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ARTICLE INFO ABSTRACT

Keywords: Human noise can be harmful to sound-centric marine mammals. Significant research has focused on charac-

Cetacean . terizing behavioral responses of protected cetacean species to navy mid-frequency active sonar (MFAS).

Common dolphin Controlled exposure experiments (CEE) using animal-borne tags have proved valuable, but smaller dolphins are

Noise . . I T . . .

Behaviour not amenable to tagging and groups of interacting individuals are more relevant behavioral units for these social
V1

species. To fill key data gaps on group responses of social delphinids that are exposed to navy MFAS in large
numbers, we describe novel approaches for the coordinated collection and integrated analysis of multiple
remotely-sensed datasets during CEEs. This involves real-time coordination of a sonar source, shore-based group
tracking, aerial photogrammetry to measure fine-scale movements and passive acoustics to quantify vocal ac-
tivity. Using an example CEE involving long-beaked common dolphins (Delphinus delphis bairdii), we demonstrate
how resultant quantitative metrics can be used to estimate behavioral changes and noise exposure-response
relationships.

1. Introduction

Marine mammal species rely critically on sound production and
reception for vital life functions, including reproduction, foraging,
predator avoidance, and spatial orientation (Tyack, 2008; Southall,
2017). The potential for human noise to interfere with such functions
was recognized half a century ago (Payne and Webb, 1971) and has been
addressed with increasing resolution and detail in the decades since (e.
g., National Research Council, 1994, 2003; Simmonds et al., 2014; Na-
tional Academies of Sciences, 2017; Southall et al., 2019a). These issues

have also been the subject of increasing interest and awareness within
national and international regulatory bodies (e.g. Chou et al., 2021).
There are valid concerns about both long-term consequences of
increasing ocean noise levels from aggregate and chronically-present
human noise sources, as well as discrete effects from intense, acute
noise events.

Recent concern has focused on mid-frequency active sonars (MFAS,
3-8 kHz) that are used for submarine detection in navy training exer-
cises and warfare (Filadelfo et al., 2009), because of the association of
their use with a number of atypical mass stranding events of deep-diving
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whales (e.g. Parsons, 2017). Consequently, considerable research has
focused on characterizing behavioral responses of cetaceans to both
simulated and actual naval sonar sources (e.g. Tyack et al., 2011; DeR-
uiter et al., 2013; Goldbogen et al., 2013; Moretti et al., 2014; Falcone
et al., 2017; Southall et al., 2019b; Wensveen et al., 2019; Joyce et al.,
2020), with inferential power improved by the use of controlled expo-
sure experiments (CEE; Southall et al., 2016; Harris et al., 2018).

These behavioral response studies have made major progress in
identifying and characterizing responses to sonar exposure for several
large whale and medium-sized cetacean species, particularly through
the use of high-resolution and multi-sensor tags (Johnson and Tyack,
2003). However, efforts to deploy such tags on free-ranging smaller
delphinids have been generally unsuccessful due to the tag size relative
to their smaller bodies and increased drag resulting from their high
swimming speeds. Furthermore, because dolphin species typically occur
in groups, whose members interact in their response to external stimuli
(Visser et al., 2014, 2016), the group is likely the more relevant unit for
behavioral analysis. Consequently, fundamentally different methods are
required to understand how these social and fast-moving species behave
and respond to sonar. This represents a significant data gap, as dolphin
species are often the most numerous cetaceans in navy operational areas
that experience regular MFAS and other sonar events. As such, direct
measurements of behavioral responses to exposure are required to un-
derstand, predict and mitigate the potential effects of sonar operations
on these abundant species. This has direct relevance for navies to comply
with legal requirements and for regulatory agencies to implement the
statutes for these protected species.

To date, potential responses of small delphinids to sonar have been
estimated in contexts that are challenging to apply in quantitative and
predictive functions to inform such regulatory assessments. Laboratory
observations (e.g. Houser et al., 2013) have provided direct measure-
ments of exposure and response in known conditions, but with exposure
contexts completely different than those experienced by free-ranging
animals. Limited anecdotal observations of behavioral changes in
response to sonar have been made for some free-ranging delphinids (e.g.
Henderson et al., 2014), but in uncontrolled contexts which lack cali-
brated measurements of exposure levels and duration, and provide a
largely subjective interpretation of general behaviour. Here we describe
a novel approach for collecting quantitative data on several aspects of
dolphin group responses using a suite of remote sensing methods during
CEEs employing sonar. This controlled experimental approach involves
real-time coordination of a simulated navy sonar source, shore-based
theodolite tracking from an elevated vantage point to count and quan-
tify movements of sub-groups within the larger group, aerial photo-
grammetry to measure finer scale movements of a focal sub-group and
passive acoustic recordings to quantify group vocal activity. Using an
example CEE involving long-beaked common dolphins (Delphinus delphis
bairdii) near Santa Catalina Island, off southern California (U.S.A.), we
demonstrate how the resultant quantitative metrics from each of these
complimentary methods can be integrated by statistical inference to
identify behavioral changes and estimate exposure-response relation-
ships (Harris et al., 2018).

2. Methods
2.1. Experimental sound source and noise exposure sequences

Similar to previous CEEs with tagged cetaceans in the same region
(Southall et al., 2012, 2019b), we used an experimental MFAS source
(3-4 kHz) consisting of vertical line array (VLA) of active elements. This
VLA has 15 individual transducer elements, each driven by an individual
800 W class D power amplifier. The experimental sound source was
deployed to a depth of 25 m from a small (7.4-m) rigid-hull inflatable
boat (RHIB). At the start of each CEE, the sound source was positioned at
a range of between 1 and 3 km from the dolphins, determined from in
situ propagation model estimates such that the received level for a focal
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experimental group reached sound pressure levels (SPL) from 120 to a
maximum of 160 dB re 1 pPa (root-mean-squared); hereafter given as
RL. Signals had a nominal source level of 212 dB SPL at 1 m, which is
substantially below the unclassified level of 235 dB SPL of navy vessel-
based MFAS systems but quite similar to the unclassified level of 215 dB
SPL of helicopter-dipping MFAS. Signals consisted of a 1.6 s total
duration sequence of three tonal and frequency-modulated elements
from 3.5-4 kHz repeated on a 25 s duty cycle (see Southall et al., 2012).
No experimental ramp-up of source levels was used for this project - all
exposures occurred at a constant level to simulate realistic navy sonar
operations.

The CEEs were comprised of three discrete phases: pre-exposure
(baseline), exposure using intermittent MFAS signals as described
above, and post-exposure. Each phase was 10 min in duration, with the
exposure phase comprising 24 total pings, provided that no permit-
mandated shut-downs occurred for animals occurring too close
(within 200 m) to the active sound source. This was designed such that
the entire CEE could be monitored during a single octocopter drone
flight (see 2.3), but it is also consistent with typical durations of navy
training operations, particularly MFAS transmissions from arrays dipped
into the water from a helicopter platform.’ The timing of each CEE was
coordinated with the collection of aerial images by the octocopter, with
the start of the first phase being triggered in real time by the first aerial
image collected of the focal group (or subgroup if the overall group was
large and dispersed; see 2.2).

2.2. Shore-based group selection and observations

Shore-based observations were made from elevated locations (~70
m) that enabled a broad overview of the research area (up to 20 km from
shore) and an elevated view of the typically large aggregations of several
hundred dolphins. Focal group selection prior to the start of experiments
was based on location in the research area and sightability (i.e., ex-
pected to remain within view over the course of the experiment, and
without other vessels nearby), group size and geometry metrics (very
large groups, >750 individuals, or very scattered individuals were found
too large or ephemeral to track consistently) and behavioral metrics
(very fast movement, long dive times precluded consistent tracking).
Mixed-species groups were excluded to enable comparison across ex-
periments. Groups could be composed of one or several sub-groups, and
corroboration with boat-based observations indicated that reliable
shore-based tracking of group structure and spacing could be performed
for groups up to 7 km from shore. A sub-group was defined following
Visser et al. (2014), as all individuals in closer proximity to each other
than to other individuals in the area. The group was defined similarly,
but using sub-groups as the unit of observation, with groups consisting
of all sub-groups in closer proximity to each other than to other (sub)
groups in the area. Thus, observed from above, (sub-)groups were visible
as distinct clusters of individuals. This operational definition of (sub-)
groups allowed for the tracking of the same discernable unit throughout
an experiment, and enabled quantitative recording of changes in cohe-
sion metrics (i.e. group size, number of sub-groups, distance between
individuals).

Observations consisted of two components: the recording of 1) group
behaviour (focal follow observations) and 2) location of a sub-set of
individuals in the group (theodolite-based tracking). Focal follows
involved recording the group size and the number of sub-groups at 2-
min intervals (Visser et al., 2014), using strong magnification binocu-
lars or a binocular scope. Longer-term, remote tracking of one and the
same focal individual in larger groups of often fast-moving and diving
individuals is not possible. We therefore designed a tracking routine that
enabled the construction of multiple short-term tracks, together
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identifying the group track. Location-tracking was conducted by random
selection of a small subset of tightly grouped individuals in the focal
group, which was then tracked for as long as the observer was certain
that the same individuals were in view. If the focal animals were lost, a
new small focal unit was selected for tracking. This procedure was
repeated until the end of the experiment. Tracking was conducted at as
high a sampling rate as possible, aiming for 1 sample per surfacing and
thus near-continuous tracking of the surface location. Location was
recorded using a theodolite (Sokkia DTMS5) linked to a computer
running localization and mapping software (VADAR, Kniest, 2012).
Focal follow observations always included the full focal group, including
all-sub groups (G; see 2.9). If the group extended beyond the sub-group
imaged by the octocopter, the shore-based theodolite tracking focused
on detailed movement of a separate sub-group.

2.3. Aerial images

Aerial images of a focal group, or sub-group, of dolphins (Fig. 1) were
collected using a remotely controlled octocopter drone (APO-42, Aerial
Imaging Solutions), which was launched, piloted and retrieved by hand
from the bow of a 20 m charter dive boat. The octocopter used the same
flight control and camera systems described by Durban et al. (2015). A
micro 4/3 digital camera (Olympus E-PM2) and a 25 mm lens (Olympus
M. Zuiko F1.8) were mounted in a powered gimbal to collect vertical
images from directly above the dolphins from known altitudes of
approximately 60 m. This altitude was chosen to achieve a compromise
of flying sufficiently low to provide a water-level pixel resolution of
<1.8 cm but also high enough to cover a relatively large image footprint
on the water to encompass all or most of the focal subgroup (footprint of
42 x 31 m = 1302 m? at an altitude of 60 m). A laser altimeter (Dawson
et al., 2017) mounted on the camera gimbal recorded precise (<0.1%
error) altitude throughout each flight.

A maximum flight endurance of 35 min enabled octocopter opera-
tions to span all three phases of the CEE, during which the pilot-boat
maintained a consistent contact distance typically between 300 and
500 m from the focal dolphins. The pilot was guided by a live video
transmission that was monitored on a portable ground unit in real-time
by a co-pilot to facilitate targeting of the same focal dolphins in the
frame for as long as possible during the CEE. Once contact with the
group had been established, the pilot remotely triggered the camera to
record 16MP digital still photographs (Olympus Raw Format) at one-
second intervals for the entire time that the dolphins were visible in
the camera’s footprint. The two-dimensional location of the octocopter
was recorded by a 21-channel onboard GPS unit and the magnetic
heading was measured by a microelectromechanical systems compass.
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All sensor measurements were linked to the time of each image to enable
subsequent photogrammetry calculations (see 2.8).

2.4. Passive acoustic recordings

Continuous passive acoustic monitoring (PAM) of dolphin vocaliza-
tions was conducted throughout each CEE using drifting, remote-
deployed passive acoustic recorders (SNAP model 2.0; Loggerhead In-
struments, Sarasota, FL) with individually-calibrated HTI-96 hydro-
phones (sensitivity —170 dB re 1 pPa/V, flat frequency response from
0.002-30 kHz). Recorders were deployed in close proximity to focal
groups and suspended to a depth of 10 m under free-floating shock-
mounted surface floats with Global Positional System (GPS) tracking
devices (Trace, SPOT LLC, Chantilly, VA). The relative short deployment
times and the high capacity (256 GB) flash memory allowed for
continuous passive acoustic recording at a 48 kHz sampling rate and 16-
bit resolution, and rapid offloading of data after each CEE. Up to three
separate PAM recorders were strategically placed and recovered from a
single small (~6 m) RHIB, with a goal of placing one PAM recorder
within 500 m of the predicted track of the dolphins during each CEE
phase (see Supplement 1). The location of these deployments was
determined in real time based on the behaviour and direction of travel of
the focal group. Deployments were coordinated with the other experi-
mental components by VHF radio instructions from a coordinator who
had an overview from the higher vantage point (elevation ~5.5 m)
flybridge of the drone pilot-boat. To mitigate against disturbing and/or
attracting dolphins, the RHIB operated at slow speed (<15 km/h)
following positional instructions from the coordinator, who worked
alongside visual observers on the same elevated flybridge to monitor any
behavioral change of the focal dolphins relative to the RHIB’s
movement.

2.5. Field assessment and adaptive decision-making

To assess the efficacy of the experimental configuration, we designed
a set of custom R scripts (R version 3.6.1, The R Foundation for Statis-
tical Computing) to import, process, and visualize the spatial positioning
and temporal tracks of each experimental component. This made use of
all experimental components which had an associated GPS sensor,
including the RHIB with the MFAS source, the second RHIB deploying
the PAM recorders and location of the octocopter over the focal dol-
phins. For the shore observations, the location of animal sightings in
geographic coordinate space was calculated from theodolite readings
(Kniest et al. 2012). Using the Leaflet package (Cheng et al., 2019), we
created a set of interactive maps that incorporated the track of all the

Fig. 1. a) Aerial image of long-beaked common dolphins collected using a vertically-gimballed camera mounted on a remote-controlled octocopter drone. The
uncropped frame (a) shows a focal sub-group with other peripheral sub-groups taken from an altitude of 60.6 m (uncropped image footprint = 41.9 m x 31.5 m). The
cropped zoom of the sub-group (b) shows the resolution available for photogrammetry measurements. Camera sensor dimensions, lens focal length, laser altitude,
GPS coordinates and compass readings were combined to project pixel coordinates to geographic scale to produce sub-group movement tracks over time.
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various components, which allowed a comprehensive assessment of the
aggregate design. Using the Shiny package (Chang et al., 2019), we
created an interactive animation application that showed the compo-
nents’ relative positioning in space and time (Supplement 1), which
allowed a finer resolution examination of component positioning as the
experiment progressed. These tools allowed us to critically assess the
placement of each component and adaptively manage subsequent CEEs.

2.6. Estimating received levels

Using the known location of the MFAS source, we modeled the RL for
focal group locations, taken as the GPS position of the octocopter, at the
time of six pings spaced at approximately 2-min intervals throughout the
10-min exposure. Modeled RLs at the positions of acoustic recorders
were compared to RLs measured by the recorders at their known depths
and locations to evaluate modeling error. Deviations were generally
within 3 dB and never exceeded 6 dB. Modeled RLs were used for these
corresponding six pings as well for each closest ping before and after (for
example the modeled RL for ping 5 was also used for pings 4 and 6),
given that portions of focal groups could be reasonably expected to be at
or near that location within 25 s. We estimated RLs for intervening pings
using linear interpolation from modeled values. To determine RLs at 5-s
intervals between pings, we used calibrated measurements of rever-
beration within the 3-5 kHz band made for the same MFAS source used
in similar areas (Guan et al., 2017); time-specific differences in band
levels from the direct path signals during transmissions were subtracted
from on-ping levels to determine levels at intervening 5-s intervals.
Ambient noise in the pre- and post-exposure phases was estimated at 81
dB RL based on measurements by Guan et al. (2017); this value was also
used when reverberation from modeled or interpolated RL indicated
lower values.

2.7. Passive acoustic analysis

To evaluate which PAM recorder was closest to the focal group given
their frequently unpredictable course, the relative proximity of the hy-
drophone to the animals was determined post-hoc during each of the
three CEE phases. At the onset of the each of the 10-minute experimental
phases, the distance between the hydrophone location (based on its
recorded GPS location) and the location of the focal group (determined
by the GPS position of the octocopter) was calculated using a customized
script in R (R version 3.6.1, The R Foundation for Statistical Computing).
Recordings obtained from the hydrophone that was closest to the target
group at the beginning of each of the CEE phase were selected for further
analysis.

Standardized 5-second spectrograms were randomly generated every
30 s during the pre, exposure, and post exposure phases using Matlab
2016b (Mathworks, Natick, MA, USA; fast Fourier transform size 1024
samples, Hamming window, 50% overlap). This resulted in 20 5-second
spectrograms for each of the three experimental phases (60 x 5-second
windows in total). Each 5-second spectrogram was exported as an image
file to enable standardized visual inspection by expert observers. To
quantify group vocal activity, dolphin whistles were visually traced in a
photo editing program and counted by three independent observers.
Whistles were defined as a tonal, frequency-modulated signal greater
than 0.1 s in duration (Caldwell and Caldwell, 1965). For the common
dolphins in our example CEE (see 3 below), these whistles were typically
in the 5-15 kHz frequency range (Oswald et al., 2021) and were clearly
visible within the frequency range of the hydrophones (0.002-30 kHz).
Previous studies have provided strong validation for the reliability of
visual detection of odontocete whistles (Sayigh et al., 2007). The three
sets of whistle counts for each of the 5 s periods were averaged (average
= W, see 2.9), as a high degree of reliability was found between ob-
servers. The average intraclass correlation coefficient was 0.889 with a
95% confidence interval from 0.80 to 0.94 (F[59,27.9] = 33, p < 0.001),
as estimated using the irr package in R (Gamer et al., 2019).
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2.8. Spatially-explicit aerial photogrammetry

Starting with the first image within each flight that contained dol-
phins, each individual was located within the image frame using a
custom workflow developed in the open-source image analysis program
ImageJ (Abramoff et al., 2004). The locations and orientations of in-
dividuals were recorded in pixel coordinates by drawing lines connect-
ing the tip of the rostrum (beak) with the notch of the tail fluke.
Individuals were then tracked from frame to frame by moving the lines
from the previous image onto the rostrum tips and fluke notches of the
same individuals in the subsequent image. Individuals were identified in
sequential frames based on position and orientation relative to other
dolphins within the frame as well as body size and markings. If there was
any question as to whether a dolphin represented the same individual in
sequential frames a new line was drawn, which started a new sequence
of individual measurements with a new unique identification code.

Individuals were subsequently geolocated in geographic coordinate
space by combining the pixel coordinates recorded in ImageJ with
telemetry sensor information through a sequence of calculations con-
ducted in R (R version 3.6.1, The R Foundation for Statistical
Computing). The linear distances of rostrum tip coordinates from the
center of the frame were calculated by multiplying the distance from the
center of the frame in pixel dimensions by the Ground Sampling Dis-
tance (GSD), which denotes the width in meters at ground level repre-
sented by a single pixel (Baker, 1960). GSD was calculated using the
following formula, with parameters of camera altitude measured by the
laser altimeter on the camera gimbal, lens focal length (0.025 m), and
sensor width in pixels (4608 pixels) and in meters (0.0173 m):

_ Altitude (m) , Sensor Width (m)
" Focal Length (m) Sensor Width (pixels)

GSD

True bearings from the center of the frame to the rostrum tip coordinates
of each individual were subsequently calculated based on: 1) relative
bearings within each image frame, 2) the magnetic heading of the
octocopter, and 3) local magnetic declination corresponding to the
location and time stamp of each frame (Kelley and Richards, 2019).
Using GSD, true bearing, and the GPS coordinates of the octocopter
(assumed to represent center of the frame), the geographic coordinates
of each individual rostrum tip were calculated using the destPoint
function in the R package geosphere (Hijmans, 2019). Image distortion
and resultant measurement error was assumed negligible. This was
minimized due to our use of a powered gimbal to capture vertical images
perpendicular to the water surface and a “normal” lens and sensor
combination to ensure that the full field of view was flat for measure-
ments (see Durban et al., 2015). Furthermore, the laser altimeter was
mounted on the powered gimbal to measure vertical altitude even if the
drone was tilted on one or both axes.

In the example CEE presented here, we selected a single dolphin at a
time to estimate movement parameters for the group. The dolphin
located closest to the center of the frame was selected as the focal dol-
phin, and a sequence of the geographic coordinates of its rostrum tip
across frames was generated until unequivocal tracking of this individ-
ual was not possible. At this point, a new focal dolphin was selected by
virtue of being closest to the center of the frame and a new sequence of
coordinates was generated. A group track was therefore formed by
combining the continuous sequences of coordinates for consecutive
focal dolphins. This track was then used to statistically describe the
group’s movement throughout the CEE by fitting the continuous-time
correlated random walk movement model (CTCRW, Johnson et al.,
2008) to the two-dimensional location coordinates (latitude and longi-
tude), and the time difference between adjacent locations. In the CTCRW
model the movement process is governed by two free parameters: p
describes directional persistence and ¢ controls overall variability in
velocity. Instantaneous speed can be calculated from the modeled track
(Johnson et al., 2008). We adopted a Bayesian formulation of the
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CTCWR model, which provided an intuitive framework for hierar-
chically modeling these free parameters to assess behavioral changes
(see 2.9; Michelot and Blackwell, 2019).

2.9. Statistical inference about behavioral changes

To demonstrate the value of monitoring group responses from a suite
of complementary remote sensing methods, we performed similar ana-
lyses of response variables measured by each of the observational ap-
proaches of aerial photogrammetry, passive acoustics and shore-based
tracking. To detect changes in response variables we assumed an un-
derlying hidden Markov model (HMM; MacDonald and Zucchini, 1997)
as a proxy for the group’s behavioral state process (DeRuiter et al.,
2017), and used Markov Chain Monte Carlo (MCMC) to carry out
Bayesian inference about state changes (Scott, 2002). Specifically, the
distribution of each response variable W (number of whistles) and G
(number of sub-groups), and the set of movement response variables f
and o6, was modeled by an independent HMM with two states:

log(Response,) = hg+MZ,

where at each time step t the hidden state took values of Z; = 0 to identify
one state with a baseline response level Ay, or Z; = 1 to identify an
“enhanced” state with A\ representing the enhancement to the quanti-
tative value of the response variable. A flat uniform (—30,30) prior
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distribution was used for A in each response model and a uniform (0,30)
prior distribution was adopted for A; to constrain it to be positive.
Therefore, the addition of A described more whistles and more sub-
groups (reduced group cohesion) in the enhanced state for these
response variables. For the movement parameters, enhanced values for
induced less directional persistence and higher values for ¢ described
more variation in velocity, which in combination described less
consistent movement in the enhanced state. We did not specify when or
if state changes occurred, but rather this was inferred by estimating the
value of the latent state indicators, Z. The probability of being in the
enhanced state was modeled by terms describing autocorrelation
persistence, y1, and an effect of sonar received level, ya:

logit{p(Z; = 1) } = vy +v,Zi-1 +YV,RL

where logit(p) = log{p/(1 — p)}. The utility of including the intercept,
Yo, was that the effects on this mean has prior distributions centered on
zero, and we could simply estimate the posterior probability of a sonar
effect on the enhanced response level by monitoring the proportion of
MCMC iterations where y5 was >0. Uniform (-30,30) prior distributions
were set on each of yo, y1 and ys.

To complete the specification of Bayesian full probability models, the
response variables W and G were both assumed to be Poisson distributed
counts of whistles and subgroups, respectively, and separate HMMs
were fit to each. Movement parameters § and ¢ were derived from the
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Fig. 2. a) The sound received level (RL) estimated at the location of the focal dolphin sub-group during a controlled exposure experiment with three phases: pre-
exposure, exposure to 24 sonar pings spanning 10-minutes (gray shading) and post-exposure. b) Location track of the focal dolphin subgroup estimated from drone
photogrammetry with the time of sonar pings and the bearing to the sonar source (gray lines); group track runs west to east (left to right). ¢) Counts of the number of
whistles from the dolphin group recorded by passive acoustic monitoring. d) Counts from a shore-based overview of the number of sub-groups comprising the overall
group. All are presented at a 5-second resolution; for b-d the observed data are color coded for the probability of an enhanced state of response p(Z = 1) estimated
from a hidden Markov model fit to estimated parameters of a movement model (b) and count data (c-d).
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normally distributed location data in the Bayesian formulation of the
CTCRW model (Michelot and Blackwell, 2019). The CTCRW and an
HMM model for movement were fit simultaneously with the same
MCMC sampler, to propagate uncertainty about both movement pa-
rameters directly into a single HMM to make inference about state
changes from the two parameters in combination. In each model, change
in state was evaluated at the temporal resolution of 5-s blocks to match
the 5-s resolution of RL levels, and aligned with the timing of the 5-s
whistle counts, W. Whistle counts were only available in a randomized
number of blocks, and otherwise were treated as unknown to be esti-
mated during MCMC. The number of subgroups, G, was only recorded
during periodic observations every 2 min, or when it was detected to
have changed, and assumed constant across blocks between observa-
tions. However, G was treated as missing data 30 s before each change
was noted, to introduce prior uncertainty about the precise timing of
change (Fig. 2).

Bayesian formulations of CTCRW and HMM models were pro-
grammed in R (R version 3.6.1; The R Foundation for Statistical
Computing) with the nimble package (de Valpine et al., 2020) used to
estimate posterior distributions of model parameters using MCMC.
Inference was based on 100,000 MCMC samples following a burn-in of
100,000, with chain convergence determined by visual inspection of
three MCMC chains and corroborated by convergence diagnostics
(Brooks and Gelman, 1998). To visualize an exposure-response rela-
tionship with RL for each model fit, the same 100,000 iterations were
used sample from the stationary posterior distribution of model pa-
rameters to evaluate the predictive probability, p®, of each response
being in the enhanced state for each of i = 140 equally-spaced theo-
retical RLs from 60 to 200 dB:

P’ =exp(Yo +v, +1RL) /{1 +exp(yy +v, +1,RL:) }

2.10. An example experiment

We conducted a CEE with a group of long-beaked common dolphins
on June 21st 2018 off the north side of Santa Catalina Island (33.490N;
118.50°W; Supplement 1), approximately 35 km southwest of the Port
of Los Angeles-Long Beach. The group was initially sighted by the shore-
based observation team, which directed the three boat platforms into
position. The pre-exposure phase began at 10:49:40 am local time (Pa-
cific Daylight Time) in calm weather, flat surface water conditions and
bright overcast skies for observations.

The shore-based observers estimated the size of the entire group as
approximately 300 individuals, comprised of between two and five sub-
groups that were dynamic in fission and fusion over the course of the
CEE (Fig. 2). The focal sub-group for photogrammetry monitoring
contained approximately 20 individuals and was monitored by an
octocopter flight lasting 34 min, with 1614 images taken spanning a
total of 2041 s, covering all three 10-minute phases of the CEE. The sub-
group track from this flight was segmented into 37 focal animal se-
quences ranging in length from 2 to 186 s (median = 38 s). Three PAM
recorders were deployed at times 192 s prior to the pre-exposure phase,
280 s prior to the exposure phase and 36 s into exposure, respectively, at
an estimated distance of 0.70-0.76 km to the focal sub-group at the time
of deployment. Dolphin whistles were recorded on the first two of these
recorders, with the first recorder being used for the pre-exposure phase
and the second for the exposure and post-exposure phases. A median of 4
whistles were counted per 5-second time block, with significant vari-
ability from zero to 36 whistles. The MFAS source was positioned 2.9 km
away from the focal subgroup at the start of the exposure phase and 3.3
km away at the end. RL at the focal subgroup was estimated to range
from 147.9 dB at the start to 102.5 dB at the end of the exposure phase
(Fig. 2).

The probability of the focal group being in the model-defined
“enhanced” state differed between the response variables in each
HMM. The probability was highest for the number of whistles and sub-
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groups: transformation of the intercept (y°, Table 1) showed an average
p(Z;=1) of 0.41 and 0.56 for the number of whistles (W) and sub-groups
(G), respectively, compared to only 0.03 for the movement parameters f3
and o in combination. This movement effect was also subtle, resulting in
average speed of the focal sub-group per 5-second block dropping from
12.8 km/h when p(Z; = 0) to 10.2 km/h when p(Z; = 1), indicating
power to detect small changes. Notably, the probability of transitioning
to the enhanced state increased during the 10-minute exposure phase of
the experiment for all response variables (Fig. 2). As such, the proba-
bility of being in the enhanced state was estimated to have a significant
positive relationship with sonar RL for all three response variables
(Table 1), with p(ys > 0) of 0.98, 1.00 and 0.99 for movement, whistle
counts, and sub-groups counts, respectively. Posterior estimates of the
persistence parameter (y;, Table 1) indicated that the enhanced state
effect of reduced social cohesion persisted for longest, with relatively
high sub-group counts continuing after the exposure phase and
throughout the post-exposure phase (Fig. 2). The persistence parameter
was lower for whistle counts, with an enhanced effect on acoustic ac-
tivity persisting throughout the exposure phase but becoming less likely
post-exposure. The persistence estimate was lowest for the movement
parameters, indicating that transitions to the less directional enhanced
state were of short duration and almost entirely within the exposure
phase of the experiment (Fig. 2). Varying parameter estimates, and their
precision, were reflected in the variable shape and uncertainty of
exposure-response relationships (Fig. 3). In each case, the probability of
aresponse (transitioning to the enhanced state) was positively related to
increasing RL, but the magnitude of this response probability was
notably lower for the movement parameters across this specific CEE.

3. Discussion

Detecting and characterizing behavioral responses of cetaceans to
sound exposure is challenged by context-dependent differences in re-
sponses, including the importance of species sensitivity, individual
behavioral state and the physical range to the sound source (e.g. Ellison
et al., 2018; Southall et al., 2016, 2019b; Pirotta et al., 2021). This
strongly suggests that measurements of response should be made in as
realistic exposure scenarios as possible with experiments designed to
provide controlled replicates across exposure contexts (Southall et al.,
2016). Our novel and integrated experimental design helps to address
the specific challenges that have constrained realistic behavioral
response studies on abundant delphinid species, which typically occur
and respond in groups. Our approach builds on previous CEEs that have
used tags on individuals from larger cetacean species to quantify
behavioral responses to navy sonar exposure (see Southall et al., 2016,
2019b). Specifically, to enable the monitoring of group responses of
small dolphin species that are not amenable to tagging, we adopted a
suite of remote observational methods coordinated in real-time with a
sonar source during CEEs. This coordination is challenging, but in
combination these methods are powerful for quantifying changes in
behaviour.

We demonstrate that these observational methods are complimen-
tary by differing in the aspect and scale of group responses measured.
Movement modeling of aerial photogrammetry data enables subtle
movement responses to be detected. Non-invasive drones capable of
stable flight can track high-speed dolphins and collect high-resolution
imagery, allowing movement models to be fit to precise measurements
of the positioning of individuals in focal sub-groups. The high vantage
view offered by shore-based observations allows for consistent tracking
of large groups over a wide area, thus providing cohesion and movement
data to evaluate group structure at a larger scale. The use of passive
acoustic recording allows additional insight into non-visual responses,
which are likely important for highly social species that readily use
acoustic cues for social communication. The application of each of these
methods on their own is not novel, but we provide the first demon-
stration of how their coordination in the field can allow diversity in
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Table 1

Parameter estimates from fitting a two-state hidden Markov model (HMM) hierarchically to describe variability in directional persistence () and variation in velocity
(o) parameters from a continuous-time correlated random walk movement model (Johnson et al., 2008) fit to drone-derived location tracks of a group of long-beaked
common dolphins. Also shown are parameters for similar two-state HMMs fit separately to dolphin group whistle counts (W) from passive acoustic monitoring and the
number of sub-groups (G) counted from a shore-based overlook. Parameters are shown for two components of the model describing 1) the baseline and enhanced level
of each response variable, transformed from log scale, and 2) the probability of an enhanced state (Z = 1) on the logit scale. Posterior estimates are shown as means
(standard deviation) of 100,000 Markov chain Monte Carlo iterations implemented in R with package NIMBLE (de Valpine et al., 2020).

logit{p(Z = 1)}

Response level

Variable

exp(ho) exp(hy) Yo " Y2
Base level Enhancement Intercept Persistence Sonar effect
B, direction 0.48 (1.05) 7.93 (1.36) —3.66 (0.39) 0.43 (1.02) 0.03 (0.01)
o, velocity 0.00 (1.08) 7.45 (1.26) —3.66 (0.39) 0.43 (1.02) 0.03 (0.01)
W, whistles 1.30 (1.27) 10.05 (1.25) —0.36 (1.17) 2.31 (2.17) 0.14 (0.06)
G, subgroups 2.09 (1.10) 1.98 (1.10) 0.25 (1.39) 6.55 (0.89) 0.25 (0.10)
a. Movement b. Whistles
1.00 1.00
0.75 0.75
= =
U n
N 0.50 N 0.50
o o
. Q
0.25 0.25
0.00 0.00
100 150 <00 100 150 200
i 58 RL (dB)
c. Sub-groups
1.00
0.75
=
Il
N 0.50
o
a
0.25
0.00
100 150 200
RL (dB)

Fig. 3. Exposure-response curves of the probability, p, of an enhanced state of response (Z = 1) as a function of sonar received level (RL) for three types of responses:
a) movement parameters describing directional persistence and variation in velocity of dolphin groups estimated from a continuous-time correlated random walk
movement model (Johnson et al., 2008) fit to drone-derived group movement tracks; b) counts of whistles produced by dolphin groups in 5-second time blocks and c)
counts of the number distinct sub-groups comprising the overall group. Dose responses to RLs ranging from = 60-200 dB were predicted from the fit of separate
hidden Markov models using a Markov chain Monte Carlo sampler implemented in R with package nimble (de Valpine et al., 2020). Lines are posterior means, gray
shading represents the 95% highest posterior density interval.

response behaviour to be captured to provide greater resolution for
identifying responses.

We also demonstrate how these remote sensing and non-invasive
methods can provide quantitative and objective metrics of behavioral
change. Specifically, we fit HMM models to estimate latent state tran-
sitions and relationships with received sonar levels, which allows
inference within a unifying framework of exposure-response relation-
ships (Harris et al., 2018; Tyack and Thomas, 2019). This approach can
be extended to describe variability in a range of response variables
across a range of different exposure contexts as a greater number of

experiments are conducted. The purpose of our example is to demon-
strate how a suite of response variables from a variety of remote sensing
methods can be integrated to identify behavioral responses, rather than
providing a detailed characterization of these responses. We therefore
adopt a relatively simple two-state HMM with a limited set of response
variables. As additional response variables are considered, the HMM
itself can be extended to provide more detailed inference, for example by
using a multivariate HMM to parameterize state-switching between a
larger number of latent states, which may be related to identifiable
behavioral states (DeRuiter et al., 2017).
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The approach presented here allows measurement of group level
responses, but does not explicitly address if these are direct responses to
the active sound source or responses to behavioral changes by other
individuals or sub-groups. Nonetheless, we believe there are extensions
to our methods that will provide greater resolution to examine for
dependent responses that may occur through social facilitation (Zajonc,
1965). Our example photogrammetry tracking of group movement does
not make use of available measurements of individual spacing, orien-
tation and simultaneous tracking of different individuals, and response
variables can be extended to model the dependent movement of multiple
individuals (e.g. Scharf et al., 2016, 2018). Similarly, the spatial scale of
the shore-based group tracking can be extended to model covariance in
movement at the subgroup level as well as providing further empirical
metrics such as sub-group spacing. Passive acoustic data can also be
further utilized, for example to investigate finer scale vocal responses
that may be undetected by the 5-second processing window. Such
additional response variables will likely also be more sensitive for
informing behavioral state transitions and might therefore narrow un-
certainty about the exposure-response relationships.

In summary, the coordination and integration of remote sensing
methods we describe enables objective and quantitative tracking of the
fluid movement, social and acoustic behaviors of large groups of fast-
moving dolphins, at fine-resolution as well as larger scale. These
observational components can be effectively coordinated with a simu-
lated navy sonar source in real time to maintain a controlled and known
exposure context, which enables exposure-response relationships to be
quantified. This represents a much-needed advance in our ability to
understand behavioral responses of small delphinids to sonar exposure,
which is essential given their propensity for frequent exposure due to
their high abundance. Future developments should focus on building
experimental sample sizes to describe species- and context-dependent
differences in responses, including CEEs with real navy sonar sources.
Efforts to achieve both these objectives are ongoing in subsequent
phases of this study.
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