion
are alloparental caregivers (Augusto et al., 2017)
and subadult siblings of both sexes.

Group Size — The size of the group should be
specified, and the strategy for calculating the
value should be included in metadata. For exam-
ple, group size might be the average or maximum
count from a number of surfacings.

Physical State — When observing free-ranging
animals encountered for brief periods, infor-
mation about physical state may or may not be
available. Some proxy metrics, such as sex or the
presence of a calf, are included herein. However,
other physical states, such as body condition (e.g.,
illness or starvation), pregnancy or other repro-
ductive state, and hearing impairment, have the
potential to affect probability of responses but
must be treated as unknown sources of variation.
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Because such metrics will be available so rarely,
physical condition has not been included as a
separate metric here. If study subjects are known
individuals in captivity or observed as part of a
long-term program, this information should be
specified to the extent that it is available.

Behavioral State — Behavioral states are activi-
ties, such as feeding and traveling, that an animal
engages in over time. States represent functional
categories that can be associated with biologically
important factors such as energy budgets, survival,
or fitness. States are often comprised of a series of
shorter-term behavioral events such as fluking up,
diving, pursuit, capturing prey, eating, etc. Because
these states are not always clearly separable based
on a limited source of behavioral data (e.g., surface-
based observations, an acoustic tag), an ethogram
defining the strategy for separating observed behav-
iors into state categories must be specified regard-
less of the degree of detail available about individual
behavioral events. Without this information, meta-
analyses across studies may be difficult to conduct,
particularly studies with different methodologies
(e.g., different tracking methods) or performed by
different research teams. In this article, we have
emphasized states that are measurable at sea and can
be related to survival and fitness, particularly for-
aging and reproductive behaviors. A small number
of states have proved quantifiable and potentially
variable in controlled exposure experiments (CEEs)
across multiple studies. These include deep and
shallow feeding, travel with an estimate of speed,
social interactions, and calling.

Table 1B. Exposure Context Variables

As described in the text of the publication, context
can have a large effect on the intensity of marine
mammal responses to noise. Contextual features
related to the noise environment are described in
Table 1B.

Exposure Novelty (i.e., Is the Source Common/
Rare in the Study Area) — For the most part, the
history of exposure of an individual animal or
group with a given stimulus is unknown for free-
ranging animals. If previous exposure is known
(e.g., instrumented animal or captive conditions),
it should be specified. If unknown, a measure of
the rate of encounter with the stimulus locally can
be used as a proxy.

Exposure Similar to Predator Sounds? -
Human-made noise (e.g., sonars) can share fea-
tures with sounds made by predators or other haz-
ards. In addition, test stimuli can be deliberately
designed using such sounds, particularly sounds

of or similar to those produced by predators.
What constitutes similarity still involves many
unknowns, but some features, such as frequency
sweeps within the frequency range of small whale
calls, have aroused responses that cannot be
explained adequately by sound amplitude such as
avoidance or calling in response to other vocaliza-
tions. The best way to make sure this information
is available for future meta-analysis is to provide
soundfiles and spectrograms with metadata.

Other Species Present in the Area? — Responses
to disturbance may be shaped by the presence of
other species. Predators represent a special case
(addressed below), but other kinds of interspe-
cies interactions may be important as well. For
example, they may be competitors or allies in
maintaining vigilance, or they may make social
interactions more complex.

Predator Species Present in the Area? — Predator
presence has the potential to influence disturbance
responses in both the terrestrial and marine envi-
ronments (Frid & Dill, 2002; Rankin et al., 2013;
Harris et al., 2018), but the relationship can be
complex (Heithaus & Frid, 2003). Predator pres-
ence should be documented to the degree possible
and included in disturbance datasets, along with
metadata on the measures used to survey predator
presence.

Other Anthropogenic Presence/Noise in the
Area? (Type and Proximity) — In addition to pro-
viding information about encounter rate as a proxy
for experience with a disturbance, anthropogenic
disturbances other than a target/test source can
have direct and immediate effects on responses.
Properties related to the sound field are described
below (e.g., masking noise). However, the nature
of the anthropogenic source can also be important
(e.g., approaching vessel traffic). This informa-
tion should be included in study datasets, along
with metadata on the measures used to survey for
predators.

Table 1C. Noise Exposure Metrics

What follows is a brief explanation of the noise
exposure metrics recommended as a minimum for
any dataset associated with a disturbance study
(listed in Table 1C). The acoustic metrics are
defined in more detail in Southall et al. (2007),
Appendix A.

Continuous or Intermittent Exposure -
Continuous noise differs from intermittent noise
in important ways. Continuous noise is the most
efficient masking source likely to be encountered by
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animals because there are no windows in the noise
that would allow a target sound to be heard (e.g.,
Lee et al., 2017). In the case of continuous noise,
simple presence/absence is enough specification.
For intermittent exposure, however, rise time (see
below) and degree of intermittency may be impor-
tant factors as well (the most basic measure is duty
cycle—the proportion of time that it is present).

Interval Between Exposures (s) — The interval
between exposures can be an important factor and
should be specified. If a series of trials must be con-
ducted in a short period, animals may or may not
recover from one exposure before the next begins.
Alternatively, if the interval is fairly long, animals
may be in different behavioral states when react-
ing. This metric differs from intermittency in that it
applies to successive exposures rather than being a
property of individual exposures, although short trial
intervals may make exposures grade into a single
event from the perspective of the receiving animal.

Individual Duration (s) — The duration of indi-
vidual stimuli should be specified, including the
method used to measure duration.

Individual Rise Time (s) — The rise time of indi-
vidual stimuli should be specified. Time in sec-
onds is the most usual metric, although dB/s is
useful in cases where the maximum level is high
and the rise time short because it also captures the
difference in level.

Total Exposure Duration (s) — The total dura-
tion of a trial exposure begins with the start of the
first sound segment of a stimulus and ends with
the completion of the last. This should be speci-
fied explicitly. Note that this definition captures
the exposure from the perspective of the receiver.
From the perspective of the experimenter, expo-
sure may be defined as lasting for a period of
observation after the sound stops.

Order If Multiple Exposures (Identify Sequence/
Order) — The order of a particular stimulus and
observation should be specified where animals are
exposed multiple times. Metadata should include
the scheme for choosing the order of exposure
(e.g., increasing or randomized with or without
replacement).

Harmonics Present? (None, Few, Many) —
Harmonics can alter the detectability of sounds
(Cunningham et al., 2016). Therefore, the pres-
ence of harmonics, along with an indication of the
bandwidth covered, is an important factor.

Root Mean Square Sound Pressure Level -
Root mean square sound pressure level (RMS
SPL) should be specified at the point where
behavior changes or as a minimum and maximum
if no change in behavior is observed. It should be
specified as a broadband level, with the bandwidth
of the recording system specified as well, and the
maximum 1/3-octave band level (see “Sensation
Level” below for a comment about power spectral
density). It is also an important measure of level
where sounds with wide and especially widely
differing bandwidths are being compared (see dis-
cussion in Ellison et al., 2012).

Peak-to-Peak RL — The peak-to-peak received
sound pressure level is the difference between
the absolute value of the maximum negative and
maximum positive instantaneous peak pressure
received at the subject animal’s level. It should be
specified in dB (units of SPL). It is measured in
the time domain at the point in time where behav-
ior changes or at the point of maximum exposure
if no change in behavior is observed. Attention
should be given to the properties of the recording
system to ensure that sampling is fast enough (i.e.,
that it has sufficient bandwidth) to effectively
measure the peak.

Sound Exposure Level — Sound exposure level
(SEL) is related to the energy in an exposure but
can be calculated readily from pressure mea-
surements, so the metric is treated as a measure
of sound exposure energy (E), calculated over a
given time interval (7), with the media-specific
reference pressure (p), by integrating squared
pressures (P?) in sampling increments (7) from O
to 7. This enables sounds of differing duration to
be related in terms of total energy for purposes
of assessing exposure risk. We advocate using
a simplified version of the formula presented
in Southall et al. (2007) as given below, but see
Martin et al. (2019) for a more in-depth discus-
sion. Expressed as a level, the formula is

1 T
SEL = 1010g10< > f Pzt(dt)>
Topg Jo

SEL is simply the decibel level of the cumulative
sum of square pressures (E(7)) for a 1-s equivalent
duration referenced to the media-specific reference
pressure (1 or 20 pPa for water and air, respectively).
Consequently, the appropriate units for underwater
SEL are dB re 1 pPa?-s, and the appropriate units
for aerial SEL are dB re (20 pPa)*-s. Note that this
means that SEL is referenced to 1 s in both media.
SEL should be reported for the point at which
behavior changes or at the maximum exposure
level if there is no change in behavior. It should be
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provided for the full bandwidth and maximum 1/3-
octave band level, and the bandwidths of the record-
ing system should be included in the metadata.

SELcum - For single events, it is easy to understand
the above definition as a measure of the energy in
the signal. However, for transients repeated at
intervals, there are two general approaches to the
calculation of cumulative exposure level. First, it
can be calculated in exactly the same way as SEL
for individual events, including both the transients
and the intervals between. However, if the signal-
to-noise ratio of the sounds (e.g., pile driving) is
high, there will be a large difference between SEL
calculated over the entire period of an exposure and
SEL calculated using the second approach, adding
together the events only (i.e., without the intervals
between). The second approach is typically used to
calculate SELcum.

Explicitly, SELcum is calculated for sounds that
are intermittent or repeated over time by integrat-
ing pressure squared for repeated instances of the
sound only when it is present using the equation
above (see, also, Southall et al., 2007). Note that
this summation procedure essentially generates a
single exposure “equivalent” value that does not
consider what happens between repeated expo-
sures. The method for isolating the events in the
calculation of SELcum should be specified such
as the duration encompassing 95% of the energy
in the event.

Viewed from the perspective of behavioral dis-
turbance, SEL was devised to provide an “apples-
to-apples” comparison of transient sounds of vary-
ing duration (e.g., aircraft overflights or passes by
snowmobiles). It is sometimes applied to more con-
tinuous noise in standardized time intervals (i.e., an
hour or an 8-h workday), but other measures are
generally used for human community noise appli-
cations because the energy in a sound stops being
a good predictor of disturbance when integrated
over long periods. However, no such standards are
available for marine mammal applications for long-
term, sustained exposures when animals may be
coming in and out of an area and exposures may be
intermittent (as in studies described in Appendix 2).

As defined, SEL increases arbitrarily over long
periods. The problem is greater in the case of
SELcum because quieter periods between expo-
sures to transients such as discharge of an airgun
or pile driving are not included. Therefore, for
SELcum to be useful, the total exposure time
must be constrained somehow—for example,
by estimating how long an animal will be near
an intermittent sound source. SELcum is a very
appropriate measure for experimental transients
or playback of fairly short-term stimuli in CEEs,
but care is needed when making comparisons

across studies or between sound types. This is one
of the reasons we have included time-domain fea-
tures such as intermittency in the list of metrics
that must be specified.

SELcum should be provided for the point where
behavior changes or for the maximum exposure
if there is no behavior change. The intervals over
which it is calculated should be defined explicitly.
It should be calculated for the full measurement
bandwidth and in the maximum 1/3-octave band.
The bandwidth of the recording system should be
included in the metadata.

Signal-to-Noise Ratio — Signal-to-noise ratio (SNR)
is the difference between the level of a target sound
and the level of the background noise in the time-
frame of the signal. It should be estimated at the time
that behavior changes or the point at which the signal
is maximal if there is no response. The maximum
1/3-octave band should be used to estimate SNR.

Sensation Level — Sensation level (SnL) is
defined as the band-specific difference between
the RL of a signal and the species-specific audi-
tory detection threshold, so long as the latter
exceeds ambient noise within the band (as in
Ellison et al., 2012). We advocate for a 1/3-octave
band in making SnL calculations accordingly and
for reporting the maximum value for any 1/3-
octave band as the effective SnL.
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Appendix 2. Supplementary Details for Review and
Assessment of Population-Level Studies

The following provides additional detail and dis-
cussion for population-level studies not discussed
in detail in the main text. This includes multi-year
whale-watching studies (from Table 9), decadal-
scale whale-watching studies (from Table 10), and
multi-year to decadal studies of other disturbances
(Table 11).

Population-Level Studies: Multi-Year
Whale-Watching Studies

Lusseau (2004, 2005) studied whale-watching
impacts on two small bottlenose dolphin popu-
lations in Fjordland, New Zealand, specifically
in Doubtful Sound and Milford Sound. Impacts
were measured by calculating the average amount
of time dolphins spent with boats on a given day
and the cumulative behavioral budget of dol-
phins in situations with variable vessel presence.
Behavioral budgets were affected in both popu-
lations by boat presence, with resting behavior
being the most affected behavioral state. Whale
watching in Fjordland began in the late 1980s and,
due to the isolation of the area, tourism activities
account for most of the boat traffic. Milford Sound
is more heavily targeted by the tourism indus-
try than Doubtful Sound. However, the cumula-
tive time spent by the dolphins interacting with
boats was similar in the two fjords and, despite
the lower pressure, the effect was stronger in
Doubtful Sound with dolphins’ socializing behav-
ior strongly impacted. In Milford Sound, dolphins
were more frequently sighted in winter when boat
traffic was lower, as well as in the outer part of the
fjord where boats spent less time.

Population-Level Studies: Decadal-Scale
Whale-Watching Studies

Swim-with tourism carries similar concerns to
whale watching for the targeted individual/popula-
tion (Samuels et al., 2000). By analyzing two data-
sets collected 15 y apart, Filby et al. (2014) mea-
sured long-term effects of the swim-with industry
in Port Phillip Bay, Australia. The area is in close
proximity to a major urban center covering numer-
ous anthropogenic activities, including exposure to
a non-compliant commercial dolphin-swim indus-
try that started in 1986 and included three licensed
operators with four vessels each running two trips
per day at the time of the study. The study cate-
gorized dolphin responses as “effect” (avoidance
and approach) or “no effect” (neutral response),
demonstrating substantial increases of avoidance
responses with resting and small groups avoiding

boats more frequently and increasing swim time
between seasons. Sighting rates of individually
identified animals also decreased within and across
seasons. This could be due to a decrease in popula-
tion size or habitat displacement, either of which
might have been affected by disturbance along with
many other uncontrolled factors. If disturbance did
cause some animals to shift habitat, this does not
indicate the extent of disturbance as some individu-
als might stay subjected to disturbance pressure
because of the importance of the site as a calving
and breeding ground.

Food provisioning in the context of tourism
interactions with marine mammals can elicit behav-
ioural conditioning to human food sources and mal-
adaptive behavior such as begging, which, in turn,
has been linked to adverse consequences on sur-
vival and reproductive success (Christiansen et al.,
2016; Senigaglia et al., 2019). In a recent study,
Senigaglia and colleagues (2019) used two decades
of citizen science data and over 10 y of systematic
survey and demographic information to assess the
effect of food provisioning on a population of Indo-
Pacific bottlenose dolphins in Bunbury, Australia.
Using both Bayes factor analyses and GLMs, the
authors found a strong correlation between provi-
sioning and females’ reproductive success, defined
as the number of weaned calves over the entire
reproductive life of an individual. Despite also
examining the effects of climate change, begging
behavior, and habitat characteristics, results showed
that non-provisioned females have double the mean
reproductive success than provisioned individuals.
Moreover, Senigaglia et al. reported that only one
third of the calves born to provisioned mothers were
successfully weaned compared to a 77% weaning
rate of non-provisioned females. Despite the small
sample size, this study highlights the repercussions
of a tourism activity involving food handouts on
free-ranging dolphins—in particular, when the pop-
ulation is also subjected to multiple and concurrent
other stressors and is already declining (Senigaglia,
2020).

Population-Level Studies: Multi-Year to Decadal-
Scale Studies of Other Disturbances

Pirotta et al. (2014) measured fine-scale impacts by
investigating spatially explicit individual exposure
of bottlenose dolphins in Moray Firth, Scotland.
Despite the area’s protection as a Special Area of
Conservation, dolphins are subject to multiple dis-
turbances, including high vessel traffic, fisheries, oil
exploration, and recreational activities. Pirotta and
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colleagues developed individual models combin-
ing results from previous studies on habitat utiliza-
tion, boat traffic, boat disturbance, and construction
activities on dolphin behavior. This study illustrated
cumulative impacts from different anthropogenic
activities with widely variable exposure to vessel
traffic. Pirotta et al. (2015) expanded on these
results, predicting population-level consequences
of aggregate disturbance. Changes in motivational
states (energy acquisition vs expenditure) across
time were linked to health and calf survival. The
model was subsequently applied to three scenarios
to predict population consequences: (1) complete
satisfaction of motivational state, (2) satisfaction
on average, and (3) dissatisfaction with their moti-
vational state (resulting in possible decline caused
by individuals being unable to meet their needs).
Animal exposure and motivational states did not
differ as a result of modeled increases in boat traf-
fic and dredging activity, except during the opera-
tional phase when relatively small increases in boat
interactions experienced by each individual caused
a shift of motivational states toward dissatisfaction.
The model did not detect an association between
predicted exposure of female dolphins, motiva-
tional states, and calf survival.

New et al. (2013) modeled potential interact-
ing effects of the construction of offshore wind
farms with different scenarios of vessel traffic
on a coastal population of bottlenose dolphins in
Moray Firth, Scotland. By simulating the social,
spatial, behavioral, and motivational interactions
of bottlenose dolphins, they identified a deter-
ministic link between health and motivation and
derived impacts from changes in behavioral state
due to underlying changes in motivational state
influenced by disturbance. The simulation did not
detect long-term consequences of increased dis-
turbance despite a more than six-fold increase in
vessel traffic. However, the simulated disturbance
did not include vessels directly targeting interac-
tions with dolphins nor did it include informa-
tion on noise levels. Thus, the lack of detectable
impact might be due to the type of disturbance and
the availability of adjacent “undisturbed” areas
within which mobile individuals could avoid
human interactions.
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