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data before or after the ping. Manual ping removal can facilitate quantitative analysis by
improving automated peak detection but can locally interrupt fine-scale patterns such
as irregular heartbeats (visible in 3B but not 3D). (4A-B) Wires reinforced by shielding
and heat-shrink outperform insulated electrode wires covered with liquid electrical
L1720 =TT TPV 41
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EEG electrode locations above the brain generate IC5. (B) ICs over time, showing the
ECG waveform in IC1 & 2 and slow-wave sleep in IC5.....mnsesssens 44

Figure 1.11. Signal quality across time, location, age, and version. Signal quality (delta
spectral power during SWS divided by that during REM) presented on a log scale over
time, location, age, and version. The horizontal grey line signifies the threshold
necessary to quantitatively distinguish between SWS and REM (at least a 2-fold
difference). (A) Signal quality over time in days for all animals, showing a slight
decrease in signal quality (due to the inclusion of earlier versions). (B) Signal quality
over time in days across subsequent versions of the instrument (V1, V2, V3), showing
more consistent signal quality for V3. (C) Signal quality over location for all animals,
showing overall lower signal quality in water than on land. (D) Signal quality over
location across each version, showing improved resistance to water intrusion and
resulting signal quality decrease. (E) Signal quality over age in years across all animals,
showing the lowest signal quality in the oldest animals. (F) Signal quality over age in
years shows the smallest signal quality decrease due to water in recordings with
yearlings and 2-3 YEaAr-0ldS. ... et eseessssesses e es bbb 46

Figure 1.12. Effect of water submersion on signal quality. Lollipop plots showing delta
spectral power of slow-wave sleep (SWS) connected to subsequent delta during REM,
colored according to recording location (land in red and water in blue). Plots are aligned
such that the first and last sleep cycles of each recording are aligned. Smaller lines after
initial water submersion show the resulting decrease in signal quality, which is
minimized in later iterations of the tag. ... 47

Figure 1.13. Power spectral density plots pre- and post-ICA. (A) Power spectral density
plot for one minute of slow-wave sleep (SWS) and one minute of rapid-eye-movement
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sleep (REM) (see Figure 11 for raw waveforms) with significant heart rate artifacts in
the electroencephalogram (EEG). The plot compares spectral power over frequency for
raw EEG (violet), EEG pruned with ICA (blue), and the IC that maximally expressed
brain activity (green) for both SWS (bold upper line) and REM (thin lower line). This
demonstrates the greater discriminatory power between SWS and REM in the delta
frequency range in EEG signals processed with ICA (shaded areas). (B) Power spectral
density (PSD) plot for 1 minute of SWS where there was no significant heart rate artifact
in the EEG, demonstrating the spectral features of the raw electrocardiogram (ECG)
signal, apparent in the raw EEG signal in 13A. In addition, left and right raw EEG signals
show that the spectral features of SWS are primarily preserved in the maximal brain IC,
shown in 13A. Note the different horizontal and vertical scales of A & B......cccoveeeereennennn. 50

Figure 2.1. Three-dimensional drift dive sleep patterns. (A) Timeseries data for a 23-
minute drift dive showing L. EEG spectrogram (Power (dB) for Frequency (Hz) over
time), Heart rate (beats per minute [bpm]), R and L EEG (uV), Roll (degrees [°]), z-axis
Gyroscope (rotations per seconds [rps]), Strsoke rate (strokes per minute [spm]), and
Time (minute of dive). (B, C, & D) Raw EEG and ECG signals demonstrate differences
between waking (left of B), light sleep with K-complexes and sleep spindles (right of B),
deep slow-wave sleep (C) with large amplitude slow waves, and rapid-eye-movement
sleep (D) with low voltage, high-frequency EEG activity, and high low-frequency heart
rate variability. (E) EEG logger attachment configuration demonstrating headcap and
logger placement. (F) Schematic demonstrating placement of EOG, EEG, EMG, ECG, and
ground electrodes. (G) Three-dimensional dive profile color-coded by sleep state (Active
Waking [AW] in dark blue; Quiet Waking [QW] in light blue; Light SWS [SWS1] in light
green, Deep SWS [SWS2] in teal; REM in yellow-orange). (H) Depth over time shows
nested durations of gliding, electrophysiological sleep, constant drift rate, and spinning.

Figure 2.2. Sleep patterns from land to sea. (A) Daily sleep quotas for seals in the lab (on
land and in shallow water) and in the wild (on land, in shallow water, on the continental
shelf, and in the open ocean), including Active Waking (dark blue), Calm (lighter blue),
Drowsiness (purple), Rapid-eye movement (REM) sleep (yellow), and Slow-wave Sleep
(SWS in light blue). (B) Schematic showing resting postures of seals in each habitat,
including seals resting on the ocean floor on the continental shelf and drifting in the
open ocean. (C) 2D map with bathymetry shows georeferenced dead-reckoned tracks
for two animals recorded at sea. (D) 3D map demonstrates drift dive sequence off the
continental shelf including drift dive from Figure 1 (center of figure).......onnrereenrernenns 75

Figure 2.3. Sleep identification model to identify the biomechanics of sleep. Time-depth
records for two juveniles (A & B) are colored to indicate surface intervals (light blue),
dives (dark blue), glides (blue), SWS (green), and REM (yellow). Identified sleep
segments are denoted below the dive profile, where outlined dots at the beginning and
end of rest segments are colored from yellow to dark blue according to their overlap
with a nap (“Percent Nap Overlap” in A & B). Panels A1 & B1 demonstrate rest
identification accuracy (false positives in blue, false negatives in yellow, and true
positives in green) for periods of sleep on the continental shelf, in the open ocean,
during negative buoyancy, and positive buoyancy. Panels A2 & B2 display EEG
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spectrograms and heart rate for two adjacent sleeping dives. Panels A3 & B3 quantify
daily activity budgets (or provide estimates) in hours per day of diving, sleeping (upper
bound - includes all long drifts and surface intervals exceeding 10 minutes; best
estimate includes filtered long drifts and extended surface intervals), gliding (long
glides more than 200 s), sleeping (both SWS & REM), and exhibiting REM sleep.............. 76

Figure 2.4. Estimating daily rest for 323 adult females. (A) Map with interpolated data
for sleep time per day across 323 adult females demonstrates higher sleep time along
the coast and foraging grounds. (B) Dive profiles for adult females are colored according
to the same color scheme in Figure 2.3. Outlined dots are now colored from yellow to
dark blue according to their overlap with a glide (“Percent Glide Overlap”).....ccoereuen. 77

Figure 2.5. (A) Map showing estimated sleep per day across the North Pacific in the 13
seals instrumented with stroke rate loggers. Each circle represents one day. Larger
circles with darker purple edges represent sleep upper bounds and smaller circles with
bright yellow edges represent best estimates of sleep. There are more and larger circles
(indicating more time spent and more sleep) near the coast and the seals’ foraging
grounds. (B & C) Daily activity budgets for adult female foraging trips. Daily activity
budgets denote the hours per day spent during surface intervals, diving, long glides
(when available for N=13 accelerometer-equipped seals), long drifts, sleeping (as
estimated using our custom sleep identification model), and performing long (extended)
surface intervals (SIs). Northern elephant seal females demonstrated consistently low
sleep time throughout both trips, with lower sleep quotas during the shorter foraging
trip. The area plots represent averages across seals for each percentage of the trip. The
bar plots represent the mean across seals and trip percentages. ........oomerreeseesseessessessnenns 78

Figure 2.6. Sleeping amidst risk. An apparent disturbance (as evidenced by a dive
inversion and reduction in heart rate [2.169 beats per minute] and stroke rate) occurs
in the middle of a 7-dive sleeping bout and is followed by a (deeper) period of REM
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Figure 2.7. lllustrations of behaviors coded during video ScOTing.......ccomereeseerneernsernseeneens 90

Figure 2.8. Sleep scoring methods. Sleep stages were distinguished from distinct
characteristics of the EEG spectrogram, z-axis gyroscope (for breath detection), and
heart rate. Spectral power varied across stages from (A) Drowsiness (DW) with slow
(10 s) oscillations between slow waves and waking, (B) Slow-Wave Sleep (SWS1: low-
amplitude SWS & SWS2: high-amplitude SWS) high amplitude low-frequency activity,
(C) REM Sleep with lowest amplitude high-frequency activity and highest heart rate
variability (HRV) (putative REM: low HRV & certain REM (high HRV)), and (D) Quiet
Waking (QW) low amplitude high-frequency activity, and (E) Active Waking (AW)
motion artifacts >50% of the epoch. We used the combination of low delta spectral
power, apnea, and high heart rate variability (not associated with changes in respiratory
state - apnea [not breathing] & eupnea [breathing consistently]) to categorize REM
sleep. During active waking, motion artifacts could be caused by large breaths or active
forward movement (‘galumphing’ on land or swimming in water)......c.cooeneseenneereennenns 93
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Figure 2.9. Heart Rate Variability (HRV) across sleep stage. Variance of very low
frequency (VLF; 0-0.005 Hz) power for heart rate for animals at sea, sampled once per 8
seconds. REM has high low-frequency variability compared to SWS and QW during
apnea and QW has elevated variability during eupnea and transitions to and from
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Figure 2.10. Signal quality (6§ SWS / 6 REM) for 5 recordings in the lab and in the wild.
Detected signal amplitude during slow wave sleep was smaller during submersion in
water, but remained at least 2-fold greater than that during REM........ccccoencnenncnennenn. 96

Figure 2.11. Schematic illustrating filter criteria for sleep identification output. Depth
and first derivative of depth as a function of time are represented as d(t) and d’(t)..... 100

Figure 2.12. Quantitative parameters for raw data (at 10s1) by sleep stage (Active
Waking [small light blue dots], Quiet Waking [large blue dots], SWS [large green dots],
and REM [large yellow dots]). Teal rectangle demonstrates first and second derivative
thresholds applied to dataset for sleep identification. Note that REM sleep only occurs
while animals are rolled upside down, at which point the seals oscillate from pitch up to
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Figure 2.13. Quantitative derivative metrics for sleep. Vertical speed (first derivative
(m/s)), Vertical acceleration (second derivative (m/s?)), and Depth (m) over time,
colored by sleep state (active waking, quiet waking, slow-wave sleep (SWS), or rapid-
eye movement (REM) sleep) to show the quantitative patterns in the depth parameters
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Figure 2.14. Accuracy of sleep identification model. Accuracy and specificity increase
while the sensitivity and prevalence of false positives decrease from identified drifts to
long drifts (longer than 200 s) and finally our filtered sleep estimate (long drifts filtered
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Figure 2.15. Sleep identification model output for pelagic animal. Nap map shows
pelagic track and illustrates each identified sleep as a dot sized by its duration and
colored by its drift rate. Large yellow dots are extended surface intervals (>10 min).
Green indicates an identified sleep segment that coincides with a long glide (false
negatives in yellow and false positives in blue). Red dots on the bottom figure indicate
foraging attempts as recorded from kami kami logger. Light red indicates an eliminated
SHOTE ATIEE. 1ottt e s s s 109

Figure 2.16. Sleep identification model output for coastal animal. Nap map shows
pelagic track and illustrates each identified sleep as a dot sized by its duration and
colored by its drift rate. Large yellow dots are extended surface intervals (>10 min).
Green indicates an identified sleep segment that coincides with a long glide (false
negatives in yellow and false positives in blue). Red dots on the bottom figure indicate
foraging attempts as recorded from kami kami logger. Light red indicates an eliminated
SHOTE ATIEE. corveetsee s s R s 110
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ribbons of data shown include: swimming and gliding data from an elephant seal, the
waveform of a soundtrack generated from the beating heart of a narwhal, and notes of a
custom musical score for one of our anNiMatioNS. ... ——————— 114
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(B) asset creation, (C) data processing, (D) editing and final production, and (E)
dissemination. (A) Conceptualization. We demonstrate how we created a storyboard
and script based on key features of the data as well as taking into account our desired
outcomes (education and conservation) and audiences (government, NGOs, and
academics). (B) Asset Creation. We demonstrate the range of customized assets we
created in Autodesk Maya (3D models), Adobe Photoshop (digital paintings and 3D
model textures), and Adobe Illustrator (vector graphics). (C) Data Processing Pipeline.
We show the process of data mapping from raw data to processed data to abstraction
(data visualization or data sonification) for five major data types, including (1) large-
scale movements (from GPS positions to line animations), (2) diving behavior (from
inertial motion sensors to two- and three-dimensional dive tracks), (3) animal
orientation (from inertial motion sensors to three-dimensional rotation), (4) swimming
and gliding (from raw accelerometer data to animated swimming), and (5) heart
physiology (from ECG data to sound). (D) Editing and Final Production. We combine
data visualization, custom 2D illustrations and 3D assets, motion graphics, narration,
data sonification, and custom musical scores in the final compositions to prepare them
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Figure 3.4. Custom assets for Humpback Alliance animation. We created (A, B & D)
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(used to collect the data analyzed), and (B & D) customized a rigged humpback whale to
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Figure 3.5. Underwater environment. Rendered results of our four-source lighting
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FUC0T0) ol (0] oo ) PP 132

Figure 3.6. Integrating position and rotation data for 3D behavior of humpback whales.
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Figure 3.7. Elephant seal swim cycle. Snapshot of a frame from the offset swim cycle of a
northern elephant seal with ghosting enabled to demonstrate future tail positions in
pink and past tail positions in blue. This snapshot shows a central tail location to
demonstrate that, with an organic swimming animation, the central tail position
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straight gliding POSILION. ... s s sse s s s 135

Figure 3.8. Stroke rate data processing pipeline. Raw and processed swimming data for
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that drive our animationN. ... ————————————— 138

Figure 3.9. Linking physiology to sound. Raw tagging data (3-axis accelerometer [G-
forces (g)], depth [meters (m)], and electrocardiogram [millivolts (mV)]) with peak
detection analysis (heart rate [beats per minute (bpm])] and inter-beat interval [seconds
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demonstrates a very low bradycardia after release from net entanglement. Given the
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human heart rate SOUNALIACKS. ... ssneraes 139

Figure 3.10. Three techniques for line animation with data in Adobe After Effects. (A &
B) Flexible line animations of diving behavior generated using a custom expression in
Adobe After Effects. This script links the control points of paths on the canvas to values
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SLEEPING WHILE DIVING: TOOLS TO DETECT, ANALYZE, AND VISUALIZE
SLEEP IN WILD SEALS

Jessica M. Kendall-Bar
ABSTRACT

Wild animals have evolved extreme physiological adaptations to balance the
risks of starvation, predation, and exhaustion. Sleeping animals sacrifice food while
vulnerable to predators. Marine mammals at sea balance the need to feed with the
added challenge of surfacing to breathe, where predators lie in wait. Northern elephant
seals (Mirounga angustirostris) travel thousands of kilometers, performing long dives to
gather sustenance before returning to land to fast while they breed or molt. For my
dissertation, I engineered a device that measures when, how, and how much these
animals sleep at sea- the first recording of sleep in a wild marine mammal. Across their
amphibious habitat, seals slept as much as 14 hours per day on land in the lab and as
little as 0 hours per day at sea. Analytical methods derived from these results allow us
to interpret hundreds of diving records over a 20-year dataset to find that seals sleep
about 2 hours per day during >220-day foraging trips. At sea, elephant seals leverage
their extreme breath-holding capacity to create a safe sleeping niche, up to 377 meters
below the surface. I developed a process to transform data into animated 3D
visualizations that display physiology alongside behavior. As new technology facilitates
the collection of large ecophysiology datasets, we must also advance sensor technology,
analytical workflows, and visualization techniques to better interpret this data. My
dissertation creates and implements novel instruments and techniques that record,
characterize, and visualize the physiology and behavior of wild animals to facilitate

comparative neurophysiology research within conservation and translational medicine.
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INTRODUCTION

BACKGROUND

Extreme divers such as seals, penguins, and cetaceans have independently
evolved physiological adaptations to resist severe oxygen depletion (venous O partial
pressure <2mmHg in elephant seals) (1) and constant vigilance with little sleep (>2
months of high vigilance and low sleep in new dolphin mothers) (2). By investigating
the behavior and mechanisms underlying these physiological extremes, we can guide
the development and application of technologies that treat humans suffering from
oxygen- and sleep-mediated pathology. To ensure the validity of this translational
research, we can leverage the similarity in neuropathological presentation between
humans and cognitively advanced marine mammals, such as similarities in epileptic
pathology in humans and sea lions. However, we need to develop biosensing tools,
analytical workflows, and visualization frameworks to study animals that push the
limits of their physiological capacity. My dissertation presents an integrative approach
to answer a central question: how does the mammal brain survive (and sleep) at
sea?

Captive sleep studies relying primarily on invasive methods (Figure 1.1 & Table
1-3) have uncovered two unusual adaptations to allow sleep at sea (3, 4). While in
water, eared seals and dolphins exhibit unihemispheric slow-wave sleep (SWS) (sleep in
one hemisphere and wakefulness in the other) and an apparent lack of rapid-eye-

movement (REM) sleep that allows animals to surface and breathe while sleeping (5-



13). On the other hand, true seals and walruses leverage superior breath-holding

capabilities to perform prolonged sleep apneas underwater (14-19).
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Figure 0.1. Electrophysiological methods over time, highlighting the need for non-invasive
sleep studies of wild marine mammals. (A) Schematic diagram showing progressive
invasiveness from surface-mounted electrodes (least invasive) to needle electrodes, epidural
electrodes placed on the surface of the skull or dura, and subdural electrodes placed beneath the
dura in the cortex or inside the brain (most invasive). (B) Diagram showing where the
electrophysiological studies from Chapter 2 fall in terms of invasiveness and animal mobility,
demonstrating that no sleep studies have used non-invasive methods in the wild. Numbers refer
to the citations in Chapter 2.

BRAIN

STUDY SYSTEM

This dissertation examines sleep in the deepest diving pinniped. Northern
elephant seals (Mirounga angustirostris) routinely undergo near-complete oxygen
depletion (20). They spend 98% of their time underwater over 7-month foraging trips
(21, 22). 2 studies in the 1990s recorded electrophysiological sleep in northern
elephant seal pups using minimally invasive needle electrodes and a tethered system.

They found that most sleep occurred while the animal was holding its breath. While at
2



sea, elephant seals perform drift dives where they passively float at depth, either
upwards or downwards, depending on their buoyancy. I designed a portable EEG logger
to detect brain activity through an iterative design process to search for conclusive,
electrophysiological evidence of sleep at sea.
DISSERTATION SUMMARY

Chapter 1 describes my iterative design process by providing material
recommendations, technical illustrations, and signal processing techniques (23, 24).
After refining our methods with anesthetized northern elephant seals (Mirounga
angustirostris) (N=11), I engineered a custom headcap and encapsulation for a
Neurologger3 (©Evolocus) device to record several days of brain, eye, muscle, and heart
activity, 3-axis inertial motion sensing, and environmental data (pressure, temperature,
GPS, and illumination). I describe the system’s performance over multiple days in 12
freely moving northern elephant seals, sleeping on land, in shallow water, on the
continental shelf (< 250 m), and in the open ocean (> 250 m - 444 m). We leverage
advances in signal processing by applying Independent Components Analysis (ICA) and
inertial motion sensor calibrations to maximize signal quality across large, multi-day
datasets. Our study adds to the suite of animal-borne sensors available to scientists
seeking to understand the physiology and behavior of wild animals in the context in
which they evolved.

In Chapter 2, I characterize the sleep patterns of northern elephant seals from

land to sea, highlighting the comparative implications of their sleep, representing an



extreme form of natural sleep apnea. Periods of electrophysiological sleep (slow-wave
sleep and rapid-eye-movement sleep) were recorded in seals on land, floating in
shallow water, on the ocean floor in shallow water and on the continental shelf, and
during open ocean drift dives (N=13 seals). While there was considerable variation in
sleep patterns across individuals, total sleep time was lowest while sleeping at sea (as
little as 0 h/day) and highest while sleeping on land (as much as 14 h/day). Levels of
sleep at sea are the lowest recorded in any wild mammal (25). This integrative study of
natural sleep apnea in northern elephant seals can provide insights into human sleep
pathology and set the stage for translational studies of sleep science.

In Chapter 3, to maximize the translational potential of these comparative
studies, I developed new analytical software to create data-driven visualizations of
physiology and behavior (26, 27). I established a creative pipeline to incorporate
physiological and behavioral data from contemporary marine mammal research into
data-driven animations, leveraging industry tools and custom scripts to promote
scientific insights, public awareness, and conservation outcomes. These visualizations
help scientists identify responses to disturbance, compare diverse study systems,
increase public awareness of human-caused disturbance, and help build momentum for

targeted conservation efforts backed by scientific evidence.
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1.1  ABSTRACT

Despite rapid advances in sensor development and technological
miniaturization, it remains challenging to non-invasively record small-amplitude
electrophysiological signals from an animal in its natural environment. Many advances
in ecophysiology and biologging have arisen through sleep studies, which rely on
detecting small signals over multiple days and minimal disruption of natural animal
behavior. This paper describes the development of a surface-mounted system that has
allowed novel electrophysiological recordings of sleep in wild marine mammals. We
discuss our iterative design process by providing sensor-comparison data, detailed
technical illustrations, and material recommendations. We describe the system’s
performance over multiple days in 12 freely-moving northern elephant seals (Mirounga
angustirostris) sleeping on land and in water in captivity and the wild. We leverage
advances in signal processing by applying Independent Components Analysis and
inertial motion sensor calibrations to maximize signal quality across large (>10
gigabyte), multi-day datasets. Our study adds to the suite of biologging tools available to
scientists seeking to understand the physiology and behavior of wild animals in the

context in which they evolved.



1.2 INTRODUCTION

Technological advances have allowed the creation and refinement of small,
sensitive, rugged devices that can record physiological signals from free-moving
animals in their natural environment (1-8). Despite these advances, reliable signal
detection with minimally invasive methods is challenging. This is especially true in
marine mammals, where animals’ thick tissue layers and the conductive saltwater
environment diminish electrical signals. Researchers often opt for invasive methods
that pierce the skin and are placed within tissues, the bloodstream, the skull, or the
brain to obtain more reliable signals (4,9,10). Invasive procedures pose greater
infection risk, raise ethical concerns, and are especially undesirable in the wild where
continuous observation and intervention are impossible. The lack of non-invasive
methods for neurophysiological studies has limited our understanding of ecophysiology
in the wild. The development of new techniques will allow us to observe the
neurophysiological underpinning of animal behavior in the wild.

Recent efforts to record sleep in the wild coincide with significant advances in
sensor technology and miniaturization (4,5,10-12). Electrophysiological sleep
recordings rely on detecting small changes in brain activity (several orders of
magnitude smaller than typical heart signals) and benefit from multiple-day recordings
of freely behaving animals in the wild. Sleep studies rely on the use of
electroencephalogram (EEG) to record changes in brain activity from “large amplitude”
(~75 pV peak-to-peak amplitude in humans) slow-wave sleep (SWS: 0.5-4Hz) to small
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amplitude, high-frequency activity during waking or rapid-eye-movement (REM) sleep.
Sleep states are distinguished from one another using electrooculogram (eye) activity,
electromyogram (muscle) activity, accelerometry, and heart rate variability (13).

In addition to promoting technological advancement, studying sleep in the wild
contributes to our knowledge of its function and evolution, with implications for
conservation and comparative medicine (14-16). Across the animal kingdom, sleep
provides critical restorative functions from energy conservation, immune function,
metabolism, memory, and learning (14,17). Sleep quota differences between captivity
and wild settings highlight the importance of quantifying in-situ sleep patterns (4,11).
In-situ multi-generational sleep recordings have demonstrated that hereditary sleep
adaptations can improve reproductive success (12). Marine mammal sleep studies
suggest that unihemispheric sleep may provide similar homeostatic functions as REM
sleep through the apparent lack of REM sleep in cetaceans and lack of REM rebound in
fur seals (18,19). Wild marine mammal sleep studies can further investigate extreme
forms of sleep to shed light on sleep phenology, evolution, and pathology.

Although surface recordings for human clinical EEG applications are
widespread, most animal EEG studies use implanted electrodes (4,20-23). Only a
handful of animal sleep studies have employed non-invasive EEG methods, and none of
these studies were performed in the wild (18,20-35) (Figure 1.1 & Supplementary
Table 1). While surface sensors are preferable, the signals obtained are 8-fold lower

amplitude, accuracy, and precision than implanted electrodes on the skull (36,37). To

11



maximize signal quality from less sensitive surface sensors, we can leverage
improvements in quantitative signal processing that have advanced our ability to
identify, filter, and remove sources of electrical noise while identifying and isolating
signals of interest. These algorithms, such as Independent Components Analysis (ICA),
show promise towards automating artifact identification and removal in human
neuroscience studies (38-41).

Beyond maximizing signal quality, we need robust, field-ready dataloggers to
enable electrophysiological studies of wild animals. Despite advances in biologging
within and outside of sleep science, few if any pressure-proofed devices are equipped to
accept several (>2) independent electrophysiological signals (18-35,42-45). The
development of pressure-proofed multi-channel electrophysiology loggers will allow us
to track multiple bioelectric parameters simultaneously. Our study addresses these
knowledge gaps by providing advances along multiple dimensions to create a system for
sensitive electrophysiological signal detection in wild marine mammals: (1) the
validation of surface-mounted electrodes to detect brain activity, (2) the application
of sophisticated signal processing techniques to maximize signal quality, and (3) the
creation of a portable, robust, and pressure-proofed device for multi-channel
electrical recordings. We developed a method to record electrophysiological sleep over
multiple days in a wild animal with a thick blubber layer amidst conspecifics and in a
deep ocean environment. We discuss our iterative process from selecting electrode

types, configurations, and materials to engineering a portable system in captive and

12



wild environments. We provide a systematic framework that capitalizes on

technological advances to facilitate future sleep studies on wild marine mammals.
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Figure 1.1. Electrophysiological methods over time, highlighting the need for non-invasive
sleep studies of wild marine mammals. (A) Schematic diagram showing progressive
invasiveness from surface-mounted electrodes (least invasive) to needle electrodes, epidural
electrodes placed on the surface of the skull or dura, and subdural electrodes placed beneath the
dura in the cortex or inside the brain (most invasive). (B) Diagram showing where the
electrophysiological studies from Table 1 fall in terms of invasiveness and animal mobility,
demonstrating that no sleep studies have used non-invasive methods in the wild. Numbers refer
to the reference number.

BRAIN

1.3 METHODS

We developed a system for long-term electrophysiological recordings in wild,
free-swimming northern elephant seals, Mirounga angustirostris. First, we recorded
EEG from anesthetized northern elephant seal pups at The Marine Mammal Center
(TMMC- Sausalito, CA) (Table 1-1) (Phase 1; N=11). Second, we developed a portable
EEG datalogger to record sleep in freely moving juvenile northern elephant seals (Phase

2; N=12). We recorded EEG from freely moving seals (2a) in the controlled lab
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environment at Long Marine Lab (University of California Santa Cruz) and (2b) on the
beach at Afio Nuevo State Park (California, USA). This iterative design process allowed
us to test and compare electrode performance (Phase 1) and then apply these results to
developing our portable device (Phase 2). All animal procedures were approved at the
federal and institutional levels under National Marine Fisheries Permits #19108,
#23188, and #18786 (TMMC), and by the Institutional Animal Care and Use Committee
(IACUC) of the University of California Santa Cruz (Costd1709 and Costd2009-2) and
The Marine Mammal Center (TMMC #2019-2). All animals were sedated following
standard protocols (1,33-34,46-47). Briefly, an induction injection of intramuscular
Telazol® [tiletamine and zolazepam] (1 mg/kg) was maintained with doses of
Telazol/ketamine/valium as needed.
1.3.1 Phase 1: Stationary Recordings

We tested and refined electrode configuration during stationary EEG recordings
with 11 anesthetized northern elephant seal weanlings (weaned pups ~3-4 months old)
undergoing rehabilitation at TMMC (Table 1-1). Each recording lasted less than an hour
and coincided with routine veterinary procedures. Of the 11 anesthetized seals, 2 were
deemed unfit for release to the wild by TMMC veterinarians due to congenital defects
unrelated to the study and were euthanized via lethal injection (Euthasol®
[pentobarbital sodium and phenytoin sodium]). Euthanasia recordings provided an
opportunistic assessment of brain wave attenuation. They demonstrated that our
electrodes could detect brain activity despite ambient electrical noise.
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Table 1-1. Description of animals involved in this study, denoting animal ID, recording

location (TMMC: The Marine Mammal Center, LML: Long Marine Lab, and ANO: Afio Nuevo State

Park), date of recording (between 2-May-2019 and 27-Apr-2021), age class and age estimate in
years (weanling (post-nursing): 1-6 months, yearling: 6-12 months, juvenile: 1-3 years old), sex
(determined visually as male [M] or female [F]), standard length (cm), axillary girth (cm), mass
(in kilograms), study phase and tag design iteration (V1/V2/V3), type of recording (during
euthanasia or release exam procedure (at TMMC) or deployment in captivity or the wild), and

the total recording duration in hours (h) and days (d).

=
i SEw
# |Location EsAt%;gis(syfls) (3:5 Lfcnngl;h ?Cl;:})l I\(/lkags)s Phase Recording Type 5 g é
a
1 TMMC |Weanling (0,1] | M 161 - 43.0 1 Euthanasia; deemed unreleasable| <1h
2 TMMC |Weanling (0,1]| F 115 - 26.5 1 Euthanasia; deemed unreleasable| <1h
3 TMMC |Weanling (0,1]| F 138 - 57.0 1 Release Exam <1lh
4 TMMC |Weanling (0,1]| M 128 - 61.0 1 Release Exam <lh
5 TMMC |Weanling (0,1]| F 147 - 63.5 1 Release Exam <lh
6 TMMC |Weanling (0,1]| F 139 - 52.5 1 Release Exam <lh
7 TMMC |Weanling (0,1]| F 137 - 50.5 1 Release Exam <lh
8 TMMC |Weanling (0,1]| F 138 - 55.5 1 Release Exam <lh
9 TMMC |Weanling (0,1]| M 146 - 57.0 1 Release Exam <lh
10 | TMMC |[Weanling (0,1]| M 141 - 74.5 1 Release Exam <1lh
11 | TMMC |[Weanling (0,1]| F 130 - 54.5 1 Release Exam <lh
12 LML | Yearling (0,1] | F 152 132 118 2a/V1 Captive Deployment 81.86h
13 LML | Yearling (0,1] | F 165 139 148 2a /V2 Captive Deployment 79.71h
14 LML Juvenile (1,2] | F 188 124 141 2a/V2 Captive Deployment 116.85h
15 LML Juvenile (1,2] | F 206 147 196 2a/V2 Captive Deployment 115.86 h
16 LML Juvenile (1,2] | F 206 129 177 2a/V2 Captive Deployment 69.62 h
17 ANO |Weanling (0,1]| F 165 143 200 2b /V2 Wild Deployment 73.81h
18 ANO | Weanling (0,1]| F 157 130 116 2b/V3 Wild Deployment 12090 h
19 ANO | Weanling (0,1]| F 151 129 118 2b/V3 Wild Deployment 120.04h
20 ANO Juvenile (1,2] | F 170 140 157 2b /V3 Wild Deployment 119.19h
21 ANO Juvenile (2,3] | F 187 102 ~120 2b / V2 Wild Deployment 75.16 h
22 ANO Juvenile (2,3] | F 177 134 154 2b /V3 Wild Deployment 98.81h
PHASE 1 TOTAL (N=11) 1 Stationary Recordings (TMMC) <12h
. 464 h
PHASE 2A TOTAL (N=5) 2a Captive Deployments (LML) (19.3 d)
PHASE 2B TOTAL (N=6) 2b Wild Deployments (ANO) (26;)83 }é)

1.3.1a Instrumentation & Data Collection

We tested several surface-mounted electrode types: (1) soft-dry electrodes

(DRYODE™ by IDUN Technologies), (2) dry electrodes (SoftPulse™ by Datwyler), and
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goldcup), and (3) Genuine GRASS® reusable goldcup electrodes. We used non-invasive,
surface-mounted Genuine Grass® goldcup electrodes to measure 9 differential
electrophysiological channels (4 electroencephalogram [EEG], 2 electrooculogram
[EOG], 2 electromyogram [EMG], and 1 electrocardiogram [ECG]). EEG electrodes were
placed over the frontal and parietal derivations of each cerebral hemisphere, EOG
electrodes were placed approximately 5 centimeters posterior to the outer canthus,
EMG electrodes were placed above the nuchal muscles, ECG electrodes were placed on
either side of the body near the fore flippers, and ground electrodes were placed on the
forehead between the supraorbital vibrissae (Figure 1.2). This electrode configuration
closely matches montages used for implanted polysomnography in other pinnipeds
(21,28,30,45). We trimmed the fur and attached all electrodes to clean skin using
conductive paste and kinesiology tape. We recorded EEG with a stationary amplifier
(PowerLab™) (#1-11) (Table 1-1) and tested multiple electrode types and
configurations to optimize signal detection. We collected and visualized data in
LabChart (ADInstruments).
1.3.2 Phase 2: Recordings of Freely Moving Animals
1.3.2a Phase 2a: Deployments in Temporary Captivity - Long Marine Lab (LML)
Given Phase 1 results (see Results: Phase 1 for more details), we used Genuine
Grass goldcup electrodes and a differential electrode montage to build our EEG logger.
We recorded sleep in five female juvenile northern elephant seals (#12-16: 2 yearlings

[~8 months old] and 3 juveniles [~1 year and 8 months old]) in the lab, where we could
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monitor the instrument and seal and establish sleep signal quality over multiple days.
Following initial chemical immobilization, we transported seals using established
procedures from Afio Nuevo State Park to the Long Marine Lab marine mammal facility
21 miles south at the University of California, Santa Cruz (Table 1-1) (46,47). Shortly
after transport, we re-anesthetized and instrumented the seals with the portable EEG
datalogger (see “Instrument Attachment”).

We released the seals into a dry enclosure measuring 6.1m by 3.0m for at least
48 hours after sedation. The animals were then released into a seawater pool measuring
4.9m by 3.0m by 1.4m (water volume 21m3) with an adjoining haul-out area (1.2m by
3.0m). After an acclimatization period of 30 minutes to 2 days, the seals learned to exit
the pool and freely transitioned between the two media. If needed, seals were sedated
to modify instrument attachments. We removed instrumentation during a final sedation
and transported seals back to Afio Nuevo State Park.
1.3.2b Phase 2b: Wild Deployments — Aiio Nuevo State Park (ANO)

We anesthetized and instrumented six seals at Afio Nuevo State Park (#17-22: 3
weanlings [~75 days old] and 3 juveniles [14 or 24 months old]) (Table 1-1). These
animals were left in the wild for 3-5 days and then instruments were recovered. Seals
were instrumented during the molt haulout when animals of all age classes were
present at the colony, but before most newly weaned pups had departed to sea on their
first foraging trip.

1.3.3 Portable Datalogger Instrumentation
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We recorded 21 electrophysiological signals, pressure, illumination,
temperature, 3D accelerometer, 3D gyroscope, and 3D magnetic compass using the
Neurologger3 (©2016 Evolocus LLC). We created a portable, waterproof, and
ruggedized housing for the Neurologger3 to withstand the pressure experienced by an
elephant seal in the wild (up to 2000 meters of seawater; pressure equivalent of 200
atmospheres or ~3000 psi as below). The housing had external sensor ports to record
pressure and illumination and to display recording status via a small LED. The logger
transmitted snapshots of electrophysiological data via Bluetooth.

We created a housing for the device that accommodated several concerns: (1)
the illumination sensor must be against a transparent wall, (2) the pressure sensor
(KELLER 4LD) must be machined between an internal lip and external retaining wall or
clip, (3) attenuation of Bluetooth signals by the aluminum housing material, and (4) 21
electrical signals must exit the housing, each of which is a potential conduit for water.

We selected a robust SubConn® Micro Circular 21-pin underwater connector to
transmit electrophysiological signals into the housing. After several design iterations,
our third and final iteration (V3) was a cylindrical aluminum housing with one rounded
end and a threaded cap at the other side that integrates pressure and illumination
sensors, an acrylic window, and the SubConn® Micro Circular 21-pin underwater
connector (Figure 1.2 & Table 1-2). The acrylic window allowed light detection by the
illumination sensor, visualization of the LED status, and reception of Bluetooth signals

to verify signal quality.
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Figure 1.2. Final iteration of custom datalogger housing design (V3). (A) Exploded view of
logger housing demonstrates each component of the encapsulation. (B) Inset to show the custom
printed circuit board (PCB), which holds the logger and routes 21 signals to connectors on its
underside to connect signals to the waterproof 21-pin connector. (C) The top and side (D) views
of the logger demonstrate the position of the logger when mounted on the custom PCB. (E)
Detailed view of housing cap showing retaining systems for illumination and pressure sensors.
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1.3.4 Headcap and patch design

We designed the EEG headcap and patches by embedding electrodes between
two layers of neoprene (Figure 1.3A). After several design iterations, we found that the
most effective configuration embedded electrodes between an outer layer of durable,
flexible neoprene rubber (3mm thick, 40A durometer) with a second, inner layer of thin
neoprene foam (3mm thick) to hold electrodes in place against the skin. This design
facilitated the reuse of the equipment by preventing tearing in the upper neoprene
layer. We fixed the electrodes into place between the two layers of neoprene using a
silicone room-temperature-vulcanizing (RTV) adhesive (Permatex® Adhesive Sealant)
to protect the wires and maintain wire configuration across deployments. The sealant
created a robust mechanical bond to abraded neoprene rubber, a chemical bond to
silicone-insulated electrode sheathing, and no bond to the neoprene cement (added
after the full cure time of the silicone RTV) that peeled off easily upon each retrieval of

the instrument.

Table 1-2. Design iteration summary (V1, V2, and V3). Table summarizes features of each
design iteration of the housing and frontend (including the headcap, patches, and wires) and
assesses water intrusion and signal quality for each (Good vs. Scorable vs. Unscorable ECG -
subjective judgment of accuracy level for automated peak detection [always accurate, not always
accurate, apnea vs. eupnea not readily distinguishable]; Good vs. Scorable vs. Unscorable EEG -
subjective judgment of ability to visually and quantitatively distinguish between SWS and REM
[both distinguishable, visual but not quantitative, not readily distinguishable]).
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Features

Design Iteration

Frontend (Headcap, patches, and wires)

Vi1 V2 V3
Material High-density 6061-T6 Aluminum | 7075-T6 Aluminum
% polycarbonate
2 >10 msw (failed test at | >2000 msw (passed test | >2000 msw (passed test to
= Pressure test . . . .
é 1310 msw [1900 psi]) to 2068 msw [3000 psi]) | 2068 psi [3000 psi])
$ | Solution for light and . High-density High-density polycarbonate
iﬁ Bluetooth transmission Transparent housing polycarbonate window | window
~ | Pressure sensor Stainless steel retaining | Stainless steel retaining | Stainless steel retaining
retaining strategy plate plate snap ring
Material - bottom layer |Neoprene foam Neoprene foam Neoprene foam
g | Electrode brand (inside | Genuine Grass reusable | Genuine Grass reusable | Genuine Grass reusable
S | headcap) goldcup goldcup goldcup
§ Electrode insulation
Qi (inside headcap) Light-weight” Teflon® | “Light-weight” Teflon® | “No-tangle” Silicone
N . . .
< Wnte configuration Hot glue None Permatex® Silicone RTV
S | maintenance Sealant
T
Material - top layer Neoprene foam Neoprene rubber (40A | Neoprene rubber (40A
durometer) durometer)

Wire exit from patch

Wire exit strategy

Wires exit side of patch
through abraded marine-

Wires exit top of patch

Wires exit top of patch

grade heat shrink through 3D mold through 3D mold
Ch'emtcal bond at wire No No Yes
exit
3D mqldp otting No 3D molds used Polyurethane resin Polyurethane resin
material
Electrode brand Genuine Grass reusable | Genuine Grass reusable Technomed soldeu
(outside headcap) goldcup goldcup & p

Electrode insulation

“Light-weight” Teflon®

“Light-weight” Teflon®

Thermoplastic polyurethane

(outside headcap)
Wire shielding Copper braided None g:}terla -lightweight Stainless
§ Wire fortification - 4-ft standard heat shrink | Liquid electrical tape or | 4-ft standard heat shrink
& |EEG (1/4”) nylon braided sheathing | (3/4”), liquid electrical tape
Wire fortification - 4-ft standard heat shrink Liquid electrical tape 4-ft standard heat shrink
ECG (1/47) q P (1/4”), liquid electrical tape
{{eadc.ap Water Most (N=1) Mliurnal (N=4); None Mlinmal (N=4); None
5 intrusion (N=1) (N=1)
2 |Land EEG Signal
s — = =
§ Quality Good (N=1) Good (N=5) Good (N=5)
& | Pre-ICA In-Water EEG _ Unscorable (N=4); _
;ﬁ Signal Quality Unscorable (N=1) Good (N=1) Good (N=5)
‘2 | Post-ICA In-Water _ Scorable (N=4); Good _
S | EEG signai Quatiy |G N=D (N=1) Good (N=3)
ECG Signal Quality Good (N=1) Scorable (N=5) Good (N=5)

21




We took precautions to minimize water intrusion where each electrode exited
the upper layer of neoprene rubber. We designed custom 3D-printed molds (Figure
1.3C) through which we routed electrode wires and then through holes we created in
the upper neoprene rubber. We potted this mold with a two-part Epoxies® urethane
resin potting compound (Part No.: 20-2180). We placed an extra layer of neoprene foam
on either side of the rigid mold to better conform to the curve of the head. Earlier
iterations had problems with water intrusion at the base of the headcap, which this
design resolved. Twice, patches remained completely watertight using this method, as
evidenced by the persistence of conductive paste under the electrode and water-contact
indicator tape placed adjacent to the electrode. In all cases, V3 resulted in a nearly
waterproof seal where any water intrusion was minimal and slow, such that signal
quality remained adequate for sleep stage characterization throughout the recording
(see “Signal Quality Analysis”).

To further prevent water intrusion, we created a chemical bond at the top of the
3D mold to avoid slow water intrusion along the wire and into the 3D mold (as in V2).
We spliced Genuine Grass reusable goldcup electrodes with “no-tangle” wire insulation
to a Technomed goldcup electrode’s thermoplastic polyurethane wire (Part No.: 20-
2180) to achieve a chemical bond between the electrode wire and potting compound.
We prevented water intrusion to this splice joint through several sequential layers: a)
standard heat shrink, b) ScotchKote™, c¢) marine-grade heat shrink, d) ScotchKote™, e)

marine-grade heat shrink, f) urethane potting compound (mentioned earlier), and g)
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silicone RTV Permatex® Adhesive Sealant (only on the silicone-insulated inner end)
(Figure 1.3C). The abraded marine-grade heat shrink created a chemical bond with the
urethane potting compound. The silicone RTV created a chemical bond with the silicone
insulation and held the wires in place. We repeated this process for each patch, using
smaller 3D molds for the 1- and 2-wire outputs from EMG and ECG patches. For creating
waterproofed electrode patches, we recommend carefully waterproofing the bottom lip

of the patch and creating a chemical bond at the wire’s exit point.
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Figure 1.3. Final design iteration (version 3) demonstrating custom wire assembly,
attachment, and headcap cross-section. (A) Wiring schematic from electrodes to the 21-pin
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underwater connector with callouts showing wire shielding and sheathing and the internal
structure of the plotted splice joint between electrode and connector wires. (B) Diagram showing
attachment placement and method for each component, including logger, ECG, EMG, and headcap
patches. (C) Headcap cross-section showing internal components of the headcap, including the
splice joints within the 3D-printed mold and each successive layer of shielding and sheathing
until the outer layer of nylon mesh.

We surrounded cable bundles with ultra-lightweight braided microfilament
316L stainless steel shielding material, heat shrink, liquid electrical tape, and nylon
braided sheathing (Figure 1.3A). We soldered electrode cables to the leads of a 21-pin
underwater connector which routed the electrical signals into the portable datalogger
(Figure 1.3A). These solder joints were staggered to maximize space efficiency and
strength, covered in heat-shrink, potted in polyurethane, and covered with large-
diameter marine-grade heat shrink to minimize water intrusion at mechanically
vulnerable connections. We used a threaded locking sleeve to reduce the risk of the
connector becoming disconnected during the experiment.

1.3.5 Instrument attachment

Once animals were immobilized, we trimmed the fur and cleaned the skin with
alcohol or acetone at electrode attachment sites to promote signal conduction and
adhesion. We applied neoprene adhesive (Aquaseal™) onto the headcap and patches
and the animal’s skin. Several minutes later, we applied a second layer of adhesive. After
the second layer had dried, we lowered the patches and headcap onto each adhesive
footprint (Figure 1.3B). We attached small cable bridges to the fur in several places to
minimize cable tension and entanglement potential. We used Velcro® cable organizers

attached with neoprene adhesive (Figure 1.3C).
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The datalogger was wrapped in Tesa® tape and attached to a flexible nylon
mesh with stainless steel zip ties. The flexible nylon mesh was epoxied to the animal’s
fur, consistent with established best practices for external attachment of animal
telemetry tags (Horning et al. 2019) (Figure 1.3B). For each design iteration, combined
instrumentation did not exceed 10% of the animal’s cross-sectional area and 2% of the
animal’s body mass (0.87% of body mass and 2.31% cross-sectional area). When time
allowed, we verified datalogger signal quality by examining 20-second raw-signal
snapshots via Bluetooth.

After the recording, we removed the datalogger by disconnecting the zip ties
from the nylon mesh. We separated the top layer of neoprene rubber from the bottom
layer of neoprene foam, removing all electrodes and wires from the animal. The animal
molted off the nylon mesh and any residual neoprene foam in its next molt.

1.3.6 Data Processing

A total of 1224 hours (51 days) of electrophysiological data were collected from
the 12 animals in Phase 2 of this study, of which 564 hours (23.5 days) were from free-
moving animals at Long Marine Lab, and 660 hours (27.5 days) were from free-moving
animals at Aflo Nuevo Reserve. In addition, one animal instrumented at Afio Nuevo
Reserve spent 44 hours (1.9 days) at sea.

The Neurologger3 sampled electrophysiological data at 500 Hz and inertial
motion and environmental sensors at approximately 36Hz (250/7 = 35.7142857Hz).
We down-sampled inertial motion data to 25Hz using the ‘resample’ function in
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MATLAB to obtain an integer sampling frequency. Binary data was stored on a 200 GB
microSD card in the Neurologger3, processed using a custom MATLAB script
(Neurologger Converter & Visualizer © Evolocus LLC), and then converted into .MAT
(MATLAB file) and .EDF (European Data Format) formats.

ECG artifacts were sometimes present in EEG channels when animals entered
the water, complicating visual and quantitative scoring methods. To minimize ECG
artifacts and enable visual and quantitative EEG scoring, we applied the “runica”
Independent Component Analysis function in the open-source EEGLAB v2020.0 toolbox
in MATLAB. Independent Component Analysis (ICA) is now standard practice in EEG
signal processing and refers to a collection of unsupervised learning algorithms that
decompose multivariate signals into maximally independent components (ICs) (48). We
trained the ICA algorithm with a subset of electrophysiological data collected from
animals while stationary underwater. This training data (training data durations:
median- 12 min; minimum- 5.5 min; maximum- 20.2 min) was selected as a
representative section where movement artifacts were minimal, and SWS, REM, and
heart rate artifacts were present. We visualized ICA weights for manual review. If the
heart rate decomposed separately from EEG signals into at most 2 or 3 ICs, these ICA
weights were selected and applied across the entire recording for that animal.

We compared spectral density profiles and the ability to discriminate between
SWS and REM across (A) the raw signal, (B) the independent component (IC) that

maximally expresses brain activity, and (C) the raw signals pruned with ICs that
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minimally express brain activity (e.g. heart signals or electrical noise). We determined
the maximal brain IC visually by selecting the IC that 1) allowed discrimination between
SWS and neighboring periods of REM, 2) was generated by one of four EEG electrode
locations in the 2D topographic maps for each IC, and 3) fit patterns of elevated delta
spectral power during quantitative spectral analysis and spectrogram visualization. We
always kept the intact ECG channel (without the ECG IC(s) removed) and the IC that
maximally expressed heart activity for heart rate analysis. We determined the maximal
heart IC by locating the highest amplitude ECG signal generated by the posterior ECG
location in 2D topographic maps. Because the ECG waveform is often separated into two
or more ICs, the ECG channel often yielded the cleanest heart rate signal.

Inertial motion sensor data were calibrated and processed using the Customized
Animal Tracking Systems (CATS) toolbox in MATLAB to measure overall dynamic body
acceleration, pitch, roll, and heading (49). We applied rotation matrices and spherical
calibrations for each animal to transform the tag’s reference frame to that of the animal
and account for differences in attachment orientation.

We combined raw electrophysiological data (500Hz), electrophysiological data
pruned with ICA, ICs (which maximally expressed brain and heart activity), and
processed motion and environmental sensor data (25Hz) into a single EDF file using the
writeeeg function in EEGLAB. We then inspected the resulting file in LabChart
(©ADInstruments). Instantaneous heart rate was calculated using the cyclic

measurement peak detection algorithm in LabChart®, with ECG peak detection
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parameters consistent with those used for large mammals, exceeding a minimum of 2
standard deviations with a QRS width of 60 milliseconds across normalized 4-second
windows.

1.3.7 Qualitative Signal Analysis

To prepare the raw data for visual sleep scoring, we bandpass filtered
electrophysiological signals according to the standard outlined in the American
Academy of Sleep Medicine sleep scoring manual (50): EEG/EOG: 0.3-30Hz; EMG: 10-
100Hz; ECG: 0.3-75Hz. We visualized signals using standard temporal and voltage scales
(100pV for EEG/EOG, 40puV for EMG, 2mV for ECG, [-1.5,1.5] G-forces (g) for
accelerometer data). We visualized spectrograms for two (L & R) of the best EEG
channels and the maximal brain IC using Fast Fourier Transform (FFT) using a Hann
(cosine-bell) window with a sample size of 1024 points and 50% overlap, examining
spectral power from ~20-40 dB for frequencies between 0-15Hz.

Guidelines for visual sleep scoring were based on those set for other marine
mammals (21,43,45). We scored sleep according to the following sleep states in 30-
second epochs: Active Waking (AW), Quiet Waking (QW), Drowsiness (DW), Slow-Wave
Sleep (SWS), Rapid-eye Movement Sleep (REM) (Figure 1.4). Here, we present a brief
discussion of the sleep scoring criteria used in this study. In subsequent works, we
further expand on our sleep scoring criteria and interscorer reliability (Kendall-Bar, in

prep). We provide a summary of these criteria below.
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We scored Quiet Waking (QW) when there was low voltage, high-frequency
background EEG activity (>50% epoch duration), occasional movement or eye blink
artifacts (occupying <50% of the epoch duration), and accelerometer traces
demonstrating only subtle breathing or motion (i.e., slowly rolling, grooming, or body
repositioning) (Figure 1.4D). We scored Active Waking (AW) when gross movement
artifacts appeared in all electrophysiological channels for >50% of the duration of the
30-second epoch and were accompanied by movement in the accelerometer (more

activity than behaviors described above for QW) (Figure 1.4E).
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Figure 1.4. Sleep categorization methods. Sleep stages were distinguished from distinct
characteristics of the EEG spectrogram, z-axis gyroscope (for breath detection), and heart rate.
Spectral power varied across stages from (A) slow (10 s) oscillations between slow waves and
waking during Drowsiness (DW), (B) highest amplitude low-frequency activity during SWS
(exemplified by hot colors in low frequencies [0.5-4Hz] of the spectrogram), (C) lowest
amplitude high-frequency activity during REM (exemplified by dark colors in the spectrogram),
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and (D) low amplitude high-frequency activity during quiet waking (QW), and (E) motion
artifacts during active waking (AW). We differentiated between periods of REM with (F) low
heart rate variability (HRV) and (G) high HRV (independent of changes in respiratory state -
apnea [not breathing] & eupnea [breathing consistently]). We demonstrate HRV patterns due to
(G) respiration, (H) independent of respiration, and (I) due to both respiration and movement
artifacts (due to short-duration inaccuracies in automated peak detection). During active waking,
motion artifacts could be caused by large breaths or active forward movement (‘galumphing’ on
land or swimming in water).

We scored SWS when continuous high amplitude (>10uVZ2/Hz) slow waves
between 0.5 and 4 Hz occupied >50% of the 30-second epoch (Figure 1.4B). The peak-
to-peak amplitude of slow waves varied slightly between recordings and recording
location (land v. water). On land, SWS amplitude typically reached or exceeded 75uV (a
standard threshold for humans). Delta spectral power was >2-fold greater during sleep
than during neighboring periods of quiet waking or rapid eye movement sleep (except
with extensive water intrusion - see Signal Quality Analysis). SWS occurred
independently of breathing and always involved symmetrical high amplitude activity in
each hemisphere, low muscle activity in the EMG channels, and no visible eye activity in
the EOG channels. We subdivided SWS into two stages for quantitative analysis: SWS1 &
SWS2. High amplitude slow-wave sleep (SWS2) was scored when slow waves reached
their maximal amplitude (compared to neighboring sleep cycles). In contrast, low-
amplitude slow-wave sleep (SWS1) was a transitional state scored when slow waves
exceeded the amplitude of EEG activity during waking by at least 1.5X and were not
maximal in amplitude compared with neighboring sleep cycles. K-complexes and sleep

spindles were present in SWS1 but not in SWS2. We scored drowsiness (DW) when
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episodes of fragmented SWS (interrupted by waking EEG activity) occupied >50% of the
30-second epoch (Figure 1.4A).

We scored rapid eye movement sleep (REM) when low voltage, high-frequency
EEG activity coincided with an increase in heart rate variability for >50% of the 30-
second epoch, consistent with previous sleep studies of walruses during sleep apneas
(13). Although our surface-mounted EOG sensors reliably detected eye blinks, we only
occasionally detected eye movements (more subtle than eye blinks) during REM. As
such, we did not rely on EOG for scoring REM. Instead, we conservatively scored rapid
eye movement sleep only when both low voltage activity and heart rate variability were
observed. Muscle activity (measured with EMG on the neck) during REM was sometimes
lower than during SWS but usually remained unchanged if EMG activity was already low
in SWS. The subtle changes in EMG may result from our reduced ability to detect fine-
scale changes in muscle tone using non-invasive surface electrodes and the fact that the
seals typically sleep with their head outstretched on the ground.

We used very-low frequency heart rate variability (HRV) power (total power
between 0-0.005 Hz; 8K FFT Hann (cosine-bell) window with 50% overlap) to
subdivide low-amplitude, high frequency EEG periods following slow wave sleep high
HRYV (high-certainty REM) versus low HRV (putative REM). Both high HRV and low HRV
REM episodes coincided with behavioral characteristics of REM such as closed eyes,

motionlessness, occasional muscle and whisker twitches, occasional whole-body jerks,
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and rapid eye movements. However, we conservatively restricted the quantitative
signal analysis (next section) to high HRV REM episodes.
1.3.8 Quantitative Signal Quality Analysis

Of several techniques employed to assess signal quality in lab-based
experiments, many are not feasible for field experiments with wild animals. For
example, our device cannot measure impedance, a measure of effective resistance of the
tissues overlying the skull often involved in signal quality assessments (78). Others,
such as quantifying alpha-band power due to the Berger effect (79) or theta-band power
during REM, are only possible if these signals are detected from the occipital lobe or
hippocampus (respectively), outside the scope of our frontoparietal EEG montage.
Therefore, we chose to examine delta spectral power (&) during SWS divided by delta
spectral power during REM (SWS 6/REM 06) to measure signal quality over time.
Although sleep signal amplitude may vary across animals and age classes, changes in
delta power over time can be used to determine the reliability of a novel recording
technique over long, multi-day recordings (78). Like these previous studies, we also
applied subject-specific linear regression models and group-specific linear mixed-
effects models to assess the impact of age (<1, <2, and <3 years old), recording location
(land v. water), and design iteration (V1, V2, and V3). The data were analyzed in J]MP®
Software (Cary, NC) (51) and R (80) and visualized using ggplot2 (81).

We selected one EEG channel per animal (out of 9 channels: 4 raw EEG, 4 EEG
pruned with ICA, and one maximal brain IC) with the fewest motion artifacts for
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quantitative signal quality analyses. We calculated delta spectral power (0.5-4Hz) for
the best EEG channel for 30-second epochs of SWS2 and REM. Spectral power analyses
were performed with a Fast Fourier Transform (FFT) using a Hann (cosine-bell) data
window with a sample size of 1024 points and 50% window overlap.

1.4 RESULTS

1.4.1 Phase 1: Stationary Recordings

1.4.1a Phase 1a: Electrode types

We found that Genuine Grass reusable goldcup electrodes and Ten20™ (Weaver
and Company) conductive paste produced the most reliable recordings. In addition to
allowing continuous signal conduction, conductive paste helped attach electrodes
during stationary recordings without adhesive. Among the dry electrode options we
tested, each one introduced “popping” artifacts indicating interrupted contact with the
skin (Figure 1.5). When we tested soft dry electrodes and flat dry electrodes, we found
that the flexible polymer optimized for smooth, human skin did not make good contact
with the rough skin of the elephant seals.

We tested a few goldcup electrode alternatives, which performed similarly, but
varied greatly in their ability to resist corrosion over time (Genuine Grass outperformed
Technomed). When we directly compared goldcup and needle electrodes (similar to
those used in the past to record sleep in elephant seals - (27,28)), we detected auditory
cortical responses of similar amplitude and time course when comparing auditory

evoked potentials of goldcup versus minimally invasive needle electrodes (see
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additional file 2). However, the goldcup electrode signals were more susceptible to

electrical noise in high-noise lab environments (50-60Hz).
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Figure 1.5. Signal quality comparison across several surface-mounted electrodes. This
recording demonstrates brain wave attenuation during euthanasia and the superior signal
quality of (A) Genuine GRASS® goldcup electrodes, followed by (B) DATWYLER SoftPulse™ flat
dry and (C) dry brush electrodes, and then by (D) soft dry DRYODETM electrodes. Snap-on
surface mounted electrodes with conductive gel and adhesive reliably detected (E) muscle
activity (EMG) and (F) heart rate (ECG) attenuation. The animal was deemed unfit for release by
TMMC veterinarians and euthanized due to congenital defects unrelated to this study.

1.4.1b Phase 1b: Electrode configurations

We determined ideal electrode configurations for detecting heart (ECG), brain
(EEG), and eye (EOG) activity during preliminary stationary recordings at TMMC and
preliminary tests at Long Marine Lab. Using a referential montage, we recorded the
highest amplitude slow waves with electrodes placed apart >5cm (peak-to-peak slow-
wave amplitude >2-fold greater than using a differential montage; Figure 1.6). However,

these larger signals were subject to larger artifacts, and the loss of a single reliable
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reference electrode occasionally resulted in the loss of any usable signals. We used a
differential montage across electrodes placed no more than 5cm apart for the
remainder of our recordings. In addition, by placing electrodes closer together, we can
decrease the necessary size of the footprint. We found that our selection of a differential
montage (as opposed to a montage referenced to a single electrode) allowed us to
continue recordings after losing single EEG signals. We found that placing a differential
EOG electrode pair approximately 2cm posterior from the outer canthus more
selectively detected eye activity than if the reference electrode was placed near the
ground electrodes on the forehead. We recorded peak-to-peak ECG amplitudes more
than twice as large when using an asymmetrical differential montage (anterior to one
fore-flipper, posterior to the other) compared to symmetrical placement anterior to the

fore-flippers (Figure 1.6).
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Figure 1.6. Electrode configurations for signal maximization. (A) Electrode configuration for
stationary and free-moving recordings showing positions of ground, electrooculogram (EOG),
electroencephalogram (EEG), electromyogram (EMG), and electrocardiogram (ECG) electrodes.
(B & C) EEG traces during SWS in Seal #4 demonstrate higher peak-to-peak amplitude of slow
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waves using the referential montage than recorded simultaneously with a differential montage
(green line) (189uV v. 73uV). (D & E) Heart signals derived from the symmetrical anterior
placement of both ECG leads (Seal #14) are more than twice as large as heart signals derived
from contralateral placement (dark blue line) of ECG leads (Seal #12).

1.4.2 Phase 2: Portable datalogger with freely moving animals
1.4.2a Raw signal quality

We recorded reliable electroencephalogram (EEG) and electrocardiogram (ECG)
signals in several different settings (Figure 1.7). Overall, we could always extract heart
rate peaks, whether the animal was moving or not, and reliably detected changes in EEG
activity whenever the animal was calm, including when the animal was resting on the
ocean floor from 1 m to 200 m deep, and while drifting at the surface and at depth
(~200-300 m) in the open ocean. Here, we present examples of raw signals recorded in
these different settings and highlight the ability to discriminate between low-frequency
(0.5-4 Hz) and high-amplitude (>50 pV peak-to-peak amplitude) EEG signals during
SWS, compared to the high-frequency and low-amplitude signals observed during REM
sleep (Figure 1.7). These excerpts also show high heart-rate variability characteristic of
REM sleep. We include 1-minute raw signal data excerpts for each setting in our open-

source data repository (52).
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Figure 1.7. Raw signal quality across recording locations. 10-second electroencephalogram
(EEG) and electrocardiogram (ECG) data excerpts shown with uniform scaling (EEG 5X
magnified compared to ECG) across plots for comparison of signal quality across active
behaviors i.e., galumphing [forward movement on land] or swimming in water) and distinct
sleep states i.e. slow-wave sleep (SWS) and rapid-eye-movement sleep (REM)). We show usable
ECG in red (automated peak-detection possible), usable EEG in blue (no movement artifacts-
visual and quantitative sleep state analysis possible with unprocessed raw signals), and unusable
EEG in gray (signal processing required to use EEG to distinguish sleep states). We detected
heart rate, but not sleep state, while the animal was active on land (1A) and in water (24, 3A, &
4A). We were able to detect sleep state (difference between SWS & REM) when the animal was
calm, whether that was on land (1B-C), stationary in water (2B-C), or drifting at the surface (3D-
E).
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1.4.2b Heartrate (ECG) raw signals

We recorded reliable heart rate signals even while the seal was actively
galumphing (forward motion on land) and stroking (swimming back and forth in water)
(Figure 1.7). For most recordings, we could locate heartbeats using automated peak-
detection using standard settings, consistent with the “large dog” preset using
ADInstruments’ LabChart software (QRS width=60ms, normalized across a 4-sec
window, with a minimum detection period of 180ms). However, when motion was
vigorous, and we did not use shielding or heat shrink to reinforce ECG wires, the peaks
were not adequately recognized by automated software, although still distinguishable to
the human eye (Figure 1.8; 4A&B).
1.4.2¢ Brain activity (EEG) raw signals

As is typical for sleep studies, we could not record artifact-free EEG signals
during vigorous forward motion. However, we recorded clean signals when the animal
was still or during calm grooming or repositioning. The main obstacle to recording clean
EEG signals was contamination by larger ECG signals that usually appeared as soon as
the electrodes became wet (Figure 1.8; 1A-B). In early designs, where water intrusion
was significant, we could visually discriminate between SWS and REM sleep. Still,
artifacts complicated visual analysis and made quantitative analysis impossible. With
our final headcap and patch design, we minimized water intrusion and were able to
record clean EEG signals with minimal heart rate artifacts. In two recordings, our

electrodes stayed dry for the duration of the experiment (verified by water-contact
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indicator tape and the persistence of conductive paste), despite the animal going in and
out of water for 5 days. However, even in cases where there was some water intrusion,
efforts to minimize it seemed to improve signals by helping prevent the flow of
saltwater over and between electrodes.
1.4.2d Electrical contamination

Electrical recordings amidst other telemetered and transmitting devices
presented significant signal detection challenges. Using the standard programming for
VHF animal tracking tags, 200ms pulses are transmitted at 148-149 MHz every 1.7
seconds. Since these signals fall well beyond the sampling frequency of our device, noise
from a tag such as this collapsed broadly into a mixture of low-frequency and high-
frequency noise (Figure 1.8; 2A-B). We recommend configuring a custom VHF
transmitter to delay transmission until the end of the experiment to minimize this
interference (Figure 1.8; 2C-D). Similarly, satellite tag transmissions briefly interrupted
signals detected by the tag, but at a lower transmission frequency (once per 92 seconds)
(Figure 1.8; 3A-B). It was possible to remove these large anomalies using methods
previously applied to remove ECG artifacts from EMG data (82), similar to manual
artifact-removal methods for ECG artifact removal in cetacean EEG papers (41) (Figure

1.8; 3C-D).
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Figure 1.8. Signal quality challenges and solutions. 10-second sequences of ECG and EEG with
consistent scaling across plots (EEG 20X magnified compared to EEG). Vertical gray lines
represented automated peak detection results. (1A-B) EEG signals with heart rate (HR) artifacts
caused by water intrusion, resolved in later iterations that minimized water intrusion (1C-D).
(2A-B) VHF transmitter pings obscure ECG peak detection and EEG recordings on land but not in
water (2C-D). (3A-B) EEG and ECG signals obscured by satellite pings. (3C-D) We replaced ~5
seconds of data surrounding the ping with data before or after the ping. Manual ping removal can
facilitate quantitative analysis by improving automated peak detection but can locally interrupt
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fine-scale patterns such as irregular heartbeats (visible in 3B but not 3D). (4A-B) Wires
reinforced by shielding and heat-shrink outperform insulated electrode wires covered with
liquid electrical tape.

1.4.2¢ Signal processing to improve sleep detection

We were able to recover signal quality using ICA to isolate both contaminating
signals (ECG) and signals of interest (EEG). In most cases, our raw signals were
improved by the removal of heart rate artifacts via ICA, which facilitated both visual and

quantitative scoring (Figure 1.9).
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Figure 1.9. SWS vs. REM before and after ICA processing. (A) Three spectrograms (90-minute
duration) show the progressive improvement in signal quality for visual discrimination between
SWS and REM (designated in the top hypnogram) between the raw EEG signal and the pruned
EEG signal contaminating ICs removed, and the IC that maximally expressed brain activity. 1-
minute waveforms from SWS (B) and REM (C) show progressively improved signal quality from
Raw EEG (purple), Pruned EEG (blue), and the ICs that maximally expressed brain activity
(green).
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After running ICA on a subset of our data while the animal was stationary in the
water, we applied those weights to entire recordings and inspected the resulting ICs. In
all cases, we were able to identify ICs that maximally expressed contaminating artifacts
(e.g., IC1,IC2, and ICY in Figure 1.10B) and one IC that maximally expressed brain
activity (e.g.,, IC5 in Figure 1.10B). The maximal heart ICs were identified visually as
containing any recognizable component of ECG waveform (e.g., IC1 & IC2 in Figure
1.10B) and confirmed in topographic maps to be tied to the posterior ECG lead (Figure
1.10A & C). We also removed any identifiable contaminating electrical signals (constant
frequency; e.g., IC9 in Figure 1.10B). We visually identified the IC that maximally
expressed brain activity (IC5) as the one with distinct slow waves during SWS and low-
voltage activity during REM. We confirmed this with its topographic map relating to the

four EEG electrodes (Figure 1.10D).
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Figure 1.10. ICA outputs over space and time. (A, C, & D) Topographic maps with spherical
interpolation (EEGLAB) show each IC’s spatial weights based on the relative spatial orientation
of sensors on the seal (EEG above cortex, EMG on neck, and ECG near pectoral flippers). Each
diagram represents a single IC where red or dark blue (opposite polarity) represents strong
spatial weights for each electrode location. IC1 & 2 are opposite polarity components of the heart
signal from rear heart rate sensors, while EEG electrode locations above the brain generate IC5.
(B) ICs over time, showing the ECG waveform in IC1 & 2 and slow-wave sleep in IC5.

1.4.2f Signal quality analysis

Signal quality across Version. We made several adjustments between V1 and
V2 to make the frontend lighter and more streamlined, some of which decreased signal

quality through water intrusion and the lack of wire reinforcement or shielding. In V3,
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we recovered signal quality through more thorough waterproofing and wire
fortification of V2’s design. We examined delta (8) spectral power differences between
SWS and REM over several days to examine the effects of design iteration (V1, V2, and
V3), age (from 0 to 1, 1 to 2, and 2 to 3 years old), and recording location (land versus
water) (Figure 1.11; Supplemental File 3). In a mixed-effects model of signal quality
over time (individual as a random effect), we found a significant interaction between
signal quality over time and version (p=0.0366*). V2 displayed a significant negative
trend over time (V2: slope=-3.538+1.016 p=0.032*), V1 and V3 did not significantly
degrade over time (V1: slope=-1.807+1.682 p=0.3951; V3: slope=-0.7695+0.5053
p=0.1486) (Figure 1.11A). Because we introduced animals to water later in the
experiment, we separately examined the effect of location on signal quality.

Signal quality across Locations. Overall, signal quality was lower in water than
on land (A SWS 6/REM 6= 3.427+0.5121; p<0.0001*; Figure 1.11C), but that difference
varied between versions (p=0.0026*; Figure 1.11& Figure 1.12). Signal quality was
significantly lower in water than on land for V1 (p=0.0012%*) and V2 (p<.0001*), but we
were able to minimize the impact of water intrusion on signal quality by V3 (p=0.9753)
(Figure 1.11C-D).

Signal quality across Ages. We found no significant difference in signal quality
between oldest (2-3 years old) and youngest (0-1 year old) animals when on land (A
SWS 6/REM 6= 6.6931+2.812; p=0.1646; Figure 1.11E). The large difference between

land and water signal quality seen in 1-2 year-olds is likely due to the predominant use
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of V2 on those individuals, which had the greatest decrease in signal quality due to

water intrusion (A SWS 8/REM 6= 15.002+1.766; p<.0001*; Figure 1.11F).
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Figure 1.11. Signal quality across time, location, age, and version. Signal quality (delta
spectral power during SWS divided by that during REM) presented on a log scale over time,
location, age, and version. The horizontal grey line signifies the threshold necessary to

quantitatively distinguish between SWS and REM (at least a 2-fold difference). (A) Signal quality
over time in days for all animals, showing a slight decrease in signal quality (due to the inclusion
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of earlier versions). (B) Signal quality over time in days across subsequent versions of the
instrument (V1, V2, V3), showing more consistent signal quality for V3. (C) Signal quality over
location for all animals, showing overall lower signal quality in water than on land. (D) Signal
quality over location across each version, showing improved resistance to water intrusion and
resulting signal quality decrease. (E) Signal quality over age in years across all animals, showing
the lowest signal quality in the oldest animals. (F) Signal quality over age in years shows the
smallest signal quality decrease due to water in recordings with yearlings and 2-3 year-olds.
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Figure 1.12. Effect of water submersion on signal quality. Lollipop plots showing delta
spectral power of slow-wave sleep (SWS) connected to subsequent delta during REM, colored
according to recording location (land in red and water in blue). Plots are aligned such that the
first and last sleep cycles of each recording are aligned. Smaller lines after initial water
submersion show the resulting decrease in signal quality, which is minimized in later iterations
of the tag.
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1.5  DISCUSSION

In Phase 1 of our study, we found the electrode type and configuration that
performed best in our experiments: a differential montage of Genuine Grass goldcup
electrodes attached with a conductive paste. The differential montage outperformed the
single reference electrode because it allowed us to obtain reliable signals despite the
occasional loss of individual channels. We then created and tested a robust, portable
system in Phase 2. Our logger housing design enabled the use of up to 21 independent
electrical signals (separate wires) and the detection of pressure, illumination, LED, and
Bluetooth signals from the exterior of the housing. We found that small acrylic windows
allowed adequate signal transmission despite the housing’s thick aluminum wall.
Ultimately, we designed a system using electrically shielded and reinforced wires
combining polyurethane and silicone potting materials to minimize water intrusion,
expedite patch removal, and facilitate patch renewal and reattachment.

We reliably identified SWS on land and in water. Still, signals were smaller in
water than on land. The effects of age and tissue thickness were difficult to tease apart
statistically due in part to our iterative design process. Despite typically smaller
amplitude slow waves in water and in older animals, we were always able to distinguish
between SWS and REM in older animals using our final design iteration, even during
rest behavior in our most challenging recording environment (drifting through
seawater in the wild). This leads us to believe that careful waterproofing and
attachment could allow recordings with free-ranging adult animals. Based on pilot
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studies at TMMC, we also expect to obtain reliable EEG signals (potentially including
seizure detection) from surface-mounted sensors with California sea lions (Zalophus
californianus). It is difficult to predict the success of surface-mounted sensors for
continuous EEG recordings for animals with smooth skin and thicker blubber layers
such as cetaceans. However, improvements in suction cups, sensor technology, and
signal processing have allowed short-term EEG recordings, in-water auditory evoked
potential recordings, and artifact removal in bottlenose dolphins (41,53). If suction cups
can adequately exclude water and minimize lateral movement, longer-term surface EEG
recordings of cetacean sleep may be possible (41).

We successfully removed heart artifacts with ICA and identified an IC that best
expressed brain activity. This IC was most reliable for sleep scoring and maintained the
spectral properties of sleep states. A primary concern in signal processing is whether
the methods remove essential features of the signal of interest along with contaminating
artifacts. In our case, it was critical to examine the spectral features of the IC that we
identified as maximally expressing brain activity to ensure that this IC was sufficient for
identifying sleep stages. When we compared the power spectrum of the raw EEG,
pruned EEG, and the maximal brain IC, we observed that the power density spectrum of
the IC during SWS (bottom-most bold line; Figure 1.13A) closely resembled the power
density spectrum of raw signals during SWS in the absence of any heart rate artifacts
(bottom lines; Figure 1.13B). This suggests that the maximal brain IC preserves the

spectral features of SWS. Likewise, the power density spectrum of the raw EEG signal in
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the presence of artifacts (top-most line; Figure 1.13A) closely resembles the raw
electrocardiogram signal (top-most line; Figure 1.13B), suggesting that the

contaminating signals removed via pruning with ICA are primarily generated by the

heart.
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for one minute of slow-wave sleep (SWS) and one minute of rapid-eye-movement sleep (REM)
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(see Figure 11 for raw waveforms) with significant heart rate artifacts in the
electroencephalogram (EEG). The plot compares spectral power over frequency for raw EEG
(violet), EEG pruned with ICA (blue), and the IC that maximally expressed brain activity (green)
for both SWS (bold upper line) and REM (thin lower line). This demonstrates the greater
discriminatory power between SWS and REM in the delta frequency range in EEG signals
processed with ICA (shaded areas). (B) Power spectral density (PSD) plot for 1 minute of SWS
where there was no significant heart rate artifact in the EEG, demonstrating the spectral features
of the raw electrocardiogram (ECG) signal, apparent in the raw EEG signal in 13A. In addition,
left and right raw EEG signals show that the spectral features of SWS are primarily preserved in
the maximal brain IC, shown in 13A. Note the different horizontal and vertical scales of A & B.

We reliably recorded heart rate on land and in water during motion and at rest
but recorded the highest quality signals with shielded wires that were reinforced with
heat shrink. Although we could detect larger-scale eye blink detections in the
electrooculogram (EOG), we could not reliably detect smaller amplitude eye deflections
during REM sleep that are readily picked up from electrodes implanted into the eye
orbit (42). Similarly, our surface-mounted electromyography (EMG) electrodes only
occasionally demonstrated a difference in muscle tone between SWS and REM sleep,
suggesting a lower sensitivity than previous studies using invasive EMG to distinguish
REM sleep in elephant seals (27,28). However, we could reliably identify REM using
low-frequency heart rate variability, as in previous sleep apnea studies in walruses (13).

There were additional considerations when pairing the sleep-recording device
with typical animal tracking tags. The typical transmission frequency for a VHF animal
tracking tag is less than two seconds, not long enough for the electrophysiological
signals to return to baseline after an interruption of high-frequency noise collapsed into
the 500Hz recording frequency of the logger. We ordered a custom VHF tag duty cycled

so that the transmitter would remain off for five days after being activated, and then
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would ping at a frequency of only once per minute, allowing us to record reliable
electrophysiological signals between each ping. In addition, because we had to place the
sleep recording device on the top of the head, we had to place the Argos transmitter
further back on the body, where it seldom exited the water to provide location
coordinates. Future research can focus on creating a smaller, integrated, potted unit
mounted on the head to maximize high quality location data.

Future studies can reduce the size and impact of the datalogger housing by
potting the device in epoxy. Our design prioritized SD-card recovery and datalogger
adjustment at this early prototyping stage. Future research could include creating a
smaller, streamlined version of this device that focuses on recording only EEG and heart
rate, both necessary for discrimination between SWS and REM based on our results.
This refinement would reduce the headcap’s footprint by prioritizing EEG over less
critical EOG sensors. For sleep studies of bilaterally sleeping phocids, a single reliable
EEG and ECG pair (and additional ground electrode) could be adequate for sleep
characterization. However, we recommend recording at least four independent
channels to increase the likelihood of continuous sleep state characterization. In
addition, the number of independent components available for signal processing is
proportional to the number of channels. A higher number of channels facilitates
isolating contaminating artifacts from signals of interest. For unihemispheric sleeping
cetaceans, sirenians, and fur seals, additional EEG channels are required to characterize

independent changes in each hemisphere.
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Due to the large size and limited availability of underwater connectors with
more than 21 pins, we were limited to recording 10 differential electrophysiological
signals (we chose to record 9 with 3 redundant ground electrodes). However, if a
differential montage or underwater connector is not required, it would be possible to
record up to 32 independent signals using the same Neurologger3 to improve spatial
coverage. While this number is still far below the quantity recommended for source
estimation in humans (minimum of 128 channels recommended) (54), higher density
arrays (even <32 channels) could provide helpful information in the assessment of
auditory evoked potentials in free-moving cetaceans or epilepsy in California sea lions
(41,55).

Our study builds on advances in animal biotelemetry and technological
miniaturization to allow the first recordings of marine mammal sleep in the wild, the
context in which it evolved. EEG recordings are necessary to distinguish between
behavioral sleep, SWS, and REM sleep, each of which provides distinct restorative
functions to the brain and body. Our EEG device enabled sleep state categorization for
wild northern elephant seals across their sleeping habitats. Future studies can use these
methods to examine sleep patterns across individuals, ontogeny, and habitats to
establish activity budgets and total sleep time for a large, highly mobile mesopredator.
Total sleep time can be used to investigate the ties between sleep, ecology, cognition,
and body size, furthering our understanding of wild animal resting behavior and the

function and evolution of mammalian sleep (56,57).
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The phenology of sleep and stress is changing in the face of increasing
anthropogenic stressors (79). Ecophysiological studies of sleep and heart rate shed light
on the evolution and physiological underpinnings of natural behavior and the effect of
anthropogenic disturbance (2,7,8,11,12). By further developing these methods, we can
more accurately assess the natural physiology and behavior of wild animals and
quantify its alteration due to anthropogenic disturbance.

1.6  CONCLUSION

Our study provided a new, non-invasive electrophysiological method to record
sleep in wild marine mammals. We built a custom headcap that minimized water
intrusion to allow successful EEG discrimination between SWS and REM sleep with
captive and wild animals, on land and in water, stationary and drifting through
seawater. Over subsequent design iterations, we were able to minimize water intrusion
and the resulting signal quality loss (6 power SWS/§ power REM), such that most sleep
cycles remained above a quantitative threshold (SWS 2-fold higher than REM)
throughout multi-day recordings. Our ECG signals provided reliable heart rate
measurements whether animals were moving or calm and captured largescale low-
frequency heart rate variability that distinguished REM from quiet waking. We discuss
signal quality challenges and solutions, including ICA to facilitate visual and quantitative
sleep scoring. Our study builds on technological advances and provides detailed
recommendations to guide scientists in creating new tools to investigate sleep and heart
rate in wild animals.
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*This research represents partial requirements for the dissertation of ]. Kendall-Bar.

2.1 ABSTRACT

While it is widely recognized that sleep is critical for mammalian survival,
marine mammals are constantly on the move- often traveling thousands of kilometers in
search of food. We developed a novel system to measure sleep in deep-diving northern
elephant seals (Mirounga angustirostris; N=13). Their breath-holding capacity liberates
a niche where they can safely sleep at depth, during short (< 20 min) naps up to 377 m
below the surface (N= 104 sleeping dives). We apply these results to identify rest in
time-depth records for 323 seals. Seals travelled thousands of kilometers, sleeping ~2 h

per day for several months, an endurance sprint to gather sustenance at sea.
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2.2 INTRODUCTION

Across the animal kingdom, sleep plays a critical role in energy conservation,
immune function, memory, and learning (1). In humans, disruptions to sleep negatively
impact health with severe consequences. Humans suffer from obstructive sleep apnea,
where intermittent breathing disrupts sleep, lowers sleep quality, and causes
widespread pathology (2). Shift work in humans disrupts endogenous cycles and
impacts immune function (3). For wild animals, diverse sleep patterns reflect
adaptation to conflicting demands to feed, maximize fitness, and escape predation. Daily
circadian rhythms confer adaptive advantages (4). Sandpipers that sacrifice sleep sire
more offspring (5). While sleeping, cows chew, horses stand, ostriches stare,
frigatebirds fly, and dolphins swim (6-10). Our understanding of sleep’s function and
pathology is augmented by studying its most extreme forms in the wild (1).

Marine mammals must feed, maintain vigilance for predators, regulate body
temperature, and surface to breathe. Activity budgets of mammals at sea balance these
tradeoffs and push them towards physiological extremes. Adult female northern
elephant seals (Mirounga angustirostris) travel more than 10,000 km during seven-
month foraging trips, spending only 2 min at the surface between 10 to 30 min dives
(11, 12). On dives, seals routinely experience hypoxemia and near-complete blood
oxygen depletion (13). Round-the-clock foraging (1000 to 2000 times a day) is critical

to support their large body mass given relatively small prey (14). While functioning at
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these physiological extremes, an open question remains: how do these marine mammals
survive and sleep at sea?
2.3 METHODS
2.3.1 A new tool to detect brain activity at sea

We developed a novel submersible electroencephalogram (EEG) system (Figure
2.1; Kendall-Bar et al. 2022; in press) to non-invasively detect the brain activity of free-
moving juvenile female northern elephant seals (N=13 seals). We recorded sleep in a
controlled lab environment (N=5 seals) and in the wild (N=8 seals) among 4 locations:
(a) on the beach, (b) in shallow water, (c) on the continental shelf (< 250 m), and (d) in
the open ocean (> 250 m). We used these EEG records to identify sleep signatures
within dive records, which allowed us to estimate sleep in dive records of 323 adult
female northern elephant seals at sea over several months.

2.4  RESULTS

We recorded electrophysiological sleep during 104 dives at sea, where seals
either slept on the ocean floor (64-249 m) or drifted through the water column (82-377
m) (Figure 2.1). Sleep in marine mammals is unique given that inactivity matching the
definition of behavioral sleep can be absent entirely (8). As a result, electrophysiological
recordings are essential to assess total sleep time. EEG recordings also discriminate
rapid eye movement (REM) from non-REM slow-wave sleep (SWS), each with unique
physiological and behavioral implications. Most notably for an animal sleeping at sea,

REM sleep often results in sleep paralysis.
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Figure 2.1. Three-dimensional drift dive sleep patterns. (A) Timeseries data for a 23-minute
drift dive showing L EEG spectrogram (Power (dB) for Frequency (Hz) over time), Heart rate
(beats per minute [bpm]), R and L EEG (uV), Roll (degrees [°]), z-axis Gyroscope (rotations per
seconds [rps]), Strsoke rate (strokes per minute [spm]), and Time (minute of dive). (B, C, & D)
Raw EEG and ECG signals demonstrate differences between waking (left of B), light sleep with K-
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complexes and sleep spindles (right of B), deep slow-wave sleep (C) with large amplitude slow
waves, and rapid-eye-movement sleep (D) with low voltage, high-frequency EEG activity, and
high low-frequency heart rate variability. (E) EEG logger attachment configuration
demonstrating headcap and logger placement. (F) Schematic demonstrating placement of EOG,
EEG, EMG, ECG, and ground electrodes. (G) Three-dimensional dive profile color-coded by sleep
state (Active Waking [AW] in dark blue; Quiet Waking [QW] in light blue; Light SWS [SWS1] in
light green, Deep SWS [SWS2] in teal; REM in yellow-orange). (H) Depth over time shows nested
durations of gliding, electrophysiological sleep, constant drift rate, and spinning.

As a result of this sleep paralysis, animals are particularly vulnerable to
predation (1). This might suggest that seals at sea, evading killer whales and white
sharks (15, 16), would limit REM in preference to SWS. Cetaceans studied in captivity
have no signs of REM sleep, presumably because this cessation of activity would prevent
them from surfacing to breathe (8). However, even in seals at sea, we found that
elephant seals exhibit a relatively large proportion of REM sleep (26.5% * 5.0% of total
sleep time across all animals and 29.1 + 4.3% at sea; compared to 3%, 4%, and 1% in
captive harp seals, walruses, and fur seals (19-21).

The seals’ three-dimensional behavior in the open ocean confirmed that they
always lost postural control, were upside down, and near horizontal during REM sleep
(Jroll| = 2.8 + 0.12 radians; pitch = -0.024 + 0.26 radians) (Figure 2.1). This long-lasting
combination of high roll and low pitch resulted in a slow spiraling behavior (~1 min per
spiral). These patterns, not present during waking, provide a biomechanical signature of
sleep. However, sleeping seals in SWS could maintain postural control while gliding
upright for several minutes. These results challenge earlier hypotheses that sleep begins
once animals are upside down and underscore the importance of EEG to assess sleep

state (15).

72



Daily sleep estimates are central to comparative sleep studies investigating
sleep’s function and evolution. We observed marked changes in total sleep time across
land and sea, where opportunities for social learning are replaced by foraging
opportunities and, in turn, the risk of being eaten (Figure 2.2). Seals slept up to 14.1 h
on the beach but as little as 0 h a day at sea (10.6 + 3.4 h on land; 1.7 + 0.7 h in the open
ocean). When they returned to land, seals exhibited characteristic sleep rebound
consisting of a long, consolidated period of high-voltage slow-wave sleep followed by
shorter, lower-voltage sleep cycles.

We built a custom rest identification model (92% accuracy; see Supplementary
material) based on the biomechanical signatures of SWS and REM from EEG-based sleep
recordings (Figure 2.3). We applied this model to estimate sleep quotas over several
months at sea, using a 20-year dataset with high-resolution diving data from 323 seals

(N=183 short trips [79.9 + 18.0 days] and N=140 long trips [221.7 * 19.2 days]).
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Figure 2.2. Sleep patterns from land to sea. (A) Daily sleep quotas for seals in the lab (on land
and in shallow water) and in the wild (on land, in shallow water, on the continental shelf, and in
the open ocean), including Active Waking (dark blue), Calm (lighter blue), Drowsiness (purple),
Rapid-eye movement (REM) sleep (yellow), and Slow-wave Sleep (SWS in light blue). (B)
Schematic showing resting postures of seals in each habitat, including seals resting on the ocean
floor on the continental shelf and drifting in the open ocean. (C) 2D map with bathymetry shows
georeferenced dead-reckoned tracks for two animals recorded at sea. (D) 3D map demonstrates
drift dive sequence off the continental shelf including drift dive from Figure 1 (center of figure).

Daily sleep quotas were universally low (1.2 + 1.2 h for short 80-day trips and
2.4 + 1.6 h for >200-day trips) (Figure 2.4). Surprisingly, seals slept more on the
continental shelf than in the open ocean (Figure 2.2), where predation risk from white
sharks and killer whales is likely greater (15, 18, 19). Seals at sea slept in ‘bouts’ lasting
from 5 (open ocean) to 36 (continental shelf) consecutive sleeping dives. At-sea
deployments co-occurred with frequent orca predation events in Monterey Bay (20)
and we recorded several dive inversions characteristic of a behavioral response to
disturbance (21). One disturbance occurred upon ascent from the 5th of a 7-drift-dive
bout (Fig. S9). However, the animal performed an additional sleeping dive after the
disturbance, comprised mainly of REM sleep. This response suggests that sleeping at

depth may not place the seal at elevated predation risk.
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Figure 2.3. Sleep identification model to identify the biomechanics of sleep. Time-depth
records for two juveniles (A & B) are colored to indicate surface intervals (light blue), dives (dark
blue), glides (blue), SWS (green), and REM (yellow). Identified sleep segments are denoted below
the dive profile, where outlined dots at the beginning and end of rest segments are colored from
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yellow to dark blue according to their overlap with a nap (“Percent Nap Overlap” in A & B).
Panels A1 & B1 demonstrate rest identification accuracy (false positives in blue, false negatives
in yellow, and true positives in green) for periods of sleep on the continental shelf, in the open
ocean, during negative buoyancy, and positive buoyancy. Panels A2 & B2 display EEG
spectrograms and heart rate for two adjacent sleeping dives. Panels A3 & B3 quantify daily
activity budgets (or provide estimates) in hours per day of diving, sleeping (upper bound -
includes all long drifts and surface intervals exceeding 10 minutes; best estimate includes
filtered long drifts and extended surface intervals), gliding (long glides more than 200 s),
sleeping (both SWS & REM), and exhibiting REM sleep.
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Figure 2.4. Estimating daily rest for 323 adult females. (A) Map with interpolated data for
sleep time per day across 323 adult females demonstrates higher sleep time along the coast and
foraging grounds. (B) Dive profiles for adult females are colored according to the same color
scheme in Figure 2.3. Outlined dots are now colored from yellow to dark blue according to their
overlap with a glide (“Percent Glide Overlap”).
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Figure 2.5. (A) Map showing estimated sleep per day across the North Pacific in the 13 seals
instrumented with stroke rate loggers. Each circle represents one day. Larger circles with darker
purple edges represent sleep upper bounds and smaller circles with bright yellow edges
represent best estimates of sleep. There are more and larger circles (indicating more time spent
and more sleep) near the coast and the seals’ foraging grounds. (B & C) Daily activity budgets
for adult female foraging trips. Daily activity budgets denote the hours per day spent during
surface intervals, diving, long glides (when available for N=13 accelerometer-equipped seals),
long drifts, sleeping (as estimated using our custom sleep identification model), and performing
long (extended) surface intervals (SIs). Northern elephant seal females demonstrated
consistently low sleep time throughout both trips, with lower sleep quotas during the shorter
foraging trip. The area plots represent averages across seals for each percentage of the trip. The
bar plots represent the mean across seals and trip percentages.

2.5 DISCUSSION
Our study spans multiple habitats and physiological demands to reveal the
extreme requirements for sustained foraging and predator vigilance for a trans-Pacific

shift worker. These recordings of brain activity at sea show a unique behavior that
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allows seals to drift safely in and out of consciousness as they move through space.
Previous studies speculated that floating patterns and cessation of feeding during drift
dives might be associated with rest (17, 22, 23). We demonstrate conclusive evidence of
electrophysiological sleep during and before corkscrew drifting patterns.

Among marine mammals, unihemispheric sleep (SWS in only one hemisphere)
allows swimming and breathing during sleep in captive cetaceans and eared seals (8,
24). In the wild, this means that dolphins and eared seals might be free to sleep during
transit or while maintaining vigilance for predators at the surface. True seals do not
have this option- they sleep bilaterally like humans. True seals either lost or did not
acquire unihemispheric sleep and developed an alternative solution: their superior
breath-holding capacity, which presumably evolved to exploit deep ocean food
resources, allowed them to sleep underwater (25).

Even while on land, the northern elephant seal exhibits bilateral sleep during
long, ~20-min apneas (26, 27). During sleep at sea, prolonged apneas can cause blood
oxygen depletion up to 81% Hb 0 (13). High rates of oxygen depletion during sleeping
dives (despite low activity) could be explained by the fact that seals may use this time to
process food (22) and/or, at least partially, by the fact that brain blood flow is higher
during REM than during waking or SWS (28). Further investigation into cerebral
hemodynamics in deep-diving seals may allow us to elucidate the metabolic demands of

the brain at sea.
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Sleep in terrestrial mammals is well-documented compared to marine
mammals. Sleep quotas range from as high as 20 h per day (African lion - (29)) to as low
as 2 h per day (African elephant - (30)). Large terrestrial herbivores support their body
size by diverting time from sleep toward continued foraging for low energy density
prey, while large carnivores typically spend bursts of energy on energy-rich prey (31,
32). As large carnivores, elephant seals partition these two strategies over long
timescales. In the absence of predators and prey while on land, seals slept like a lion,
resting between high-energy-expenditure trips to sea. At sea, elephant seals resemble
elephants, grazing continuously in dark depths. The adaptations that enable this
predator to forage on deep-sea prey also allow it to sleep (albeit very little) in those
depths, far from predators at the surface.

2.6 CONCLUSION

At the scale of a dive, elephant seals sacrifice oxygen to sleep far from predators.
Across the Pacific, their large body mass facilitates this enhanced diving capacity at the
cost of an increased energetic demand that requires elephant seals to sacrifice sleep to
prioritize feeding for months on end. Strong evolutionary demands to avoid predation
and starvation have sculpted this elite diver into a highly specialized sleeper that
leverages its extreme physiology to circumvent the chronic and pervasive pathology of

sleep apnea and sleep deprivation that plagues humans.
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dive sleeping bout and is followed by a (deeper) period of REM sleep.
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2.8 SUPPLEMENTARY MATERIALS
2.8.1 Animals and Instrumentation
2.8.1a Sleep (EEG) Recordings

We recorded electroencephalogram (EEG), electrocardiogram (ECG),
electrooculogram (EOG), electromyogram (EMG), depth, environmental temperature,
illumination, and three-dimensional inertial motion sensing (accelerometry,
magnetometry, and gyroscope) in 13 juvenile female northern elephant seals using a
custom, non-invasive EEG headcap and ruggedized housing (Kendall-Bar et al., 2022, in
press; Table 2-1). The custom headcap attached with AquaSeal™ adhesive (GEAR AID
®) was designed to minimize water intrusion to surface-mounted Genuine grass

goldcup electrodes measuring the front-parietal derivations of the left and right
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hemisphere (4 EEG, 2 EOG signals). Patches attached near the pectoral flippers and neck
measured ECG and EMG. The custom, ruggedized, and waterproofed (>2000 m) housing
contained a Neurologger3 (© 2016 Evolocus LLC) for data storage at 500Hz
(electrophysiological signals) and ~36Hz (250/7 = 35.7143Hz; environmental and
motion sensors) on a 200 GB microSD card. We down-sampled inertial motion sensors
to 8 st intervals for the training and validation of the sleep-identification model of a
larger dataset, including records with 8 s-1 sampling frequency.

(1A) Sleep in the lab. First, we recorded sleep in 5 juveniles (2 8-month-olds
and 3 20-month-olds) temporarily housed at Long Marine Lab at UC Santa Cruz in Santa
Cruz, CA onland (310.4 h total - 12.6 days) and in a shallow pool (4.9 mx 3.0 m x 1.4 m;
153.5 h total - 6.3 days) (Table 2-1). (1B) Sleep in the wild. Next, we instrumented
seals (3 2-month-olds and 3 juveniles [14 or 24 months old]) on the beach that stayed
on land (375.9 h total - 14.3 days) and in shallow lagoons (205.5 h total - 8.3 days) at
Afio Nuevo State Park, CA. One of these seals also carried an animal-borne camera. (1C)
Sleep at sea. We recorded sleep at sea from 3 seals (194.4 h total - 8.1 days). One was
instrumented on the beach and spent 43.9 h at sea before returning to the beach. The
other two seals were translocated ~60 kilometers south of Afio Nuevo State Park and
released at Asilomar Beach in Monterey, CA. For all seals, instruments were recovered
2.5-5 days after attachment (total of 51.6 recording days). Recordings of EEG at sea (8.1
days total) were used as a to determine quantitative thresholds to interpret and identify

behavioral sleep in the following categories: time-depth and stroke-rate recordings.
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2.8.1b Time-depth Recorder (TDR) Recordings

Between 2004 and 2019, we instrumented 323 adult female northern elephant
seals with time-depth recorders and satellite transmitters (Wildlife Computers,
Redmond, WA, USA or Sea Mammal Research Unit, St Andrews, UK) for their post-molt
or post-breeding foraging trips according to established protocols (1-3) (Table 2-1).
Data was collected at 4 or 8 second intervals. We down-sampled data to 8 s-1.
2.8.1c Stroke-Rate (SR) Recordings - Validation Subset

A subset of these TDR seals was instrumented with accelerometers (N=13).
Accelerometers allowed detection of individual swimming strokes (using back- or
flipper-attached accelerometers) and foraging attempts (from jaw-attached
accelerometers). We used these recordings to calculate the false positive rate for our
sleep identification model (see ‘Sleep Identification Validation’ below). Original data
was collected at 50Hz using customized “kami kami” dataloggers (4). We processed
stroke counts and foraging attempts from accelerometer data into 5-second bins, later
down-sampled to 10 s-1, and subsequently paired to the KNN-nearest-neighbor 8 s
sample to maintain consistency across the larger dataset (sampled at 8 s1). We defined

glides as consecutive segments where stroke rate was less than 15 strokes per minute.

Table 2-1. Animal metadata table providing details on the animals’ ages, sex,
morphometrics, recording location (Long Marine Lab [LML], Afio Nuevo State Park [ANO],
Translocation [XLOC]), recording type (lab, wild, or translocation), recording duration (in days;
Land [LD], Shallow Water [SW], Continental Shelf [CS], Open Ocean [00]), total sleep time (hours
per day), and type of data collected (electroencephalogram [EEG], electrocardiogram [ECG],
webcam, animal-borne camera, kami-kami [jaw-mounted accelerometer], 3D motion, stroke rate
[back or flipper mounted accelerometer], DSLR video, and time-depth recorder).
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2.8.2 Procedures & Ethics

All animal procedures were approved at the federal and institutional levels
under National Marine Fisheries Permits 496, 836, 786-1463,87-1743,19108, 14636,
and 23188, and by the Institutional Animal Care and Use Committee (IACUC) of
University of California Santa Cruz (Costd1709 and Costd2009-2). All animals were
sedated for tag placement following standard protocols (5-10). Briefly, an induction
injection of intramuscular Telazol® [tiletamine and zolazepam] (1 mg/kg) was
maintained with doses of Telazol/ketamine/valium as needed. With the exception of the
EEG headcap and patches which were attached with flexible, skin-compliant AquaSeal™
(GEAR AID ®), all other tags were attached via flexible nylon mesh epoxied to the
animal’s fur, consistent with established practices for external attachment of animal
telemetry tags (11). At each handling, most animals were weighed in a canvas sling from
a hanging scale with precision +1 kg.
2.8.3 EEG Animal Observations

In addition to the datalogger’s inertial motion sensors, we recorded behavior
using video cameras whenever possible. Continuous low-resolution webcam footage
(Wyze Cam Outdoor 1080p HD Webcam; Wyze Labs, Inc.) and intermittent high-
resolution DSLR footage (Nikon® D7200) was used to document fine-scale eye, nostril,
and vibrissae movement for seals at Long Marine Lab and while animals were on the
beach at Afio Nuevo State Park. One weanling elephant seal was instrumented with a

small animal-borne camera to observe conspecific interactions while sleeping. Video
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data were visually scored at 1 Hz, where we recorded the animal’s activity level
(galumphing [active forward movement on land], swimming, quiet waking, visibly
breathing, or not visibly breathing), posture (prone, supine, left, right, vertical up, or
vertical down), social interactions (alone, not alone [conspecifics within 5 m], or social
[actively interacting with other animals]), location (land, wet [in water shallower than
body height], at surface, or underwater) (Figure 2.7; Table 2-2). With high-resolution
video, we recorded eye state (open, closed, eye movements), muscle twitches, whisker

twitches, and vocalizations.

ACTIVITY LEVEL INGIBRERE) orrFiNG

s S S <
VISIBLY =___> <
GALUMPHING W BREATHING NOT BREATHING

w W grooming or no visible movement no visible movement (even breathing)

repositioning except breathing BEHAVIOR Point Events

ANIMAL POSTURE TVOCALIZING TMUSCLETWITCH? WHISKERTWITCH

N4
VERTICAL VERTICAL
upP DOWN
A

INTERACTION  Point Events

SOCIAL ATTEMPTED
DISTURBANCE || DISTURBANCE
SOCIAL

UNDERWATER

Point Event 5
oo

Figure 2.7. lllustrations of behaviors coded during video scoring.
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2.84 EEG Data Processing

Binary 500Hz electrophysiological data were converted into EDF (European
Data Format) using a custom MATLAB (MathWorks, Inc.) application (Neurologger
Converter & Visualizer © Evolocus LLC). Raw electrophysiological data were processed
using Independent Components Analysis (ICA) in the MATLAB toolbox EEGLAB
(v2020.0) to identify and remove heart signals from EEG, EOG, and EMG, as discussed in

previous studies (12, 13). Raw signals were always maintained for cross-comparison.

Table 2-2. Verbal descriptions of behaviors coded during video scoring.

Behavior code Description
Not visible Animal is not in the field of view of the camera
Galumphing Actively moving forward using fore flippers and abdomen.
Swimming Actively swimming with fore or hind flippers.
. Quiet waking Animal is obviously awake (grooming, yawning, or repositioning).
Bﬁ: I}l]gi/l?;r Visibly breathing Animal is stationary, but visibly breathing.
Not breathing Animal is completely stationary and not visibly breathing.
Muscle twitch Muscle jerk (often happens during REM sleep)
Whisker twitch Whisker twitch where whiskers flinch, only score when stationary.
Vocalizing Animal vocalizing while jerking head up and down.
Prone (on belly) Animal laying on belly
Supine (on back) Animal laying on back.
Body Left side Animal laying on its left side
Position | Right side Animal laying on its right side
Vertical up Animal with nose pointed up
Vertical down Animal with nose pointed down
Land on Land
Animal Surface Surface of Water
Location | Underwater Underwater
Wet in water shallower than body height
Alone No animals visible nearby (or within 20 feet)
With other animals, but not actively interacting with other animals
(for example, sleeping side-by-side, calm or active within 20 feet of
. Not alone other animals).
Interactions Focal animal actively engaging with other animals socially (by
Social touching them, climbing over them, or swimming with each other).
Disturbance Conspecific activity causes a visible disturbance to the animal.
Attemnted disturbance | Conspecific activitv fails to cause a visible disturbance to the animal
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2.8.5 EEG Qualitative Analysis: Sleep Scoring

Guidelines for visual sleep scoring followed parameters established for lab-
based sleep studies of northern elephant seals and other marine mammals (6, 7, 14-16).
Sleep scoring criteria is as follows, with additional qualitative and quantitative criteria
in Kendall-Bar et al. (24):

1. Quiet Waking (QW; Figure 2.8D) - low voltage, high-frequency background
EEG activity (>50% of 30 s epoch) and accelerometer demonstrating only subtle
breathing or motion (i.e. rolling, grooming, or repositioning). 2. Active Waking (AW;
Figure 2.8E) - low voltage, high-frequency background EEG with motion artifacts or
accelerometer demonstrating more than subtle breathing or motion (>50% epoch). 3.
Slow-wave sleep (SWS; Figure 2.8D) - high voltage, low-frequency (0.5 - 4 Hz) EEG
(>50% epoch). We further subdivided SWS into SWS2 (maximal amplitude SWS) and
SWS1 (transitional state, voltage >1.5X QW with sleep spindles and K-complexes). 4.
Rapid-eye-movement (REM; Figure 2.8E) - low-voltage, high-frequency EEG with an
increase or change in heart rate variability (HRV) compared to SWS or QW. We
conservatively subdivided REM into putative REM (REM1) or certain REM (REM2)
based on the extent of HRV. We based our scoring of REM using HRV on previous
studies of bilateral aquatic sleep in marine mammals (14) and further quantify the
extent of low-frequency HRV by calculating the very low frequency (0-0.005Hz) power
of heart rate. We scored certain REM2 wherever this quantitative measure of HRV
exceeded ~1 (with some variability across animals), outside of a tachycardic eupneic

92



episode and its adjacent transition periods (Fig. S2 & Fig. S3). During both REM1 and
REM2, video footage demonstrated behavior consistent with REM, where we observed
closed eyes, no intentional movement, occasional whisker and muscle twitches, and

whole-body jerks. We provide sleep scoring results with and without putative REM for

comparison Table 2-3.
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Figure 2.8. Sleep scoring methods. Sleep stages were distinguished from distinct
characteristics of the EEG spectrogram, z-axis gyroscope (for breath detection), and heart rate.
Spectral power varied across stages from (A) Drowsiness (DW) with slow (10 s) oscillations
between slow waves and waking, (B) Slow-Wave Sleep (SWS1: low-amplitude SWS & SWS2:
high-amplitude SWS) high amplitude low-frequency activity, (C) REM Sleep with lowest
amplitude high-frequency activity and highest heart rate variability (HRV) (putative REM: low
HRV & certain REM (high HRV)), and (D) Quiet Waking (QW) low amplitude high-frequency
activity, and (E) Active Waking (AW) motion artifacts >50% of the epoch. We used the
combination of low delta spectral power, apnea, and high heart rate variability (not associated
with changes in respiratory state - apnea [not breathing] & eupnea [breathing consistently]) to
categorize REM sleep. During active waking, motion artifacts could be caused by large breaths or
active forward movement (‘galumphing’ on land or swimming in water).
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Table 2-3. Sleep scoring summary table. Total recording time (hours) spent in each sleep
stage per recording. Total sleep time (TST) is then calculated as percentage of total scored
recording time and normalized to h per 24 h day. Metadata match Table S1. Sleep stages include
active waking, quiet waking, putative rapid-eye-movement (REM) sleep, certain REM sleep, low-
voltage (LV) slow-wave sleep, high-voltage (HV) slow-wave sleep, and drowsiness. Average
unscored daily hours are provided for reference. We compare TST and the proportion of
REM/TST (REM % TST) with and without segments scored as putative REM (less pronounced
heart-rate variability) for comparison.
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2.8.6 EEG Quantitative Analysis: Spectral Power

We calculated delta spectral power (0.5-4Hz) for EEG channels over 30-second
epochs. We calculated very low-frequency (VLF) heart rate (HR) power between 0-
0.005 Hz in automated peak-detected heart rate traces (using the ‘large dog’ preset in
LabChart®; ADInstruments; Colorado, USA). Spectral power analyses were performed
with a Fast Fourier Transform (FFT) using a Hann (cosine-bell) data window with 50%
overlap at 1K (EEG) or 8K (HRV) resolution. Quantitative analyses of variance of VLF HR
Power (Figure 2.9) and EEG spectral power confirmed elevated HRV during visually

scored REM and elevated delta EEG Power during SWS (Figure 2.10). We quantified
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signal quality over time (using § SWS / § REM) and recorded at least two-fold greater

amplitude SWS signals as compared to REM, despite signal reduction in water.
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Figure 2.9. Heart Rate Variability (HRV) across sleep stage. Variance of very low frequency
(VLF; 0-0.005 Hz) power for heart rate for animals at sea, sampled once per 8 seconds. REM has
high low-frequency variability compared to SWS and QW during apnea and QW has elevated
variability during eupnea and transitions to and from eupnea.
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Figure 2.10. Signal quality (8 SWS / 8 REM) for 5 recordings in the lab and in the wild.
Detected signal amplitude during slow wave sleep was smaller during submersion in water, but
remained at least 2-fold greater than that during REM.

2.8.7 Motion & Environmental Sensor Processing

For EEG studies, inertial motion sensing data was calibrated and processed
using the Customized Animal Tracking Systems (CATS) toolbox (17). Speed was
estimated using a custom MATLAB script based on stroke rate, pitch, and vertical speed
using established thresholds for land and aquatic velocity from previous studies (8, 18).

Processed inertial sensing data and speed estimates were paired with GPS coordinates
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from Argos transmitters to create dead-reckoned tracks and reconstruct three-
dimensional diving patterns. Three-dimensional tracks were then visualized in ArcGIS
Pro (© 2019 ESRI) and Maya (© 2022 Autodesk) using the Visualizing Life in the Deep
tools and scripts for visualizing underwater behavior (19, 20).

2.8.8 Sleep Identification Model

We estimated sleep in time-depth records using our EEG results and a
hierarchical filtering algorithm to identify potential sleep. The sleep identification model
incorporated elements of previously established hierarchical methods for identifying
“drift dives,” where the first derivative is constant for the majority of the dive (1, 21,
22). Existing methods often prioritized obtaining smooth estimates of these constant
drift rates, used as a proxy for fat content and mass gain via buoyancy (21, 22). As such,
these methods often rely on data abstraction that reduces complexity (via segmentation
or the “broken-stick method”) that may not allow for multiple independent drift
segments in a single dive (21, 23). This model aimed to assess more sensitively the
upper bound of time spent passively drifting through the water column.

Importantly, we refined our sleep identification algorithm to include dives that
contained sleep, but that lack the sharp inflection points typically used to identify drift
dives (12). These dives, though providing electrophysiological benefits of sleep, would
not have been included in previous drift-dive identifications. In addition, current depth-

based dive categorization does not differentiate between transiting or resting flat-
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bottom dives. In our case, benthic sleep accounted for up to 5.2 h per day in an animal
sleeping near shore. We incorporated the potential for benthic sleep in our model.

To identify drifts, we found consecutive segments satisfying broad preliminary
vertical speed and acceleration criteria (compared to existing drift dive identification
metrics) to minimize false negatives (Figure 2.12 & Figure 2.13). We then applied a
minimum duration (>3 min) to identify long drifts and further filter these results
(filtered long drifts) to obtain our sleep estimate. Our filter criteria were designed to
maximize accuracy while minimizing false negatives and false positives based on our
EEG data. Filter criteria were further adjusted to minimize false positives based on
stroking data on long recordings where seals shifted to positive buoyancy. The long
drifts were maintained as an upper bound sleep estimate to ensure sensitivity in the case
of overly sensitive filter criteria. Filter criteria were designed to ensure accuracy and
sensitivity across a broad range of challenging scenarios: (i) when animals are
positively buoyant while shallow and negative while deep and (ii) when animals are
close to neutrally buoyant and drift downwards and upwards in a single dive (Figure
2.11). Filter criteria minimized false positives (ensured specificity) during: (iii) transit
dives (where animals’ vertical speed is minimal, but they are actively swimming), and
(iv) benthic dives that follow a bottom contour within the vertical speed and

acceleration criteria (Figure 2.11).
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We estimated sleep quotas for N=323 adult female northern elephant seals
across foraging trips at sea (N=183 short post-breeding trips (79.9 + 18.0 days); and
long post-molt trips (221.7 + 19.2 days); Table 2-1). A subset of 13 seals (8 post-
breeding and 5 post-molt) were instrumented with accelerometers to assess the false
positive rate of our model (propensity to falsely identify segments where the animal is

swimming) (25).
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Figure 2.12. Quantitative parameters for raw data (at 10s1) by sleep stage (Active Waking
[small light blue dots], Quiet Waking [large blue dots], SWS [large green dots], and REM [large
yellow dots]). Teal rectangle demonstrates first and second derivative thresholds applied to
dataset for sleep identification. Note that REM sleep only occurs while animals are rolled upside
down, at which point the seals oscillate from pitch up to pitch down.

We analyzed diving behavior using a custom script in MATLAB that identifies
consecutive segments that meet thresholds. Therefore, an important first processing
step was to standardize the resolution and sensitivity of each time-depth record. We

down-sampled data to 8 s'1 and applied a first pass Gaussian smoother (window size of
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6) to remove noise in sensor data. For example, precise depth sensors like the EEG
logger’s Keller Druck 4LD sensor detected oscillations when the animal rolled back and
forth on the seafloor. Smoothing dampens the amplitude of such oscillations. We then
rounded the data to the nearest meter to reduce the probability of the first derivative to
change sign (which would interrupt a consecutive drift segment). We then smoothed
the data again (same window) to minimize spikes in vertical speed.

To apply an in-situ depth calibration, we applied a zero-offset correction to
adjust surface intervals (and associated dives) to zero across the recording. A threshold
of 2 meters differentiated surface intervals and dives. Extended surface intervals
exceeding 10 minutes were labeled. A threshold of 10 strokes per minute differentiated
periods of stroking and gliding. Glides exceeding 3 minutes (duration that minimized
false positives) were labeled long glides.

An absolute first derivative (d '(t) or vertical speed) threshold of 0.6 m/s
differentiated descents and ascents from drifts. Drifts also had to meet a second
derivative (d "'(t) or vertical acceleration) criterion of 0.05 m/s2 (with d (t) = depth as a
function of time; | d '(t) | < 0.60 & | d "'(t) | < 0.05). We labeled drifts exceeding 3

minutes long drifts.
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Figure 2.13. Quantitative derivative metrics for sleep. Vertical speed (first derivative (m/s)),
Vertical acceleration (second derivative (m/s?)), and Depth (m) over time, colored by sleep state
(active waking, quiet waking, slow-wave sleep (SWS), or rapid-eye movement (REM) sleep) to
show the quantitative patterns in the depth parameters associated with sleep.

Extended surface intervals exceeding 10 minutes were labeled and also included
extended surface intervals in our sleep estimate, where animals could spend up to 8
hours at the surface without significant stroking activity. Although we do not have
direct EEG observations at sea to confirm this, one animal in the lab spent several days
sleeping vertically at the surface of the pool and bottling is a common sleep and sleep

behavior for seals and walruses (14).
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We also included long flats as a proxy for benthic sleep in our sleep estimate.
Long flats included all long drifts ending in a flat segment (| mean (d '(tenq)) | < 0.01 m/s
where tenq is between 7/8 and 8/9 of the segment).

Filtering criteria for long drifts: To minimize false positives (where animals
were stroking), we filtered long drifts according to several criteria. First, we eliminated
long drifts that deviated from a smoothed drift rate throughout the trip to eliminate
physiologically implausible drift rates. We calculated smoothed drift rates for shallow (<
500 m) long drifts using a Gaussian smoother (window size 1/20 of the trip duration).
We preserved a broad threshold of drift rates surrounding this smoothed drift rate to
minimize false negatives (| d '(t) = d '(t)smoothed | < 0.3 m/s) (Figure 2.11). Previous
studies implemented similar filters, including spline regressions or Kalman filters (21,
23, 24).

Next, we applied additional filtering criteria depending on the buoyancy of the
animal. Generally, the criteria for positively buoyant seals were broader than for
negatively buoyant seals. Positively buoyant seals could drift upward and downward,
while negatively buoyant seals only drifted downward. We considered the animal
positively buoyant 20 days before this smoothed drift rate exceeded 0 m/s (tpositive)- If an
animal was positively buoyant near the beginning of the trip (within the first 20 days),
we used the broader positively buoyant criteria for the entire trip.

Filter criteria aimed to minimize false positives by eliminating “benthic transit”

(seals swimming along the continental shelf at a relatively constant ascent or descent
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rate) and “transit” (U-shaped transit dives with low vertical speed) (Figure 2.11). Anti-
transit criteria eliminated segments where the drift rate changed significantly between
the beginning and the end of the drift (| d'(¢t:) - d '(tz) | < 0.10 m/s where t; is between
1/4 and 2/3 of the segment and ¢t; is between 2/3 and 3/4 of the drift duration). Anti-
benthic-transit criteria eliminated drifts with slopes lower than 0.08 m/s. For negatively
buoyant seals, we only allowed negative long drifts that passed both anti-transit and
anti-benthic-transit criteria. For positively buoyant seals, we used different criteria for
positive and negative drifts. Positive drifts for positively buoyant seals (d '(t) >0 & t >
tpositive) Were eliminated if they violated anti-transit criteria, but not anti-benthic-transit
criteria (eliminating curved drifts but not low-slope drifts, because seals near neutral
buoyancy could have drift rates near zero). We allowed curved downward drifts for
positively buoyant seals, where the seal would be decelerating (Figure 2.11). For both
positively and negatively buoyant seals, only long negative drifts for positively buoyant
seals were kept (> 200s compared to 180s for often-fragmented positive drifts).

For the first and last 15 days from the calculation of smoothed drift rate, where
false positives were more likely, we applied more restrictive filtering criteria (0.15 m/s
around a drift rate calculated from only the shallow (< 500 m), non-flat long drifts at the
beginning or end of the trip). We assumed a constant drift rate calculated based on
filtered long drifts for the first and last 15 days. If seals were positively buoyant, we did

not restrict drift rates.
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The output of these filtering steps, filtered long drifts, were added to long flats
(benthic sleep) and extended surface intervals (potential sleep at surface) to constitute
our sleep estimate. Unfiltered long drifts (includes long flats), derived solely from first
and second derivative criteria, were added to extended surface intervals to constitute
our upper bound sleep estimate.

2.8.9 Model Accuracy Assessment

We validated our model by calculating its accuracy, sensitivity, and specificity
compared to EEG-identified sleep. The sleep identification model yielded 93% accuracy
(Figure 2.3 & Table 2-4). We also calculated an upper-bound sleep estimate (unfiltered
long drifts) with high sensitivity (93.6%) to minimize false negatives (1.3% of
classifications). Simply imposing a duration threshold increased accuracy of our sleep
identifier from 46.3% to 77.1%. Filtering further improved the accuracy of our sleep
identification model to 93% overall (Figure 2.14). While the sensitivity of the model
decreased from 98.4% to 84.8% (from drifts to filtered long drifts/sleep estimate), the
specificity increased from 42.0% to 94.1%. Long glides were fairly accurate (86.3%) and
specific (89.9%) to estimate total sleep time, but not as accurate as our sleep
identification model. Therefore, we used long glides as a proxy for sleep to identify false

positive rates for the 13 adult females instrumented with stroke rate loggers.

Table 2-4. Performance of sleep identification model. We demonstrate the model’s accuracy
for identifying sleep using drifts (mathematical first and second derivative criteria alone), long
drifts (derivative criteria and time threshold [>3 min]), and filtered long drift (long drifts filtered
by criteria explained in text). # of categorized samples (8 s'1) that were true negatives (TN - not
sleep and not detected), false negatives (FN - sleep but not detected), false positives (FP - not
sleep but detected), and true positives (TP - sleep and detected). We show the percentage of
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total classifications for each category and provide measures of model accuracy (TN + TP / Total),
sensitivity (TP / (TP + FN)), and specificity (TN / (TN + FP)).
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Figure 2.14. Accuracy of sleep identification model. Accuracy and specificity increase while
the sensitivity and prevalence of false positives decrease from identified drifts to long drifts

(longer than 200 s) and finally our filtered sleep estimate (long drifts filtered by plausible drift
rate).
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Figure 2.15. Sleep identification model output for pelagic animal. Nap map shows pelagic
track and illustrates each identified sleep as a dot sized by its duration and colored by its drift
rate. Large yellow dots are extended surface intervals (>10 min). Green indicates an identified
sleep segment that coincides with a long glide (false negatives in yellow and false positives in
blue). Red dots on the bottom figure indicate foraging attempts as recorded from kami kami
logger. Light red indicates an eliminated short drift.
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Figure 2.16. Sleep identification model output for coastal animal. Nap map shows pelagic
track and illustrates each identified sleep as a dot sized by its duration and colored by its drift
rate. Large yellow dots are extended surface intervals (>10 min). Green indicates an identified
sleep segment that coincides with a long glide (false negatives in yellow and false positives in
blue). Red dots on the bottom figure indicate foraging attempts as recorded from kami kami

logger. Light red indicates an eliminated short drift.
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Chapter 3. Visualizing life in the deep: a creative pipeline for data-driven
animations to facilitate marine mammal research, outreach, and conservation
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Figure 3.1. lllustration of an animated 3D humpback whale combined with a
representation of several data streams used in our data-driven animation pipeline. The
ribbons of data shown include: swimming and gliding data from an elephant seal, the
waveform of a soundtrack generated from the beating heart of a narwhal, and notes of a
custom musical score for one of our animations.
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3.1 ABSTRACT

In this paper, we introduce a creative pipeline to incorporate physiological and
behavioral data from contemporary marine mammal research into data-driven
animations, leveraging functionality from industry tools and custom scripts to promote
scientific insights, public awareness, and conservation outcomes. Our framework can
flexibly transform data describing animals’ orientation, position, heart rate, and
swimming stroke rate to control the position, rotation, and behavior of 3D models, to
render animations, and to drive data sonification. Additionally, we explore the
challenges of unifying disparate datasets gathered by an interdisciplinary team of
researchers and outline our design process for creating meaningful data visualization
tools and animations. As part of our pipeline, we clean and process raw acceleration and
electrophysiological signals to expedite complex multi-stream data analysis and the
identification of critical foraging and escape behaviors. We provide details about four
animation projects illustrating marine mammal datasets. These animations,
commissioned by scientists to achieve outreach and conservation outcomes, have
successfully increased the reach and engagement of the scientific projects they describe.
These impactful visualizations help scientists identify behavioral responses to
disturbance, increase public awareness of human-caused disturbance, and help build
momentum for targeted conservation efforts backed by scientific evidence.

3.2  INTRODUCTION
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To mitigate disturbance and conserve marine mammal populations, it is critical
to understand marine mammals’ responses to disturbance [50]. Human-caused
disturbances such as entanglement in fishing gear and exposure to underwater noise
can negatively impact individuals with population-level consequences [39]. These
responses lie at the confluence of physiology, kinematics, foraging behavior, and animal
movement ecology. Tagging technology has allowed scientists to describe and quantify
the three-dimensional responses of marine mammals below the surface, by
simultaneously recording positional data such as accelerometry, magnetometry,
gyroscope, depth, geolocation, video cameras, and additional sensors that provide
physiological measurements such as electrocardiograms [4,32,55,58].

Behavioral and kinematic tagging data can also provide insight on physiological
processes. Time depth recordings can provide information on the rate at which animals
drift up or down in the water column, which is directly related to their buoyancy and
thus their internal fat stores, a measure of body condition and health [4, 9, 18, 45].
Video footage of foraging can reveal total feeding attempts and prey availability, which
has implications for animal health [2, 17]. Accelerometry informs 3D position,
orientation, and the stroke rate of the fluke or flippers, which is related to the metabolic
cost of transport [22,30,57].

In this paper, we explore the challenges of unifying disparate datasets with an
interdisciplinary team and outline the design process for creating meaningful data

visualization tools and animations (Figure 3.2). Our work involved close collaboration
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between animators, computer scientists, and biologists to visualize and sonify the
behavior and physiology of deep-diving marine mammals in extreme environments.
Our framework directly incorporates behavioral and physiological data streams to
depict stark shifts in swimming behavior (stroking and gliding), body condition
(negatively buoyant to positively buoyant), and heart rate (extreme bradycardia and
tachycardia). Our tools visualize changes across several orders of magnitude in space
and time, from fine-scale body maneuvers to broad-scale trans-Pacific migratory
patterns. We built custom tools including (1) scripts to visualize 3D position and
orientation, (2) stroke and glide controllers to control organic swimming animations
based on raw accelerometer data, and (3) a heartbeat sonifier to hear pronounced shifts
in heart rate. In addition to developing new animation tools for data visualization and
science communication, it is critical to provide accessible training to encourage broad
use of these tools. Through a series of workshops titled “Animation for Science
Communication” and several online tutorials and recordings, we taught a wide range of
animation skills to over a hundred students, researchers, and faculty at the University of

California, Santa Cruz throughout the 2020-21 academic year.
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Figure 3.2. Conceptual diagram of the animation process from (A) conceptualization to (B)
asset creation, (C) data processing, (D) editing and final production, and (E) dissemination. (A)
Conceptualization. We demonstrate how we created a storyboard and script based on key
features of the data as well as taking into account our desired outcomes (education and
conservation) and audiences (government, NGOs, and academics). (B) Asset Creation. We
demonstrate the range of customized assets we created in Autodesk Maya (3D models), Adobe
Photoshop (digital paintings and 3D model textures), and Adobe Illustrator (vector graphics). (C)
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Data Processing Pipeline. We show the process of data mapping from raw data to processed data
to abstraction (data visualization or data sonification) for five major data types, including (1)
large-scale movements (from GPS positions to line animations), (2) diving behavior (from
inertial motion sensors to two- and three-dimensional dive tracks), (3) animal orientation (from
inertial motion sensors to three-dimensional rotation), (4) swimming and gliding (from raw
accelerometer data to animated swimming), and (5) heart physiology (from ECG data to sound).
(D) Editing and Final Production. We combine data visualization, custom 2D illustrations and 3D
assets, motion graphics, narration, data sonification, and custom musical scores in the final
compositions to prepare them for (E) dissemination to reach our key audiences and achieve
desired outcomes.

By reviewing existing approaches to animating ocean science data and meeting
regularly with our interdisciplinary team of scientists and artists over the course of two

years, we solidified the core goals for the development of our data-driven animations:

e Research: Collaborate with biologists to address the research tasks
above and elucidate how marine mammals respond behaviorally and
physiologically to different types of disturbance.

e (Clarity: Ensure that each of those insights is communicated clearly via the
visualization by combining 3D animation, narration, annotations, line
animations, and visual effects.

e Reach: Increase the readership and comprehension of scientific papers
by creating accessible and engaging animations.

o Impact: Work with scientists to develop a clear and succinct take-away
that summarizes the consequences of disturbance and provides
conservation recommendations.

3.2.1 Related Work

Researchers in the visualization and data art communities advocate for the
incorporation of creative methodologies from interactive design and visual arts
practice, particularly when working on collaborative projects that bridge multiple
disciplines [14,15,48,51] and when translating scientific results to the public
[20,42,43,52]. While data visualization research often focuses on the development of

effective techniques and tools to facilitate exploration and analysis of data, data
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storytelling approaches emphasize how visualization techniques can persuasively
communicate scientific results through a compelling narrative and interpretation of a
dataset [29,40,46]. To support scientific engagement and communication, researchers
have recently promoted the use of “cinematic” data visualization, leveraging 3D
modeling, motion graphics, and visual effects software tools used most often for
animations and games [5,6,47]. Our data-driven animation pipeline draws from this
work by creating cinematic depictions of contemporary marine mammal research that
integrate physiological and behavioral datasets from a suite of animal-borne sensors

(Figure 3.2).

3.2.1a Visualization tools for tag data

Visualization tools are critical for data exploration and interpretation for
animal-borne tags. TrackPlot, a 3D visualization software created by biologists and data
visualization experts, facilitated the first detailed description of benthic side-roll feeding
by humpback whales and greatly advanced our understanding of complex biomechanics
and kinematics [44,54-56]. Existing marine mammal tag visualization tools, such as
TrackPlot, Sea Mammal Research Unit's MAMVIS, and Wildlife Computers’ Data Portal,
are primarily focused on geolocation or kinematic representations of dive behavior and
rarely incorporate physiological measurements such as heart rate, which are often
recorded using separate dataloggers [13,35,54]. Physiological instruments such as
animal heart rate loggers by UFI Instruments and Star-Oddi currently do not support

adjacent 3D track visualization. Our animations present behavior alongside
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physiological data to unify and expedite data exploration and interpretation. In
addition, our animations visualize fine-scale behaviors such as mouth openings, fluke
and flipper swimming strokes, and fine-scale flipper maneuvers to improve realism and
create an engaging experience.
3.2.1b 3D Modeling tools

3D modeling of marine mammals is useful for assessing animal health,
locomotion costs, and functional anatomy [1,21,53]. Beyond addressing scientific
questions related to body mass and shape, certain anatomically accurate 3D models
have been textured and rigged for use in animations [21]. However, high-quality rigged
models with sophisticated animation controls often lack scientific rigor and accuracy.
Although access to 3D photogrammetry and LIDAR 3D scanning has facilitated the
creation of 3D models and even 3D reconstruction of an animal’s environment, these
tools are still challenging to implement in the field [21,31]. Behaviors of interest may
not fit within the repertoire of a rigged model and custom controls and rigging may be
required. By modifying existing rigged models and creating custom 3D models, we hope

to increase the availability of realistic models for both scientists and animators.

3.2.1c Marine Mammal Animations

Marine mammals are commonplace in animations targeting younger students
and children, including feature films, computer games, and educational videos [12, 28,
34]. Educational 3D animations accurately depict marine mammal anatomy and even

simulations of dive physiology, but these animations do not usually incorporate tagging
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data [11,36]. Our animations directly incorporate tagging data from current research

projects to make it accessible to the scientific community, policymakers, and the public.

3.2.2 Key tasks and data types
Supporting our high-level goals, we worked closely with our collaborators to

identify the key visualization tasks to facilitate effective scientific communication:

1. Present and align behavioral and physiological data streams collected from
animal-borne tag sensors.

2. Correlate data streams to generate hypotheses about the responses of
marine mammals to disturbance.

3. Compare behaviors across time, ecosystems, and species to generate
overarching theories about the impact of disturbance across animal systems.

4. Use this data to inform policy related to marine mammal and ecosystem
conservation.

We refer to these tasks below when describing details of the visualization
pipeline (page 125). Achieving each of these tasks requires the use of a wide range of

data types, including the following:

1. Position and rotation: We calculated pitch, roll, heading, and three-dimensional
position from inertial sensors on tags from Customized Animal Tracking
Solutions (Queensland, Australia; cats.is), UFI tags (Morro Bay, California;
ufiservingscience.com), Wildlife Computers’ Daily Diaries, and Mk10 tags
(Redmond, WA; wildlifecomputers.com). Then, we visualized the position and
rotation of 3D models of elephant seals, narwhals, and humpback whales to
demonstrate underwater behaviors such as cooperative feeding and predator
evasion.

2. Reconstructing social behaviors from video tags: We analyzed video footage from
animal-borne CATS tags to reconstruct the 3D position, rotation, and swimming
behavior of other humpback whales relative to the tagged whale. In addition, we
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used timepoints from the video data to link the onset and duration of animated
mouth openings and demonstrate feeding synchronicity.

Large scale animal movements: We linked the GPS position of a dozen elephant
seals on their annual foraging trips from Beltran et al. [4] to line animations
using Adobe After Effects.

Swimming speed (stroke rate): We analyzed accelerometer data for fluke and
flipper strokes using normalized peak detection algorithms and paired the
stroke rate (in fluke or flipper beats per minute) of the tagged animal to the
rigged 3D model. Stroking and gliding have physiological implications for the
animal’s energy expenditure and oxygen utilization, which we visualize and
sonify with the sound of a tail moving through water.

Heart rate: We analyzed electrocardiogram recordings of narwhals and elephant
seals to extract heart rate data using cyclical peak detection algorithms [58]. We
present this data visually as well as auditorily by linking instantaneous heart
rate to the sound of a beating heart.

Body condition: From examining diving behavior and specific segments of dives
where animals drift passively through the water column, we can identify shifts
in the animal’s buoyancy due to its changing fat stores throughout its migration
[9,18]. We linked these shifts to line animations.

We established an interdisciplinary team with experts in illustration, animation,

data visualization, visual effects, computer science, science communication, and marine

mammal biology. We united experts in different animal systems to develop the 4

animations described below. These animations were designed to accompany the

publication of scientific articles, some of which are in preparation and others published.

Each animation was created following a fourstage approach: conceptualization

(storyboarding and scriptwriting), asset creation (creating custom models and

illustrations), animation of behavior and physiology (pairing data to 3D and 2D assets),
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and final production (annotations, narration, and music) (Figure 3.2). Excerpts from

these animations are included in the supplementary video that accompanies this article.

Our four animations incorporate the data described above to address our key tasks:

1. Animation 1: Humpback Alliance. Our 3D humpback whale animation
visualizes the position and orientation of a group of whales foraging on the
ocean floor to determine whether there is coordination or competition between
individuals of the group. Our animation emphasizes the importance of
minimizing the use of bottom-set fishing gear that could disturb and entangle
bottom-feeding humpbacks.

2. Animation 2: Lightscapes of Fear. Our 2D elephant seal animation
demonstrates state-dependent risk aversion by showing the shifting decision-
making by a seal as it travels across the North Pacific [3,4]. The animation
visualizes the geographic location, body condition, and rest timing of elephant
seals on their 7-month-long foraging trip. This animation shows that as an
animal shifts from inferior to superior body condition (negative buoyancy to
positive buoyancy), the seals begin to prioritize resting during the safer, darker,
and earlier hours of the day.

3. Animation 3: Sounds of Fear. Our 3D elephant seal animation visualizes the
position, orientation, swimming behavior, and heart rate of a seal as it dives
under two conditions: with and without disturbance caused by the vocalization
of a killer whale predator produced from an animal-borne acoustic tag. We pair
the animal’s heart rate and stroke rate data to sound. This animation
demonstrates the fear response of an elephant seal in the wild and helps us
understand how these animals respond to stress in their natural environment.

4. Animation 4: Paradox of Fear. Our 3D narwhal animation visualizes the
position, orientation, swimming behavior, and heart rate of a narwhal after
release from net entanglement in East Greenland. We pair heart rate and stroke
rate data to sound. The animation demonstrates the paradoxical fear response
of a narwhal, where a very low heart rate co-occurs with rapid stroking [58].
This animation demonstrates the impact of an acute disturbance on a wild
narwhal and elucidates potential paradoxical physiological responses which
could contribute to marine mammal strandings.
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Figure 3.3. This figure shows an original illustrated storyboard for the Humpback Alliance
animation. Shown here are 18 illustrations of the animation sequence, highlighting the action
and camera angles for each shot. These storyboards were a valuable component of the creative
pipeline, allowing us to begin discussing the necessary elements of the animations before
devoting time to creating custom assets or data analysis tools.

3.3  VISUALIZATION PIPELINE

3.3.1 Conceptualization

A critical first step of each collaboration included an iterative process of
storyboarding, data sharing, and scriptwriting. For each animation, we distilled the
primary research findings, identified the target audience and the desired conservation
or outreach outcome. For example, the storyboard shown in Figure 3.3 presents our
vision for the Humpback Alliance animation. This storyboard helped us determine how
to visualize social behaviors between humpbacks, especially the spatial orientation of
the animals as they approach each other at the bottom of the ocean. In addition, this

visual storyboard allowed us to identify critical data streams to integrate into the

animation, such as the position and rotation of focal animals during feeding events, the
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timing and duration of mouth openings, and the precise pectoral flipper movements
used to regulate small adjustments in position. The conceptualization process also
clarified our key message: the ocean floor presents an important foraging habitat for
humpback whales and therefore, we must work to minimize the danger of whale

entanglement from bottom-set fishing gear.

3.3.2 Asset Creation
3.3.2a References and existing assets

When available, we assembled and incorporated existing assets either directly
or as references for creating original assets, always ensuring explicit permission, proper
attribution, and that we displayed relevant permit numbers. Helpful assets for this suite
of animations included drone videos, reference photos, underwater videos, technical
illustrations, biological illustrations, and photogrammetry models (including textures).
For example, a detailed technical illustration by Alex Boersma of the CATS tag served as
the basis of our 3D tag reconstruction [16]. Our 2D elephant seal animation
incorporates illustrations by UC Santa Cruz undergraduate Danielle Dube who
partnered with elephant seal biologists through the Art-Science residency at the Norris

Center for Natural History.
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3.3.2b Creating customized 3D models

We customized all our rigged 3D models to ensure that we could map behaviors
of interest to these assets (Figure 3.4). We purchased and modified an existing rigged
model for our humpback whale animation [33]. We added additional flipper joints and
controls to enable fine-scale flipper maneuvers that allow the whales to navigate close
quarters at the bottom of the ocean during cooperative feeding. We also created
controls for opening the model’s mouth to emulate realistic foraging behavior (up to 60-
80 degrees). Finally, we created four separate controls to depict the expansion of
ventral grooves during engulfment, which allowed flexible alteration of the forward,
side, and back of the whale’s buccal cavity. Our elephant seal model was similarly
customized based on existing assets to augment anatomical accuracy [8]. We modified
the mesh and dimensions of another rigged seal model to match those of juvenile
elephant seals measured and photographed in the field. We painted a custom 3D texture
using Substance Painter. Our 3D narwhal animation modifies an existing anatomical

model to depict and emphasize physiological processes [10].
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The CAIS tag

zed Animal Tracking Solutions

Figure 3.4. Custom assets for Humpback Alliance animation. We created (A, B & D) schooling
Atlantic sand lance, (B) a buoyless lobster trap, (C) a 3D model of a CATS tag (used to collect the
data analyzed), and (B & D) customized a rigged humpback whale to allow ventral groove
expansion and flexible fin mobility.

In addition to creating 3D models of focal animals, we created unique or custom
supplementary models that were critical to the narrative of our humpback whale
animation. We created a 3D model based on technical drawings of CATS tags to describe
the biologging technology and integrated sensors. We modified the buoy configuration
of an existing lobster trap model and added a custom modeled rope to demonstrate the

functionality of novel, buoyless fishing technology.
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We created a school of 200 prey items, Atlantic sand lance, for the whales to
feed on. We created a 3D mesh, custom texture, and rigged skeleton with 8 joints and 5
controllers to create a swim cycle for a single fish. Then, we rigged the single fish to a
MASH flight network in Autodesk Maya, which creates a simulation of schooling or
flocking patterns for dozens of individual nodes in three dimensions around an
attractor. In our case, we generated an initial search path emanating from a central
point below the sand’s surface (where these bottom-dwelling fish reside) and
customized their motion around an attractor path before disappearing into the sand
again. We added the whales as collision nodes for scenes with humpback predators to

create avoidance behaviors by schooling fish.

3.3.2¢ Creating the ocean’s surface and underwater lighting

We created a photorealistic underwater environment for each of our 3D
animations to depict the animal’s natural environment and its turbidity, darkness, and
depth (Figure 3.5). We generated surface waves with the Boss Spectral Wave Solver, a
fluid simulation engine in Maya, with wind speed, wind fetch, water depth, and wave
height parameters matching those in the open ocean. We rendered a single high-
resolution ocean tile using these parameters and cached these results into a 120-frame
animated sequence of wave motion. We then replicated this pattern for a larger ocean

surface plane extending to the horizon. We imported the cached image sequence into
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the displacement node of an Arnold surface shader with high specularity and
transmission.

We placed our scene within an Arnold atmosphere volume with scattering and
absorption coefficients matching those of water, where peak absorption fell within low
wavelength red-orange hues. We used three-point lighting with a high-intensity key
spotlight focused on the animal from the perspective of the camera, a low-intensity
wide-angle overhead sunlight, and a spotlight for the dappled underwater caustics. To
create dynamic underwater lighting (“caustics”), we generated an animated loop of
fractal noise in Adobe After Effects that we used as a gobo filter over an Arnold

spotlight.

130



131



Figure 3.5. Underwater environment. Rendered results of our four-source lighting scheme (A
& B) above water, (C & D) just below the surface, and (E & F) on the ocean floor (40m).

3.3.3 Linking behavior to animation
3.3.3a Animating dive behavior

We processed raw accelerometer data from inertial sensors on CATS tags,
Wildlife Computers’ Daily Diaries, and Mk10 tags to obtain the position (x, y, and depth)
and rotation (pitch, roll, heading) of tagged animals. We used the following equations to
estimate pitch (p) and roll (" "r) from accelerometer data 4 = [aray, a-] and then applied
these and the magnetometer data to derive an estimate of heading (h) based on a
gimbaled magnetometer in the horizontal” reference frame of the animal M" = [m, m, m.]
[23]:

p" = —asin(a/A) ¥" = atan(ay/az)
b = atan(-m",/m",)

When possible given the collected data, we aligned tag axes with animal axes
and made other corrections to improve estimation accuracy. In order to precisely
calculate and incorporate three-dimensional position in the water column, it is
necessary to estimate the animal’s speed. For high-speed behaviors (>1ms-1), estimates
of speed can be performed based on the vibration of the tag, but these methods lose
accuracy at lower speeds [7]. Therefore, our Humpback Alliance animation included
three-dimensional rotation and position until the onset of low-speed benthic foraging

events where we excluded shifts in horizontal position (Figure 3.6).
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Figure 3.6. Integrating position and rotation data for 3D behavior of humpback whales.
This image demonstrates the analytical advantages of loading and displaying data in Maya,
where it is possible to enable motion paths for individual animals and enable ghosting to
visualize and compare the speed and movement of animals over time.

Our elephant seal and narwhal animations (Animations 2, 3, and 4) visualize dive
behavior on a single plane to simplify visualization of deep dives. We included measures
of pitch and roll to demonstrate body position, translated the animal’s vertical position
with respect to depth, and approximated a speed of 1ms-! for visualization. Data
collected at high frequencies occasionally included artifacts that were smoothed using
the “simplify curves” tool in Maya. Animation keyframes for position and rotation were
set using a custom Python script and the .setKey() function in Maya’s PyMEL core. Note
that the default axis configuration in Maya is different from the default conventions for
accelerometer data, with the z- and y- axes switched. Code, tutorials, and sample data

are available on our GitHub code repository [27] and project webpage [24].
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3.3.3b Animating migratory behavior

To reconstruct the migratory tracks of elephant seals for our Lightscapes of Fear
elephant seal animation, we visualized animal position in two dimensions using time-
referenced latitude and longitude positions from Wildlife Computers Spot and Mk10
tags [4]. We selected a subset of 12 seals that represented the vast geographic distance
covered by these deep-diving marine mammals across the Northeast Pacific ocean [4].
We used a custom program in MATLAB to create Google Earth .kml files from matrices
of time, latitude, and longitude [41]. We then assembled these .kml files and ingested
them into the interactive Google “My Maps” app to display metadata, including animal
age, total dives, number of drift dives, and trip duration [3]. We then converted this data

into a scalable vector graphic (SVG) and animated the tracks using Adobe After Effects.

3.3.3¢ Animating swimming behavior

For our narwhal and elephant seal 3D animations, we created a method in which raw
accelerometer data can be used to drive the animation of organic swim cycles,
alternating between periods of swimming and gliding. We analyzed raw accelerometer
data to obtain instantaneous flipper/fluke stroke rate. Beat detection for flipper and
fluke strokes was performed in LabChart (ADInstruments™) with a sine-wave cyclic
measurement using custom parameters for narwhals and elephant seals. For elephant
seals, we analyzed the y-axis accelerometer data that captures the majority of back-and-
forth swimming with the hind flippers. We chose 500-millisecond smoothing with a

median window of 3 samples, high pass filtering at 0.3Hz, a detection threshold of
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maxima above 0.5G, and excluded stroke cycles faster than 900ms. For narwhals, we
analyzed z-axis accelerometry to reflect up-and-down fluke stroking. This allowed us to
calculate instantaneous stroke rate as well as identify the onset of each stroke cycle.
We produced additional data streams to be used as inputs for the glide and
stroke controllers. The glide controller was based on instantaneous stroke rate that
maps stroke rates below 15 bpm to 1 (gliding) and above 15 bpm to 0 (stroking), with a

triangular smoothing window of 15 seconds.

We animated a single swim cycle with each animal model (Figure 3.7).

Figure 3.7. Elephant seal swim cycle. Snapshot of a frame from the offset swim cycle of a
northern elephant seal with ghosting enabled to demonstrate future tail positions in pink and
past tail positions in blue. This snapshot shows a central tail location to demonstrate that, with
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an organic swimming animation, the central tail position includes posterior tail rotation which
must be eliminated to bring the animal into a straight gliding position.

We offset the keyframes of successive joints to produce organic swimming
movements from head to tail. Since this offset causes the tail to be curved when placed
between right and left positions, we created two separate controllers: a swim controller
and a glide controller. The swim controller controlled the back-and-forth movement of
the tail, while the glide controller pulled the tail into a central gliding position.

We wrote a custom Python function in Maya that links the rotation of all joints in
the skeleton to a set of expressions. The expressions set the animal’s pose to a blended
and interpolated output of both swim and glide controllers. A value of 0 for the swim
controller sets the tail position to the first frame of the swim cycle (tail right) and 1 to
the last frame of the swim cycle (return to tail right). A value of 0 for the glide controller
does not inhibit the motion of the tail, while a value of 1 suppresses all tail rotation,
bringing the tail to a central gliding position. After linking the rig’s controls to the swim
and glide controllers via these expressions, we set keyframes for the controllers based

on the data (Figure 3.8).
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Figure 3.8. Stroke rate data processing pipeline. Raw and processed swimming data for (A)
one dive, (B) five minutes, and (C) ten seconds showing raw depth (m) and accelerometer data
(g), smoothed and normalized y-axis accelerometer data (g; arbitrary scale), the results of our

cyclic measurement peak detection (stroke rate [bpm]), and two generated metrics - the glide

and stroke controllers (values 0 to 1) - that drive our animation.

3.3.4 Linking physiology to animation
3.3.4a Sonifying the marine mammal heart

The electrocardiogram (ECG) was recorded at 100 Hz using custom
physiological loggers (UFI Instruments) for both elephant seals and narwhals. Exported
data was processed for heartbeat detection in LabChart (narwhal data) and using
custom MATLAB processing scripts (elephant seal data). QRS-detections were validated
and confirmed using visual inspection and then converted to instantaneous heart rate
for visualization. QRS-detection events were exported as a series of timestamps to be
used for sonification. From these events, we calculated the interbeat interval to be used
as a millisecond precision delay between heartbeat sounds. Extreme bradycardia of
2.9106 beats per minute was identified for narwhals after escaping from entanglement
[58] (see Figure 3.9).

When sonifying large shifts from bradycardia below 3 beats per minute to
surfacing heart rates over 60 beats per minute, it is insufficient to warp the playback
speed of a sound file with multiple heartbeats at a set heart rate. Instead, we linked the
onset of each heartbeat to the onset of a sound file with millisecond precision to present
accurate and extreme shifts in heart rate. We took advantage of the high-temporal-

precision neurophysiology toolbox PsychoPy to present these sounds [37]. Our script
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plays a sound file and then waits for the exact duration of the interbeat interval before
playing the subsequent heartbeat. We recorded these generated heartbeat sounds and

then linked them to the animations of swimming and diving behavior (Figure 3.9).
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Figure 3.9. Linking physiology to sound. Raw tagging data (3-axis accelerometer [G-forces
(g)], depth [meters (m)], and electrocardiogram [millivolts (mV)]) with peak detection analysis
(heart rate [beats per minute (bpm)] and inter-beat interval [seconds (s)]), and resulting
generated heartbeat waveform (arbitrary units). The animal demonstrates a very low
bradycardia after release from net entanglement. Given the long duration between beats, this
example demonstrates the utility of triggering heartbeat sounds at specific time points as
opposed to warping the speed of existing human heart rate soundtracks.

3.3.5 Editing and final production

3.3.5a Animating data streams and visualizing signals in 2D with line animations
We visualized physiological data streams such as body condition and

instantaneous heart rate as well as behavioral data streams such as GPS position, pitch,

roll, heading, and depth using 2D line animations. Depending on the density of data
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points and the desired flexibility of the animation, we either linked CSV data directly to
the paths via a custom expression in Adobe After Effects (see GitHub and tutorials) or
used a static vector graphic of a line chart [24,27]. In both cases, we generated trim
paths along the path created by the data and tapered the stroke width to display the

changes in data over time (Figure 3.10).

3.3.5b Annotations, narration, and music

We provided the context of each animation in the form of chart labels, narration,
annotations, and captions. These narrations ensured that each graph is interpreted
rapidly and properly. We believe that these verbal descriptions and context clues are
essential to understand the science as well as the intended message of each animation.
In addition to verbal descriptions, we worked with the musical composer Connor Vance
to create musical scores to accompany and underscore the narrative arc of each
animation. Musical instruments were selected to match the relative size of animals and
frequency of motion. For example, lower register cellos were selected to portray slow
movements of large whales and the vast ocean environment, while an ensemble of
violins and swelling string glissandos accompanied the turbulence of a smaller elephant
seal’s tail moving through water. The musical accompaniment focused attention on
certain movements, created a narrative arc, enhanced production quality, and fostered

empathy between the audience and the animal protagonists.
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¢ fat thiey ones

Figure 3.10. Three techniques for line animation with data in Adobe After Effects. (A & B)
Flexible line animations of diving behavior generated using a custom expression in Adobe After
Effects. This script links the control points of paths on the canvas to values from a CSV containing
down sampled diving data. (C) Line animations demonstrating the migratory paths of female
northern elephant seals across the Pacific generated using KML data from geolocation tags. (D)
Tapered line animations with shaded areas based on a figure generated in R and assembled in
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Adobe Illustrator, showing a shift in predator avoidance behavior associated with internal body
condition [3,4,26].

3.4 DISCUSSION & OUTCOMES

Our animations addressed the four tasks outlined in Sect. 2 by establishing a
creative pipeline for high-impact animations that reach a target audience to promote
desired outcomes in education and conservation (Figure 3.2). By visualizing the
invisible underwater behavior of marine mammals, we aim to create evocative
animations which foster connection, empathy, and compassion between humans and
the natural world. Our 3D humpback animation illustrates the risk-reduction benefit of
ropeless fishing gear to humpback whales cooperatively foraging on the ocean floor.
Our 2D elephant seal animation follows a cohort of seals halfway across the Pacific as
they weigh risk and reward based on their rapidly changing internal and external
environments [4]. Our 3D elephant seal animation shows diving behavior and
physiology to better understand their fear response to natural killer whale predators.
Our 3D narwhal animation tells the story of its human-caused paradoxical fear
response, which involves a pronounced decrease in heart rate during escape, to help us
recognize our role and impact on marine mammals.

Our goals with this framework were to incorporate raw tagging data to control
animations that facilitate research as well as clearly communicate scientific results to
maximize their reach and impact. As a tool for research and data exploration, our team
worked closely with biologists to generate hypotheses about the synergistic effects of

disturbance on physiology and behavior. Our tool serves to unite disparate data
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streams across space and time, from shifts in heart rate and orientation which occur
within seconds and across individual dives to large scale movements during seven-
month foraging trips. Our animations consolidate data across space, time, physiology,
and behavior to facilitate the identification and characterization of responses critical to
survival. While we explore marine mammal animal-borne sensors in the present study,
our pipeline can be broadly applied for other animal systems in studies of functional
anatomy, ecophysiology, and movement ecology.

In our capacity as communicators, these animations targeted three key
audiences: scientists in the fields of biologging, ecology, biology, and physics, the
general public, and policymakers who can translate this research into legislative
protections. Our Lightscapes of Fear animation, which accompanied the publication of a
scientific article, reached these three key audiences and increased the paper’s
accessibility, reach, and visibility. Our tweet sharing the animation alongside the paper
received over 100,000 views, with more than half of the comments specifically citing
the animation. The article received a high attention score, scoring in the top 5% of all
research outputs scored by Altmetric, with 311 tweet mentions and over 490,000
followers. In our process posts of other animations, we have had engagement from
veterinarians as well as activists and policymakers. These metrics demonstrate that
short, cinematic, and informative animations can increase the accessibility of scientific

results and promote the conservation of marine mammals.
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Beyond creating tools for data visualization, it is important to facilitate the
implementation of new tools. We taught a wide range of animation skills to over a
hundred scientists through a series of “Animation for Science Communication”
workshops and created an online learning center with workshop recordings [24]. These
workshops included specialized and advanced topics such as 3D-track visualization and
custom scripting in Maya and Adobe After Effects and covered powerful built-in
animation tools in PowerPoint. We continued this educational outreach through a data
visualization collective in Winter 2021 that united students from various academic
departments, including Astronomy & Astrophysics, Art: Games & Playable Media,
Ecology & Evolutionary Biology, and Computational Media to create animations and
data visualizations for science communication [25]. We have facilitated several
animations inspired by our workshops by providing technical, design, and narrative
advice [19,38,49]. Our GitHub repository and webpage offer in-depth tutorials for
working with our custom scripts [24, 27]. Through educational outreach, we are
creating forums for scientists to seek guidance on designing and sharing compelling
stories with their data. We argue that by equipping biologists to leverage industry
animation tools, we can expedite complex data analysis, promote science
communication outcomes, foster empathy and compassion for the natural world, and

better serve the ecosystems we aim to protect.
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SYNTHESIS

DISSERTATION SUMMARY

My dissertation includes three related components. Chapter 1 describes the
design and fabrication of a non-invasive animal-borne electronic biologging tag that
records sleep in wild northern elephant seals. This chapter details and reviews my
process and recommendations to guide scientists as they develop new tools that
investigate brain and heart functions in wild animals. Chapter 2 describes the
deployment of this sleep tag on seals at sea to compare their sleep patterns with those
of seals on land and in the lab. I used patterns in a relatively small, high-resolution EEG
dataset to estimate sleep in hundreds of time-depth records across a rich, 20-year
dataset. The need to feed dictates sleep time in seals at sea, confining sleep to 2 h per
day over several months. While at sea, their extreme physiology allows seals to sleep
underwater during long breath holds, where their sleep state dictates their three-
dimensional motion. To unravel the biomechanics of sleep, | developed a custom
visualization framework (Chapter 3) to visualize the underwater behavior and
physiology of marine mammals. This allowed me to discover the morphology of a “sleep
spiral” where seals shift from slow-wave sleep to rapid-eye movement sleep and
become paralyzed. Upon transitioning to REM sleep, the seals lose control of their
posture, turn upside down, and begin to spin. Sleep paralysis at depth, even in the
presence of predators, suggests that their extreme physiology frees them from
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constraints most prey face, by allowing them to sleep far from predators. My
dissertation provides technology, analytical and visualization techniques that bring
hidden behaviors and physiology to life as scientists explore the physiological extremes

of the natural world.

IMPLICATIONS & FUTURE DIRECTIONS

[ plan to expand the tools and techniques developed as part of my dissertation to
facilitate behavioral and physiological research across multiple study systems -seals,
sea lions, narwhals, humpback whales, blue whales, and humans. I am currently
modifying the EEG device I created during my dissertation to measure clinical and
subclinical seizures in California sea lions. Domoic acid toxicosis can result in acute and
chronic epilepsy in sea lions, closely resembling the presentation of human mesial
temporal lobe epilepsy. Therefore, research involving long-term monitoring of seizures
and the exploration of experimental epilepsy treatments have potential benefits for sea
lion conservation and translational medicine. Compared to mouse models, the sea lion
brain is larger, and its epileptic pathology more closely matches that of human mesial
temporal lobe epilepsy. Similarly, understanding sleep apnea in elephant seals can
elucidate the physiology and limitations of wild animals and shed light on human
pathologies such as obstructive sleep apnea and oxygen-related injury.

These comparative studies are currently limited by our ability to efficiently
interpret, visualize, and compare these disparate study systems. I hope to build a
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comprehensive framework for physiological data visualization that allows direct
comparisons between parallel data streams, to better understand the ecological and
evolutionary constraints animals face in their natural environments and the parallels
with human physiology. Comparative physiology research can flourish at the
intersection of science, engineering, and art, where software tools that advance
scientific knowledge within and across study systems provide a platform for

translational research, leveraging the threads that connect humans to the natural world.
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