
 

 
Supplementary Materials for 

 
Brain activity of diving seals reveals short sleep cycles at depth 

 
Jessica M. Kendall-Bar et al. 

 
Corresponding author: Jessica M. Kendall-Bar, jkb@ucsc.edu 

 

Science 380, 260 (2023) 

DOI: 10.1126/science.adf0566 

 

The PDF file includes: 

 

Materials and Methods 

Figs. S1 to S7 

Tables S1 to S5 

References 

 

Other Supplementary Material for this manuscript includes the following: 

 

Movie S1 

MDAR Reproducibility Checklist 



 
 

2 
 

Materials and Methods 
 

Procedures & Ethics Statement 
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 (15, 18, 23, 35-40). 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 AquaSealTM (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 (41). At each handling, most animals were weighed in a canvas sling from 
a hanging scale with precision ±1 kg.  
 
Animals and Instrumentation 
 
(1) 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 ((18); Table S1). The custom headcap attached with AquaSealTM 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 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 s intervals for the training and validation of the sleep-
identification model of a larger dataset, including records with 8 s intervals. Details of the 
instrument development have been reported in Kendall-Bar et al. 2022 (18). 

(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 on 
land (310.4 h total – 12.6 days) and in a shallow pool (4.9 m x 3.0 m x 1.4 m; 153.5 h total – 6.3 
days). (1B) Sleep in the wild. Next, we instrumented 6 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 Año 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 (3 juveniles 
[~24 months old]; 194.4 h total – 8.1 days at sea). 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 Año 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 in juveniles at sea (8.1 days total) were used to determine quantitative 
thresholds to interpret and identify behavioral sleep in the following categories: time-depth and 
stroke-rate recordings in adult females. The translocation-homing paradigm with juvenile seals 
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facilitates short-term collection of high-resolution data from juvenile seals whose diving 
behavior is similar to migrating adult seals (35, 36). Seals are translocated to an area that requires 
them to cross the deep Monterey canyon, similar to the deep and pelagic waters of the adult 
females’ range. 
 
(2) Time-depth Recorder (TDR) Recordings.  

Between 2004 and 2019, we instrumented 334 adult (>3 years old) female northern 
elephant seals with time-depth recorders and satellite transmitters (multiple models produced by 
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 (37–39) (Table 
S1). Data was collected at 4 or 8 s intervals. We down-sampled 4 s interval data to 8 s intervals 
for consistency. 
 
(3) Stroke-Rate (SR) Recordings – Validation subset.  

A subset of these TDR seals was instrumented with accelerometers (N=14). 
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 processed onboard from 32Hz accelerometer 
data into 5 s bins using customized “kami kami” dataloggers (Little Leonardo, Tokyo, Japan; 17, 
39). We down-sampled the data 10 s intervals, and subsequently paired to the KNN-nearest-
neighbor 8 s sample to maintain consistency across the larger dataset (sampled at 8 s). We 
defined glides as consecutive segments where stroke rate was less than 15 strokes per minute. 
This threshold allowed elimination of short-duration peaks up to 15 strokes per minute that were 
likely associated with passive postural movements rather than swimming propulsion (active 
stroking was between 40-70 strokes per minute). 
 
 
EEG: Purpose & Justification 
 Sleep in marine mammals and birds is unique given that inactivity matching the 
definition of behavioral sleep can be entirely absent (10, 11). 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 physiological and 
behavioral implications. Most notably for an animal sleeping at sea, REM sleep often results in 
sleep paralysis. 
 
EEG: Electrode Placement 

For 11 of 13 EEG animals, we measured cranial tissue thickness using ultrasound (2.1 ± 
0.2 cm between skin and skull surface). Prior to the experiments, we determined electrode 
placement based on measurements from postmortem tissues of seals that had died from natural 
causes unrelated to the study. Measurements of weanling, juvenile, and adult northern elephant 
seals revealed lowest skull thickness (~3 mm [weanlings]; ~6 mm [juveniles]; ~10 mm [adult 
females]) above the fronto-parietal region of the brain. In this location, skin thickness in 
postmortem specimens was ~2 mm [weanlings] to ~12 mm [adult females] and blubber thickness 
was ~10-15 mm [min-max for weanlings] to ~15-35 mm [min-max for adult females]. A layer of 
muscle (~5 mm) overlaid the skull below the blubber.  
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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 Año Nuevo State Park. One weanling 
elephant seal was instrumented with a small animal-borne camera to observe conspecific 
interactions. Video 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). With high-resolution video, we recorded eye state (open, closed, eye 
movements), muscle twitches, whisker twitches, and vocalizations. 
 
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 (18, 45, 46). 
Raw signals were always maintained for cross-comparison. We bandpass filtered raw signals for 
visual analysis consistent with previous studies and the standard outlined in the American 
Academy of Sleep Medicine (AASM) sleep scoring manual as follows: EEG/EOG: 0.3-30 Hz; 
EMG: 10-100 Hz; ECG: 0.3–75 Hz (18). However, this software filter was limited by the built-in 
hardware bandpass filter of the Neurologger3 from 1-500 Hz, which adjusts the ultimate filtering 
for EEG/EOG to 1-30 Hz and ECG to 1-75 Hz.  
 
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 (20, 21, 24-27, 42-43, 47). Sleep 
scoring criteria is as follows, with additional qualitative and quantitative criteria in Kendall-Bar 
et al. 2022 (18):  

1. Quiet Waking (QW) – 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) – 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) – high voltage, low-frequency (0.5 - 4 Hz) EEG 
(>50% epoch). We further subdivided SWS into deep SWS (maximal amplitude SWS) and light 
SWS (transitional state, voltage >1.5X QW with sleep spindles and K-complexes). 4. Rapid-
eye-movement (REM) – 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 further expand 
on the criteria and determination of REM sleep below. 
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EOG and EMG 
Before arriving at EEG and HRV as primary scoring criteria for REM, we first checked 

for the key features of REM sleep, recorded in most mammalian and bird species, including 
rapid eye movements in EOG and reduced muscle tone in EMG: 

EOG: Although eye blinks often coincided with deflections in EOG, we are doubtful that 
surface-mounted EOG and EMG electrodes were sensitive enough to detect more subtle eye 
movements or changes in muscle tone. We examined second-to-second correlation between eye 
movements in video recordings and EOG and observed only partial detection of eye movements 
via EOG. Thus, rapid eye movements seem to be present in northern elephant seals. However, 
neither EOG-detected nor video-detected eye movements occurred within each REM episode 
(see Fig. S1 for an example where no eye movements were detected). As a result, we did not use 
EOG-detected or video-detected eye movements to determine sleep state. 

EMG: There was often minimal to no detected decrease in muscle tone in EMG between 
SWS and REM sleep, presumably due to the fact that we could not detect this change using 
surface electrodes or because the change in muscle tone was small. Unlike in other true seals, we 
did not notice a postural change wherein seals would extend the head forward or drop their heads 
during REM sleep. This was most likely due to the large size of elephant seals, whose heads 
were already resting on the ground during preceding SWS episodes. Therefore, it is likely that 
changes in muscle tone between SWS and REM sleep are minimal for seals resting on land. In 
water, the buoyant force acting on the head may reduce the amount of muscle tone variation 
between SWS and REM sleep as well. Additionally, although EMG (and multi-channel electrical 
artifacts) detected occasional muscle twitches during REM sleep, these were not unique to REM 
sleep and were not present in each REM sleep episode. Video recordings and electrical artifacts 
revealed that episodes of REM sleep were accompanied by vibrissa, head, and limb movements 
(jerks), although the phasic components of REM sleep in elephant seals are less pronounced 
compared to some other mammalian species (e.g., repeated twitches in the sloth (48), continuous 
eye movements in the mouse deer (49) or the periods of intense vibrissae movements in the 
walrus (26)). As a result, we did not rely on EMG to determine sleep state. 

We provide EOG and EMG recordings alongside EEG and HRV traces in Fig. S1 to 
demonstrate the challenges associated with employing surface-mounted EOG and EMG to 
inform sleep stage characterization for northern elephant seals. 
 
REM Sleep Scoring 

We based our scoring of REM sleep using HRV on previous studies of bilateral aquatic 
sleep in marine mammals (26) and further assess the extent of low-frequency HRV by 
qualitatively assessing the heart rate (HR; bpm) pattern and calculating the variance of the very 
low frequency (VLF; 0-0.005Hz) power of HR. We scored certain REM2 when this quantitative 
measure of variance in HRV was high (if VLF power transiently exceeded ~2 (with some 
interindividual variability)) and putative REM1 when this measure was lower (Fig. S1, S2). 
REM1 and REM2 were only scored during apnea and between periods of SWS and waking (42, 
43). During REM1 and REM2, video footage demonstrated behavior consistent with REM, 
where we observed closed eyes with occasional lid movements, no intentional movement, 
occasional whisker and muscle twitches, and whole-body jerks. The degree of HRV often varied 
during an episode of REM sleep. We are inclined to view this as an alternation of phasic (certain 
REM2) and tonic (putative REM1) periods within one interrupted episode of REM sleep, as 
described in other mammals (e.g., fur seal, harp seal, walrus; 24-26). Eye movements and 
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twitches were often observed in conjunction with a period of higher heart rate variability, 
potentially representing a phasic period. We provide sleep scoring results with and without 
putative REM for comparison (Table S3). The main text presents statistics for cumulative REM 
(certain and putative REM). 

 
EEG Quantitative Analysis: Spectral Power 
 We calculated delta spectral power (0.5-4Hz) for EEG channels over 30 s epochs, and 
very low-frequency (VLF) heart rate (HR) power between 0-0.005 Hz in re-sampled (500Hz 
matching electrophysiological frequency) 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 (Fig. S2) and EEG spectral power confirmed elevated HRV during visually scored REM 
and elevated delta EEG Power during SWS (Fig. S1, S2).  
 
Signal Quality Analysis 

During some recordings, ambient electrical noise created by lab equipment and VHF or 
satellite transmitters resulted in temporary loss of scorable signals (< 3% of total recording time; 
Table S2). Nonetheless, we quantified signal quality across full recordings (using δ SWS / δ 
REM) and recorded at least two-fold greater amplitude SWS signals as compared to REM, 
despite signal reduction in water (Fig. S3; 18). It is possible that, at least in part, the reduction in 
the size of slow waves could represent an adaptive response for increased vigilance in water as is 
reported in frigatebirds while flying (10). However, the decrease in relative SWS amplitude 
between land and water is most likely the result of decreased signal due to saltwater bridging 
between electrodes. Methods and validation for this signal quality analysis can be found in 
Kendall-Bar et al. 2022 (18). Any difference between EEG amplitude across the two 
hemispheres (as seen in Fig. 1 & S1) was constant over the recording duration for each animal, 
likely due to differences in electrode impedance, perhaps due to hair growth or local tissue 
thickness. To analyze interhemispheric asymmetry, we normalized spectral power in each 
hemisphere during SWS to levels recorded during a neighboring QW episode to account for 
changes in signal amplitude across hemispheres and across time (as animals transitioned in and 
out of water). Across 23 sleep bouts (periods of consecutive sleeping dives) in 3 seals at sea, 
asymmetry between hemispheres with higher and lower delta spectral power did not exceed 2-
fold ((δ SWS higher / δ SWS lower)/ δ QW = 0.77 [mean] ± 0.22 [SD]; max = 1.29). Across all 
seals and recordings, neither quantitative analysis nor visual inspection revealed 
interhemispheric EEG asymmetry (<2-fold difference) between symmetrical derivations, 
consistent with 3 prior studies of sleep in true seals (22). 
 
Motion & Environmental Sensor Processing 
 For EEG studies, inertial motion sensing data was calibrated and processed using the 
Customized Animal Tracking Systems (CATS) toolbox (50). 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 (23, 51). Processed inertial sensing 
data and speed estimates were paired with GPS coordinates 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 
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the Visualizing Life in the Deep tools and scripts for visualizing underwater behavior (52, 53) 
(Fig. 1, Movie S1).  
 
SWS and REM at sea 
 We paired separately processed motion and sleep state data to examine the biomechanics 
of sleep at sea. In this section, we combine values for all SWS (light sleep SWS1 and deep sleep 
SWS2) and all REM (certain REM1 and putative REM2). On the continental shelf, seals slept 
while approaching the ocean floor or on the ocean floor (vertical speed (|d’(t)|) < 0.1 m/s). Out of 
8.11 h of sleep across all seals (N=3) at the continental shelf (78.2% SWS and 21.8% REM), 
7.37 h (90.8%) occurred on the ocean floor (76.3% SWS and 23.7% REM). While on the 
continental shelf, seals were upside down (|roll| > 2 radians) 64.4% of REM time and only 37.0% 
of SWS time. 
 In the open ocean, seals slept while drifting in the water column, often entering “sleep 
spirals” which we defined as at least two consecutive loops in the same direction – clockwise or 
counterclockwise. Out of 6.16 h of sleep across all seals (N=3) in the open ocean (73.9% SWS 
and 26.1% REM), 2.65 h (43%) occurred within a sleep spiral (53.8% SWS and 46.2% REM). 
76.3% of REM in the open ocean occurred within sleep spirals, but only 31.3% of SWS. This 
value increases to 81.3% if REM that precedes or follows a sleep spiral is included (if a sleep 
spiral occurs within the dive but does not overlap with the period of REM in question). The 
remaining 4 episodes of REM that did not co-occur with a sleep spiral were short with only a 
single loop and therefore did not meet our definition of a sleep spiral.  

Regardless of sleep spiral overlap, seals in the open ocean were upside down for 100% of 
REM sleep time in 21 REM sleep episodes compared to only 37.3% of SWS time. This supine 
inversion was also observed in biomechanical studies of juvenile northern elephant seals (N=6; 
23) and adult southern elephant seals (N=12; 54). A few hypotheses have attempted to explain 
supine inversions in seals: (a) improved visual detection [of prey] (23, 55), (b) slowing descent 
rate (23), and (c) thicker ventral versus dorsal blubber layers (23). (a) Based on the presence of 
sleeping EEG activity and absence of foraging behavior during drift dives (39), it is unlikely that 
seals are maintaining vigilance for prey, but it is possible that the supine posture provides a 
vigilance benefit for seals occasionally opening their eyes to monitor for predators attacking 
from below during sleep. However, seals in pools in the lab also often slept in a supine posture. 
(b) Our data support the fact that this inverted posture coincides with a reduced vertical speed 
(0.18 ± 0.058 m/s during REM; 0.28 ± 0.15 m/s during SWS).  

We cannot conclusively show why seals undergo this supine inversion; we propose that 
the transition to REM sleep is accompanied by the loss of muscle tone, as in other mammals, at 
which point the inherent density distribution and shape of the instrumented animal may cause it 
to passively invert. Captive seals without instrumentation also slept in supine postures. The 
prevalence of supine inversion during REM sleep as opposed to SWS supports a passive 
mechanism triggered by REM sleep onset (and not reversed or prohibited by SWS onset- as seen 
in Fig. 1) as opposed to an active, vigilance-based preference for a supine sleeping posture.  
 
Sleep Identification Model 
 Data from the EEG logger identify SWS and REM sleep during (A) inactivity on the 
ocean floor on the continental shelf, (B) inactivity approaching the ocean floor near the 
continental shelf, (C) inactivity during gliding, usually preceding sleep spirals, (D) inactivity 
during sleep spirals. While the vertical speed (rate of depth change; d’(t)) signatures of SWS and 
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REM sleep are not distinct (there is some overlap; Fig. S5), we employed the collective 
signatures of SWS and REM sleep to distinguish potential sleep from non-sleep using a 
hierarchical filtering algorithm to identify low-vertical-speed segments of time-depth records that 
likely represent inactivity (Fig. S6). Cases A-D represent four specific types of “drifts” (low-
vertical-speed segments) that likely represent sleep based on our EEG data. 

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 most of the dive (30, 37, 56). Existing methods often prioritized 
obtaining smooth estimates of these constant drift rates, used as a proxy for fat content and mass 
gain via buoyancy (37). 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 (56, 57). 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 sudden changes in vertical speed typically used to identify drift dives (56, 
57). 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-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.  
 
Model implementation 

We estimated sleep quotas for N=334 adult female northern elephant seals across foraging 
trips at sea (N=170 short trips [74.6 ± 9.5 days] and N=164 long trips [217.7 ± 24.7 days]; Table 
S1). A subset of 14 seals (8 short trips and 6 long trips) were instrumented with accelerometers 
to assess the false positive rate of our model (propensity to falsely identify segments where the 
animal is swimming).  

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 and 
applied a first pass Gaussian smoother (window size of 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 obtain consecutive drifts within 
first derivative thresholds.  

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. A threshold of 15 strokes per minute differentiated 
periods of stroking and gliding (see explanation above). Glides exceeding 3 minutes (duration 
that minimized false positives) were labeled long glides.  

Extended surface intervals exceeding 10 minutes were included in our sleep estimate, 
where animals could spend up to 8 hours at the surface without stroking activity. Although we do 
not have direct EEG observations at sea to confirm this, one animal in the lab spent several days 
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sleeping vertically at the surface of the pool; such “bottling” is a common sleep behavior for 
seals and walruses (25-26). 

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. These broad vertical speed and acceleration criteria were as follows 
with d (t) = depth as a function of time: | d ′(t) | < 0.60 & | d ′′(t) | < 0.05) (Fig. S5, S6). We then 
applied a minimum duration (>3 min) to identify long drifts. Within long drifts, we kept all 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 ′(tend)) | < 0.01 m/s where tend is between 7/8 and 8/9 of the segment).  

We filtered the remaining long drifts that did not fit the criteria for long flats using the 
following filter criteria. The filter criteria were designed to maximize accuracy while minimizing 
false negatives based on EEG data and false positives based on stroking data. 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. 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.  

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) (Fig. S5, S6). Previous studies implemented 
similar filters, including spline regressions or Kalman filters (17, 39, 57).  

Next, we applied filtered drifts according to 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 (Fig. S6). 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 travel” (seals 
swimming along the continental shelf at a relatively constant ascent or descent rate) and “travel” 
(U-shaped transit dives with low vertical speed) (Fig. S6). Anti-travel criteria eliminated 
segments where the drift rate changed between the beginning and the end of the drift (| d ′(t1) - d 
′(t2) | < 0.10 m/s where t1 is between 1/4 and 2/3 of the segment and t2 is between 2/3 and 3/4 of 
the drift duration). Anti-benthic-travel 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-travel 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-travel criteria, but not anti-benthic-travel 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 (Fig. S6). 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).  
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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. 

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. 
This sleep estimate represents Total Sleep Time (SWS and REM binned together). 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. 

 
Accuracy of Sleep Identification 
 We validated our model by calculating its accuracy ((True Positives [TP] + True 
Negatives [TN])/All Classifications [TP+TN+FP+FN]), sensitivity (TP/(TP+FN)), and 
specificity (TN/(FP+TN)) compared to EEG-identified sleep. The sleep identification model 
yielded 93% accuracy (Fig. 3 & Fig. S7). 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%. Our filtering criteria (see previous page and Fig. S6) improved the 
accuracy of our sleep identification model to 93% overall and decreased false positives from 
21.6% to 5.2% (Fig. S7). 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 14 adult females instrumented with stroke rate 
loggers.  
 We also manually reviewed dive records with the model output for 7 24-h excerpts from 
different portions of the trip (1%, 20%, 40%, 50%, 60%, 80%, and 99% of trip duration). We 
rejected diving records where depth sensors malfunctioned. 
 
Spatial Sleep Analysis 
All seals were tracked using the Argos system (https://www.argos-system.org/). Erroneous 
locations on land were first filtered out by cross-referencing to bathymetry data (dataset ID 
usgsCeSS111). Location estimates were further refined using the foieGras package version 0.7-
7.9276 in R (58-60), which uses a continuous time state-space model to filter tracking data using 
Argos location error estimates. Locations were interpolated to match the 10 s diving data and 
then averaged to obtain mean daily positions. Daily activity and mean positions were plotted, 
transformed into a raster layer (using ‘Kriging’ 2D interpolation method and then clipped with 
‘Extract by Mask’ with land cover data (World Land Cover ESA 2009) and clipped to the extent 
of tracking data (1 point per seal day) to visualize daily sleep estimation across space. 
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Fig. S1. 
Sleep scoring methods. Example 15-minute sleep polygraph of sleep on land demonstrating 
signals during each sleep stage. Sleep stages were distinguished on the basis of distinct 
characteristics of the EEG spectrogram (left hemisphere), z-axis gyroscope (for breath 
detection), and heart rate. Spectral power (left hemisphere) varied across stages from (1) 
Drowsiness (DW) with slow (10 s) oscillations between slow waves and waking, (2) Slow-
Wave Sleep (light SWS: low-amplitude SWS & deep SWS: high-amplitude SWS) high 
amplitude low-frequency activity, (3) REM Sleep with lowest amplitude high-frequency activity 
and highest heart rate variability (HRV) (putative REM: low HRV & certain REM (high 
HRV)), and (4) Quiet Waking (QW) low amplitude high-frequency activity. To categorize 
REM sleep, we used the combination of low delta spectral power, apnea [not breathing], and 
high heart rate variability (not associated transitions from or to eupnea [breathing consistently]). 
We include EOG and EMG recordings to demonstrate the lack of notable characteristics (no 
detected eye movements or changes in muscle tone – See “EOG & EMG” above).  



12 

Fig. S2. 
Heart rate variability across sleep states. Variance of very low frequency (VLF; 0-0.005 Hz) 
power for heart rate, sampled once per 10 s. 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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Fig. S3. 
Signal quality (δ SWS / δ REM) for 5 recordings in the lab and in the wild. Blue boxes 
denote submersion in water (in the lab [pool] or in the wild [shallow lagoon or at sea]). Detected 
signal amplitude during slow wave sleep was smaller during submersion in water, but remained 
at least 2-fold greater than that during REM.  
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Fig. S4. 
Sleep rebound for 6 wild seals. Sleep and location data from EEG recordings for 6 seals (2 wild 
weanlings [2 months old], 2 wild juveniles [1-2 years old], and 2 translocated juveniles [1-2 
years old]). Colors and bars above the x-axis represent the percent of the hour that contained 
sleep (0-100%). Bars below the x-axis represent the location (Land, Shallow Water, Deep Water, 
Open Ocean: partial values represent time shared in two habitats). The figure demonstrates that 
the sleep rebound after 48 h (Seal 4) and 60 h (Seal 5) at sea results in 43 h and 18 h of sleep 
recovery of similar intensity and duration to the similar-aged wild juvenile that did not leave the 
breeding colony (Seal 3).  
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Fig. S5.  
Time-depth and three-dimensional correlates of electrophysiological sleep. Quantitative 
parameters for raw data (at 10 s) by sleep stage (Active Waking [small light blue dots], Quiet 
Waking [large dark 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.  
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Fig. S6. 
Tree diagram for sleep identification model. Tree diagram explaining filtering criteria and the 
order applied to identify potential sleep episodes.   
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Fig. S7.  
Accuracy of sleep identification model for two seals at sea (upper seal slept more than lower 
seal). 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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Table S1. 

Animal Info. Morphometrics 
Recording duration 
(days) Data Collected 

Dataset Age Class Se
x 

A
ge

 (m
o.

) 

Le
ng

th
 (c

m
) 

G
ir

th
 (c

m
) 

M
as

s (
kg

) 

Lo
ca

tio
n 

R
ec

or
di

ng
 T

yp
e 

La
nd

 (L
D

) 

Sh
al

lo
w

 W
at

er
 (S

W
) 

C
on

tin
en

ta
l S

he
lf 

(C
S)

 

O
pe

n 
O

ce
an

 (O
O

) 

To
ta

l D
ur

at
io

n 
(d

ay
s)

 

EE
G

 
EC

G
 

C
on

tin
uo

us
 W

eb
ca

m
 

A
ni

m
al

-b
or

ne
 c

am
er

a 
K

am
i k

am
i 

3D
 M

ot
io

n 
St

ro
ke

 R
at

e 
H

ig
h-

re
so

lu
tio

n 
V

id
eo

 
TD

R
 

E
E

G
 D

at
as

et
 

Yearling F ~8 152 132 118 LML Lab 2.1 1.2 0.0 0.0 3.3 - - 
Weanling F 2 165 143 200 ANO Wild 0.7 1.8 0.0 0.0 2.6 - - 
Juvenile F 26 187 102 ~120 ANO Wild 1.8 1.1 0.0 0.0 2.9 - - - 
Juvenile F 20 188 124 141 LML Lab 2.8 1.8 0.0 0.0 4.6 - - 
Juvenile F 20 206 147 196 LML Lab 3.1 1.7 0.0 0.0 4.8 - - 
Juvenile F 20 206 129 177 LML Lab 2.7 0.2 0.0 0.0 2.9 - - 
Yearling F ~8 165 139 148 LML Lab 1.9 1.4 0.0 0.0 3.3 - - 
Weanling F 2 157 130 116 ANO Wild 3.0 2.1 0.0 0.0 5.0 - - - 
Juvenile F ~26 151 129 118 ANO Wild 2.1 0.2 1.1 0.7 4.1 - - - 

Weanling F 2 177 134 154 ANO Wild 2.5 2.5 0.0 0.0 5.0 - - - 
Juvenile F ~26 177 140 163 XLOC XLOC 0.3 0.2 1.8 2.5 4.8 - - - 
Juvenile F ~14 170 140 157 ANO Wild 4.2 0.6 0.0 0.0 4.8 - - - 
Juvenile F ~26 199 160 211 XLOC XLOC 1.0 0.5 1.4 0.6 3.5 - - - 

EEG Dataset N Type total dur. (d) 
5 Lab 12.6 6.3 0.0 0.0 18.9 
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TD
R

 6 Wild 14.3 8.3 1.1 0.7 24.4 
2 XLOC 1.3 0.6 3.2 3.1 8.3 
13 Total 28.2 15.2 4.3 3.9 51.6 

Time-Depth N Season mean dur. (d) Data Collected 
Record Dataset Adult F 170 PB 74.6 ± 9.5 
(TDR) Adult F 164 PM 217.7 ± 24.7 
Stroke Rate data N Season Data Collected 
(SR: subset of  Adult F 8 PB 
TDR Dataset) Adult F 6 PM 
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Morphometrics and recording duration for all instrumented seals (electroencephalogram [EEG], time-depth records [TDR], 
and Stroke Rate [SR] recordings) in this study. For EEG Dataset animals, the table provides age, sex, morphometrics (length [cm], 
girth [cm], mass [kg]), and recording location (Long Marine Lab [LML], Año Nuevo State Park [ANO], Translocation [XLOC]),  
recording type (lab, wild, translocation, post-breeding [PB], or post-molt [PM]), recording duration (in days; Land [LD], Shallow 
Water [SW], Continental Shelf [CS], Open Ocean [OO]), 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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Table S2. 

Animal Information  Sleep time summary (total hours) 
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2019058 Yearling F ~8 Lab 37.2 11.8 2.9 5.9 5.9 10.1 6.3 1.8 80.1 1.8 
2020045 Weanling F 2 Wild 46.0 3.1 0.6 1.9 3.4 6.5 0.0 12.3 61.5 12.3 
2020046 Juvenile F 26 Wild 52.6 6.4 0.5 1.8 3.3 5.2 0.5 4.7 70.4 4.7 
2020047 Juvenile F 20 Lab 53.4 14.2 1.9 7.5 10.4 16.4 7.3 5.9 111.0 5.9 
2020048 Juvenile F 20 Lab 51.6 16.5 1.6 9.5 10.3 18.4 6.6 1.3 114.6 1.3 
2020049 Juvenile F 20 Lab 29.6 16.2 1.8 6.3 4.1 10.8 0.8 0.1 69.5 0.1 
2020050 Yearling F ~8 Lab 36.8 6.8 1.9 6.2 8.1 18.3 0.6 1.0 78.8 1.0 
2021041 Weanling F 2 Wild 83.1 5.7 1.3 6.9 7.2 16.7 0.1 0.0 120.9 0.0 
2021042 Juvenile F ~26 Wild 53.3 6.4 0.6 7.5 12.4 17.0 1.6 0.0 98.8 0.0 
2021043 Weanling F 2 Wild 73.7 9.0 1.0 9.1 9.2 17.0 0.0 1.1 119.0 1.1 
2021044 Juvenile F ~26 XLOC 109.2 1.4 0.2 1.0 0.7 1.8 0.0 0.0 114.4 0.0 
2021045 Juvenile F ~14 Wild 56.4 10.2 0.7 9.5 13.5 23.2 1.5 4.2 115.0 4.2 
2022033 Juvenile F ~26 XLOC 69.2 4.4 0.3 2.3 3.0 4.8 0.2 2.3 84.1 2.3 

 x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD x̄ SUM SUM 
Lab 41.7 ± 9.2 13.1 ± 3.6 2.0 ± 0.4 7.1 ± 1.3 7.8 ± 2.5 14.8 ± 3.6 4.3 ± 3.0 2.0 ± 2.0 453.9 10.0 
Wild 60.8 ± 13.1 6.8 ± 2.3 0.8 ± 0.3 6.1 ± 3.1 8.2 ± 4.0 14.3 ± 6.4 0.6 ± 0.7 3.7 ± 4.3 585.6 22.4 

XLOC 89.2 ± 20.0 2.9 ± 1.5 0.3 ± 0.0 1.7 ± 0.6 1.9 ± 1.1 3.3 ± 1.5 0.1 ± 0.1 1.1 ± 1.1 198.6 2.3 
Total 57.9 ± 20.7 8.6 ± 4.7 1.2 ± 0.8 5.8 ± 2.9 7.0 ± 3.8 12.8 ± 6.4 2.0 ± 2.7 2.7 ± 3.4 1238.1 34.6 

Sleep scoring data summary. Total recording time (hours) spent in each sleep stage per recording for each EEG-instrumented seal in 
this study. Metadata match Table S1. Sleep and wake 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.  
The number of hours of unscorable data are provided for reference.  
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Table S3. 
24 * (Sleep / 
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Yearling F ~8 Lab 24.8 80.1 7.4 9.3 6.4 4.7 2.6 1.7 23.8% 35.4% 
Weanling F 2 Wild 12.4 61.5 4.8 4.8 3.8 3.2 0.8 0.6 15.4% 20.2% 
Juvenile F 26 Wild 10.9 70.4 3.7 3.9 3.3 2.7 0.8 0.6 16.8% 21.8% 
Juvenile F 20 Lab 36.2 111.0 7.8 9.4 7.0 5.5 1.9 1.5 20.9% 26.0% 
Juvenile F 20 Lab 39.9 114.6 8.4 9.7 7.9 5.9 2.3 2.0 23.9% 28.0% 
Juvenile F 20 Lab 22.9 69.5 7.9 8.2 7.3 5.1 2.8 2.2 27.4% 35.2% 
Yearling F ~8 Lab 34.5 78.8 10.5 10.7 9.8 7.9 2.5 1.9 18.1% 23.6% 
Weanling F 2 Wild 32.1 120.9 6.4 6.4 6.1 4.7 1.6 1.4 21.4% 25.6% 
Juvenile F ~26 Wild 37.5 98.8 9.1 9.5 9.0 7.1 2.0 1.8 20.1% 21.6% 

Weanling F 2 Wild 36.3 119.0 7.3 7.3 7.1 5.2 2.0 1.8 25.2% 27.8% 
Juvenile F ~26 XLOC 3.8 114.4 0.8 0.8 0.8 0.5 0.3 0.2 27.0% 33.3% 
Juvenile F ~14 Wild 46.8 115.0 9.8 10.1 9.3 7.4 2.0 1.9 20.2% 21.6% 
Juvenile F ~26 XLOC 10.3 84.1 2.9 3.0 2.8 2.2 0.7 0.6 22.0% 24.8% 

x̄ SUM x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD x̄ SD 
Lab 158.3 453.9 8.4 ± 1.1 9.5 ± 0.8 7.7 ± 1.2 5.8 ± 1.1 2.4 ± 0.3 1.9 ± 0.2 22.8% ± 3.1% 29.6% ± 4.8% 
Wild 176.1 585.6 6.9 ± 2.2 7.0 ± 2.3 6.4 ± 2.3 5.1 ± 1.8 1.5 ± 0.5 1.4 ± 0.6 19.9% ± 3.2% 23.1% ± 2.7% 

XLOC 14.1 198.6 1.9 ± 1.1 1.9 ± 1.1 1.8 ± 1.0 1.3 ± 0.8 0.5 ± 0.2 0.4 ± 0.2 24.5% ± 2.5% 29.1% ± 4.3% 
Total 348.5 1238.1 6.7 ± 2.7 7.2 ± 3.0 6.2 ± 2.6 4.8 ± 2.1 1.7 ± 0.8 1.4 ± 0.6 21.7% ± 3.6% 26.5% ± 5.0% 

Total sleep time summary table. Total sleep time (TST) calculated with and without putative REM and drowsiness for the 13 seals 
in our EEG dataset. Metadata match Table S1. This table uses data provided in Table S2 to calculate TST (24*(All SWS + All 
REM)/Total Scored), TST with Drowsiness (24*(All SWS + All REM + Drowsiness)/Total Scored), TST with Certain REM Only 
(24*(All SWS + Certain REM)/Total Scored). We also provide the daily hour values for All SWS (Low-Voltage [LV] SWS + High-
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Voltage [HV] SWS), All REM (Certain REM + Putative REM), and Certain REM. We compare the proportion of REM/TST (REM 
% TST) with and without segments scored as putative REM (less pronounced heart-rate variability) for comparison (Certain REM % 
of TST vs. All REM % of TST). At the bottom of the table, means and standard deviations are provided for each experimental group 
(Lab, Wild, Translocation [XLOC], and Total [all EEG animals]).  
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Table S4. 
TST = ( Sleep [All SWS + All REM] ) / 

Total Scored [per Location] 
24 * (Sleep / 
Total Scored) 

Animal Information Total Sleep Time (h/day) by Location 
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Yearling F ~8 Lab 8.9 4.9 - - 9.0 5.9 7.4 
Weanling F 2 Wild 10.5 2.6 - - 5.7 3.6 4.8 
Juvenile F 26 Wild 5.3 1.3 - - 3.5 3.1 3.7 
Juvenile F 20 Lab 9.7 4.8 - - 11.6 4.5 7.8 
Juvenile F 20 Lab 9.9 5.7 - - 9.3 6.3 8.4 
Juvenile F 20 Lab 8.0 7.2 - - 7.0 6.9 7.9 
Yearling F ~8 Lab 12.6 7.6 - - 14.1 6.8 10.5 
Weanling F 2 Wild 10.7 0.1 - - 9.3 4.0 6.4 
Juvenile F ~26 Wild 13.0 0.0 7.5 2.6 13.9 5.3 9.1 

Weanling F 2 Wild 14.0 0.6 - - 8.1 6.4 7.3 
Juvenile F ~26 XLOC 0.6 0.0 0.0 1.4 1.3 0.6 0.8 
Juvenile F ~14 Wild 11.1 0.0 - - 12.6 6.5 9.8 
Juvenile F ~26 XLOC 9.6 0.0 0.0 1.0 8.7 0.0 2.9 

x̄ SD x̄ SD x̄ SD x̄ SD x̄ x̄ x̄ SD 
Lab 9.8 ± 1.7 6.0 ± 1.3 - ± - - ± - 14.1 4.5 8.4 ± 1.1 
Wild 10.8 ± 3.0 0.8 ± 1.0 - ± - - ± - 13.9 6.5 6.9 ± 2.2 

XLOC 5.1 ± 6.3 0.0 ± 0.0 0.0 0.0 1.2 ± 0.3 8.7 0.0 1.9 ± 1.1 
Total 9.5 ± 3.4 2.7 ± 2.8 2.5 ± 3.5 1.7 ± 0.7 14.1 0.0 6.7 ± 2.7 

TDR Dataset Season N TST 
Adult F PB 170 1.1 ± 1.1 
Adult F PM 164 2.2 ± 1.6 

Total sleep time summary table. Total sleep time (TST = Sleep [All SWS + All REM] / Total Scored) in hours per day per recording 
location for 13 EEG seals in this study. Metadata matches Table S1. TST values are provided for Land, Shallow Water (depth < 10 
m), Continental Shelf (depth < 250 m), and the Open Ocean (depth > 250 m). The maximum and minimum sleep times per 24 h period 
are provided for comparison (max 14.1 h/day and min 0.0 h/day). Mean (x̄) and standard deviation (SD) summarize TST values across 
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Lab, Wild, Translocation (XLOC), and all animals. Overall TST is provided for all EEG dataset seals alongside sleep estimates 
derived for adult females in the TDR dataset (bottom of table).  
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Table S5. 
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Drifts Sleep 

7965 203 9044 4326 37.0% 0.9% 42.0% 20.1% 57.1% 95.5% 46.8% 

18565 7 28128 1621 38.4% 0.0% 58.2% 3.4% 41.8% 99.6% 39.8% 

10533 0 16110 268 39.1% 0.0% 59.9% 1.0% 40.1% 100.0% 39.5% 
37063 210 53282 6215 38.2% 0.3% 53.4% 8.1% 46.3% 98.4% 42.0% 

Long 
Drifts Sleep 

13058 822 3951 3707 60.6% 3.8% 18.3% 17.2% 77.8% 81.9% 76.8% 
32470 18 14223 1610 67.2% 0.0% 29.4% 3.3% 70.5% 98.9% 69.5% 

22081 0 4562 268 82.1% 0.0% 17.0% 1.0% 83.0% 100.0% 82.9% 
67609 840 22736 5585 70.0% 1.3% 21.6% 7.2% 77.1% 93.6% 76.4% 

Filtered 
Long 
Drifts Sleep 

15445 1049 1564 3480 71.7% 4.9% 7.3% 16.2% 87.9% 76.8% 90.8% 
44196 365 2497 1263 91.5% 0.8% 5.2% 2.6% 94.1% 77.6% 94.7% 
25819 0 824 268 95.9% 0.0% 3.1% 1.0% 96.9% 100.0% 96.9% 
85460 1414 4885 5011 86.4% 1.9% 5.2% 6.6% 93.0% 84.8% 94.1% 

Glides Sleep 

11144 53 5865 4476 51.7% 0.2% 27.2% 20.8% 72.5% 98.8% 65.5% 
37590 18 9103 1610 77.8% 0.0% 18.8% 3.3% 81.1% 98.9% 80.5% 

7089 0 19554 268 26.3% 0.0% 72.7% 1.0% 27.3% 100.0% 26.6% 
55823 71 34522 6354 52.0% 0.1% 39.6% 8.4% 60.3% 99.2% 57.5% 

Long 
Glides Sleep 

15086 328 1923 4201 70.0% 1.5% 8.9% 19.5% 89.5% 92.8% 88.7% 
45794 374 899 1254 94.8% 0.8% 1.9% 2.6% 97.4% 77.0% 98.1% 

19069 0 7574 268 70.9% 0.0% 28.1% 1.0% 71.9% 100.0% 71.6% 

79949 702 10396 5723 78.6% 0.8% 13.0% 7.7% 86.3% 89.9% 86.1% 
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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 Fig. S6). # 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 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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Movie S1. 
Data-driven animation of sleep spiral behavior. Rectangular prisms represent data for each 
second of a 23-minute dive, colored according to sleep state (Active Waking: blue; Quiet 
Waking: light blue; Slow Wave Sleep: green; Rapid-eye-movement Sleep: yellow) and rotated 
according to the animal’s pitch, roll, and heading. The seal’s swimming behavior is data-
generated using peak-detection of the z-axis gyroscope. Additional data shown include stroke 
rate over time (in strokes per minute [spm]), the EEG spectrogram showing power across 
frequency over time, depth [m], heart rate [bpm], and minutes into the dive. Screenshot of 
animation provided below.  

swhite
Cross-Out
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