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high-resolution archival depth, orientation, and acoustic tags. We evaluated
behavioral responses during 13 experimental trials (9 MFAS; 4 no-MFAS con-
trols), resulting in 72 exposure events; some individuals were exposed in multi-
ple trials. Whales were exposed at known and modeled horizontal ranges from
~2 to >200 km and from below ambient noise levels to received levels (RLSs)
up to ~142 dB re: 1pPa (root-mean-square [RMS]). We investigated changes in
diving and movement behavior separately, with a suite of metrics, descriptive
evaluations, and statistical tests. We observed similar patterns and probabili-
ties of behavioral changes for control trials and the lowest RL conditions

(<100 dB). Above 100 dB RLs, increasingly prevalent and consistent responses
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INTRODUCTION

Under some circumstances, exposure to tactical mid-
frequency (1-10 kHz) sonar signals used in antisubmarine
warfare has resulted in the stranding, and subsequent mor-
tality, of deep-diving beaked whales (Family: Ziphiidae)
around the world (e.g., D’Amico et al., 2009; Evans &
England, 2001; Filadelfo et al., 2009; Miller et al., 2022).
Most of these events have included goose-beaked whales
(Ziphius cavirostris; hereafter Ziphius). The number of
documented stranding events is small (on the order of a few
dozen) relative to global sonar use, although this may not
reflect the true level of mortality (e.g., Faerber & Baird,
2010). Further, the degree to which military mid-frequency
active sonar (MFAS) sources may have sublethal effects on
beaked whales remains poorly understood.

Beaked whales have been identified as being particu-
larly sensitive to various human disturbances for decades
(Southall et al., 2007), with responses documented to
nonmilitary sounds as well, including vessel noise
(Aguilar Soto et al., 2006; Pirotta et al., 2012) and scien-
tific echosounders (Cholewiak et al., 2017). Given these
observations, uncertainties, and associated attention,
debate, and litigation, various international research and
monitoring studies have been conducted (e.g., Bernaldo
de Quirds et al., 2019; Falcone et al., 2017; Foley et al.,
2021). Questions relating more broadly to the probability
and magnitude of behavioral, physiological, and auditory
impacts of various human noise sources on marine mam-
mals have been the subject of intense research and man-
agement attention for several decades (Duarte et al.,
2021; NAS, 2016; NRC, 2005; Southall, 2017; Southall
et al.,, 2021; Southall, DeRuiter, et al., 2019; Southall,
Finneran, et al., 2019).

Increasing evidence suggests that unusual beaked
whale stranding events are mediated by their behavioral
responses to active sonar (e.g., Southall et al., 2007, 2021)
and that these responses are consistent with those

occurred, including extended deep dives, prolonged periods between deep
dives, directed spatial movement away from the source, and cessation of echo-
location. Aspects of these cryptic responses typically persisted for hours follow-
ing exposure but did not result in broad-scale habitat abandonment. Our study
builds upon experimental and observational studies conducted on sonar test-
ing ranges and expands our understanding of the response of this species to
MFAS in a region where operational sonar use occurs far less commonly than
on Navy testing ranges. These data are directly applicable in the conservation
and effective management of this sensitive, protected species.

behavior, controlled exposure experiment, Navy sonar, response, Ziphius

observed in response to other potential threats, including
predators (see Harris et al., 2018; Miller et al., 2022).
Various behavioral response studies (BRS) have investi-
gated the response of beaked whales to sonar, including
observational studies in which animals are monitored
using various means during ongoing MFAS operations
(e.g., Falcone et al., 2017; Joyce et al., 2020; Moretti et al.,
2014). Given the highly contextual nature of behavioral
responses to acoustic stimuli in marine mammals (Ellison
et al., 2012, 2018), experimental approaches established
in classic exposure-response and ethological studies (see
McGregor, 2013) have been adapted to quantify relation-
ships between specific exposure conditions and response
type and probability. An experimental form of BRS is a con-
trolled exposure experiment (CEE), in which noise exposure
is systematically manipulated in a consistent manner.

Here we apply this approach to Ziphius off Cape
Hatteras, NC, USA, building on a series of prior CEEs
that presented MFAS to various marine mammal species
around the world (DeRuiter et al., 2013, 2017; Goldbogen
et al., 2013; Isojunno et al., 2016; Kvadsheim et al., 2017;
Miller et al., 2012, 2015; Southall et al., 2012; Southall
et al., 2023; Southall, DeRuiter, et al., 2019; Stimpert
et al., 2014; Tyack et al., 2011; Wensveen et al., 2019).
Together, these studies developed a variety of sophisti-
cated field and analytical tools to evaluate the relation-
ship between exposure and behavioral response (see
Harris et al., 2016; Southall et al., 2016). Despite their
methodological differences, the combined overall results
of these experimental studies, conducted with more than
a dozen cetacean species, including four species of
beaked whales, suggest that beaked whales respond to
lower received levels (RLs) of these signals than most
other cetaceans (see Southall et al., 2007, 2016, 2021).
Responses documented to date have included cessation
of echolocation and foraging behavior, changes to diving
behavior, and horizontal avoidance from sound sources,
which may persist for hours to days following the
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cessation of MFAS signals (e.g., DeRuiter et al., 2013;
Falcone et al., 2017; Joyce et al., 2020; Moretti et al.,
2014; Tyack et al., 2011). It is important to note that the
pioneering beaked whale CEEs of DeRuiter et al. (2013),
Stimpert et al. (2014), and Tyack et al. (2011) occurred on
Navy ranges, in areas of intense use of active military
sources. In contrast, Miller et al. (2015) and Wensveen
et al. (2019) studied beaked whale responses in remote
locations where MFAS rarely, if ever, occurs.

The generalized sensitivity of beaked whales to acoustic
disturbance was first noted in the development of marine
mammal noise exposure criteria (Southall et al., 2007), but
the nature of beaked whale responses to MFAS in the con-
text of antipredator behavior was first identified by Tyack
et al. (2011), who experimentally measured responses to
both MFAS and killer whale (Orcinus orca) signals. This
work, together with the observational and experimental
studies discussed above, has been framed in relation to the
risk-disturbance hypothesis (Harris et al., 2018; Miller et al.,
2022). This hypothesis postulates that animals perceive and
respond to various forms of human disturbance in the same
general manner as they respond to predation risk (Frid &
Dill, 2002). Killer whales are an important predator of
beaked whales (Wellard et al., 2016) and typically hunt near
the surface and detect marine mammal prey visually or by
passive listening. Responses observed in some Ziphius
exposed to experimental (DeRuiter et al., 2013) and inciden-
tal (Falcone et al.,, 2017) MFAS exposures—cessation of
vocal behavior, changes to diving behavior, and movement
away from the sound source—are consistent with an
antipredator response that invokes acoustic crypsis and
flight away from a perceived risk (see Harris et al.,, 2018;
Miller et al., 2022).

These prior studies, however, have been limited by either
small sample sizes or a lack of experimental controls, and
were conducted either on Navy ranges with intense MFAS
use or in areas where MFAS is not typically used. Here, we
employ a similar experimental approach with Ziphius in an
area where MFAS does occur, but at much lower levels than
on dedicated sonar training ranges (see Van Parijs et al,
2024). The continental shelf break off Cape Hatteras, NC,
USA, supports a high density of beaked whales, due to a
unique interaction of geographical and oceanographic fea-
tures (McLellan et al., 2018). We built on previous work
which investigated the distribution and behavior of this spe-
cies in this study area (Cioffi et al., 2021; Foley et al., 2021;
McLellan et al., 2018; Quick et al., 2020; Shearer et al., 2019;
Stanistreet et al., 2017) to tune our experimental approach.
Given the increasing interest in evaluating the fitness conse-
quences of nonlethal exposure to individuals and placing
these in the context of populations (e.g., Pirotta, 2022), we
aimed to better understand patterns and variations in
response by expanding the sample size of whales exposed to
MFAS and evaluating responses over longer periods than

previous CEEs. We developed sound propagation modeling
methods to estimate MFAS RLs (Schick et al., 2019, 2024)
and employed several types of biologging tags to quantify
behavior on multiple scales (as in Cioffi et al., 2023; Quick
et al., 2020; Wensveen et al., 2019).

The current study is part of a larger research project that
includes studying responses to full-scale, tactical SONAR
(SQS-53C MFAS systems) used on US naval surface vessels.
Here we present and evaluate responses to exposure trials
conducted using lower power signals designed to simulate
spectral and temporal features of operational MFAS and pro-
duced by purpose-built scientific transducers (see DeRuiter
et al.,, 2013; Southall et al., 2012; Southall, DeRuiter, et al.,
2019). We seek to address whether Ziphius in our study area
is more or less sensitive to MFAS signals in terms of diving
and movement behavior as in other areas, including Navy
ranges, and to consider these responses within the context of
the risk-disturbance hypothesis described by Harris et al.
(2018) and Miller et al. (2022). The multi-scale design allowed
us to extend the spatial and temporal extent at which we
addressed these questions, and to provide some evaluation of
the time course of potential responses. Specifically, we investi-
gated whether MFAS exposure induced Ziphius to exhibit:
(1) changes to diving behavior, including the duration of long
dives and cessation of echolocation behavior; (2) changes to
surfacing behavior, including increased surface intervals and
the duration of shallow dives; and (3) spatial avoidance. Our
overall objectives were to identify the occurrence and magni-
tude of responses associated with MFAS exposures, inform
our understanding of the potential consequences of such
responses, and describe contextual aspects of response type
and probability with which to derive exposure-response func-
tions for future use in regulatory applications.

METHODS

To describe the nature of these complex experiments, we pre-
sent the methods in two parts. The first section describes the
experimental methodology and the second outlines the suite
of analytical methods used to evaluate changes in diving
behavior, horizontal avoidance, and social responses. An
expansive supplementary materials document (Appendix S1)
provides additional methodological details.

Overall experimental design and approach

Field site, vessel configuration, and vessel
operations

Our study was conducted between May and September of
2017-2022 over the outer continental slope waters off
Cape Hatteras in an area where previous studies of
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Ziphius have been conducted (see fig. 1 in Foley et al.,
2021; Shearer et al., 2019). We typically employed an
8.9-m aluminum hull vessel (R/V Richard T. Barber) to
locate groups of Ziphius and deploy satellite-transmitting
tags (hereafter “satellite tags”; described below) days to
weeks prior to exposure trials. On the days in which expo-
sure trials were conducted, field teams relocated potential
“focal” individuals or groups using remote satellite trans-
missions via Service Argos or by directly intercepting trans-
missions with vessel-based Argos Goniometers (Woods
Hole Group, Bourne, MA, USA). In most cases, once a focal
individual or group was relocated, it was tracked using con-
ventional focal follow methods in which surface observa-
tions were made at ranges of several hundred meters until
animals dove; during these focal follows, we avoided close
approaches (as in DeRuiter et al., 2013; Miller et al., 2015;
Stimpert et al., 2014; Tyack et al., 2011). These focal follow
observations provided verified surface locations to track
fine-scale movement, provided information on group size
and social composition, allowed images to be collected for
later photo identification, and provided locational data to
support real-time modeling of MFAS signals to position
sound sources. Remote vessel-based focal follows were
maintained consistently before, during, and after exposure
trials that included MFAS as well as in no-MFAS “control”
experiments.

When field conditions allowed (less than half of the
total experimental trials), additional tagging effort was
attempted to deploy short-term (in hours) archival tags
(digital acoustic tags; Johnson & Tyack, 2003, hereafter
“DTags”), which provide broadband acoustic recordings
and detailed data on kinematics and diving behavior. The
goal was to deploy a DTag on an additional individual
either within a focal group with a satellite tag or a sepa-
rate group or individual. If this was successful the DTag
individual or group, whether it also had a satellite tag
individual or not, became the focal group. In either case,
the focal group was remotely observed, and no close
approaches were made for a period of at least 2 h prior to
the beginning of exposure trials. In most trials, there
were multiple non-focal tagged individuals (up to 10) in
the overall area, all of which were monitored using satel-
lite tag transmissions; those within visual range were
visually monitored as possible.

Custom sound propagation modeling tools (Margolina
et al., 2018) were used in situ based on real-time locations
of tagged animals to evaluate received MFAS conditions for
all focal individuals/groups and as many instrumented
non-focal individuals as possible. The goal of this modeling
was (1) to target specific RLs for focal individuals/groups
based on experimental objectives and (2) to ensure that no
non-focal tagged animals RLs above the maximum expo-
sure conditions allowed in our permits and protocols.

Schick et al. (2019) compared RLs of MFAS signals mea-
sured with calibrated recorders to modeled values from
early field trials, demonstrating the efficacy of this approach
(see also Schick et al., 2024).

A second vessel served as a platform for the simulated
MFAS sound source. In 2017-2019, we used ~15-20-m
charter fishing vessels as the sound source platform, but
starting in 2020, we employed the R/V Shearwater, a
23.2-m research vessel operated by the Duke University
Marine Laboratory. While drifting and not under power,
the experimental source was lowered and either activated
during MFAS exposures or not activated in no-MFAS
control trials. As well as being the sound source platform,
this vessel served as an observation platform to ensure
trials were conducted according to authorized protocols.
It also provided visual observations to support the focal
follow vessel, but at ranges of hundreds of meters or
more from tagged individuals and without any deliberate
close approaches. As with the focal follow vessel, the
source vessel was operated identically during all trials,
including MFAS exposures and no-MFAS controls, so the
potential effects of these vessels on the whales’ behavior
would be as consistent as possible.

Multi-scale tagging approach

We used extensive baseline data on the diving and movement
behavior of Ziphius in our study area (Cioffi et al., 2021; Foley
et al., 2021; Shearer et al., 2019) to inform the configuration
of tag types and optimize settings (Cioffi et al., 2023). Dive
patterns for Ziphius in this area include deep, long, and pre-
sumed foraging dives (>800 m; >33 min; Shearer et al,
2019). Shorter, shallower, presumed non-foraging dives
(<800 m; <33 min) occur between deep dives; these have
been referred to as “bounce” dives in some previous studies,
but we use the term “shallower” hereafter. Periods between
deep dives are referred to as inter-deep-dive intervals (IDDIs).
We characterized deep dives, shallower dives, and IDDIs
using both satellite tags and DTags.

We deployed satellite-linked SPLASH10-292, SPLASH10-
F-333, or SPLASH10-333 depth recorders with the extended
depth option and location-transmitting tags (Wildlife
Computers, Redmond, WA, USA) in the LIMPET configura-
tion (Andrews et al., 2008). Each satellite tag (not more than
one per individual) was programmed to collect surface posi-
tions (with reported error) and either dive summary records
(with categorical summaries of dive data) or a depth
time-series sampled over one of several possible selected time
windows (see Cioffi et al, 2023). Data from these tags were
obtained through satellite-uplink Argos transmissions and aug-
mented in the field with Argos goniometers. Goniometers were
used in the field to locate animals in real time and to augment
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movement modeling and enhance modeled RL estimates dur-
ing analyses (see Schick et al., 2024).

We only included data from satellite-linked tags in our
analysis if at least 24-h of baseline data was obtained prior
to an exposure trial. In cases where multiple MFAS expo-
sure trials occurred in a tag record, we excluded 24-h of
data following any prior exposure from the baseline. The
time course of responses to MFAS in beaked whales is not
fully understood, but we selected a 24-h period because
some earlier experiments suggest that acute responses
begin to abate after several hours (DeRuiter et al., 2013;
Wensveen et al., 2019).

We deployed version 3 DTags using similar approaches,
sampling regimes (acoustics sampled at 240 kHz; acceler-
ometers, magnetometers, and pressure sensors sampled at
250 Hz), settings, calibrations, and data processing as in
DeRuiter et al, 2013; Southall et al.,, 2023; Southall,
DeRuiter, et al., 2019. We monitored whales equipped with
DTags through at least one deep dive (>33 min) and subse-
quent surface series prior to commencing exposure trials. A
total of three DTags were deployed and included in expo-
sures described here, one of which was deployed in a group
with a satellite-tagged whale. These tags were all deployed
more than 2 h prior to exposure trials and collected data for
several hours following the end of exposure.

Satellite tag data movement and RL modeling

To account for the uncertainty in position estimates asso-
ciated with the satellite tags, we implemented the follow-
ing multistep procedure: First, where possible, we
augmented the satellite-uplinked data with additional
data obtained in the field during focal follows of individ-
ual whales. The augmented records included deployment
location, visual observations of the tagged whale, and
data on relative bearing and range to whales from the
goniometer (see Schick et al., 2024). The positional esti-
mates from Service Argos included uncertainty from
which error ellipses were generated for all surface loca-
tions. Where possible, error ellipses were generated for
augmented positions based on goniometer data using a
predictive relationship from empirical field measure-
ments developed by Borroni (2024).

As described in greater detail by Schick et al. (2024)
and in Appendix S1: Section S1: Satellite tag data spatial
modeling, horizontal range, and received level calcula-
tions, we fit a continuous-time correlated random walk
model to the filtered and augmented Argos positions. We
used the fitted model to impute 100 possible tracks to
generate ensemble estimates of location that incorporated
positional error. Within each of the 100 imputed tracks,
we predicted locations at the start of each exposure trial

relative to the known location of the sound source to
determine the median and 95% CI for the horizontal dis-
tance of each whale and exposure trial.

We also predicted imputed locations for all tracks at
5-min intervals within each trial to conduct RL modeling
(Margolina et al., 2018; Schick et al., 2019, 2024). We
used sound propagation model output to estimate MFAS
RLs at multiple imputed points, with derived methods to
reject predicted locations that were impossible given dive
relative to water depth (see Schick et al., 2024;
Appendix S1: Section S1).

Simulated MFAS exposure experimental design

Animals were monitored with focal follows (described
above) before and then during three 30-min phases:
pre-exposure, exposure, and post-exposure. Between one
and three focal whales equipped with either a satellite
tag and/or a DTag were monitored during experimental
trials, which also included between 0 and 10 non-focal
tagged whales. Identical methods were used whether the
exposure phase included MFAS or not; exposure phases
without MFAS are referred to as control trials. We deter-
mined that no incidental MFAS was present on exposure
trial days using a bottom-mounted passive acoustic recorder
(High-frequency Acoustic Recording Packages; Wiggins &
Hildebrand, 2016) deployed in the core of our study area.
Several exposure trials included truncated exposure phases
due to equipment or permit-related requirements, but all
lasted for at least 15 min.

The custom sound propagation modeling tool
(Margolina et al., 2018) was used to position the source
vessel using specified received MFAS criteria. First, we
specified a nominal target RL range for focal whales of
120-140 dB re: 1pPa (sound pressure level [SPL]
root-mean-square [RMS], hereafter dB SPL). Second, we
avoided positioning the source directly in the path of
focal whales with a clear direction of travel (Ellison et al.,
2012). Third, we avoided positioning sources in locations
where model predictions indicated high variability in
received sound fields around focal whales due to propa-
gation conditions. Finally, we conducted trials at least
1km away from other vessels. Mock MFAS exposures
were modeled and identical vessel positioning and sta-
tioning were used for no-noise control trials.

We employed a 15-element, vertical line array to pro-
duce the experimental sound stimulus. We initiated
MFAS exposures during a deep dive for focal whales to
the extent that this could be predicted in the field. Source
specifications, technical design features, and additional
details are provided in Southall et al. (2012). Simulated
MFAS signals were 1.6-s pulses with a sequence of three
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tones with fundamental frequencies ranging from 3.5 to
4.05 kHz. The signals were repeated every 25 s for a total
of 72 pings over a 30-min exposure period. Transmissions
were sequentially increased, as a condition of our
research permit, from an initial source output level of
160 dB SPL at 1 m by 3 dB per ping to a maximum source
level of 212 dB SPL at 1 m within 8 min. This maximum
level was subsequently maintained for all remaining
transmissions within a trial.

After exposures, we refined RL estimates in several
ways. For whales equipped with DTags, we measured
RLs directly from the tags (DeRuiter et al, 2013;
Southall, DeRuiter, et al., 2019). For animals equipped
with satellite tags, we estimated RLs using methods
adapted from Schick et al. (2019) and included ancillary
observed animal location data obtained in the field and
depth data obtained from tags (as in Schick et al., 2024;
additional methodological details given in Appendix S1:
Section S1).

We summarized estimated RLs in two ways with com-
mon metrics relative to previous studies and future behav-
ioral noise exposure criteria (Southall et al., 2021). First, we
determined the distribution of median RL (dB SPL; in RMS
as described above) values (and 95% CIs) for each animal
for each 5-min time step. We then extracted the maximum
of these median RLs for all 5-min time steps to categorize
MFAS exposure for each whale. We present continuous
values, but for the sake of broader comparisons, simple cat-
egorical RL bins were defined as follows: below ambient,
<100 dB SPL, 100-120 dB SPL, or >120 dB SPL. Individuals
for which MFAS exposures were determined to be below
ambient noise conditions were excluded from subsequent
analysis. Second, we calculated sound exposure level (in dB
re: 1pPa’s; hereafter dB SEL) over the 1.6-s duration of
each ping for up to 100 imputed locations for each 5-min
time step and report median SEL (with 95% ClIs). Finally,
we calculated median and 95% CIs for cumulative SEL
(hereafter dB cSEL) for each of up to 100 tracks by sum-
ming SELs for all pings during all 5-min time steps across
each track. For each animal and trial, we present RLs as a
single predicted exposure in dB SPL units, given the consis-
tent use of this metric in both regulatory assessments and
in many previous BRS. However, corresponding per ping
SEL as well as cSEL values were calculated to enable future
assessments using various exposure metrics (see Southall
et al., 2021).

Assessment of behavioral response

We evaluated diving and movement behavior separately
and applied several methods over different time windows

to provide insights into the nature, magnitude, and time
course of potential responses. We describe patterns of
responses for four exposure categories: (1) no-MFAS con-
trols; MFAS exposures at (2) “low” (<100 dB SPL);
(3) “medium” (100-120 dB SPL); and (4) “high” (>120 dB
SPL) RLs. Data and scripts to reproduce analyses and fig-
ures for noise exposure and behavioral response are avail-
able at: https://doi.org/10.5281/zenodo.17640058.

Diving behavior responses in satellite tag data

We explored potential changes in diving behavior using
both exploratory and statistical assessments. First, we
compared summary metrics of diving behavior before,
during, and following MFAS and control (known absence
of MFAS) experimental trials. We then applied a struc-
tured data exploration technique developed by Hewitt
et al. (2022), which employs kernel density estimates of
conditional distributions to compare baseline and expo-
sure behavior along a set of dive metrics. Finally, we used
generalized additive models (GAMs) to provide an infer-
ential framework to test for differences between exposure
and baseline conditions in metrics identified as important
in the exploratory analyses.

Dive metrics, quantile scoring, and kernel density
estimates of conditional distributions

As an initial exploratory assessment, we calculated a
series of dive metrics over the 24-h immediately follow-
ing a trial and then compared them to the distribution
of each dive metric during baseline diving in
non-exposure periods, following Tyack et al. (2011).
This approach provides an overview of how unusual a
certain behavior may be following exposure but is not
an inferential test because it does not include temporal
dependence or systematic treatment of error. Methods,
dive profiles for all depth-sensing tags around exposure
trials, depth metrics and quantile scores for each tag
type, and synthesis results of this exploratory analysis
are provided in Appendix S1: Section S2: Dive metrics,
quantile scoring, kernel density estimates of conditional
distributions.

We evaluated potential changes in diving behavior from
MFAS exposure in two ways. The first was the structured
exploratory data analysis tool described by Hewitt et al.
(2022) to characterize diving behavior during trials and
evaluate differences from baseline behavior, while explicitly
addressing temporal dependence. This approach was only
possible for the subset of depth time-series tags for which
sufficient baseline and exposure data were collected
(n = 38). The time-series depth data were summarized into
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10 metrics (Table 1), with an additional 10 metrics having
timing-dependent variations.

In this analysis, we used specified pre- and
post-exposure windows to screen for changes in diving
behavior. Based on earlier experiments in which tempo-
ral comparisons of fine-scale responses were evaluated
(DeRuiter et al., 2013; Wensveen et al., 2019), we selected
a 6-h window following exposure to assess potential acute
responses. Within this window, we configured a set of
nested windows, with longer 3-h windows from 0-3 to
3-6 h and shorter 1-h windows from 0-1 h through 5-6 h
from the end of the exposure phase (see Hewitt
et al., 2022).

Observed differences in these specified time windows
before and after exposure (pre-post pairs) were then com-
pared to hypothetical pairs of windows of the same
length and placement in baseline diving periods, follow-
ing a randomization procedure. Baseline diving data
periods for this analysis were defined as time windows at
least 24-h prior to the evaluated exposure trial and
excluding any previous exposure periods and after 24-h
had passed following exposure(s). We quantified possible
responses following a randomization procedure to deter-
mine the quantile of the observed pre-post pair in the

TABLE 1
quartile scoring, kernel density estimates, and generalized additive

Dive metrics considered by dive metric distribution

model (GAM) diving analysis aligned to show related metrics.

Dive metric Kernel density GAM diving
distributions estimates analysis
IDDI duration Time on or near surface IDDI duration
Prior IDDI

duration

n shallower dives

Mean shallower
max depth
IDDI maxdepth
Dive maxdepth

Average depth na

Dive duration Time in deep dives dive duration

Dive ascent Time spent ascending na

duration

na Time spent descending na

na Time spent without na
vertical movement

na Total vertical distance na
traveled

na Total ascent distance na

na Total descent distance na

na Total vertical direction na
changes

Abbreviations: IDDI, inter-deep-dive interval; na, not applicable.

reference distribution of hypothetical pairs (for additional
details, see Appendix S1: Section S2: Dive metrics,
quantile scoring, kernel density estimates of conditional
distributions). We identified candidate behavior changes
as those below the 0.025 or above the 0.975 quantiles.

GAMs for diving and surface behavior

To examine differences in deep-dive duration and IDDI
durations between baseline and an exposure window,
sets of GAMs were fitted using the bam function in the R
package mgcv (Wood, 2017; Wood et al., 2016). For both
sets of models, we used Gamma distributions with a log
link. We elected to model deep-dive and IDDI durations
because these metrics could be calculated for both tag
programming regimes. Further, the results of previous
studies with beaked whales and MFAS, as well as our
exploratory analyses, suggested that these metrics were
particularly likely to be affected by exposure to MFAS.
We fitted one GAM per animal per metric (deep-dive or
IDDI duration).

In addition to the exclusion of 24-h windows surround-
ing previous exposures from the baseline, we also removed
exposure windows with data gaps if they included less than
6-h of continuous data within the 24-h exposure window.
In cases in which this threshold was not met, the entire
window was excised from the data. We used Akaike infor-
mation criterion (AIC) to select between models with either
no exposure effects, a simulated MFAS source effect, a con-
trol effect, or both a simulated MFAS source and control
effect (depending on which types of exposures were present
in that tag record). Note that not all models had both a con-
trol and simulated MFAS source exposure. Only AIC differ-
ences >2 were considered meaningful for the purposes of
model selection. We constructed exposure effects as
time-varying thin-plate spline smooths (with the penalty
modification to allow shrinkage to zero) that operate only
during the 24-h exposure windows. We constrained these
smooths to pass through 0 at the end of the exposure win-
dow, reflecting our assumption that any response would
have abated by this time. We used a first-order penalty
(m =1 in the smooth specification in mgcv) to reduce col-
linearity between the baseline and effect smooths as
recommended by Pedersen et al. (2019) and to encourage
the effect smooth to 0 before the end of the 24-h window if
the data suggested an earlier return to baseline. We consid-
ered a response to have been detected if the best model
included an exposure term. All models included a
thin-plate spline smooth term for continuous running time,
with a penalty modification to allow shrinkage to zero
(Wood, 2003), and a cyclic spline smooth term for time of
day. We used the built-in functionality of bam to account
for possible autocorrelation in the residuals by setting the
rho parameter to the estimated first-order autocorrelation
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in residuals from an initial fit that did not include
autocorrelation.

Horizontal avoidance responses for individuals
with satellite tags

To evaluate whether the animals exhibited horizontal
avoidance responses following exposure to sonar, we
used the continuous-time discrete-space movement
model from Hanks et al. (2015). The model examines
the residence time in each cell, the transitions from
one cell to the next, and the covariates associated with
each of these. To represent the potential effects of
MFAS exposure, we computed the Euclidean distance
to the source location at the start of the trial for each
cell in a 500-m grid. Following Hanks et al. (2015), we
used the distance to source as a gradient-based covari-
ate, and we allowed the movement response of the ani-
mal with respect to the position of the ship to change
over time.

For each animal and trial, we examined movements
at a 15-min temporal resolution from 24 h before and
after the onset of the exposure. The data were prepared
using the R package ctmcmove (Hanks et al., 2015), and
the model was fitted using the GAM function in the R
package mgcv (Wood, 2017; Wood et al., 2016). We used a
basis dimension of 40 and an adaptive P-spline smoother
to allow for rapid changes in the smooth. We interpreted
the results to indicate that the animal responded to the
source if the time-varying coefficient for the distance to
source covariate was both significant and negative in the
24 h following exposure. If the plot of the estimated
change was clearly negative prior to the exposure, we did
not include this as evidence of horizontal avoidance.
Additional details of this approach to evaluate horizontal
avoidance are provided in Appendix S1: Section S4:
Horizontal avoidance analysis.

Fine-scale behavior responses in DTag records

We measured diving behavior and spatial orientation
from DTags using standard filtering and processing
methods (DeRuiter et al., 2013, 2023; Southall et al.,
2023; Southall, DeRuiter, et al., 2019; R package version
0.1.0, https://animaltags.org/). We quantified the occur-
rence of echolocation clicks during baseline and exposure
dives using customized MATLAB tools from Kootstra
(2024). We conducted statistical analyses of diving behav-
ior and potential changes using the approach developed
by Michelot et al. (2021, 2023). Depth data were

decimated to one sample every 3 s, after first applying a
no-delay low-pass anti-alias filter (symmetric finite
impulse response filter with length 900 and cutoff fre-
quency 0.133 Hz). We computed the first difference of
the depth measurements to reduce temporal autocorrela-
tion in the time-series before modeling. Dives beyond
50 m were classified as either deep or shallower, as
defined above. Dives were classified as exposure dives if a
MFAS signal was present during that dive or baseline
dives if there was no exposure. All three DTag exposure
trials included MFAS transmissions.

To evaluate behavioral changes in DTag data, we
fitted varying-coefficient stochastic differential equations
(SDEs) (Michelot et al., 2021, 2023) to depth difference
data in shallow and deep dives respectively. Each model
described depth as a function of the proportion of dive
time elapsed and employed a difference smooth to quan-
tify changes in the model’s diffusion parameter, which
governs the variability of depth difference, between base-
line and exposed dives. The model also included a ran-
dom effect to account for individual differences.

Assessment of social responses

We evaluated social group configurations for focal
groups before, during, and following exposure trials
using standard photo identification methods with
comparisons to a catalog of known individuals. This
was only possible for a subset of focal groups due to
the challenges of relocating animals after exposure
(e.g., weather conditions; behavioral response of ani-
mals). Social response analysis methods and example
results are presented in Appendix S1: Section S6:
Assessment of social response.

RESULTS

Fieldwork occurred over approximately 100 days between
June 2017 and August 2022. During this period, we
deployed 65 satellite-linked tags and six DTags. Of these,
50 satellite-linked tags and 3 DTags yielded data during
trials, either with exposure to simulated MFAS or as con-
trols. Some individuals were included in more than one
trial. We conducted 13 exposure trials, resulting in 72 total
Ziphius exposure events, 69 of which included satellite-
tagged individuals and three of which included whales
with DTags. Of the 13 exposure trials, 9 included simu-
lated MFAS with between 4 and 11 tagged whales and
4 were no-MFAS controls with between 2 and 10 individ-
uals. A summary of tag deployments and trials is
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provided in Table 2. DTag exposure events are considered
separately below.

For no-MFAS control trials, any individuals farther
than 128.5 km (the outer extent for which RL modeling
was performed) from the (inactive) sound source were
excluded from subsequent response analyses. Median
(and 95% CIs) modeled ranges and median (and 95% Cls)
modeled RLs (SPLs) for simulated MFAS exposure trials
are presented in Figure 1. The same range information
from control trials is shown in Figure 2. Individual plots
of modeled horizontal range for each exposure event and
individual plots showing the distribution of RL values for
each MFAS exposure trial at each 5-min timestep are
included in Appendix S1: Section S1: Figures S1-S47.

Dive metric distributions, quantile scoring,
and kernel density estimates of conditional
distributions

Dive plots of all satellite-tagged individuals centered
around exposure periods are provided in Appendix S1:
Section S2: Figures S48-S86. Dive metric distributions for
all satellite-tagged exposed individuals and exposures
analyzed using quantile scoring assessments are provided
in Appendix S1: Section S2: Figures S87-S123 and sum-
marized across individuals (Appendix S1: Section S2:
Figure S124).

For kernel density estimates, the proportion of excess
detected behavior changes (i.e., the ratio of observed
changes to the number expected by chance) increased
with increasing RL exposure (Figure 3). Figure 3a,b
highlights one animal (STag093 in MFAS exposure trial
19_03) whose time deep-diving was identified as changed
during exposure. Figure 3b,d highlights an individual
(STag096 in MFAS exposure trial 19_04) whose behavior
did not differ for this metric. Summary results of excess
detected changes across individuals by categorical RL
bins are shown in Figure 3e. Detailed results plots for all
individuals and exposure trials analyzed can be found in
Appendix S1: Section S2: Figures S125-S146.

We detected more changes than expected by chance
for MFAS exposure trials in the two highest RL catego-
ries. The two focal whales highlighted in Figure 3
exhibited very strong changes in diving behavior follow-
ing exposure to MFAS signals. A few control animals
(notably STagl31) also exhibited excess differences.
Percentile scores for individual metrics for each exposure
event are summarized discretely (Figure 4).

When we examined metrics (all windows and lags
collapsed) by exposure event (Figure 4), we found that
diving changes in exposed animals were characterized by

whales spending more time in deep diving or near the
surface in the two highest RL bins. For the other two RL
bins, we detected more excess changes for the no-MFAS
control category than the lowest MFAS exposure treat-
ment level. The two most typical changes detected
in MFAS trials of any category were longer deep dives
and longer IDDIs. In contrast, changes detected in
no-MFAS controls included a larger proportion of
shorter-than-typical deep dives and IDDIs. This suggests
that behavioral changes detected in control trials were
of a different nature than those observed during MFAS
trials.

GAM analyses of diving behavior

We examined the 39 exposure events for which there
was sufficient dive data available for GAM analyses on
34 tags (including both types of tag programming) for a
total of 78 models. We detected changes in the medium
and high sound exposure categories more frequently
than in the low exposure category or control treat-
ments (Figure 5). For deep-dive duration, no changes
were detected in the controls, but changes were
detected in 5.5% of low, 18.8% of medium, and 31.8% of
high RL conditions. Similarly, a change in IDDI dura-
tion was detected in 5.5% of the controls and 0% of low,
12.5% of medium, and 22.7% of high exposure levels.
The overall trend we observed was consistent with the
dive metric quantile and kernel density assessments
(see Table 3), although there was some variation in
which methods detected behavioral change(s) for spe-
cific exposure events. Individual GAM analysis plots
for all exposure and control trials analyzed can be
found in Appendix S1: Section S3: Figures S147-S180.

Horizontal avoidance responses

We conducted horizontal avoidance analyses for all
MFAS control and MFAS exposure events (n = 65) with
satellite-tagged individuals for which sufficient baseline
and post-exposure position data were available. Overall,
we detected spatial avoidance in 42% of all experimental
trials (MFAS and controls) during the 24-h period follow-
ing exposure. This included relatively low proportions of
avoidance in control trials (33%) and low exposure cate-
gories (29%). More individuals demonstrated horizontal
avoidance at higher RLs: 50% in medium and 56% in high
exposure conditions. Time-varying smooths for the effect
of distance to source for two selected individuals are
shown, along with a summary of the results for all
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TABLE 2

trials.®

Subject
ID
Tag060
Tag061
Tag062
Tag063
Tag064

Tag065

Tag069

Tag070

Tag071

Tag072

Tag073

Tag075

Tag076

Summary of satellite-tagged Ziphius during simulated mid-frequency active sonar (MFAS) and no-MFAS (control) exposure

Dive
data type
Dive
summary
Dive
summary
Dive
summary
Dive
summary
Dive
summary
Dive
summary

Depth
time-series

Dive
summary

Depth

time-series

Depth
time-series

Depth
time-series

Depth
time-series

Dive
summary

Tag
duration

(days)
34.4
440
12.1
30.1
35.0

12.1

38.1

11.6

25.5

42.8

434

41.2

41.3

Exposure

trial no.

17_01

17_01

17_01

17_01

17_01

17_01

18_02

18_03

18_05

18_02

18_03

18_05

18_07

18_08

18_07

18_08

18_07

18_08

18_07

18_08

18_07

18_08

Trial

type

MFAS

MFAS

MFAS

MFAS

MFAS

MFAS

MFAS

MFAS

Control

MFAS

MFAS

Control

Control

MFAS

Control

MFAS

Control

MFAS

Control

MFAS

Control

MFAS

Trial

date

8/22/17

8/22/17

8/22/17

8/22/17

8/22/17

8/22/17

5/25/18

5/30/18

6/6/18

5/25/18

5/30/18

6/6/18

8/15/18

8/27/18

8/15/18

8/27/18

8/15/18

8/27/18

8/15/18

8/27/18

8/15/18

8/27/18

Range (km)

(95% CI)

39.8
(32-54.4)
17.4
(7.9-34.3)
3.6
(0.7-7.5)
18.9
(5.6-35.8)

8.7
(1.4-16.5)
2.1
(0.6-5.6)
20.6
(16.5-27.4)
38
(1.8-6.4)
122.8
(99-146)
17.0
(14.5-18.9)

99.6
(85.1-111.6)

29.7
(24.1-36.5)

16.8
(2.4-29.5)

451
(10.7-111.1)
26.3
(15-36.1)
205.5
(194.3-219)

51.1
(30.5-71.6)
58.3
(37.4-74.9)
42.5
(35.6-50.9)
61.4
(54.3-74.5)
65.4
(47.4-82.1)

414
(34.6-46.2)

RL (dB SPL)

(95% CI)

95.5
(81.5-121.5)

115.7
(92.9-132.7)

136.3
(116.9-150.5)

118.5
(87.6-139.3)

128.9
(110.1-146.1)

136.3
(118.4-148.4)

101.8
(87.1-110.9)

141.6
(112.4-148.4)

na
116.5

(101.0-132.1)
87.6

(81.7-94.6)
na
na
84.4
(70.1-114.5)
na
<Ambient®
na
78.4
(78.2-78.4)
na
<Ambient®

na

75.8
(73.8-80.6)

RL

(dB SPL)

bin

<100

100-120

>120

100-120

>120

>120

100-120

>120

Control

100-120

<100

Control

Control

<100

Control

na

Control

<100

Control

na

Control

<100

RL (cSEL)
(95% CI)

107.5
(103.0-121.6)

123.6
(99.1-139.3)

146.9
(124.9-161.1)

128.7
(102.1-146)

138.7
(118.1-156.9)

1443
(130.7-160.7)

118.1
(112.8-127.2)

158.9
(153.6-163.7)

na
133.7

(124-141.2)
102.1

(101.1-107.9)
na
na
100.8
(91.0-126.0)
na
na
na
96.3
(95.8-96.9)
na
na

na

93.5
(92.9-95.0)
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Tag RL
Subject Dive duration Exposure Trial Trial Range (km) RL (dBSPL) (dBSPL) RL (cSEL)
1D data type (days) trial no. type date (95% CI) (95% CI) bin (95% CI)
Tag077 No dive 23.7 18_07 Control  8/15/18 19.0 na Control na
data (16.3-22.3)
18_08 MFAS 8/27/18 33.2 77.1 <100 94.3
(27.6-38.8) (73.7-84.4) (93.3-96.8)
Tag078 Dive 23.1 18_07 Control  8/15/18 4.0 na Control na
summary (1.3-9.5)
18_08 MFAS 8/27/18 14.3 106.2 100-120 124.8
(3.3-29.3) (78.7-126.1) (103.7-147.9)
Tag079 Dive 42.5 18 07 Control  8/15/18 32.3 na Control na
summary (22.1-40.8)
18_08 MFAS 8/27/18 22.2 90.9 <100 115.4
(4.3-40.1) (74-118.6) (101.2-132.4)
Tag080 Dive 41.4 18_07 Control  8/15/18 34.2 na Control na
summary (22.8-45.6)
18_08 MFAS 8/27/18 55.2 76.3 <100 93.7
(37.7-72.6) (73.6-82.2) (92.4-94.2)
Tag081 Dive 56.7 18_07 Control  8/15/18 30.8 na Control na
summary (12.7-51.2)
18_08 MFAS 8/27/18 33.6 82.8 <100 99.5
(15.9-51.2) (71.7-108.8) (94.2-123.8)
Tag082 Depth 52.6 19_01 MFAS 5/21/19 29.1 112.4 100-120 119.5
time-series (13.9-46.6) (95.6-125.8) (112-129.4)
19_02 MFAS 6/7/19 60.0 98.9 <100 116.4
(52-66.9) (85.4-109.7) (110.3-119.8)
Tag083 Depth 39.2 19_01 MFAS 5/21/19 13.3 117.4 100-120 123.8
time-series (4.7-21) (102.0-136.8) (110-138.2)
19_02 MFAS 6/7/19 16.1 123.8 >120 141.1
(9.3-24.5) (91.1-130) (134.2-147)
Tag084 Depth 441 19_02 MFAS 6/7/19 33.5 112.6 100-120 130.1
time-series (16.2-52.6) (91.2-126.6) (112.7-143.1)
Tag085 Depth 40.9 19_02 MFAS 6/7/19 25.1 116.5 100-120 135.9
time-series (15.3-42.9) (98.5-132.4) (128.9-146.8)
Tag086 Depth 13.1 19_02 MFAS 6/7/19 16.7 124.1 >120 140.5
time-series (11.1-23.6)  (108.4-135.2) (132.9-149.4)
Tag087 Depth 21.0 19_02 MFAS 6/7/19 16.5 119.3 100-120 139.8
time-series (4-40.6) (104.0-138.9) (133.2-146.7)
Tag088 Depth 43.4 19_02 MFAS 6/7/19 53.4 108.0 100-120 125.1
time-series (37.8-74.2) (93.9-118.6) (119.8-129)
Tag089 Depth 27.5 19_02 MFAS 6/7/19 4.8 133.9 >120 151.0
time-series (2.5-8.3) (119.0-142.5) (145.7-154.9)
Tag090 Depth 16.0 19_03 MFAS 8/6/19 15.7 119.1 100-120 135.9
time-series (5.7-25.4) (100.4-134.7) (124.7-149.6)
Tag091 Depth 13.6 19_03 MFAS 8/6/19 68.8 95.5 <100 111.9
time-series (59.6-78.9) (85.7-105.1) (108.7-114.6)

(Continues)



12 of 29 | SOUTHALL ET AL.
TABLE 2 (Continued)
Tag RL
Subject Dive duration Exposure Trial Trial Range (km) RL (dBSPL) (dBSPL) RL (cSEL)
ID data type (days) trial no. type date (95% CI) (95% CI) bin (95% CI)
Tag092 Depth 40.6 19_03 MFAS 8/6/19 13.7 122.8 >120 137.2
time-series (3.6-28.3) (99.3-141.2) (120.2-157.2)
19_04 MFAS 8/19/19 24.6 103.5 100-120 112.7
(5.8-48.2) (75.9-134.6) (95.1-138.4)
Tag093 Depth 24.9 19_03 MFAS 8/6/19 4.3 134.8 >120 151.8
time-series (1.2-7.6) (119.4-144.6) (146-156.4)
19_04 MFAS 8/19/19 12.9 116.8 100-120 125.4
(3-25.6) (90.3-145.2) (102.4-161)
Tag095 Depth 37.7 19_04 MFAS 8/19/19 3.7 134.3 >120 151.9
time-series (1.3-7.2) (110.3-146.5) (137.8-158.2)
Tag096 Depth 43.2 19_04 MFAS 8/19/19 34 133.8 >120 151.5
time-series (0.9-7.2) (110.9-147) (136.7-158.8)
Tag097 Depth 36.1 19_04 MFAS 8/19/19 3.7 124.0 >120 147.5
time-series (1.2-6.4) (109.1-147.1) (134.4-156)
Tag098 Depth 40.4 20_03 MFAS 8/19/20 41.8 95.7 <100 98.1
time-series (21.9-61.2) (72.2-113.5) (91.6-112.4)
Tagl01 Depth 71.4 20_03 MFAS 8/19/20 40.9 90.5 <100 109.1
time-series (27.6-51.4) (79.7-105.7) (102.4-119.4)
Tagl02 Depth 28.7 20_03 MFAS 8/19/20 75.7 82.8 <100 99.7
time-series (57.8-94.4) (73.3-100.2) (93.3-108.1)
Tagl03 Depth 331 20_03 MFAS 8/19/20 86.4 78.5 <100 94.6
time-series (63.4-105.5) (66.5-97.6) (89.5-105.3)
Tagl05 Depth 78.4 20_03 MFAS 8/19/20 9.8 123.6 >120 139.8
time-series (3.2-19.1) (105.6-138.5) (132.1-154.6)
Tagl06 Depth 74.0 20_03 MFAS 8/19/20 119.1 71.0 <100 89.0
time-series (111.6-126.3) (68.7-77) (87.7-90.7)
Tagl07 Depth 77.9 20_03 MFAS 8/19/20 36.3 84.1 <100 102.5
time-series (25.7-45.2) (72.2-105) (94-112.5)
Tagl08 Depth 65.9 20_03 MFAS 8/19/20 7.5 126.3 >120 143.0
time-series (2-15.4) (103.7-141.4) (122.4-163.7)
Tagl09 Depth 47.3 20_03 MFAS  8/19/20 132.3 <Ambient® na na
time-series (123.7-139.5)
Tagl10 Depth 85.4 20_03 MFAS 8/19/20 4.3 133.7 >120 149.3
time-series (2.1-12.1) (94.3-137.1) (142.3-151.7)
Taglll Depth 68.7 20_03 MFAS 8/19/20 414 89.3 <100 107.1
time-series (33.9-49.2) (80-98.4) (102.5-112.2)
Tagl29 Depth 73.9 22 01 Control  8/4/22 3.9 na Control na
time-series (0.6-10)
22 02 Control  8/5/2022 196.4 na na na
(187.6-204.8)°
Tagl30 Depth 74.8 22 01 Control  8/4/2022 209.4 na na na
time-series (205.9-213.2)°
22 02 Control 8/5/22 40.1 na Control na

(30.9-50.9)
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Tag RL
Subject Dive duration Exposure Trial Trial Range (km) RL (dBSPL) (dBSPL) RL (cSEL)
ID data type (days) trial no. type (95% CI) (95% CI) bin (95% CI)
Tagl31 Depth 9.1 22 01 Control 8/4/22 171.0 na na na
time-series (167.6-175.0)°
22_02 Control 8/5/22 8.8 na Control na
(2.3-15.9)
Tagl32 Depth 76.4 22_01 Control  8/4/22 190.8 na na na
time-series (187.0-194.6)°
22_02 Control 8/5/22 27 na Control na
(22.6-32)
Tagl33 Depth 66.5 22_02 Control  8/5/22 30.1 na Control na
time-series (22.4-39)
Tagl34  Depth 39.7 22_02 Control  8/5/22 34.6 na Control na
time-series (25.4-41.9)

Abbreviation: na, not applicable.

“Tag and exposure trial types for each individual exposure event are shown along with median horizontal source-whale range (in kilometers; with 95% CI),
median estimated MFAS received level (RL) (root-mean-square [RMS] sound pressure level [SPL] in dB re: 1pPa; with 95% CI), RL (dB SPL) bins (<100;
100-120; >120 dB), and median estimated cumulative sound exposure level (cSEL in dB re: 1pPa*-s; with 95% CI).

Denotes individuals for which fewer than five of 100 imputed track points had RLs above frequency-band specific ambient noise; exposure event is excluded

from subsequent response analyses.

“Denotes individuals for no-MFAS controls conducted greater than 128.5 km from mock sound sources; exposure event is excluded from subsequent response analyses.

individuals (Figure 6). Plots for all individuals and expo-
sure trials analyzed can be found in Appendix S1: Section
S4: Figures S181-S244.

Detailed views of fine-scale movements of two exam-
ple focal animals during exposure trials highlighted in
Figure 6 are presented below (Figure 7). In both cases,
we observed directed movement away from the source
immediately following the MFAS exposures. Importantly,
both movements were against the direction of the Gulf
Stream, which flows at speeds of up to 10 km/h. Similar
views for other focal individuals and exposure trials, not
all of which demonstrated such clear and sustained
avoidance, are found in Appendix S1: Section S4:
Figures S245-5252.

Fine-scale behavioral responses in DTag
records

We deployed three DTags (DTagl7 234 in exposure trial
17_01, DTagl9 218 in exposure trial 19_03, and
DTag20_232 in exposure trial 20_03); all three whales were
focal individuals during experimental trials. Dive profiles,
measurements of MFAS RLs, heading, and minimum spe-
cific acceleration (MSA) are shown for each whale
(Figure 8). All three individuals produced echolocation
clicks during baseline deep foraging dives but ceased echo-
location following MFAS exposure and for the duration of
tag deployments. We overlaid baseline and exposed dive

profiles for each of the three DTag records (Figure 9). The
shifts in depth rates during exposure were summarized with
difference smooths from the SDE output (Michelot et al.,
2021, 2023), which showed larger differences from baseline
in deep dives than in shallow dives (Figure 9). More
detailed descriptions of individual behavior and response
analyses for each of these three DTag whales are provided
in Appendix S1: Section S5: Fine-scale behavior responses
in DTag records.

Multi-scale integration of STag093 and
DTagl9_218

A synoptic comparison of data on differing time scales
from STag093 and DTagl9_218, two whales in the same
group on the day of exposure trial 19_03, is shown in
Figure 10.

The dive records from these two individuals showed
a high degree of synchrony and consistency. The satel-
lite tag record captured the horizontal displacement
that occurred shortly after the MFAS exposure and
continued throughout the following dive cycle. The
animal moved back toward the pre-exposure location
during the next dive cycle. The DTag record included
the exposure dive and two subsequent dives. Clear,
sustained increases in MSA (depicted in Figure 8b
for this individual) were likely at least partially
caused by increased fluking related to the horizontal
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FIGURE 1 Summary plots of (a) modeled horizontal range (median: black dots; 95% CIs: black bars) from satellite-tagged (STag)
Ziphius to sound source locations at the start of each mid-frequency active sonar (MFAS) exposure trial (trial IDs in gray side panel) and

(b) modeled received level (RL) (dB re: 1pPa sound pressure level (SPL) distributions for all imputed track positions during the loudest 5-min
interval for corresponding trials. Respective STag identification numbers for tagged individuals are given.
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(STag) Ziphius to sound source locations at the start of each
no-mid-frequency active sonar (MFAS) (control) exposure trial
(trial IDs appear in gray side panel). Respective STag identification
numbers for tagged individuals are given.

displacement observed in the satellite tag record. These
two animals were photographed the following day, still
together in the same group (see Appendix S1: Section
S6: Figure S265).

Assessment of social response

In 13 instances, we were able to resight tagged individ-
uals before, during, and after an exposure trial or before
and after an exposure trial (see Appendix S1: Section S6:
Figures S253-S264). In four cases we were able to capture
group composition the day before, the day of, and the day
after an exposure trial (see Appendix S1: Section Sé:
Figure S265). In this small dataset we documented some
changes in social group composition over these periods
but did not observe large effects such as complete dissolu-
tion or dramatic enlargement of groups. It is possible,
however, that there are subtler effects that could be
detected with a larger sample size and a formal compari-
son to and better understanding of baseline fission-fusion
dynamics.

Summary of evidence for behavioral
responses

Summary results providing strength of evidence for
detection of a response in each exposure event are pro-
vided in Table 3. The results are presented by increasing
median maximum RL and categorically by RL bins for
potential diving response and for spatial avoidance. We
used a structured categorical assessment for quantile
scoring (described above in Methods: Dive metrics,
quantile scoring, and kernel density estimates of condi-
tional distributions; additional details in Appendix S1:
Section S2: none, 0 parameters below 0.025 or above
0.975 quantile; limited, 1 parameter; moderate, 2 para-
meters; strong, >3 parameters) and kernel density
estimates of conditional distributions (from GAM ana-
lyses of diving behavior, above; none, <2 excess changes
detected; limited, 2-3 excess changes; moderate, 3-4
excess changes; strong, >4 excess changes). Results for
responses detected for diving and spatial avoidance
changes are presented as binary YES/NO summaries for
dive and surface GAM and horizontal avoidance analy-
sis. Individual DTag results all of which exhibited
variable but clear behavioral changes as focal animals in
the highest RL exposure condition are summarized
descriptively and quantitatively (see Figures 8 and 9;
Appendix S1: Section S5: Fine-scale behavior responses
in DTag records).



160f29 | SOUTHALL ET AL.
(a) (b) (e)
Zz STag089 19_02
g 40 _ STag11020703 - f | v
£ 0,006 - STag096 19-04 - ® S
i 12 STag093 19703 4 : =
o 5 §Tag097 19704 g
£ 304 A §Tag105 20703 ® =
2 0.004 4 STag095 19704 4 () 2
o) 2 STag083 19702 4 [ ] =
o = STag069 18203 1@
D 8
8 20 4 = 0.002 1 STag087 19_02 - o é
) E STag069 18_02 - ° =
E 104 0.000 o STag088 19_02 4 () g
10 40 10 20 30 40 q STa08519.024 @ z
. .. . .. STag083 19_01 [ ]
Time Deep Diving - Pre Time Deep Diving - Post 2 £ =
o
(C) (d) 5 STag103 20_03 4 A
= STag11120_034 @ S
3 0.006 o
A~ o STagl0720_034 @ &
1 A e
& 30 £ STag10120_03{ @ =
£ A 0.0041
A = STag13122_02 A )
o = STag073 18_08 4 [ )
8 207 £ 0002+ o & g
g s Tag13222_02 ° =
o E STag07518_071 @ e
-E 104 0.000 4 STag080 18_08 1 @
10 20 30 2 3 4 5 6
Time Deep Diving - Pre Time Deep Diving - Post Odds Ratio of Excess Changes
FIGURE 3 Kernel density estimates (2-D) for all pairs in pre versus post-exposure periods for one diving metric are shown for STag093

(in mid-frequency active sonar [MFAS] exposure trial 19_03) (a) and STag096 (in 19_04) (c) at the time of exposure. The 1D distributions in

panels (b) and (d) correspond to the black vertical lines in panels (a) and (c). This vertical line corresponds to the value of the statistic at the

time of the exposure, and the black dot along the line denotes the observed value. By comparing this observed pair against the distribution of

random pre-post pairs, we can calculate a probability and use a critical threshold to determine when a change is detected (shaded gray area

in panels (b) and (d)). (e) A summary plot showing the number of excess changes in all metrics (as % of expected by chance) for four
received level (RL) bins (from bottom: no-MFAS controls; <100, 100-120, >120 re: 1pPa sound pressure level (SPL).

SYNTHESIS

We evaluated the behavioral responses of 53 Ziphius dur-
ing 13 exposure trials (9 MFAS; 4 no-MFAS controls),
resulting in 72 total exposure events. Here, we evaluate
the results in terms of modeled exposure conditions
(range and RL), observed changes in diving behavior,
and patterns of spatial (horizontal) avoidance of sound
sources during exposure trials. Modeled horizontal
ranges for individuals at the start of exposure trials
ranged from ~2 to 205 km for MFAS exposures and ~4 to
209 km for no-MFAS control sequences. Three individ-
uals were excluded from analyses because modeled
MFAS RLs were below estimated ambient noise condi-
tions with the criteria we applied. Four individuals were
excluded from control sequences because modeled hori-
zontal distances from the source were too great. The
other 65 individuals were included in at least some
assessments. Given our experimental approach, focal
individuals were exposed at shorter ranges (<5 km) than
non-focal individuals. We did not specifically manipulate
and test for differences in response for different range

and RL conditions, but the data we present here include
greater range and lower RL conditions, given that most
previous CEEs have focused on a small number of focal
animals close to sound sources.

We achieved target RLs (120-140 dB SPL) for focal
individuals during MFAS exposure trials, with median
maximum RLs ranging from 124.0- to 141.6 dB SPL.
Non-focal individuals were exposed to levels from
below ambient to 71.0- to 123.8 dB SPL. There was a
roughly equal number of exposed individuals by RL
category (n = 18 for controls; n = 18 for the low RL
bin; n = 14 for the medium RL bin; and n = 15 for the
high RL bin). This enabled us to evaluate the probabil-
ity of potential responses across a range of target values
with multiple individuals in each exposure trial. Our
multi-scale design provided several unique insights.
Whales equipped with DTags were always identified as
focal individuals and thus, by design, were exposed in
the high RL category. The kinematic records from
these individuals provided fine-scale details of the
behavioral response in this exposure range. The DTags
also provided our only insights into echolocation
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FIGURE 4 Matrix representation of each exposure event and a summary of detected changes for the kernel density estimates of
conditional distributions. Each metric was collapsed for all lags, windows, and timing dependence and the percentage of changes detected
(outside the central 95 percentiles) was calculated. Right and left tail changes are separated for each metric. Rows are sorted by received
level (RL) bins (from bottom: no-mid-frequency active sonar (MFAS) controls; <100, 100-120, >120 dB re: 1pPa sound pressure level (SPL))
and columns are sorted by the changes detected across all exposure events.

behavior, which was consistently and abruptly termi-
nated following MFAS exposure.

Descriptive analyses of diving behavior identified sev-
eral clear patterns of behavioral changes in response to
MFAS exposure. We documented substantial variability
in the probability of response, as some individuals in the
highest RL category exhibited few responses and some
individuals in the control and low RL categories
exhibited more responses. Perhaps this is not unexpected
given the large sample size and existence of contextual
factors outside the control of our experimental design.
Despite this variation, we typically observed similar pat-
terns of behavioral changes in control trials and the

lowest exposures, with moderate to strong indications of
changes in diving behavior in only 1 of 10 individuals in
control trials and 2 of 8 in low MFAS RL exposures. We
observed greater indications of changes in diving behav-
ior in individuals for higher level exposures (4 of 7 indi-
viduals for moderate, and 8 of 11 individuals for high RL
conditions). The most common responses we observed
included longer IDDIs, increases in the number of shorter
dives prior to the next deep dive, and increases in deep dive
duration during exposure. In the highest exposure category,
deep dives were about 29 min longer during exposure and
IDDIs following exposure were about 187 min longer.
Individuals exposed to MFAS above 100 dB SPL were more
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FIGURE 5 (a, c) Inter-deep-dive interval (IDDI) duration (for STag093 in mid-frequency active sonar [MFAS] exposure trial 19_03 and

STag096 in MFAS exposure trial 19_04) and (b, d) deep-dive duration (for same respective individuals and exposure trials) plots with
estimated smooths. Plots are from the baseline model (1) including only running time and time of day smooths and (2) including a variable

for exposure when that was selected as the best model. Purple annotation indicates if the best model (selected by Akaike information

criterion [AIC]) included an exposure term, which is interpreted as a change associated with exposure trials. (e) A summary of the

percentage of individuals for which changes were detected by dive type and received level (RL) bin (no-MFAS control, MFAS exposures
<100, 100-120, >120 dB re: 1pPa sound pressure level (SPL)). Observed (obs.) actual values are indicated before (gray), during (red), and
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likely to alter diving behavior by extending deep dives dur-
ing exposure and forestalling additional deep dives (see
Appendix S1: Section S2: Figure S124).

We also observed variation in both baseline behavior
and response for whales with DTags. Nevertheless, all
three whales with DTags illustrated clear changes in dive
behavior and cessation of echolocation during and after
MFAS exposure. One of these whales did not appear to
exhibit a horizontal avoidance response, but the other
two demonstrated sustained directed avoidance for hours
following exposure (see especially Figure 7), sustained by
intensive swimming (see: Figure 8b,c).

Finally, the multi-scale perspective (see: Figure 10),
allowed us to demonstrate instantaneous responses to

exposure in DTagl9 218, and an unusual occurrence of
directed horizontal avoidance and cessation of deep diving
(STag_093) for animals in the same social group. These
observations, while descriptive, were consistent across many
exposure events here and in previous experiments with
beaked whales and MFAS (DeRuiter et al., 2013; Stimpert
et al., 2014; Tyack et al., 2011). They are also consistent with
records of satellite-tagged Ziphius in observational studies of
full-scale MFAS exposure (Falcone et al., 2017).

Kernel density estimates of conditional distributions
for dive metrics suggested low levels of behavioral
changes in control and low exposure conditions, com-
pared to the response for medium and high RLs (see
Figure 3, Table 3). During control and low RL exposures,
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TABLE 3 By exposure-event summary of all dive behavior and avoidance analyses.

Avoidance
Dive behavior analysis analysis
Expos. MFAS Kernel Dive  Surface

MFAS trial RL Quantile density time IDDI 24-h
RL bin Subject ID no. (dB SPL) scoring assessment GAM GAM window
Control STag069 18_05 na None na na na No
Control STag070 18_05 na na na na na No
Control STag071 18_07 na na na na na No
Control STag072 18_07 na na na na na No
Control STag073 18 07 na None Mod No No Yes
Control STag075 18_07 na None Limited No No No
Control STag076 18_07 na None na No No Yes
Control STag077 18_07 na na na na na No
Control STag078 18_07 na None na No No No
Control STag079 18_07 na na na na na Yes
Control STag080 18_07 na None None No No No
Control STag081 18_07 na na na na na No
Control STagl129 22 01 na na na na na No
Control STag130 2202 na na na na na No
Control STagl31 22_02 na None Strong No No Yes
Control STag132 22_02 na Limited Limited No Yes No
Control STagl33 2202 na None na No No Yes
Control STagl34 2202 na Mod na No No Yes
<100 STagl106 20_03 71.0 na na na na No
<100 STag076 18_08 75.8 Limited na Yes No No
<100 STag080 18_08 76.3 na na na na No
<100 STag077 18_08 77.1 na na na na Yes
<100 STag073 18_08 78.4 na na na na No
<100 STag103 20_03 78.5 Mod Limited No No Yes
<100 STag081 18_08 82.8 na na na na Yes
<100 STagl102 20_03 82.8 None na No No Yes
<100 STagl07 20_03 84.1 None None No No No
<100 STag071 18_08 84.4 na na na na No
<100 STag070 18_03 87.6 na na No No No
<100 STaglll 20_03 89.3 None None No No No
<100 STag101 20_03 90.5 None None No No Yes
<100 STag079 18_08 90.9 Mod na No No No
<100 STag060 17_01 95.5 Limited na No No No
<100 STag091 19_03 95.5 na na na na No
<100 STag098 20_03 95.7 na na na na No
<100 STag082 19_02 98.9 na na na na No
100-120 STag069 18_02 101.8 Limited Mod Yes No No
100-120 STag092 19_04 103.5 na na na na Yes
100-120 STag078 18_08 106.2 na na No Yes Yes

(Continues)
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TABLE 3 (Continued)
Avoidance
Dive behavior analysis analysis
Expos. MFAS Kernel Dive  Surface

MFAS trial RL Quantile density time IDDI 24-h
RL bin Subject ID no. (dB SPL) scoring assessment GAM GAM window
100-120 STag088 19_02 108.2 Strong Mod No No Yes
100-120 STag082 19_01 112.4 na na na na No
100-120 STag084 19_02 112.6 na na na na No
100-120 STag061 17_01 115.7 None na No No Yes
100-120 STag070 18_02 116.5 na na na na Yes
100-120 STag085 19_02 116.5 None Limited No No Yes
100-120 STag093 19_04 116.8 na na na na Yes
100-120 STag083 19_01 117.4 Strong Limited No No No
100-120 STag063 17_01 118.5 Mod na Yes No No
100-120 STag090 19_03 119.1 na na na na Yes
100-120 STag087 19_02 119.3 Strong Strong Yes Yes No
>120 STag092 19_03 122.8 na na na na Yes
>120 STagl05 20_03 123.6 None Mod No No No
>120 STag083 19_02 123.8 na na na na No
>120 STag097 19_04 124.0 Strong Strong Yes No No
>120 STag086 19_02 124.1 na na na na No
>120 STagl108 20_03 126.3 na na na na Yes
>120 STag064 17_01 128.9 Limited na Yes Yes Yes
>120 STagl10 20_03 133.7 Strong Strong Yes Yes Yes
>120 STag096 19_04 133.8 Mod Strong Yes No Yes
>120 STag089 19_02 133.9 Strong Strong Yes No Yes
>120 STag095 19_04 134.3 Mod Mod No No No
>120 STag093 19_03 134.8 Strong Strong No Yes Yes
>120 STag062 17_01 136.3 Mod na Yes Yes Yes
>120 STag065 17_01 136.3 Mod na No Yes Yes
>120 STag069 18_03 141.6 None None Yes No Yes
>120 DTagl7_234 17_01 131.4 SmoothSDE:: na na na na

Strong
>120 DTagl9_218 19_03 136.4 SmoothSDE:: na na na na

Strong
>120 DTag20_232 20_03 139.2 SmoothSDE:: na na na na

Strong

Note: Strength of evidence for quantile scoring and kernel density assessments is given categorically as defined in the text (none, limited, moderate [mod],

strong; with increasingly dark shading) as defined in the text. Model-based detected changes for diving behavior (GAMs) and spatial avoidance analyses are
given as a binary yes/no outcome. DTag analyses with smoothSDEs are presented using a similar strength of evidence assessment.
Abbreviations: GAM, generalized additive model; IDDI, inter-deep-dive interval; MFAS, mid-frequency active sonar; na, not applicable; RL, received level;
SDEs, stochastic differential equations; SPL, sound pressure level in dB re: 1pPa.

there was little consistency in which behavioral variables
differed from baseline, whereas at medium and high RLs,
there was a consistent pattern of longer IDDIs following

MFAS exposures.

Quantitative evaluations of diving behavior using
GAMs for IDDI and deep-dive duration revealed similar
patterns of behavioral changes following MFAS exposure

(Figure 5). Individuals in control and low RL exposure trials
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FIGURE 6 Plots of the time-varying smooth for the effect of
the distance from the animal to the source ship (s(Distance to
Ship)) for two animals: (a) STag072 in no-mid-frequency active
sonar (MFAS) control exposure 18_07 and panel (b) STag093 in
MFAS exposure trial 19_03. Each smooth is plotted over a 48-h
period. The dashed black line is the 95% SE for the smooth. The
vertical line indicates the start of the respective exposure trial.
STag093 exhibited clear avoidance following the MFAS exposure
trial (median received level [RL] was 134 dB SPL), whereas
STag072 did not during the no-MFAS control. (c) The percentage of
exposure trials with detected horizontal avoidance for all
individuals within each RL bin (no-MFAS control, MFAS exposures
<100, 100-120, >120 dB re: 1pPa sound pressure level (SPL)).

had a very low probability of changes in either dive metric.
Individuals in medium and high RL exposure conditions had
an increasing probability of changes in both metrics. For

both medium and high RL categories, there was a slightly
higher probability of longer deep dives than longer IDDIs.
The proportion of individuals with detected changes in IDDI
and deep-dive duration was lower than in other evaluations
of diving behavior. However, this is likely a function of our
limited power to detect a response, given assumptions in the
GAM formulations and the goal of identifying a binary
change metric in a single exposed dive. Nevertheless, these
results underscore that the probability of a change in diving
behavior (specifically longer IDDIs and dive durations)
increased with increasing RL.

We evaluated the probability of horizontal avoidance
using time-varying smooths relating distance to the
source before and following exposure. Approximately
30% of individuals in both control and low RL MFAS
conditions exhibited spatial avoidance of the sound
source, whereas 50% or more individuals exhibited spatial
avoidance in medium and high RL exposure conditions
(Figure 6). This increasing probability of horizontal
avoidance response with increased RLs was evident for
many of the focal Ziphius with higher RLs, observed
directly in the field (e.g., STag093 in 19_03; see Figure 7).

DISCUSSION

We present experimental results documenting the behav-
ioral response to simulated MFAS signals for 53 Ziphius
in 72 exposure events. Most animals exposed above
120 dB SPL demonstrated clear changes in diving and/or
spatial avoidance of the source. This large sample size
substantially expands our knowledge of this important
issue. It also underscores the variation that exists in base-
line behavior and, importantly, in behavioral responses
to MFAS. We observed behavioral changes in some con-
trol (no-MFAS) trials and low RL MFAS exposures,
suggesting that some individuals may have exhibited a
response to either the presence of our research vessels or
to some other unobserved factor. Importantly, however,
we documented an increasing probability and severity of
response as RLs increased.

Many individuals in the moderate and high RL condi-
tions exhibited longer deep dives, followed by longer
IDDIs, together with directed spatial avoidance of the
source. All three DTag individuals ceased foraging behav-
ior for hours following MFAS exposure. Overall, these
findings are consistent with initial experimental observa-
tions of similar responses in another beaked whale spe-
cies to both MFAS exposure and killer whale signals
(Tyack et al., 2011) and experimental (DeRuiter et al.,
2013) and observational (Falcone et al., 2017) studies
with Ziphius. Our results add to the growing body of evi-
dence supporting the risk-disturbance hypothesis (see
Harris et al., 2018; Miller et al., 2022), which suggests
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FIGURE 7 Time-annotated maps of (a) STag093 (focal) in the same group with DTagl9_218 in mid-frequency active sonar (MFAS)
exposure trial 19_03 and (b) STag096 (focal) in the same group with STag095, STag097 in MFAS exposure trial 19_04 showing focal follow
positions before and after MFAS exposures. White dashed lines show the track of the primary follow boat. Gray dashed lines indicate track
lines of a secondary follow boat. Points show position of boat(s) when photos were taken of the focal animal (or its group) during surfacings.
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emitting simulated MFAS for the sound exposure trial are denoted by an orange triangle and circle, respectively.
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that animals perceive and respond to human disturbance
in the same manner as they respond to a predator
(Frid & Dill, 2002). Nevertheless, most individuals
appeared to return to baseline conditions relatively
quickly following exposure (see Figure 10; all dive pro-
files available in Appendix S1: Section S2:
Figures S48-S86). We observed changes in diving and
spatial avoidance that lasted on the order of hours, but
we did not witness any long-term abandonment of core
habitat (Foley et al., 2021; Shearer et al., 2019).

We conducted our experiments in a region where
actual MFAS is used only sporadically during relatively
infrequent Navy training exercises. Thus, the context of
our exposures was very different from that of previous
studies with beaked whales conducted on Navy ranges
(e.g., Curtis et al., 2021; DeRuiter et al., 2013; Falcone
et al., 2017; Joyce et al.,, 2020; Moretti et al., 2014;
Stimpert et al., 2014; Tyack et al., 2011) where animals
are exposed to MFAS regularly, or studies conducted in
areas where MFAS does not occur (Miller et al., 2015;
Wensveen et al., 2019). Studies on Navy ranges, where
operational sonar is used intensively, may not fully repre-
sent the response of beaked whales to MFAS because
repeated exposure to these signals may dampen both the
probability and intensity of response. Behavioral toler-
ance by animals in regions of intensive sonar use may
change the nature of either behavioral response type or
response probability, potentially making measurements

on ranges less representative of the responses of animals
in areas where MFAS occurs less frequently.
Interestingly, the overall patterns of changes in diving
(notably increased IDDIs, dive duration) presented here
are similar to those observed in Ziphius and other beaked
whale species on Navy ranges (DeRuiter et al., 2013;
Falcone et al., 2017; Stimpert et al., 2014; Tyack et al.,
2011). Some similarities in spatial avoidance are also evi-
dent in our results relative to observational studies of
beaked whales on ranges (Joyce et al., 2020; Moretti
et al.,, 2014). These similarities provide further support
for the generalized nature of response in the context of
cryptic behavior and antipredator responses discussed
above. When beaked whales respond to disturbance,
there appears to be a consistent generalized pattern that
is like how they respond to the presence of a predator.
Our results suggest a low probability of response to
exposure below 100 dB SPL with an increasing probabil-
ity of changes in diving and spatial avoidance above
100 and, especially, above 120 dB SPL. However, this
appears to differ in interesting ways from previous stud-
ies across different beaked whale species in regions with
differing levels of MFAS exposure. For instance, individ-
uals from another beaked whale species in habitats with
no MFAS, responded consistently and strongly to any sig-
nals with RLs above ambient noise levels (Miller et al.,
2015; Wensveen et al., 2019). We observed less sensitivity
for Ziphius to such low RLs. However, the responses we
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observed differed in the opposite manner from the
reduced likelihood of responses at higher RLs (>120 dB
SPL) for other species of beaked whales from studies
conducted with operational Navy MFAS on active sonar
ranges (Joyce et al., 2020; Moretti et al., 2014). The effect
of prior exposure on the likelihood of response remains
an open question that has substantial implications for the
conservation and management of beaked whales.

Our multi-scale approach provided response data over
various temporal and spatial scales and across a wide
range of RLs and ranges. This enabled us to view baseline
behavior and exposure-response data through different

lenses that enhanced the overall interpretation of
response. However, this approach also came with limita-
tions. A substantial challenge was the coarse nature of
the dive data and the error inherent in spatial positions
derived from satellite-transmitting dive tags. To meet
these challenges, we adaptively programmed the tags
(Cioffi et al., 2023), modified field approaches to obtain
telemetered data directly, and developed methods to esti-
mate RLs with precision (Schick et al., 2019, 2024).
Overall, we conclude that these tags provide sufficient
resolution to evaluate both avoidance and changes in div-
ing behavior and that the coarser resolution and
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relatively higher error are tolerable given the large
sample sizes obtained here and the programming and
analytical approaches applied. Finally, while there is con-
siderable additional work yet to be done in assessing the
effects of exposure on social groupings of beaked whales,
we were able to begin to consider these consequential
aspects of responses to MFAS.

This study represents the first step in quantifying
the response of Ziphius to MFAS off Cape Hatteras. In
ongoing research, we are extending CEEs to operational
SQS-53C tactical MFAS produced in a controlled manner
by coordinating directly with operational U.S. Navy
surface vessels. Behavioral response results from these
CEEs with operational sonars will yield key insights
into contextual aspects of the probability of response
(e.g., habituation, tolerance, response probability for dif-
ferent source range and RL combinations), as well as pos-
sible contextual issues related to how these sources are
operated (stationary vs. mobile in realistic conditions for
operational vessels). We anticipate that a comparative
assessment of those results and those presented here will
be integrated into risk function(s) relating exposure mag-
nitude (e.g., RL) and response probability. Future work
will include further evolutions of spatial avoidance analy-
sis building from Hanks et al. (2015) and adaptive
approaches to improve resolution and reduce error for
positional and RL data (Schick et al., 2019, 2024). We are
also currently investigating the effects of other MFAS sig-
nal characteristics, including similar waveforms but with
continuous as opposed to pulsed transmissions. Finally,
we are extending and enhancing field efforts to evaluate
the potential impacts of MFAS on Ziphius social behav-
ior, including additional effort to sample baseline focal
group composition on consecutive days before, during,
and after exposure trials to calculate fission-fusion rates,
better understand demographics (e.g., age class, sex from
biopsy samples) and evaluate the effects of MFAS expo-
sure on specific age and sex classes, with a specific focus
on reproductive females.

The responses of Ziphius to simulated MFAS signals
documented in this study have implications for the man-
agement and conservation of this species. These data
have direct application in exposure-response assessments
and response probability functions that are increasingly
required by regulatory agencies and used by navies for
compliance and MFAS impact assessment. Furthermore,
both the baseline and behavioral response data we report
here have direct applications to inform population conse-
quences of disturbance assessments (e.g., temporary ces-
sation of foraging, longer IDDI) and in understanding the
nature of previous MFAS-associated strandings in beaked
whales.
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