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1 Introduction

1.1 Sea Turtles and Anthropogenic Sound

As anthropogenic sound inputs in the ocean continue to increase globally with the expansion of
shipping, construction, and energy exploration, a growing number of research efforts focus on
potential impacts of sound on marine organisms (National Research Council 2000, 2003, 2005,
Nowacek et al. 2007, Popper and Hastings 2009, Richardson et al. 1995). Documented impacts
of anthropogenic sound include stress, which may repress growth, reproduction, and immune
system functions (Rolland et al. 2012, Romano et al. 2004, Wright et al. 2007), displacement
(Miller et al. 2005, Pirotta et al. 2014, Slotte et al. 2004), behavioral change (Nowacek et al.
2007, Popper and Hastings 2009, Richardson et al. 1995, Southall et al. 2016), hearing
impairment (Finneran 2015), and soundscape masking (Erbe et al. 2016, Halpern et al. 2008,
Richardson et al. 1995). Most studies conducted thus far have focused on marine mammals and
fishes (Nowacek et al. 2007, Slabbekoorn et al. 2010), while current information regarding noise
impacts on sea turtles is limited (Nelms et al. 2016, Popper et al. 2014).

Sea turtles can be found in nearly all temperate, tropical, coastal, and offshore habitats, and these
habitats overlap spatially and temporally with anthropogenic sound sources and sound-producing
activities, including seismic airguns used for oil and gas prospecting and scientific purposes, pile
driving used for construction activities, drilling used for resource extraction, explosives, military
and non-military sonar, and vessel movement. Most populations are highly migratory, traveling
great distances between developmental, foraging, and reproductive habitats. Current literature
indicates that sea turtles can detect low-frequency sounds produced by anthropogenic sources
such as pile drivers, active sonars, and seismic airguns (Bartol et al. 1999, Bartol and Ketten
2006, Dow Piniak 2012, Dow Piniak et al. 2012, Hildebrand 2009, Lavender et al. 2014, Martin
et al. 2012, Piniak et al. 2016, Ridgway et al. 1969). For the sea turtle species and age classes
studied thus far, underwater hearing was shown to be most sensitive at frequencies below 1,000
Hertz (Hz) (Dow Piniak 2012, Dow Piniak et al. 2012, Lavender et al. 2014, Martin et al. 2012,
Piniak et al. 2016), where anthropogenic noise is most prominent.

Additional research is needed to determine the frequencies, sound pressure levels, and exposure
durations that may impact the physiology (stress) and behavior of sea turtles (Nelms et al. 2016,
Popper et al. 2014). While several studies (Harms et al. 2003, Hoopes et al. 2000, Hunt et al.
2016a, 2016b, 2019, Innis et al. 2007) have examined physiological responses of sea turtles to
stressful events (e.g., incidental or directed capture in fishing nets, cold stunning, handling,
transport), to our knowledge, no studies have examined physiological (stress) responses of sea
turtles to sound. To date, few studies have examined the behavioral responses of sea turtles to
sound; however, several of these studies indicate that sea turtles respond behaviorally (diving or
changing swim direction/speed) and/or physiologically (behaviors indicating stress or temporary
hearing loss) to low-frequency acoustic stimuli (DeRuiter and Larbi Doukara 2012, McCauley et
al. 2000, Moein et al. 1994). Most existing studies were conducted in enclosed or semi-enclosed
environments and have focused on examining responses to high-intensity seismic airguns, and
most studies also lack key information necessary to determine the exposure sound levels or
durations at which responses occurred to accurately assess the potential impacts of sound-



producing activities. Due to the paucity of knowledge pertaining to noise impacts on sea turtles,
mitigation measures originally developed for marine mammals currently are relied upon with
little understanding of their efficacy for sea turtle species (Elliott et al. 2019, Nelms et al. 2016).

To accurately assess the potential impacts of anthropogenic activities on sea turtles, we must
better understand if and how sea turtles are impacted by the sounds produced by anthropogenic
activities. Well-planned studies are needed to address existing uncertainties and information gaps
in our understanding of behavioral and physiological responses of sea turtles to sound.
Behavioral response studies (especially those conducted in open water on cryptic species) are
inherently complex and difficult to implement, and physiological studies require careful and
robust controls to interpret measurements of stress response because conducting the study itself
(e.g., capture, handling, and transport of animals) can impact data collected. Interdisciplinary
expertise is needed to conceptualize, plan, and implement such studies with particular attention
to balancing experimental design, feasibility, cost, and scope.

1.2 Sea Turtle Hearing, Physiology, and Behavior
1.2.1 Sea Turtle Hearing

Although the biological significance of hearing remains largely uninvestigated, research has
shown that sea turtles are able to detect and respond to underwater and aerial sounds, and may
use sound in their environment to aid in navigation, prey identification, predator avoidance, and
environmental awareness (Piniak et al. 2016). Sea turtles have also been shown to produce
sounds in air and underwater; however, the potential role of these sounds in communication is
not understood (Charrier et al. 2022, Cook and Forrest 2005). The functional morphology of the
sea turtle ear remains poorly understood, but their ears are thought to be adapted for the
reception of underwater low-frequency auditory and vibratory acoustic stimuli (Lenhardt 1982,
Ketten 2008). Electrophysiological and behavioral studies of sea turtle hearing have
demonstrated that loggerhead, green, Kemp’s ridley, leatherback, and hawksbill sea turtles detect
low-frequency acoustic and/or vibratory stimuli underwater and in air (Bartol and Ketten 2006,
Bartol et al. 1999, Piniak et al. 2016, Dow Piniak 2012, Dow Piniak et al. 2012, Lavender et al.
2014, Martin et al. 2012, Ridgway et al. 1969). Sea turtles generally appear to be most sensitive
to underwater acoustic stimuli below 1,000 Hz, with best sensitivity below 400 Hz, though
variation in threshold levels and frequencies of maximum sensitivity exist between species and
age classes (see Dow Piniak 2012 for species comparisons), and several data gaps in species and
life stages still exist.

Long-duration and/or high-intensity sounds can impact hearing sensitivity of marine animals. At
high cumulative sound exposure levels (SEL, measured in decibels referenced to 1 micropascal
squared per second [dB re: 1 uPa?/s]), animals may experience temporary threshold shifts (TTSs)
or permanent threshold shifts (PTSs) in auditory sensitivity, or loss of hearing (Popper et al.
2014, Southall et al. 2019). TTSs or PTSs are temporary or permanent increases in the threshold
level of audibility. TTS has been observed in several marine taxa; however, TTS and PTS have
not been examined in sea turtles (though ongoing studies are examining TTS in freshwater
turtles, e.g., Salas et al. 2022). For example, mid-frequency tones, sonar signals, and seismic
watergun sounds have been observed to cause TTS in dolphins and beluga whales (Finneran et
al. 2002, 2005, Mooney et al. 2009), octave-band noise has been observed to cause TTS in



pinnipeds (Kastak et al. 2005), and noise generated by seismic airguns has been found to cause
TTS in fish (Popper et al. 2005). Decreases in hearing sensitivity may reduce an animal’s ability
to receive and behaviorally respond to acoustic environmental cues. Repeated exposures can
cause behavioral habituation and/or sensitization, depending on species and source, thus
potentially increasing long-term physiological (hearing and stress) effects.

1.2.2 Sea Turtle Physiological Responses to Sound

Studies evaluating physiological responses of sea turtles to sound are generally lacking. In an
extreme case study, the physiological impacts of explosives were evaluated, though this study
did not examine stress response (via standard endocrine and blood gas measurements), but rather
observed external indicators of physiological harm. Kilma et al. (1988) examined the impacts of
explosives on sea turtles by placing turtles in cages near sites where explosives were used to
remove offshore petroleum drilling platforms. To determine impact zones for sea turtles they
placed juvenile Kemp’s ridley and loggerhead sea turtles in underwater steel cages at 229, 366,
549, and 915 meters (m) away from the detonation of four 23-kilogram (kg) charges. Received
sound pressure levels at each cage were estimated via propagation models to be 221, 217, 213,
and 209 dB re 1 pPa, respectively. These received levels should be evaluated carefully; Vaida et
al. (2008) reviewed the utilized models and determined the resulting received levels were
inaccurate as the charges were buried in sediment rather than in the water column as modeled.
Two Kemp’s ridleys and two loggerheads at 366 m and one loggerhead at 915 m were found
unconscious after charge explosions. One Kemp’s ridley at 229 m had a prolapsed cloaca, and all
loggerheads had an abnormal pink coloring of the skin at the base of the throat and flippers.
Kilma et al. (1988) also noted an increase in the number of sea turtle strandings after explosive
removal of platforms.

Several studies exist on sea turtle physiological responses to various non-auditory stressors,
including fishery interactions, disease, environmental conditions, capture, transport, and handling
(see studies summarized in Appendix B, Table B1); the variables investigated in these studies
could be applied to evaluate responses to sound. Physiological responses to capture, transport,
and handling are critical to bear in mind as potential confounding factors to control for in
experimental design of sea turtle sound response studies. Physiological differences associated
with gigantothermy in leatherbacks may affect responses and create logistical challenges of
obtaining biological samples from adult leatherbacks without substantial impacts of capture and
handling. Although stress response studies inevitably gravitate towards the adrenocortical system
(corticosterone for turtles), there is a wide range of additional response variables to stressors that
could be evaluated.

1.2.3 Sea Turtle Behavioral Responses to Sound

Our understanding of behavioral responses of sea turtles to sound lags behind other marine taxa
(Nelms et al. 2016). Few studies have examined the behavioral responses of sea turtles to sound;
however, of those conducted, several have observed that sea turtles respond behaviorally (diving,
changing swim direction and/or speed) to low-frequency acoustic stimuli (see studies
summarized in Appendix B, Table B2). Most studies have been conducted in enclosed or semi-
enclosed environments and have focused on examining responses to high-intensity seismic
airguns. Several studies also lack key information (i.e., exposure level and duration, contextual



metrics) necessary to derive behavioral disturbance thresholds needed to accurately assess the
potential impacts of sound-producing activities (see Southall et al. (2021) for an example).

McCauley et al. (2000) exposed one green and one loggerhead sea turtle in an open-water cage
to an approaching-departing single airgun (Bolt 600B, 20-in> chamber); the turtles increased
their swimming activity when received levels reached 166 dB re 1 pPa root mean square (RMS)
sound pressure level (SPL) and demonstrated more erratic behavior at received levels greater
than 175 dB re 1 yPa RMS. O’hara and Wilcox (1990) observed that loggerhead sea turtles
avoided airguns (Bolt 600B with 165-cm? capacity and Bolt pneumatic popper with 13-cm?
capacity, presented at 140 kg/cm? airgun pressure) in a 300 x 45 m enclosure in a 10 m deep
canal; behaviors were not consistent (some turtles swam toward the airguns), and the study did
not report received sound levels. Moein et al. (1994) repeatedly exposed loggerhead turtles to
airguns presented at three source sound levels (175, 177, and 179 dB re 1 pPa) inan 18 x 61 m
enclosure in a 3.6 m deep river. They reported that loggerheads exhibited avoidance behavior
during the first airgun exposure, but that repeated exposure did not elicit significant behavioral
responses, suggesting that the turtles had habituated to the sound or had experienced a temporary
shift in hearing capabilities (received sound levels were not reported). Physiological
measurements (blood chemistry) showed increases in stress levels (as measured by increases in
glucose and white blood cell count), and pre- and post-exposure hearing measurements showed a
change in hearing physiology (phase shifts or non-repeatability of response recordings) and
temporary decrease in hearing sensitivity in some turtles. Although the results of these studies
provide valuable data points and are often referenced when analyzing and determining the level
of sound anticipated to cause behavioral change in sea turtles, these studies are limited in that
they do not examine the responses of freely swimming turtles.

Contrasting results have been found among observational studies conducted in open water, with
loggerhead sea turtles diving immediately after exposure airgun shots from an airgun array (array
source level 252 dB re 1 pPa [peak]) at a modeled received level of 191 dB re 1 pPa (peak) at
130 m from the array (the median distance at which turtles dove; DeRuiter and Doukara 2012),
and olive ridley, green, and hawksbill sea turtles exhibiting no response when exposed to airguns
(no received levels measured/modeled; Gurjao et al. 2005, Weir 2007). Differences in results of
these studies may be attributed to variations in airgun source levels, frequencies, propagation
distances from sources, focal species, or other uncontrolled and unmeasured biological or
environmental parameters. It can be difficult to interpret or compare results because the existing
studies are primarily observational, use different methodologies, and often do not include
received sound level and frequency characteristics, distance to source, and/or behavioral context.

1.3 Policy Context
1.3.1 Endangered Species Act (ESA)

All species of sea turtles in the United States (U.S.) are listed as threatened or endangered under
the ESA. An endangered species is a species in danger of extinction throughout all or a
significant portion of its range, and a threatened species is one that is likely to become
endangered within the near future throughout all or in a significant portion of its range. Kemp’s
ridley (Lepidochelys kempii), leatherback (Dermochelys coriacea), loggerhead (Caretta caretta;
North Pacific distinct population segment [DPS]), green (Chelonia mydas; Central West Pacific



and Central South Pacific DPSs), and hawksbill (Eretmochelys imbricata) sea turtles are listed as
endangered. Loggerhead (Northwest Atlantic Ocean DPS), green (North Atlantic, South Atlantic,
Central North Pacific, and East Pacific DPSs), and olive ridley (Lepidochelys olivacea) sea
turtles are listed as threatened, except for the breeding colony populations of olive ridleys on the
Pacific coast of Mexico, which are listed as endangered. In the United States, the National
Oceanic and Atmospheric Administration’s (NOAA’s) National Marine Fisheries Service
(NMFS) and the U.S. Fish and Wildlife Service (USFWS) jointly administer the ESA for sea
turtles. NMFS has jurisdiction for sea turtles when they are in the marine environment, and for
activities that have the potential to affect sea turtles and their habitats in the marine environment.
USFWS has jurisdiction for sea turtles when they are in the terrestrial environment, and for
activities that have the potential to affect sea turtles and their habitats in the marine environment.
NMEFS and USFWS work jointly (with NMFS as the lead) to attend to stranded sea turtles in the
marine environment or when washed ashore from the marine environment.

Section 9 of the ESA prohibits the take (defined to include harassing, harming, pursuing,
hunting, shooting, wounding, killing, trapping, capturing, or collecting or attempting to engage in
any such conduct), including take that occurs incidental to (not the purpose of) an otherwise
lawful activity, of listed species and DPSs. Pursuant to ESA section 4(d), NMFS has issued
regulations extending the prohibition of take, with exceptions, to threatened sea turtles (50 CFR
223.205 and 223.206). For Federal actions, such as those authorized by Bureau of Ocean Energy
Management (BOEM), NMFS may grant exceptions to the take prohibitions with an incidental
take statement pursuant to ESA section 7. To do so, NMFS must determine the activity that will
result in incidental take is not likely to jeopardize the continued existence of the affected listed
species.

1.3.2 National Environmental Policy Act

The National Environmental Policy Act (NEPA) requires all Federal agencies to consider all
environmental impacts when planning Federal actions that are proposed within the United States
and its territories. NEPA mandates that Federal agencies prepare a concise public document that
provides an assessment of the potential effects any major Federal actions may have on the human
environment. Major Federal actions include activities that Federal agencies fully or partially
fund, regulate, conduct, or approve.

BOEM manages offshore energy and marine minerals exploration and development in
accordance with the ESA and NEPA. To accurately assess impact and calculate takes of sea
turtles as required under NEPA and ESA, there is a need to address the information gaps in
anthropogenic noise impacts to potentially impacted endangered and threatened species and their
habitats. Current leases for energy development and marine minerals extraction along the US
East Coast and in the Gulf of Mexico directly overlap sea turtle habitats (Hart et al. 2010 2013,
Iverson et al. 2020), including critical habitat designated by the ESA (e.g., loggerhead critical
habitat: 79 FR 39855).

1.3.3 Acoustic Criteria

To quantify the effects of various sounds on protected species, including sea turtles, acoustic
criteria are needed. Acoustic criteria typically represent received levels at the animal and that are
likely to result in impacts to hearing, non-auditory physiological impacts, or behavioral



disturbance. No data exist on noise-induced threshold shifts in sea turtles. Thus, current criteria
use data from fish TTS studies as a surrogate, which is not ideal given the differences in auditory
anatomy between these taxa (DoN 2017). Furthermore, there are limited studies addressing the
behavioral disturbance from noise on sea turtles (discussed previously). Many of these studies
were done in a laboratory or working with caged individuals, which creates challenges in
interpreting how these behavioral responses would correlate to wild individuals. Thus, currently,
NMES relies on a single RMS received threshold (175 dB re 1 uPa RMS SPL) to represent
behavioral disturbance of all sound sources to sea turtles.

For sea turtles, there are several key data gaps associated with the development of acoustic
criteria. For example, having more data on free-ranging individuals would aid in making
behavioral criteria more representative of real-world exposure scenarios. However, there first
needs to be a better understanding of baseline sea turtle behavior, so behaviors associated with
noise exposure can be put in the appropriate context. Additionally, having more data on various
species and sources is needed to distinguish which factors are important to consider in acoustic
criteria (e.g., impulsive/non-impulsive, continuous/intermittent, stationary/mobile sources).
Ultimately, having more data is helpful, but standards are needed to facilitate comparing
disparate datasets appropriately and offer guidance for future studies.

There have been many lessons learned from the development of marine mammal acoustic criteria
(Southall et al. 2019; Southall et al. 2021) and that are helpful in informing updated sea turtle
acoustic criteria. Namely, it is always challenging to develop implementable thresholds capable
of capturing all the possible variability expected with responses and that can be easily applied by
managers and other user groups. Also, it is important to consider if there are particularly
sensitive species, life stages, or contexts that should be represented. Furthermore, similar to
marine mammals (Southall et al. 2021), after behavioral response data have been collected, it
will be important to examine the appropriateness of a severity scale to help quantify different
types of responses related to their likelihood to result in fitness consequences to sea turtles. It
will also be necessary to identify the most appropriate metric for assessing various sea turtle
responses (e.g., RMS SPL, cumulative sound exposure level) and which other factors beyond
received level (such as source proximity or behavioral context) should be incorporated into the
criteria. Finally, as more data become available, there needs to be a plan for the criteria to evolve
via a timely, transparent process.

1.4 Workshop Purpose and Design

Behavioral and physiological response studies are inherently challenging as they require
examination of a variety of response parameters, can be logistically complex, and are often
expensive. Designing these studies is particularly challenging for protected species such as sea
turtles, as few similar studies have been conducted. Results from behavioral and physiological
response studies can provide researchers, managers, and stakeholders critical data to improve
estimates of noise impacts to sea turtles and guide the development of appropriate mitigation
measures to reduce potential impacts.

To assist in the development of sea turtle behavioral and physiological response studies that will
address research needs and questions (based on regulatory needs and data gaps), we created a
working group of experts and convened a workshop. The goal of the workshop was to determine



the appropriate methodologies to investigate the behavioral and physiological responses in sea
turtles anthropogenic noise, thereby filling information gaps and allowing for accurate impact
assessments and the development of effective mitigation measures.

The working group was composed of scientists active in the fields of marine taxa behavioral and
physiological responses to sound, and policy makers/managers who would use the resulting data
to assess impacts (take under the ESA, conduct analyses under NEPA, and/or the creation of
acoustic criteria for sea turtles) (see Appendix A, Attendees). The working group met virtually
for a facilitated two-day workshop from October 28-29, 2021. To prepare the group for
discussion, pre-meeting materials were provided to the participants prior to the workshop,
including the agenda and summaries of previous behavioral and physiological response to sound
(or other appropriate stressors) studies (see Appendices A and B), and an introductory
presentation to frame the issue and the goals of the workshop.

The workshop was designed to lead the participants through a series of facilitated sessions to
answer questions to identify research priorities and discuss the strengths and weaknesses of
methodological approaches to identify recommended approaches. Questions were discussed in
breakout groups, and breakout groups were formed to draw on expertise in the group and
introduce new ideas from experts with experience related to, but outside of, the focus of the
question. After the breakout sessions, each breakout group reported back to all participants,
allowing for broader discussion and additional feedback. In addition to taking detailed notes, the
facilitators used a virtual whiteboard to frame overall goals and discussion topics for participants
and record key takeaways from discussion.

This workshop report is framed by three discussion topics: 1) overarching study design (covering
topics related to studies of both behavior and physiology), 2) behavioral response studies, and 3)
physiological response studies. The summarized discussions and recommendations in this report
will provide researchers and managers with the information needed to determine the most
suitable methodology to examine sea turtle behavioral and physiological responses to sound to
meet their data needs. As there are several possible experimental approaches depending on the
data need (research question) and funding available, the report also provides discussion of the
strengths and weaknesses of, and important considerations for, different approaches and design
parameters so users can better understand the trade-offs associated with particular
methodological approaches.



2 Workshop Questions and Summarized Discussion

2.1 Overarching Study Design
21.1 Sea Turtles Examined

What species, size, or age class should be prioritized for the behavioral/physiological response
studies?

Participants identified loggerhead, Kemp’s ridley, and leatherback sea turtles as the most
important species (followed by green sea turtles) to prioritize for behavioral and physiological
response studies. Participants focused on examining potential impacts to sea turtles in the US and
North America, and prioritized these species based on their prevalence in U.S. waters, their
status under the ESA, and the amount of overlap between the species’ habitat use and potential
sources of anthropogenic sound (for example, areas currently planned for offshore wind
development and oil and gas exploration).

Among the age classes (e.g., hatchlings, juveniles, subadults, adults), participants identified
juveniles of both sexes and reproductive females as the most important to prioritize for
behavioral and physiological response studies. Reproductive females were prioritized because
impacts to this life stage are most likely to have immediate consequences to the population.
Adult males can be more difficult to access, but participants noted that adult males should be
opportunistically examined if available. Although hatchlings are more readily available and
abundant, juveniles were prioritized due to their high reproductive value (large juveniles or
subadults) to the population and because they inhabit both neritic and pelagic habitats, where
they may encounter different anthropogenic sources of sound and consequently the potential
impacts of those sounds. Participants noted that understanding potential differences in responses
between age classes is important and highlighted studies to examine different age classes.

What are the pros and cons of using wild-caught versus captive turtles?

Workshop participants agreed that experiments with both wild-caught and captive turtles could
be appropriate, but study subjects depend on the research question. Participants identified several
pros and cons to working with each group (Table 1). The discussion also focused on some
limitations that researchers should consider when designing experiments with turtles in captivity.
Captive studies are most appropriate for looking at startle response, orientation to sound source,
change in behavioral state, and physiological responses, while other behavioral responses (e.g.,
displacement, dive behavior) require open-water field studies with freely swimming turtles.
Participants also discussed the importance of distinguishing the differences between sea turtles
that have been in captivity for either the short or long durations, as long-term residents may not
exhibit behaviors that are representative of wild individuals and may have diminished hearing
compared to short-term residents (e.g., turtles in rehabilitation for short periods of time).



Table 1. Identified pros and cons of conducting sound exposure experiments with wild turtles in
their natural habitat and captive sea turtles in tanks or an open-water enclosed pen

Type of Study/Source
of Sea Turtle

Pros

Cons

Studies conducted
with wild sea turtles in
their natural
environment

Best reflects real-world impacts and
natural context

Allows for study of leatherback sea
turtles (which cannot be held in
captivity)

May allow examination of full suite of
responses and natural behavior
Experience stimuli in natural setting
without tank (enclosed environment)
biases

Potential for greater sample sizes,
diverse age classes, etc.

Allows for collection of some long-
term response data (depending on
data collection tool)

Expensive and logistically challenging
Measurements of received level are
more challenging and may require use
of technology (calibrated tags)
Context and confounding variables
harder to control for and understand
Sample size may be limited depending
on sea turtle density

If capturing sea turtles to tag, turtles
may have a response to the capture
event that confounds response to
planned stimuli

Turtles may leave area if disturbed
without allowing recovery of tag and/or
recording device

Studies conducted
with captive sea turtles
in tank or open-water
pen

Easier sampling of a variety of
response parameters

Allows for control of more variables
Captive turtles generally more
manageable for physiological
experiments

Repeated sampling over time of
same individual (useful for
habituation/ sensitization studies)
Allows for monitoring of long-term
health impacts

Sea turtles may be available in high
numbers if stranding event (e.g., cold-
stun event)

Useful for particular behaviors (e.g.,
startle response, orientation to sound
source, change in behavioral state)

Experimental environment may not be
reflective of real-world exposure
conditions

Captive turtles may already be
"stressed"; may not be at normal
baseline; responses may not be
reflective of wild turtles’ responses

If from rehabilitation: turtle may still be
recovering from prior stranding event
or affected by a disease state and may
have received medications that impact
response

Extremely challenging acoustic/particle
velocity environments in most
enclosures for impulsive/low-frequency
noise sources

Background noise exposure of life
support system (pumps, etc.)
Limitations on which behavioral
responses you can assess—difficult or
impossible to assess changes in diving
or displacement (distance)

Limited to species, age and sex
classes in captivity

Not ideal or feasible for leatherbacks
Non-natural diet

2.1.2 Exposure Sound Source

What are the most appropriate and highest priority sound sources to evaluate for sea turtles
(e.g., airguns, sparkers, pile driving, explosives)?

With respect to which anthropogenic sources of sound are most important to examine for
potential impacts to sea turtles, participants ranked acute sources of sound (e.g., pile driving,
airguns, explosives, sparkers, sonar) higher than chronic sources of sound (e.g., vessels). Of
highest priority for studies are sources that: 1) overlap with the sea turtle hearing range, 2)
overlap spatially and temporally with sea turtle habitat use, and 3) are frequent and loud enough




to present a potential risk to sea turtles. High-priority sources thus include small and coastal pile
driving (vibratory, impact, or down-the-hole) used for coastal construction, large pile driving
(largely impact) used for construction of offshore wind farms, airguns used for seismic surveys,
and explosives (confined and unconfined). Participants from regulatory agencies noted the
particular interest in large pile driving activities due to the increase in offshore wind energy
development in U.S. waters. Medium, or second tier priority sources include boomers, sparkers,
and bubble guns used for other geological and geophysical exploration and/or characterization of
the bottom for other activities (e.g., cable laying). These sources can produce sounds near the
upper end of frequencies detectable by sea turtles, though they can include lower frequencies as
well. Participants noted the importance of examining potential impacts of chronic sources of
sound such as small and large vessels. Vessel noise levels do vary by location and time, though
are present in most tropical and temperate waters inhabited by turtles. However, these sources
contribute more to elevating background noise levels (which can have impacts such as
behavioral disruptions and masking), and they are lower priority for exposure studies. Other low-
frequency sources such as Navy low-frequency active sonar are also a concern, though to a lesser
extent, based on their relatively low prevalence.

What are the pros and cons of using real sources (e.g., airgun) and alternate transducers that

simulate sounds (e.g., J-9)?

Participants identified several pros and cons to working with real sound sources versus
transducers to simulate sounds (Table 2).

Table 2. Identified pros, or advantages, and cons, or disadvantages of using real sources and
simulated sources in sound exposure experiments

Source Type

Pros

Cons

Real Source

Realistic exposure (e.g., signal
characteristics, presentation)

Includes other factors related to events
that we may not be aware of and are
not able to capture with simulation

Typically difficult to access or
coordinate exposures

Many of the real sources cannot be
used in a captive situation (though,
previously single airguns have been
used in large tanks)

Can be challenging to control

Can be dangerous due to high
source level

Simulated Source

Allows for reproducibility

Can decouple distance and sound
level

Does not have to be as loud as the
real source

Can be deployed closer to the animal
Large Navy speakers can reasonably
replicate ship noise and likely an
airgun pulse with a multi speaker setup

Unable to actually produce the full
signal of a noise event from a source
like pile driving and therefore may
not observe the real response

Rise time and full frequency band
are difficult to reproduce

Source proximity and source level
are related
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2.1.3 Exposure Protocol

What is the most appropriate exposure protocol (e.g., control period followed by single stimulus
vs. multiple presentations of stimulus)? How many stimuli should be presented?

The exposure protocol and number of stimuli will depend on the sound source, the question(s) of
interest, and what is feasible/realistic for the source. An overall recommendation is that the
exposure presentation should be as close to the real-world situation as possible (e.g., a single pile
driving hammer strike or single airgun is unrealistic). The participants created a suggested
general approach for planning exposure experiments when investigating responses (physiological
or behavioral), which is summarized in Figure 1.

Characterize

Identify data the context Present
streams and (inshore/ stimuli as
Identify analytical offshore, rest close to 'real'
question(s) framework(s) [travel/feed) as possible
Identify Collect Plan for Maximize
response baseline data controls: chances for
metric(s) on normal timing, sufficient
behavior/ exposure sample size
physiology stimuli, etc)

Figure 1. General approach for planning exposure experiments to investigate responses to sound

The next topic addressed was whether it is better to use a single sound stimuli versus multiple
sound stimuli for an exposure paradigm. The participants worked to delineate pros and cons of
three different regimes: control-single stimulus, control-multiple stimulus, and control-stimulus-
post stimulus (also referred to as before, during, and after stimulus). Table 3 describes the pros
and cons of the different approaches, with the favored paradigm being the “control-stimulus-post
stimulus.”

Participants highlighted two approaches that were not favored and felt it was important to note
that these situations should be avoided. The first was “at surface” exposures to sound.
Participants felt this approach should be avoided because 1) sound propagation changes at the
air-water interface, 2) waves and wind-generated noises are greater at the surface, 3) turtles
spend the majority of their time away from the surface (divers rather than surfacers), and 4) the
response of surfacing may be a variable of interest in behavioral studies. The second was testing
in the presence of other animals, specifically with captive (permanent or temporary) turtles.
Participants felt this should be avoided because sea turtles spend most of their time alone, and
being in the presence of other sea turtles may influence their behavioral responses.
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Table 3. Behavioral response study sound exposure approaches
Pros (advantages to each approach) appear in black text.
Cons (disadvantages to each approach) appear in red text.

Control:
Single Stimulus

Control:
Multiple Stimuli

Control:
Stimulus — Post Stimulus

Simplest to implement [pro]

Most similar to actual exposures [pro]

Allows for time to acclimate
(control), measurements during
stimulus, and then recovery time
(with potential for measurements of
variables post exposure) [pro]

Allows direct comparison to baseline
behavior [pro]

Harder to implement with free-
swimming turtles but could be
implemented in a large net pen or
mesocosm if turtles are allowed time to
acclimate and the pen is large and deep
enough to allow realistic responses

[pro]

May need repeat sampling in post-
stimulus phase [pro]

Most useful for startle response [pro]

Easier to implement inshore than
offshore [pro]

Longer to conduct, may lead to
smaller sample sizes [con]

Experimental time period sufficient to
capture the multiple-hour time course
of changes in adrenal hormones in
sea turtles [pro]

Most useful for habituation and
sensitization studies; extinguishing of
habituation should be considered [pro]

Novel stimulus may result in a bigger
behavioral and heart rate response
[con]

Timing of presentations of stimuli
should be as close to real world as
possible [pro]

Does not allow assessment of
habituation/sensitization [con]

Difficult to determine which signal has
caused an observed response [con]

The next identified task was to look holistically at a behavioral study approach design, in other
words, what an “ideal” design would look like given the limited information currently available.
The participants’ suggested approach is summarized in Figure 2, which provides a timeline view

of how to execute the study.

Use a field-based
captive study ina
large net pen with
a single source to
calibrate methods

Identify a

detected

threshold at which
a behavioral
response can be

Run field
experiments in
areas with high

densities of
animals (tag
several individuals)

Develop response
severity scoring

Tagged animals in
large net pen
(stranded/rehab
animals)

Pilot the
experiment to test
received level that

will generate a
behavioral
response to
calibrate field
studies and start to
characterize a
response curve
{limited context)

Run replicates to
test for different
contexts (e.g.,
feeding, resting,
time of day)

Figure 2. Summary of the suggested experimental design exposure experiments to investigate
responses to sound.

12



Though all participants agreed that ultimately these behavioral response questions should be
addressed with wild turtles, captive turtles can be useful in answering some specific questions we
have regarding certain aspects of behavioral response and/or mitigation effectiveness. For
example, captive turtles can be helpful in assessing questions of amplitude ramp-up of various
sources. These ramp-up studies may suffer from some contextual complications, but they can be
useful to measure how quickly (or not) their responses change with respect to ramp-up. Next,
captive turtles can be useful in helping us understand potential impact of other, non-noise
stressors as they may or may not be exacerbated by noise exposure (e.g., assess the response to
handling in turtles exposed to noise vs. those not exposed to noise).

Finally, the participants identified several open questions related to exposure protocol(s).
Consider, for example, the issue of multiple samples from the same individual or individuals
within a group and effects of the sampling protocol on subsequent responses (i.e., whether the
same animals can be used or separate groups will be required for different time points). Next,
what is the appropriate temporal scale over which to present a stimulus and look for a response?
What stimulates a response? What response(s) result in an impact at the individual level? At the
population level? And, lastly, the participants identified potential limitations on these
experiments, including permit restrictions, costs of tags and equipment, boat, and staff time.

2.1.4 Data Analysis
Given anticipated small sample size, what are the most appropriate statistical analyses to use?

Small sample sizes are the norm for behavioral studies of virtually every large marine vertebrate,
though, luckily for sea turtle research, the marine mammal field has benefitted from considerable
resources being put towards behavioral response studies; specifically, for this case, the analysis
methods can be applied to these small and often variable samples. This marine mammal research
is highly relevant for sea turtles and is helpful in both experimental design as well as statistical
analyses, e.g., change-point analyses, response modeling, use of each animal as its own control
(e.g., Harris et al. 2018). When questions of necessary sample sizes arise, as they perennially do,
some sort of power analysis is usually recommended to inform experimental design. Conducting
a power analysis, though, does require some knowledge of what the measured quantities will be
(i.e., responses) and some expectation or presumption of detectability. Also, sample size must be
taken into account when the number of samples or animals is limited by permits. Given what is
known about sea turtle behavior and plasticity, a general recommendation was made to target a
sample size of 20 individuals for behavior studies.

2.2 Behavior Study Design Questions

2.2.1 Experimental Protocol—Behavior

What are the strengths and weaknesses of captive tank-based studies, field-based pen studies,
and field-based controlled exposure experiments with freely swimming turtles? What types of
data can be acquired with each of these experiments?

Participants identified and discussed several strengths and weaknesses of various experimental
designs and identified the types of data that could be (or would be most appropriate) for each.
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These are summarized in Table 4. Note that some strengths and weaknesses highlighted by the
group also have implications for studies of physiological responses (hearing and stress).

Table 4. Strengths, weaknesses, and data that can be acquired from sound exposure experiments
conducted in captive tank-based, field-based pen, and field-based controlled exposure

experiments.

Study

experiments

Opportunity to examine
habitat or seasonally
dependent impacts

Cannot control for other
stimuli

Difficulty accessing cheloniid
species in certain areas (e.g.,
New England)

. Strengths Weaknesses Data Acquired
Location
Easier than experiments e Startle response
with free-swimming turtles A ic limitati e TTS onset, recovery time
Opportunity to examine Coﬁ.St;ﬁ |m|tat|8ns ¢ e First cuts at repeated
responses in same © r;gll y reverberant, lati physiologic measurements
individual multiple times sha °V‘? ”0'3"{‘ CZ’?Ce ation |, Effects on several
Easier to recapture turtles L\S/:szz rom standing physiologic parameters
for resampling and tag o The larger the tank the * Effects of ramp-up
recovery protocols
Life history of individuals better o Effects of repeated
Animals have been living in a
better known isv tank : i t exposures (e.g.,
Easier access for noisy fank environmen ('wa er sensitization, habituation)
Captive hvsiological measures pumps, filtration, terrestrial If s | ’ | a
tank-based Eo?: er ogbservation time sounds, etc.) ) | turtte " fa tI(Ier N Upvia
studies 9 Confined space prevents ong-term follow up via
frame (before/after) . tags?
Predictable / trolled some behaviors (lateral Effect h rat
redictable / controlle distance, dive depth) . ects on growth rate
exposure levels o
St tvoed behavi Rehab condition may lead to
ereotyped behaviors non- representative results
can be documented ; . :
Easier inst tati Only certain species/sizes of
asier instrumentation turtles can live in a tank and
Power, ruggedness stay healthy
Pre-exposure hearing Not suitable for leatherbacks
tests possible
Animals are habituated to
manipulation
Same strengths as Limited spatial scale e Startle response
captive-based studies Potentially capturing unnatural | e TTS onset, recovery time,
above, plus the following: behaviors habituation
Real source can be used Not suitable for leatherbacks e Beginnings of behavioral
if pen can be proximal Suite of responses might be responses
. Generally less expensive? driven by size of pen ¢ Habituation/ sensitization
Field-based . ! . o
en studies Higher sample sizes Permits and permissions may e If large enough could look
P Longer acclimation after take longer to acquire at heading, direction
tagging Potentially limited pens/sites o Effects of ramp-up
More realistic available near enough turtles protocols
environment Allows for adequate e Long-term health effects
acclimation of stress responses
Potential entanglement
Realistic behavioral Complicated and logistically e Natural dive behavior
repertoire challenging ¢ Realistic exposures and
Opportunity to capture full Small sample sizes responses
Field-based suite of responses via Expensive e Longer term responses
controlled long-term tags Data points might be lost with e Behavioral responses
exposure Realistic sound sources turtles leaving the study site ¢ Recovery periods
o

Exposure-response
relationship
Context dependence
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2.2.1.1 Summary of Other Considerations

Participants identified and discussed many of the pros and cons of conducting these studies with
wild vs. captive turtles (Section 2.1.1). There are, though, some other points made during the
workshop that are worth summarizing. Captive and wild studies can be complementary, with
captive studies being useful for establishing protocols to be used with wild turtles. However, any
synergy would extend only so far, as the situations can be so different behaviorally and
acoustically (e.g., a captive turtle may sink to the bottom and stay there, while a wild turtle may
actively swim away from the source, both in pursuit of lower received levels).

We have discussed several different scenarios that utilize captive vs. wild turtles, and there is
also the intermediate option of conducting studies in a large field-based pen. These pens should
be as large as possible, e.g., aquaculture pens are often 8,000 m?, and a pen could be located
adjacent to or at predetermined distances from a sound source (e.g., drilling, pile driving) to test
multiple animals before and after an exposure to such a realistic sound source. These open-water
pens are not without their challenges but can provide a mesocosm approach to answering these
difficult questions. Finally, other options can be explored, e.g., using captive animals in large
settings (or enclosures) and conducting studies in canals, saltwater ponds, blue holes or cenotes,
or even isolated nesting beaches using a shark-exclusion net that leaves the turtles access to land,
where they might go to avoid the sound.

2.2.2 Geography
What are the considerations for offshore versus inshore studies?

For behavioral studies conducted in the field, the participants agreed that the location of the
study should be driven by the sound source and species/age class planned for investigation. If
feasible, the group favored exposures to be as realistic as possible. As examples, studies of
behavioral responses of nesting females in response to near-shore anthropogenic sound should be
conducted in inshore habitats, and studies of the behavioral responses of pelagic juveniles to
deep-water sources of sound should occur in offshore habitats. With that said, the participants
identified several strengths and weaknesses of conducting studies in inshore and offshore
habitats to consider during study design.

Inshore habitats are easier and less expensive to access and often have higher densities of sea
turtles, making capture and measurement of sea turtle behavior more feasible, less expensive,
and less technically challenging. Inshore habitats co-occur with many important breeding and
feeding areas, making inshore environments advantageous for examining behavioral responses to
sound during foraging and breeding activities. Inshore areas also co-occur with activities BOEM
regulates (e.g., coastal pile driving). Participants noted the importance of effects of shallow and
shoal environments on sound propagation when designing experiments. Finally, inshore studies
on nesting females may be advantageous as tags can be deployed and retrieved on nesting
beaches; however, one disadvantage to working with nesting females is that females may rest
between subsequent nesting events and may not be expressing a full range of normal behaviors.
Permits from NMFS, USFWS, and state agencies may be required for these types of studies.

Offshore habitats are much more challenging and costly to access, and often present harder
working conditions (due to weather, sea state, etc.). Sea turtle densities are often lower in
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offshore habitats, and turtles may be more dispersed in the study area. However, offshore
habitats co-occur with both important foraging habitats and activities BOEM regulates (e.g.,
offshore pile driving, seismic surveys, etc.), making offshore habitats more realistic for

measuring responses to these types of anthropogenic activities.

2.2.3 Biologging Tag Employed

What biologging tools are available and what type of data can they provide?

Participants identified several biologging tools that could be used for behavioral response to
sound studies (Table 5). Methods for measuring behavioral variables in freely swimming turtles
depend on the question and timescale of response, and different types of biologging tags have
different strengths and weaknesses. For example, to measure fine-scale, short-term (i.e., seconds
to hours) responses, high-resolution acoustic recording tags are well suited to collect data to
address these questions. For longer (i.e., days to weeks) responses, satellite linked tags are the
only viable option. There is emerging tag technology (single-molecule-real-time, or SMRT, tag)
that samples animal behavior and the acoustic environment, and are satellite linked.

Table 5. Summary of biologging tools for sea turtle behavioral response studies

A relatively recent paper discussed the advantages and challenges of several tag/sensor types (Johnson et al. 2009),
and while new sensors have been incorporated (e.g., cameras), this table serves to frame the comparison(s) and set
up the discussion of the appropriate technology for a particular question.

Biologging Tool

Data Collected

Advantages/Limitations

Accelerometer

Swim/movement speed, sudden
changes in behavior (e.g., startle)

Can be difficult to interpret behavior

Magnetometer

Heading

Can track horizontal displacement

Animal-borne cameras, including
stereoscopic cameras

Visual data of what the turtle sees,
its swimming behavior, or both

Can see if turtle is on the bottom; Small
visual ranges

Heart rate monitors

Heart rate

Electrocardiograms (ECGs) difficult in hard
shelled turtles but recent techniques in low-
amplitude ECG signal processing show
promise (Sakamoto et al. 2021, Kinoshita et
al. 2022)

Time-depth recorders

Depth and dive time

Can track vertical displacement or changes
in foraging behavior

Acoustic recording tags (dTag,
Loggerhead Instruments, Inc., AMX
tag, CATcams, FaunaTag, etc.)

Movement (speed, depth, pitch, roll,
etc.) and received SPL

Pair movement with received acoustics;
only allows for short durations of
measurement

Acoustic telemetry tags

Geolocation with respect to an array
of acoustic receivers

Requires extensive acoustic receiver array.
If turtles move out of the array, no location
information is collected

Satellite Fastloc tags

Geolocation

Locations useful and allows for longer-term
data collection; behavior data available can
be limited

IMU (inertial measurement unit)

Combination of accelerometer,
gyroscopes, and sometimes
magnetometers

Good measurements of body movements
and orientations Corrections for tag
placement/orientation can be challenging

CTD/environmental loggers

Conductivity (salinity), temperature,
and depth

Can be used to explore water
masses/depths used by turtles; gives no
information about actual movements
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What are their strengths and weaknesses when deployed on sea turtles?

Biologging tags will be useful in virtually all situations, but especially 1) when response
variable(s) include movement, including changes in depth; 2) when response variable(s) involve
metabolic quantities (e.g., heart rate, respiration rate); 3) tags attached to captive or pen turtles
can generate data (e.g., movement parameters) that can be used to develop analyses of similar tag
data in wild studies, including ‘starting points’ for source levels or other experimental
parameters; 4) in turbid water conditions where video is ineffective.

Johnson et al. (2009) provide an excellent review of the use of high-resolution biologging tags,
and while there has been significant advances in the sensors deployed on these tags since their
review, their discussion of pros and cons is still valuable. There are some important
considerations when using biologging tags. To attach these tags, the turtles must be handled for
some period of time, and thought needs to be put toward addressing the ‘acclimation period’
after which the animal has returned to baseline condition, and its behavior is no longer
influenced by the tagging operations. Captive and/or pen animals tagged but not exposed could
be utilized to address this issue, and behavioral and physiological measurements should be
collected. Currently, the research community operates on the assumption that 1-day post-tagging
and handling is acceptable. Finally, the future availability of new satellite transmission systems
may facilitate the development and use of new tags that could bridge data gaps (e.g., the coarse
nature of dive behavior measured by Argos-based tags).

2.2.3.1 Other Instrumentation

Hydrophones separate from those on any tags attached to the animal(s) can be useful for
documenting received level(s) and/or sound mapping of a tank or pen. These received level
measurements can be integral to the overall plan by, for example, documenting the actual
received level at turtle location(s) and/or verifying propagation modeling done in concert with
the experiments. Cameras or drones located in or above a tank or net (and potentially used in
concert with animal-bourne cameras) may provide additional imagery to document response(s).

2.2.4 Measured Behavioral Response Parameters

What are the most appropriate and/or important behavioral parameters to monitor for sea
turtles and on what time scales?

Participants agreed that the final suite of behavioral response parameters chosen will be dictated
by the research question and sound source of interest. They identified several behavioral
response parameters that could be examined in both freely swimming, wild turtles, and captive
turtles (in tanks or open-water pens) (Table 6). Participants highlighted the importance of
investigating responses that have the potential to lead to fitness consequences, including changes
in behavioral state (implications for energetics), changes in dive duration and swim speed
(implications for foraging and energetics), and avoidance (indicator of displacement away from
important habitats).

Participants noted that different parameters may need to be observed or measured at different
time periods after exposure. For example, a startle response must be examined immediately after
the onset of the sound, while other parameters (like changes in behavioral state, dive behavior,
swim speed, and avoidance) should be investigated on longer time scales and only after sea
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turtles have had the opportunity to return to baseline behavior after any handling or capture. The
participants also discussed the need to examine responses to several combinations of time and a
range of sound levels, including the same timeframe sea turtles would experience in a real-world
exposure and varying sound levels to mimic exposures at different distances from the source.
Finally, the participants discussed the need for repeated exposures to determine if sea turtles
habituate or become sensitized to sounds over time.

Table 6. Behavioral response parameters appropriate for investigation sound exposure
experiments conducted in captive tank-based, field-based pen, and field-based controlled
exposure experiments

Type of Study/

Source of Sea Turtle e

e Startle response—still unclear whether turtles have the startle reflex response
(see Gotz and Janik 2011), but do show rapid onset responses

Avoidance (horizontal and vertical)}—displacement

Diving behavior changes

Swim speed

Changes in behavioral state: time spent foraging, swimming, and resting
Internal temperature to get at change in feeding regime

Resource use and selectivity

Studies conducted with wild
sea turtles in their natural
environment

Startle response (P, T)

Avoidance, change in heading (P, T depending on size)
Heart rate and stress biomarkers (P, T)

Change in behavioral state (resting, swimming)

Swim speed (P, depending on size)

Studies conducted with
captive sea turtles in tank
(T) or open-water pen (P)

How can context and response variable scoring be applied to sea turtles?

The context of exposure, as we have learned with marine mammals, can significantly influence
an animal’s response to an acoustic stimulus. For example, is the animal feeding vs. traveling?
Has it been exposed to the sound source before or recently? Some of the important contextual
variables to measure include the quality and availability of foraging habitat or prey, ambient
noise conditions, the effects of ramp-up or exposure to many different received levels, etc. The
importance of context is discussed in some marine mammal focused papers, including Southall et
al. (2021) and Ellison et al. (2012). The severity of a response can also be affected by context.
Scoring the severity of responses is also very important, and the sea turtle research community
should consider adopting an approach similar to that taken by Southall et al. (2021).

2.3 Physiology Study Design Questions

2.3.1 Experimental Protocol—Physiology
What is the appropriate sampling time?

Physiological responses are dynamic and time dependent, so the sampling time can be critical in
determining whether a response has occurred. Further, stress of handling animals for sampling
can have marked effects on subsequent samples. Serial sampling beginning immediately after
exposure provides information about the effects related to prior sampling events or handling, as
well as the effects of the exposure of interest. For that reason, sample size generally needs to be
increased and sampled by groups at a particular post-exposure time rather than sampling
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individuals several times through an entire time series, unless samples can be obtained without
otherwise impacting the study animals. Metrics to assess are not specific to any particular
stressor, requiring robust controls for reliable interpretation. For acute glucocorticoid responses,
the output that received the majority of discussion time in the workshop, it is important to collect
baseline samples quickly, before or within 10 minutes of stimuli, and then again during (for one
cohort) and after (for another cohort) exposure across about a 6-hr time course. Other outputs
may have different timelines. For longer-term effects, comparisons of different populations with
and without exposure over time would likely be more informative than pre-exposure baselines
vs. post-exposure changes.

Examples of qualitative timescales for measuring different variables include the following:

Hours: hormones, blood gases, lactate

Days: hormones in fecal samples

Months: endocrine assays from scute clips
Years: reproduction, growth and morphometrics

2.3.2 Measured Physiological Response Parameters

Several physiological parameters could be informative for assessing sea turtle reaction to
auditory stressors. The breakout group participants focused on physiology gravitated towards
endocrine responses, and more specifically towards corticosterone, the primary glucocorticoid of
sea turtles, as one essential output to evaluate in the context of the hypothalmic-pituitary-adrenal
(HPA) nonspecific response to a wide range of stressors. Additional endocrine responses of
interest would be thyroid hormones (thyroxine, triiodothyronine) for metabolic impacts,
reproductive hormones (estradiol, testosterone, progesterone) for potential reproductive effects,
aldosterone (mineralocorticoid product of the adrenal cortex) for potential impacts on electrolyte
balance, and catecholamines (epinephrine, norepinephrine, and their metabolites) for sympathetic
(fight-or-flight) response to acute stressors. Non-endocrine responses discussed included
hematology (complete blood count, heterophil/lymphocyte ratio, packed cell volume, total
solids), blood-based immunology assays, morphometrics (weight, body condition, carapace
measurements, subcutaneous fat depth, growth over time), heart rate and rhythm, and gross
pathology and histopathology. These factors would be applied to assess general health status to
confirm healthy subjects are being evaluated, as well as to determine possible responses to sound
exposures.

The techniques considered most promising to be informative and feasible included blood
sampling for short-term responses of endocrine, hematological, and immunological variables;
fecal samples for mid-term (days) endocrine responses; scute clips for long-term (months)
endocrine responses; morphometrics (carapace length and width, weight); and subcutaneous fat
depth for long-term effects on growth and body condition. Body condition can be assessed by
subjective scoring or by calculation based on weight and length as derived from Fulton’s K in
fisheries science (Harris et al. 2017, Tristan and Norton 2017). Ultrasound for subcutaneous fat
thickness has been described for leatherbacks (Harris et al. 2016) but is less well investigated for
use in hard shell turtles.

Fecal steroid methods are not yet developed for sea turtles but could be adapted from other
species and validated. Measuring steroids in feces is more expensive and time consuming than in
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blood or plasma. Different methods of feces collection may be needed depending on species;
cloacal irrigation is often nonproductive, and colonic irrigation is challenging in green turtles
without endoscopic guidance. A fresh sample of spontaneously produced feces when the turtle is
out of water is simplest, but timing the sample depends on the turtle's gastrointestinal schedule.

The participants briefly discussed several additional considerations for measuring physiological
response variables. The choice of response variables will depend on whether the focus is acute,
ephemeral noise exposure or chronic, persistent noise exposure. The stress response has not been
as well characterized in sea turtles as it has been in mammals. As a starting point, non-marine
turtles may be a useful surrogate model, with greater accessibility of research subjects and
potentially fewer permitting constraints. Many response variables are easy to measure within an
acute time frame, but longer-term effects are of greater interest. It will be important to choose
variables that can be linked to longer-term impacts on sea turtle fitness, but many of the longer-
term effects of parameters of interest (e.g., corticosterone and suppression of reproductive
hormones) have not been well studied in sea turtles. Blood gases and lactate exhibit more
transient effects than other variables considered, but if those effects are strong and lead to tissue
damage, they may still have lasting effects that will be important to understand. Physical trauma,
impacts to hearing, and other histopathology may occur, depending on the severity of exposure.
To identify effects, experimenters will need to assess animals before, during, and after acoustic
exposure. This need will either require methods that do not affect the measured variables (e.g.,
simple handling may increase plasma lactate or corticosterone concentrations) or separate
cohorts sampled at different stages. It is important to recognize that both free-ranging and
rehabilitating turtles may have been exposed to other stressors or external factors (e.g., pre-
existing injuries or noise exposure) prior to the investigations, which could confound the
outcomes. Samples for many of the variables of interest are relatively simple to collect (e.g.,
blood samples), whereas the cost of analyses is likely to be a greater constraint. Long-term
follow up and tracking of physiological responses is particularly challenging in such long-lived
and wide-ranging species.

A tabular summary of response variables of potential interest in evaluating physiological effects
of sound exposure are described in Table 7. Though corticosteroid responses received the most
attention during the workshop discussions—and would be a primary variable to consider in
evaluating physiological effects of noise exposure—it is recognized that for a more
comprehensive assessment, a wider range of variables should be considered; however, it would
be both cost- and time-prohibitive to evaluate all of the variables discussed. The workshop
participants did not resolve which other variables should be prioritized and left that decision to
future investigators to choose and justify. Further, the difficult question of how or whether to
combine physiological and behavioral experiments was left unresolved. It could be more
efficient and reduce the number of animals subjected to experimental conditions to combine
protocols. However, sampling for many of the physiological variables of interest would
reasonably be expected to alter future behaviors and physiologic variables. Therefore, any
proposals that combine behavioral and physiologic protocols must address this concern either by
employing sampling methods that do not affect or minimally affect subsequent assessments, or
designating separate cohorts to evaluate different effects or timing of effects.

Participants agreed that the minimum sample size should be 810 individuals for hormone
studies, but data are lacking for sea turtles so larger sample sizes may be needed, depending on
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the variability in the results. Power analyses should be performed to determine the appropriate

sample size.

Table 7. Response variables of potential interest in evaluating physiological effects of exposure to

sound

*References cited below are offered by way of example and are not intended to be exhaustive.

Response Variable Category Notes/Considerations

Corticosterone Endocrine Easy to collect; standard component of any stress
response (HPA) study (Gregory et al. 1996, Hunt et al.
2012, Hunt et al. 2019)

Timescale: hours

Epinephrine Endocrine Easy to collect but unstable sample requiring rapid
processing (Hamann et al. 2003)

Timescale: hours

Norepinephrine Endocrine Easy to collect but unstable sample requiring rapid
processing (Hamann et al. 2003)

Timescale: hours

Metanephrines Endocrine May be somewhat more stable option for evaluating
epinephrine/norepinephrine, but not applied to sea turtles
yet to our knowledge
Timescale: hours

Testosterone; estradiol/ Endocrine Easy to collect; primarily applicable to adults (Allen et al.

progesterone 2015).

Timescale: hours

Thyroxine; tri- Endocrine Easy to collect, indicates metabolic status (Hunt et al.

iodothyronine if detectable 2012)

Aldosterone Endocrine Easy to collect; currently under study by New England
Aquarium group:
https://www.morrisanimalfoundation.org/article/stress-
hormone-study-endangered-sea-turtles

DHEA Endocrine Correlates positively to some immune responses in other

(dihydroepiandrosterone) vertebrates, not sure if data exist for turtles (Whitham et al.
2020)

WBC Hematology, Standard component of assessing health status (Stacy and

Immunology Innis 2017); could be done to confirm study population is
healthy regardless of response to acoustic stressor

H/L (heterophil/lymphocyte | Hematology, Readily calculated from WBC data; loosely correlates with

ratio) Immunology glucocorticoid and glucose responses in many taxa
(Mufioz et al. 2013)

Hematocrit Hematology Standard component of assessing health status (Stacy and
Innis 2017); could be done to confirm study population is
healthy regardless of response to acoustic stressor

Blood gases, lactate, acid- Physiology Can change rapidly with handling (Mones et al. 2021)

base Timescale: hours

Plasma chemistry panels Physiology Glucose and electrolytes supportive of corticosterone

(glucose, electrolytes) response; somewhat different time scales (Stacy and Innis
2017)

Weight Morphometrics Longer-term response (Tristan and Norton 2017)

Body condition index Morphometrics Longer-term response (Harris et al. 2017, Stamper et al.
2005, Tristan and Norton 2017)

Fat depth via ultrasound Morphometrics Longer-term response (Harris et al. 2016)

Percent body fat Morphometrics Perhaps measured by electrical impedance (Kophamel et

al. 2023 and in prep)
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Response Variable

Category

Notes/Considerations

Growth Morphometrics Long-term, follow-up challenge, but probably important,
especially for juveniles
Timescale: months to years

Oxidative burst Immunology Innate immune response, adaptable across taxa; assays
must be done on fresh samples (Rossi et al. 2016,
Rousselet et al. 2013)

Leukocyte coping capacity | Immunology Variation on oxygen radical production by leukocytes

(LCC) (Huber et al. 2019); nonspecific immune response,
adaptable across taxa; assays must be done on fresh
samples

Phagocytosis Immunology Innate immune response; adaptable across taxa; assays
must be done on fresh samples (Rossi et al. 2016,
Rousselet et al. 2013)

Delayed type Immunology In vivo immune function assay (Mufoz et al. 2013)

hypersensitivity (DTH)

Lymphocyte proliferation Immunology Cell mediated immune response capacity; adaptable
across taxa with various mitogens; assays must be done
on fresh samples (Keller et al. 2006, Rousselet et al. 2013)

NK activity Immunology Innate immune response; assays must be done on fresh
samples (Rousselet et al. 2013)

Lysozyme Immunology Innate immune response (Keller et al. 2006)

Heart rate (HR) Other ECGs difficult in hard shelled turtles, but recent techniques
in low-amplitude ECG signal processing show promise
(Sakamoto et al. 2021, Kinoshita et al. 2022);
unclear whether LED HR sensor (like in FaunaTag) could
be adapted to work in turtles

Respiratory rate (RR) Other Sometimes not useful because of breath-holding, but easy
to collect (Harris et al. 2017, Tristan and Norton 2017)

Reproductive success Other Long-term, follow-up challenge
Timescale: years

Epibiota coverage Other Nonspecific, insensitive to minor impacts (Stamper et al.
2005)

Unconsciousness/reduced | Physical Acute effect (Harms et al. 2017, Tristan and Norton 2017)

responsiveness

Gross pathology Physical Comprehensive indications of health status at time of
death (Stacy and Innis 2017)

Histopathology Physical Comprehensive indications of health status at time of
death (Stacy and Innis 2017)

NMR metabolomics Metabolics Early phases of development and interpretation (Niemuth
et al. 2015, 2019)

Ghrelin and leptin Physiology Could provide insights on foraging impacts of the sound
stressor (Goldberg et al. 2013)

Behavior collected via Other As correlate of health in rehabilitation (Arkwright et al.

datalogger 2020) or after sound exposure (vs. primary behavior
evaluation discussed in that section)

Microbiome Other Sample collection simple; analysis complex; associations

with disease or physiological states not yet established, but
active area of investigation (McNally et al. 2021)
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Response Variable Category Notes/Considerations

Scute clips Endocrine For retrospective/accumulative hormone signature (e.g.,
compare a noise-exposed population to non-exposed or
less exposed populations)

Timescale: months? (Day et al. (2010), but for Hg rather
than hormones; Baxter-Gilbert et al. (2014) for
corticosterone in nail clippings of painted turtles)

Fecal hormones Endocrine For retrospective analysis (past several days?) (Umapathy
et al. 2015, Wasser et al. 2000)

2.4 Workshop Takeaways and Recommendations

2.4.1 State of the Science and Research Priorities

Many important data and knowledge gaps exist in our understanding of the impact of
anthropogenic noise on sea turtles, particularly with respect to physiological responses and long-
term fitness and population consequences of behavioral disturbance in sea turtles. There is a
pressing need for increased investment in research (both dollars and effort) to fill these gaps,
particularly given the ongoing and recent increases in offshore energy development in areas that
overlap the habitat of vulnerable populations of sea turtles in U.S. waters. These data are critical
to accurately assessing the impacts of anthropogenic sound sources on sea turtles.

Participants prioritized focusing research efforts on the most vulnerable sea turtle species (or
populations), both in conservation status and in the amount of overlap between species’ habitat
use with potential sources of anthropogenic sound. Participants prioritized studies focused on the
potential impacts of acute sources of sound (e.g., pile driving, airguns, explosives, sparkers,
sonar) higher than chronic sources of sound (e.g., vessels). The highest priority for studies are
sources that overlap with the sea turtle hearing range, overlap spatially and temporally with sea
turtle habitat use, and are frequent and loud enough to present a potential risk to sea turtles,
including coastal and offshore pile driving airguns used for seismic surveys, and explosives
(confined and unconfined). Making the link between observed behavioral and physiological
shifts and long-term fitness consequences is a high priority, and studies should focus on a variety
of response parameters, including those that can be most directly tied to reproduction, foraging
success, and survival.

2.4.2 General Recommendations and Approaches

A key theme often revisited during the workshop was that the most appropriate methodological
approach for conducting studies of physiological and behavioral responses of sea turtles to sound
should be driven by the species and sound source of interest, context (e.g., inshore vs. offshore,
migrating vs foraging individuals, etc.), and the question of interest (e.g., threshold to startle,
habituation, displacement, changes in foraging or reproduction, or other biologically meaningful
response). Multiple experimental approaches could and should be pursued in parallel. Though
experiments with freely swimming wild turtles in their natural habitat are preferred,
insights/lessons learned from captive studies can inform studies with freely swimming wild
turtles. Coordination and communication among those efforts and across the interested research
and regulatory community will help speed progress and increase efficiency.
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It is important to focus on the questions and carefully select response variables that align with the
question, categorize and quantify contextual variables, and integrate analytical techniques in the
experimental design. These types of experiments take significant time to plan and require permits
to conduct (either from NMFS, USFWS, or both), which can take up to one year to procure.
Lessons learned and techniques from studies of sound impacts on other marine species can be
applied to sea turtles, including employing multiple controls (non-exposed individuals and
populations) to collect baseline data; sampling before, during, and after sound exposure;
incorporating/recording context and response variable scoring; improved tagging techniques, and
experimental and statistical design (given often small sample sizes); and improved physiological
methods. Finally, it is critical that study subject, sound exposure, and context parameters are
carefully identified and characterized during experiments and included in reports/publications
(see Southall et al. (2021) for a list of parameters).

Both physiological and behavioral studies are needed, and there will be benefits to pursuing
those studies separately, and, when feasible, in combination; however, simultaneous
physiological and behavioral studies present challenges, depending on the response variables
being assessed. Wildlife studies are increasingly integrating measures of physiology and
behavior, as movement is relevant to both and informs energetics and rates; for example,
accelerometers and movement tags can generate data on energetic expenditure. A key challenge
to conducting behavioral and physiological studies concurrently is that the disturbance that
results from each capture and handling event will affect subsequent physiological measurements
(e.g., Mones et al. (2021)). Additionally, when studying freely swimming wild turtles, it may be
difficult to recapture and collect physiological measurements from turtles after exposure. After
an animal has been tagged, baseline physiological data have been collected, and the animal has
re-acclimated, the stimulus can be presented and behavioral responses observed, yielding
multiple behavior data points. The animal would then need to be recaptured to collect
physiological samples and measurements representing its exposed condition. Given that this
yields only a single time point, one would need multiple cohorts to increase sample size.

Recommended experimental approaches, to be pursued in series or parallel include are listed
from least to most challenging to implement:

e Tank experiments with single sound stimulus
o Turtles: Short-term rehabilitation animals or wild-caught animals preferable over
long-term captives
o Response parameters: Limited behavior (startle response, orientation to source,
change in behavioral state), basic physiology
o Output: Initial sound response thresholds
e Net pen experiments with single and multiple sound stimuli
o Turtles: Rehabilitation animals ready for release or wild
o Response parameters: More comprehensive range of behavioral responses,
complex interactions of more physiology metrics
o Outputs: Thresholds for broader suite of behavioral and physiological responses;
insights to inform field-based studies with free-swimming turtles
e Semi-enclosed net pen experiments at nesting beaches with controlled sound source (real
or simulated)
o Turtles: Wild
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o Measure: More comprehensive range of behavioral responses, longer tagging
sequences, larger sample sizes
o Output: Thresholds for broader suite of behavioral responses; insights to inform
field-based studies with freely swimming turtles
o Caveat: Nesting sea turtles range more widely than any net pen, and confinement
during reproductive cycles may have unpredictable unintended consequences
e Field-based experiments with controlled sound source (real or simulated)
o Turtles: Wild
o Response parameters: Full range of behavioral responses
o Output: Thresholds for broader suite of behavioral responses; insights to inform
field-based studies with freely swimming turtles
e Natural/field-based experiments with planned development activities (real sound source)
o Turtles: Wild
o Response parameters: Full range of behavioral responses
o Outputs: Thresholds for broader suite of behavioral responses under realistic
conditions
o Requirements: Cooperation of industry
e Natural comparative experiments
o Turtles: Wild populations with different levels of baseline chronic noise exposure
and noise risk
o Response parameters: Full range of behavioral and physiological responses as
feasible
o Outputs: Better characterization of baseline; insights into the effects of chronic
noise; insights into links between noise disturbance and long-term fitness

2.4.2.1 Behavioral Studies Considerations

The methodological approach that provides the most realistic exposure scenarios and breadth of
behavioral response data are those conducted with freely swimming wild turtles and with real
sources using the “control-stimulus-post stimulus” experimental paradigm. However, given that
these studies are logistically challenging and expensive, and considering the paucity of data
available for sea turtle behavioral responses to sound for use in informing mitigation and
management, all agreed that other experimental paradigms would assist in filling data gaps
(including those conducted with captive turtles, simulated sound sources, etc. as outlined above).

If these alternate experimental paradigms are pursued, they will require careful study design and
a firm understanding of the types of data that can be collected with these approaches and their
strengths and weaknesses (Table 4). The participants suggested a step-wise approach of
conducting studies with sea turtles in large open-water pens prior to conducting studies with
freely swimming sea turtles, particularly to refine techniques for deploying and retrieving
biologging tools, and examining behavioral baselines and initial behavioral responses to different
sources of sound (Figure 2). When feasible, researchers and managers should take advantage of
opportunities for natural (in situ) experiments (e.g., measurements of behavior during planned
development activity), as ongoing and planned activities may assist in generating more quickly
relevant data based on real-world conditions.
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2.4.2.2 Physiological Studies Considerations

Investigations of physiological effects of sound are expected to include an assessment of
endocrine responses, in particular, but not limited to, corticosterone as an indicator of the HPA
axis. To acquire a more comprehensive assessment of physiological effects of sound,
investigations should include multiple endocrine effects (i.e., response variables in addition to
corticosterone) and non-endocrine effects.

The workshop participants did not make recommendations on which specific response variables
to prioritize. Many options are suggested in Table 7. Selection of response variables will depend
on investigative team capabilities, practical considerations for working with protected species
(which have distinct handling and husbandry requirements over a wide range of sizes), and the
case presented by prospective investigators for their proposed array. A range of time points
should be evaluated, from acute (short term) to chronic (long term).

It is anticipated that in-depth physiological response studies would be better suited to controlled
captive settings than free-ranging settings, although some physiological response variables may
be more adaptable to a variety of settings; net pen experiments offer an intermediate option.
Additionally, natural or opportunistic experiments may arise, based on differing sound exposures
to otherwise similar free-ranging sea turtle populations. Allowing for some acclimation time,
turtles recently collected from the wild or short-term rehabilitation animals would be preferable
to turtles that have been in managed care for long durations. Turtles participating in noise
response studies should be judged as healthy based on physical examination and hematology
findings, and, if available, known history. The physiological effects of capture and handling for
sampling must be considered with appropriate controls and judicious timing.
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Appendix A: Workshop Agenda and Attendees
A.1 Workshop Agenda
BOEM-Duke University-North Carolina State University

Workshop: Methods to examine behavioral and
physiological responses of sea turtles to sound

Date/Time:  October 28-29, 2021, 1:00 pm - 5:00 pm ET

Hosts: Wendy Piniak, Doug Nowacek, Craig Harms, Jake Levenson
Facilitator: Carrie Kappel (kappel@nceas.ucsb.edu) 831.869.1503
Zoom: Meeting ID: 814 9018 9488 Passcode: 010263

Workshop Purpose

Develop a methodological framework to examine behavioral and physiological responses of sea
turtles to sound and analyze the strengths and weaknesses of specific methodological
approaches.

ZOOM TIPS FOR OUR MEETING

e Show up as fully as if you were in person.
o Avoid multitasking.
o Give your full presence to the meeting and to the other participants.

e Help us hear you and your fellow participants.
o Mute liberally and quickly when not speaking to limit background noise.
o If you can mute notifications on your devices this also helps.
o If your space tends to echo, consider using a headset.

e Let us see you.
o If you are comfortable having your video on, turn on your camera and adjust
your lighting so your face is well lit.
o Turn on gallery view in the upper right to see everyone.
= Also: Settings > Video > Display up to 49 participants
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Thursday, October 28, 2021

1:00 - 1:20
1:20 - 1:35
1:35-2:20
2:20 - 3:00
3:00 - 3:10
3:10 - 3:30
3:30-4:10

4:10 - 4:20
4:20 - 4:45
4:45 - 5:00

Welcome and Opening Remarks from Jill Lewandowski, BOEM

Introductions

Project Overview and Q&A

Breakout Session One: Behavior and physiology, sound sources and focal turtles
Break

Report Outs and Discussion

Breakout Session Two: Stimulus selection, presentation, and exposure protocol
for wild vs captive sea turtles

Break
Report Outs and Discussion

Day One Closing

Friday, October 29, 2021

1:00 - 1:15
1:15-1:35
1:35-2:20

2:20 - 2:30
2:30 - 3:00
3:00 - 3:45
3:45 - 3:55
3:55 - 4:35
4:35 - 4:50
4:45 - 5:00

Welcome and Day Two Objectives
Reflections on Day One

Breakout Session Three: Behavioral and physiological response variables,
sampling design and statistical analysis

Break

Report Outs and Discussion

Breakout Session Four: Further details on methods and tools
Break

Report Outs and Discussion

Synthesis

Closing

A.2 Attendees

Workshop organizers
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Doug Nowacek - Duke University Marine Lab and Pratt School of Engineering

Craig Harms - North Carolina State University, College of Veterinary Medicine, Center
for Marine Sciences and Technology

Wendy Piniak - NOAA NMFS, Office of Protected Resources

Jacob Levenson - BOEM, Division of Environmental Studies

Participants

Kyle Baker - BOEM Offshore Renewable Energy Projects (OREP)

Elizabeth Burgess - New England Aquarium

Alex Conrad - BOEM, Center for Marine Acoustics

Alasdair Davies - Arribada Initiative

Sam Denes - BOEM, Center for Marine Acoustics

Stacy DeRuiter - Calvin University

Kara Dodge - New England Aquarium

Mariana Fuentes - Florida State University

Catriona Harris - University of St. Andrews

Kathleen Hunt - George Mason University / Smithsonian-Mason School of Conservation
Jill Lewandowski - BOEM

Charles Muirhead - Duke University Marine Lab, Nicholas School of the Environment
Samir Patel - Coonamessett Farm Foundation

Doug Piatkowski - BOEM, Marine Minerals Division

Amy Scholik-Schlomer - NOAA NMFS, Office of Protected Resources

Maria Serrano - North Carolina State University, College of Veterinary Medicine, Center
for Marine Sciences and Technology

Nick Sisson - NOAA NMFS, Greater Atlantic Regional Fisheries Office

Erica Staaterman - BOEM, Center for Marine Acoustics

Brandon Southall - Southall Environmental Associates, University of California Santa
Cruz, Duke University Marine Lab

Brian Stacy - NOAA NMFS, Office of Protected Resources

Kathy Tuxbury - New England Aquarium

Facilitators

Lead: Carrie Kappel - NCEAS/Independent consultant and facilitator
Isabella Clark - LegacyWorks Group

Jessica Gomez - LegacyWorks Group

Stephanie Dashiell - Independent consultant and facilitator
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Appendix B: Summary of Available Literature

Table B-1. Summary of representative studies examining sea turtle (and related aquatic species) physiological response to stressors

Source Species Location Method Setting Sar_nple Life Sound Sound Stressor Response Variables Result L|m|_tat|c_>ns;
Size Stage Source Level Implications
. easy to collect, could be
Allen et al. Chelonia Ea§t survey field 69 subadult, NA NA NA plasma testosterone sex ratio applied to adult
2015 mydas Pacific adult . .
reproductive evaluation
datalogger behavior L
Arkwright et Caretta . . . comparison of healthy some degr_ee .Of gssomahon L
Spain | experimental captive 33 - NA NA Fl +/- DCS . between injuries/iliness and | qualitative
al. 2020 caretta and unhealthy turtles in
movement patterns
rehab
most measures elevated in
rehab turtles, highest
values in first 2 mo, variable causes of
normalized after 1 yr, stranding/rescue;
Caliani et al Caretta Ital experimental/ 88 rehab iuveniles WBC, HIL, respiratory monocytes and eosinophils |variable sampling times;
) Y, P o captive 11 free |! ’ NA NA rehab burst total antioxidant declined in hospitalized suggests some immune
2019 caretta Spain | opportunistic . subadults . . ) .
ranging status, lysozyme animals; considered response variables to
lysozyme and eosinophils | consider, and long time
valid indicators of frames of recovery
inflammation and
physiologic stress
corticosterone, no correlation between
Flower et al. Caretta USA survey field 37 adult NA NA Nesting hemaltology, plasma. corticosterone a.nd' repro shotgup apprqach,
2018 caretta females chemistry, reproductive | success, some incidental single time point
success correlations
decreasing leptin,
increasing ghrelin through
Goldberg et | Eretmochelys nesting progression of nesting season, associated two other response
; . Brazil | experimental field 41 NA NA . ghrelin and leptin ; L . variables to consider if
al. 2013 imbricata females nesting season with suppression during X
: . sound affects foraging
and resumption of foraging
following nesting season
trawl or tandle plasma corticosterone serial sampling
9 peaked at 3 hr, declined at |introduces sequential
Gregory et Caretta . ) subadult net, ' . 6 hr, higher for trawl stressor; demonstrates
USA experimental | field/capture - ’ NA NA confinement, corticosterone y . ) ’ o
al. 1996 caretta adult . captures, higher for issues of sample timing,
serial blood : -
subadults, higher in season/temperature,
samples : .
summer than winter and size class
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Source Species Location Method Setting Sar_nple iz SE S| Stressor Response Variables Result L|m|_tat|<_>ns;
Size Stage Source Level Implications
easy to collect but
seasonal h . . . unstable sample
, change . . no change in epllnorgpl requiring rapid
Hamann et Chelonia A . ' adult . epinephrine, within 600 sec restraint -
ustralia survey field 134 NA NA reproductive - . . . . ] processing or
al. 2003 mydas females .. | norepinephrine, lipolysis |time from capture; seasonal A
status, restraint L stabilization, and
. variation
time complex laboratory
processing
trawl capture had greater onlv two time points:
Harms et al Caretta field trawl or pound effects, pH recovered at 30 indi{;ates evenpthe Iéss
’ USA experimental ’ 22 subadult NA NA net, capture blood gases and lactate | min, lactate increased at 30
2003 caretta capture ; . . stressful capture and
handling min for pound net and did . .
handling still has effects
not recover for trawl
' techniques for
gg,]rr?ns etal. sea turtles general review cgelt(ij\;e NA all NA NA NA neurological examination |review examining neurologic
P function
. . live capture vs . . method development
Harris et al. Dermgchelys USA survey field 36 immature NA NA dead stranded SC fat depth by noninvasive measure of and validation; operator
2016 coriacea and adult ! ultrasound body condition
and nesting dependent
Harris et al field techniques
2017 ’ sea turtles general review field NA all NA NA NA field techniques review applicable to many sorts
of investigations
lactate, epinephrine,
entanglement norepinephrine elevated
. ' nets, recovery |lactate, epinephrine, initially (at 1hr post capture) |, . . .
Hoopes et Lep/doch_glys USA experimental field, 58 - NA NA times in holding | norepinephrine, and took about 6 hr to hlghllghtg Issues of
al. 2000 kempii capture . . - . |sample timing
tanks vs in- electrolytes, glucose decline to near baseline; in-
water cages water cages had quicker
recoveries
high corticosterone/low T4
on admission, easy to collect,
Hunt et al Lepidochelvs immature cold stunning corticosterone and free corticosterone negatively indicates metabolic
) P ely USA survey captive 87 NA NA and . correlated with WBC; no status; high/low to
2012 kempii and adult thyroxine (fT4) ) o -
convalescence difference at admission low/high marks recovery
between survivors and from cold-stun stressor
nonsurvivors
ground glucose, corticosterone glucose elevated after both
Hunt et al. Lep 'dOChf’/y S USA experimental captive 26 juveniles NA NA transport 13 or | blood gases, electrolytes, tran§ port durations, h|gh||ght§ Issues of
2016 kempii corticosterone elevated sample timing

26 hr

WBC, H/L, HR, RR

only after 26 hr transport
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Source Species Location Method Setting Sar:nple iz SE S| Stressor Response Variables Result L|m|_tat|<_>ns;
Size Stage Source Level Implications
cortlcqsterqne ar?d indicates effects of
thyroxine higher in
capture and sample
Hunt et al Dermochelys . capture, . . entaqgled and stranded timing, but with
’ . USA survey field 32 adult NA NA entanglement, |corticosterone, thyroxine |than in healthy captures; ’
2016b coriacea ! X . markedly greater
stranding corticosterone increased .
. impacts from more
bewteen 25 and 50 min
severe stressors
postcapture
corticosterone, glucose,
. WBC, H/L elevated post- . .
corticosterone, glucose, . integrates multiple
. . transport transport, corticosterone ]
Hunt et al. Lepidochelys experimental, . . . - WBC, HI/L, blood gases, response variables,
- USA o captive 18 juveniles NA NA (~21h); pool and glucose reduced after : L
2019 kempii opportunistic lactated, electrolytes, L different timing for
recovery hematocrit 6h pool recovery; minor K resolution
differences; WBC and H/L
elevation persisted
corticosterone and glucose
Lepidochelys ground corticosterone, glucose elevated at all time points, |good controls and
Hunt et al. kempi, USA experimental captive 8 per bin | juveniles NA NA transport 6, 12, | WBC, H/L, blood gases, WBC and H/L elevated at | binning; !nc#cates
2020 Caretta 12, 18, 24 hr for Cc, Cc sample timing and
18, 24h lactate, electrolytes o ; X 4
caretta indicated greater impact species (+/- size) effects
than Lk
sound levels unknown
for most studies
included; many
Injaian et al. birds, reptiles | multiple meta-' field variable | variable |urbanization| variable urpanlzatlon, corticosterone equivocal to no effects variables, many .
2020 analysis noise detected uncontrolled variables;
but one of few stabs at
effects of noise on
reptiles in the field
Innis et al. Lep/doch_(_elys USA experimental captive 26 juveniles NA NA cold stunning, |plasma biochemicals, mgtabgllc and respiratory | multiple days tq
2007 kempii convalescence |blood gas, lactate acidosis recovery/sampling
blood samples simple to
lymphocyte proliferative collect, immune assays
. . . must be run shortly
. ) . mitogen-induced response correlate with .
Keller et al. Caretta experimental, | field and . . organochlorine . . . thereafter, lab analysis
USA 27 juveniles NA NA lymphocyte proliferation, |sum PCBs; lysozyme - S
2006 caretta survey cell culture exposure labor intensive;

lysozyme

negatively corelated with
some OCs

methods broadly
applicable to a variety of
stressors
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Source Species Location Method Setting Sar_nple iz SE S| Stressor Response Variables Result L|m|_tat|<_>ns;
Size Stage Source Level Implications
potential for field
methods development, application, electronics
Kinoshita et Caretta Japan | exoerimental captive 3 subadult/ NA NA baseline noninvasive unrestrained | refinement of Sakamoto et |and signal processing
al. 2022 caretta P P P adult heart rate measurement |al. (2021) to improve signal | highly technical (not off-
quality the-shelf
instrumentation)
. modeled |explosive .
Lepidochelys . unconsciousness, cloacal
Klima et al kempii experimental/ at221, - |removal of exposure at distances prolapse, hyperemia of extreme exposure, but
) ’ USA - field 8 juvenile | explosions | 217, 213, |offshore ranging from 229-915 m, ’ - . ’
1988 Caretta opportunistic L ventral throat and flippers | clear major effects
209 dB by | petroleum free-swimming in cages
caretta . for up to 3 wk.
distance |platforms
noninvasive estimation
of % adipose tissue,
validated to CT
determination of
Kophamel et Chelonia experimental estimated adipose tissue adipose content
al. 2023 and Australia | P field ? ? NA NA  [NA d adip methods development P .,
. mydas and survey by electrical impedance applicable to field
in prep .
settings, may be better
indicator of body
condition that condition
indices
HR, yolk sac consumption,
cortisol increased with
increased noise at 3 and 5
130 and development/growth/yolk | days post-fertilization .
X L lethal cortisol
Lara and 150 dB re sac, cortisol (whole temporal variation more measurement. but aood
Vasconcelos | zebrafish China | experimental captive |50/group| larvae speaker 1uPa, |- body), mortality, HR, important than total _ ’ 9
. . ) . combination of
2021 variable vs behavior (dark duration of noise, 5 dpf .
. . . . response variables
continuous avoidance, turning) larvae at 150 dB increased
dark avoidance and
impaired spontaneous
alternation behavior
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Source Species Location Method Setting Sar:nple iz SE S| Stressor Response Variables Result L|m|_tat|¢_)ns;
Size Stage Source Level Implications
sample collection
simple, analysis
complex, associations
Lepidochelvs with disease or
McNally et Fl)<em i 4 physiological states not
y pr, USA survey field 50 immature NA NA baseline microbiome methods development yet established, but
al. 2021 Chelonia i
active area of
mydas ) A .
investigation, including
through rehabilitation
cold stunning,
ontogenetic shifts
Mones et al Caretta median plasma lactate indicates constraints of
' USA experimental captive 16 yearling NA NA 15 min PE lactate, blood gases concentration increased handling effects on
2021 caretta . -
6.54 mmol/L physiologic responses
hematology,
~ ) . histopathology, IG levels, affected turtles had lower . .
Mufoz et al. Chelonia . . . ulcerative delayed type : another immunologic
Mexico | experimental captive 15 13 mo NA NA " o . weight, reduced DTH, .
2013 mydas dermatitis hypersensitivity (DTH,; . : response variable
R higher H/L ratios
PHA injection at cloaca
skin fold)
methods development,
effects of sample type many response
Niemuth et Caretta USA experimental captive 5 juveniles NA NA NA NMR metabolomics (plasma vs V.Vh°'*? blood) variables, small sample
al. 2015 caretta and processing time . .
) . sizes, baseline
evaluated; <40-50 min
recommended
Lepidochelys PCA five biomarkers
kempii, 39 differed between affected
Niemuth et Caretta (various and unaffected (propylene pooled samples, low
USA experimental | field, rescue juveniles NA NA cold stuning tear NMR metabolomics sample sizes,
al. 2019 caretta, group glycol, glycerol, lactate, overlapping results
Chelonia sizes) formate, and unidentified ppINg
mydas metabolite)
wide array of response
Owens and Chelonia many hormones variables from which to
. mydas, - review - variable | variable NA NA - (pituitary, adrenal, repro, | multiple choose, depending on
Morris 1985 A T,
others thyroid); histo focus; size, sex, and

seasonal variation
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Sample

Life

Sound

Sound

Limitations;

Source Species Location Method Setting Size Stage Source Level Stressor Response Variables Result Implications
more specific
. . . . . . oxidative burst, no differences in leukocyte immunological
Rossi et al. Chelonia . . ' juveniles, Fibropapillomat L TR . assessment that
Brazil | experimental field 38 NA NA X phagocytosis via flow activity; differences in
2016 mydas subadults osis (FP) . hematology, but labor
cytometry leukocyte populations . .
intensive and not much
if any separation
lymphocyte proliferation,
Rousselet et Caretta USA experimental captive 65 immature NA NA baseline NK activity, . . immunological n"!ethpds more |mmunqloglc
al. 2013 caretta and adult phagocytosis, respiratory | development/validation response variables
burst
Lepidochelys worked for Cc, Lo, one
olivacea, Cma, not Cm or Ei.
Caretta methods development; Potential for field
Sakamoto et caretta, . . subadult, . noninvasive unrestrained | resting mean HR 6.2/min, application, electronics,
K Japan | experimental captive 11 NA NA baseline — . .
al. 2021 Chelonia adult heart rate measurement |swimming at surface and signal processing
mydas, 14.0/min highly technical (not off-
Eretmochelys the-shelf
imbricata instrumentation)
) . . many response
Schock et Chelonia | g survey field |20 (3-7) |luveniles, | ya NA |FP NMR metabolomics methods development, |\ Jiahles small sample
al. 2013 mydas subadults some differences ) :
sizes, baseline
testosterone higher in seasonal and sex
Shertzer et Caretta USA experimental field 1401 | juveniles NA NA seasonal testosterone juvenile males, higher in dlffergnces to t?ear in
al. 2018 caretta changes summer/warmer water in mind if evaluating
both sexes reproductive hormones
behavior, autonomic . .
. reviews different response
Silvestre . . nervous system, . -
reptiles - review - - - - - several . variables, sample timing, -
2014 neuroendocrine, . .
. population effects; general
immune/hematology
Stacy and . field and . . standard component of
Innis 2017 sea turtles general review captive NA all NA NA NA clinical pathology review assessing health status
some significant clin path -
_ . A epibiota coverage
. . epibiota coverage, differences in migratory . T
Stamper et Caretta USA surve field 57 Juveniles, NA NA migration clinical pathology, bod roup, no differences in insensitive indicator of
al. 2005 caretta y subadults 9 P gy, body | group, health, until debilitation

condition

epibiota coverage or
condition index

is more advanced
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Source

Species

Location

Method

Setting

Sample
Size

Life
Stage

Sound
Source

Sound
Level

Stressor

Response Variables

Result

Limitations;
Implications

Stewart et
al. 2016

Chelonia
mydas

Barbados

experimental/
opportunistic

field

29

juveniles

NA

NA

feed
supplementatio
n, tourist
interaction

morphs, PE, BCI,
epibiota, hematology,
plasma biochems

multiple differences noted,
consistent with more
abundant less natural food
sources

not particularly

applicable to sound
perhaps, but a field
study, with multiple
response variables

related to
health/physiology

standard component of
assessing health status

more complete picture
of HPA axis, correlates
positively to some
immune responses in
other vertebrates, not
sure if data exist for
turtles

field,
captive

Tristan and

Norton 2017 review

sea turtles general review NA all NA NA NA physical examination

Whitham et
al. 2020

dehydroepiandrosterone
(DHEA)

review of DHEA employed

mixed NA na NA NA . .
in animal welfare research

vertebrates | general review several

Notes: BCI = body condition index, CT = computed tomography, DCS = decompression sickness, DHEA = dehydroepiandrosterone, DTH = delayed type hypersensitivy (Type IV hypersensitivity), FI = fishery
interaction, FP = fibropapillomatosis, H/L = heterophil/lymphocyte ratio, HR = heart rate, fT4 = free thyroxine (i.e., not protein-bound), K = potassium, NA = not applicable, NMR = nuclear magnetic resonance, OC =
organochlorine, PCA = principal component analysis, PCB = polychlorinated biphenyl, PE = physical examination, PHA = phytohemagglutinin (a mitogen), WBC = white blood cell count
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Table B-2a. Summary of published in-water sea turtle behavioral response to sound studies
Guided by Table 1 of Southall et al. (2021).

Source Location Method Setting S;rir;zle Species Age Class Sex |Behavioral State Result Limitations
Of the 86 turtles whose dive behavior was
DeRuiter observed, 57% dove and 43% did not. Six
and Larbi Mediterranean Observational Basking, turtles were observed to have startle No controls for effects of vessel
Sea (off Algerian Wild 164 Caretta caretta Unknown [Unknown| swimming at responses before diving after an airgun shot. presence. Modeled received
Doukara (at-sea) . X . .
coast) surface Median distances at which turtles dove: 191 levels.
2012
dBre 1 pyPa
(peak) (modeled) at 130 m from the array.
Observational . .
Eckert et al. Trinidad (using Wild 3 Derchhelys Adult Female Not reported Inconclusive. Small sampl'e size and technical
1998 . : coriacea difficulties.
biologging tools)
< . Chelonia mydas and . . Limited sampling window and
Gurjéo et al. Brazil Observational wild 8 Eretmochelys Unknown [Unknown| Not reported No avoidance behavior was observed (all small sample size. No source or
2005 (at-sea) S observed >500m from source). .
imbricata received sound levels reported.
Greater vessel speed increased the
probability that a turtle would fail to flee from
Hazel et al Foraging or the approaching vessel. Authors suggest No source or received sound
' Australia Experimental wild 1,890 Chelonia mydas Adult Unknown resting on turtles rely on visual cues rather than acoustic
2009 R : . levels reported.
benthos cues in this scenario (or are habituated to
vessel noise) as greater speed (higher sound
levels) did not induce flee response.
Trained turtles detected and
Post- responded to low-frequency
Experimental - . . . tonal signals; however, results
Lavendar et Texas, USA behavioral Captive 8 Caretta caretta hatchling Unknown NA — thaworal Turtles resp_onded to sounds with SPL as low cannot predict if/how turtles will
al. 2014 . and audiogram as 76 dB re: 1 uPa and tones 100-1,000 Hz. . .
hearing tests . . respond to signals with these
juvenile L
frequency components in wild
settings.
Confined setting — results
Lenhardt et USA Experimental Wild (in 5 Caretta caretta Juvenile Unknown|  Not reported Turtlles showed no s!gnlﬂcant approach or cannc_Jt be. applied to open-water
al. 1994 pen) and adult avoidance behavior in response to sound. situations. No source or
received sound levels reported.
Confined setting — results
Lenhardt et USA Experimental Captive 5 Caretta caretta Juvenile Unknown|  Not reported Startlle responses recorded, but no specific cannc_Jt be. applied to open-water
al. 1994 and adult stimuli produced the startle response. situations. No source or

received levels reported.
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Sample

Source Location Method Setting Size Species Age Class Sex |Behavioral State Result Limitations
Both turtles always responded to low- Confined sgttmg — results
Lenhardt . . . . e . cannot be applied to open-water
USA Experimental Captive 2 Caretta caretta Juvenile |Unknown Resting frequency sound by swimming. No animal o
1994 oo situations. No source or
returned to the bottom or stopped swimming. :
received levels reported.
Trained turtles detected and
responded to low-frequency
. Experimental - . . tonal signals; however, results
Martin et al. Florida, USA behavioral Captive 1 Caretta caretta Adult Female NA - B.ehaworal Turtle respor.1ded o sounds with SPL as low cannot predict if/how turtles will
2012 . audiogram as 98 dB re: 1 uPa and tones 100-800 Hz. . .
hearing tests respond to signals with these
frequency components in wild
settings.
Turtles displayed ‘alarm’ response at an Small sample size. Confined
McCauley et . . . Caretta caretta and Not estimated 2km from an operating seismic . P :
Australia Experimental Captive 2 . Unknown| Not reported T : setting — results cannot be
al. 2000 Chelonia mydas reported vessel and behavior indicative of avoidance ) o
- applied to open-water situations.
estimated at 1 km.
On first exposure, turtles occupied positions
farther away from airguns than expected by Confined setting — results
Moein et al Wild (in Juvenile chance, suggesting an avoidance response. |cannot be applied to open-water
' USA Experimental 10 Caretta caretta Unknown| Not reported No significant difference in seond exposure situations. No source or
1994 pen) and adult . o . :
suggesting habituation. Hearing tests showed received levels reported.
TTS in some turtles after exposure, potentially | Potential impact of hearing loss.
impacting behavioral responses.
Captive Turtles n hlgher air gun pressure exposure Confined setting — results
O’Hara and (turtles of trials avoided areas near air guns (within cannot be applied to open-water
. USA Experimental . 31 Caretta caretta Juvenile [Unknown| Not reported ~30m), however turtles repeatedly P
Wilcox 1990 wild . NS situations. No source or
- approached airguns and spent time in areas .
origin) ) received levels reported.
close to air guns.
Inferred resting Most ived sianal
Tyson et al . Experimental . . . or swimming . . ostrecelved signas were
' Brazil Wild 1 Chelonia mydas Juvenile [Unknown . Biologging tool proof of concept study. below reported levels of hearing
2017 (at-sea, CEE) (foraging state o
sensitivity.
unknown)
Lep/.doche/ys Basking (94%), |Inconclusive. Median distance to the array did
olivacea, . . .
. breathing at the | not differ between full array (airguns on) and
. Offshore Observational . Dermochelys . No controls for effects of vessel
Weir 2007 Wwild 240 . Unknown |Unknown surface, airguns off. Most startle responses observed .
Angolan coast (at-sea) coriacea, Caretta L : and towed equipment presence.
caretta and swimming at the were due to visual cues and vessel/towed
surface equipment in very close proximity.

unidentified

48




Table B-2b. Summary of published in-water sea turtle behavioral response to sound studies: exposure context variables
Guided by Table 1 of Southall et al. (2021).

BAECSRIS Other Other
Source— Navigational Novelty (is | Exposure . Predator .
Exposure Type . . General Source . . S Species . Anthropogenic
Animal Source | Animal Depth . Constraints (is | source type | Similar to Species ;
Source Sound Source (start of Movement (relative to . . Present . | Presence/ Noise
Range (start | Depth (m) (m) . subject confined| common/ Predator . Presentin| .
exposure) subject) - in the in Area? (type
of exposure) in any way?) rare for Sounds? the area? S
= Area? and proximity)
area?)
aDnethJ;%ri Observations Observations Not Not
Seismic airgun array | made during NA 115 made at the | Approaching/ departing None Rare No Not reported
Doukara L reported | reported
seismic survey surface
2012
Ongoing seismic Not NA (behavioral
Eckert et |survey (tu.rtles tagged NA NA reported/ not Imke.d to. Unknown None Rare No Not Not Not reported
al. 1998 on nesting beach Unknown known seismic reported | reported
near seismic survey) survey activity)
Seismic survey (#
Gurjao et airguns and Not Observations Not Not
al. 2005 | additional details not Not reported NA reported |made at surface Not reported None Rare No reported | reported Not reported
reported)
Vessel Unknown - Motor Benthic (on or Depth — turtles
Hazel et al. | movement/noise - 40 | Vessel transects source Source approached could not dive to Not Not
. : depth near substrate) . . Common No Not reported
2009 horsepower outboard | in known habitat | approached (<1m) o4 subject avoid reported | reported
motor at three speeds animal sound/vessel
Lavendar | J9 Speaker -tonal | NA - Behavioral . NA — Behavioral -
et al. 2014 | signals 50-1,200 Hz audiogram Not reported 0.3 Not reported Stationary source audiogram Rare No No No Minimal
J15 Speaker - tonal
Lenhardt et signals (250, 500, Not reported Not reported Not Not reported Stationary source Net pen in river Rare No Not Not Not reported
al. 1994 reported reported | reported
and 750 Hz)
J15 Speaker — tone
Lenhardt et burst, noise burst and Not Oval tank
frequency sweeps Not reported Not reported Not reported Stationary source Rare No No No Not reported
al. 1994 reported (6.9x4.6x1.3m)
(250 and 500 Hz and
white noise)
Water coupled Exposure Speaker Circular tank, 1m
Lenhardt speaker, 20-80 Hz ;tarted after 2 Not reported coupled to 1 Stationary source . depth Rare No No No Not reported
1994 min of observed outside of (dimensions not
tones and sweeps :
resting tank reported)
Martin et Speaker — tonal NA — Behavioral - : NA — Behavioral
al. 2012 | signals 100-1131 Hz audiogram L 0.5 1 Stationary source audiogram Rare No No No Tank pumps
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Exposure

S . Other Other
Source— Navigational Novelty (is | Exposure . Predator .
Exposure Type . . General Source . . L Species . Anthropogenic
Animal Source | Animal Depth . Constraints (is | source type | Similar to Species ;
Source Sound Source (start of Movement (relative to . . Present . | Presence/ Noise
Range (start | Depth (m) (m) . subject confined| common/ Predator . Presentin| .
exposure) subject) - in the in Area? (type
of exposure) in any way?) rare for Sounds? - | the area? S
area?) Area? and proximity)
McCauley | . . I Not . . Cage in open Not Not
et al 2000 Single airgun (20 in°®) | Not reported NA reported Not reported | Approaching/departing water Rare No reported | reported Not reported
Moein et Seismic airgun (one V\cl:gi?etrugtflise’in Not Not Not
at each end of net - Not reported Not reported Stationary source Net pen in river Rare No Not reported
al. 1994 en) equidistant from reported reported | reported
P airguns
Airgun with 165 cm?3
. Exposures too
) capacity (1) and -
O’Hara and neumatic bopper 13 place in a canal Not Not
Wilcox P 3 POPp Not reported Not reported 2 Unknown Stationary source (with net to Rare No Not reported
cm? capacity (2) - reported | reported
1990 prevent leaving
presented canal)
simultaneously
Opportunistic
(freely Motor Variable (data
Tyson et . swimming turtle available/ . Not Not Yes, other vessels
Vessel noise . Unknown depth . Variable None Common No
al. 2017 encountering (<1m) reported in reported | reported present
vessels in figures)
habitat)
Two airgun arrays (24 .
. Observations .
Weir 2007 | @"9uns 30_2.90 cu- made during NA 4-8 Observations Not reported None Rare No Not Not Not reported
in. each) fired made at surface reported | reported

alternately

seismic survey
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Table B-2c. Summary of published in-water sea turtle behavioral response to sound studies: noise exposure metrics
Guided by Table 1 of Southall et al. (2021).

2012

Continuous or Interval Individual | Total Exposure | Order of Multiple Exposures Harmonics Sound Source Level (e.g., Received Level @ Change Point of
Source Intermittent Between Duration (s) Duration (identify seqencylorder) Present? (none, RMS SPL, SEL, SELcum, Max. if No Change (e.g., RMS SPL,
Exposure Exposures y seqency few, many) peak-to-peak) SEL, SELcum, peak-to-peak)
D . Various received levels modeled and
eRuiter and bability of diving response as a
Larbi Doukara Intermittent 194 s Not reported NA NA Not reported 252 dB re: 1 uPa (peak) probability g resp

function of min range from airgun

reported
Eckert et al. .
1998 Intermittent Not reported Not reported Not reported Not reported Not reported Not reported Not reported
Gurjao et al. | .
2005 ntermittent Not reported Not reported Not reported Not reported Not reported Not reported Not reported
Hazel etal. | Continuous during NA NA Not reported NA Not reported Not reported Not reported
2009 approach P P P P
Lavendar et al 11-14 NA — Behavioral To identify threshold tone Threshold levels (lowest response
' Intermittent presentations per 0.05 . intensity was reduced until no Not reported Multiple — Behavioral audiogram |recorded) at 76 dB re: 1uPa at 800 Hz
2014 audiogram
s response was recorded (SPL)
Lenhfégaet al. Intermittent 15 min 0.12 1.1 per s for 5 min Not reported Yes Not reported Not reported
Lenhfégaet al. Intermittent 15 min Not reported Not reported Random Yes Not reported Not reported
Reported as vibration "startles" ~12—
Lenhardt 1994 Continuous NA 60 1 min NA Not reported Not reported 16 dB (Intensity dB re: Tum RMS
displacement)
Martin et al NA — Behavioral To identify threshold tone Threshold levels (lowest response
' Intermittent NA 2 . intensity was reduced until no Not reported Multiple— Behavioral audiogram | recorded) at 98 dB re: 1 uPa at 100
2012 audiogram
response was recorded Hz (SPL)
McCaulev et al 166 dB re: TuPa RMS increased
Y ’ Intermittent 10s Not reported 1-2 hours NA Not reported Not reported swimming activity, 175 dB re: 1uPa
2000 . .
RMS erratic behavior
Moein et al Discharged ever Quietest to loudest exposure, d:szghlgihzggugg ;olir;ietzs :rr:gd
' Intermittent 10 min Not reported 9 €Y | random determination of which Not reported . reporte Not reported
1994 5-6s for 5 min . . (equidistant from two airguns in
airgun discharged pen)
O’Hara and 20-36 hours
Wilcox 1990 Intermittent 7.50r15s Not reported | (duration of noise NA Not reported Not reported Not reported
exposure)
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Continuous or Interval Individual | Total Exposure | Order of Multiple Exposures Harmonics Sound Source Level (e.g., Received Level @ Change Point of
Source Intermittent Between Duration (s) Duratri)on (identify se penc lgrder) Present? (none, RMS SPL, SEL, SELcum, Max. if No Change (e.g., RMS SPL,
Exposure Exposures y seqency few, many) peak-to-peak) SEL, SELcum, peak-to-peak)
Tyson etal. Intermittent NA Variable Variable NA Yes Unknown Variable (approaching, departing
2017 vessels)
Minimum intensity within
. . 18.75-25 - frequency bandwidth (<120 Hz)
Weir 2007 Intermittent (reported as m) Not reported 1.5-12 hours NA Not reported 203-208 dB re: 1 uPa per Hz @ Not reported
Tm
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