Supplementary figures

Supplementary Figure 1. Temporal distributions of flight behaviors and sleep across days
for frigatebird 1. The top plot shows the number of wing flaps and drops. The middle plot
shows the percentage of time spent flapping (without circling), and circling with and without
flapping. The bottom plot shows the percentage of time spent in slow wave sleep (SWS) and
rapid eye movement (REM) sleep. For all plots, data is shown for each hour beginning at the
time when the birds initiated their first flight after instrumentation and ending at the time of
recapture. The time interval from release to initiating flight in noted at the left of the bottom plot.
Periods with all flight parameters at zero correspond to times when the birds were on land. Night
(sunset to sunrise) is marked with grey bars below the x-axis of the bottom plot. The day with
large amounts of sleep selected for a detailed analysis is marked by a black horizontal line
segment. Drops and REM sleep were multiplied 10 and 5 times, respectively, to enhance
visualization.

Supplementary Figure 2. Temporal distributions of flight behaviors and sleep across days
for frigatebirds 2 and 3. Data plotted as in Supplementary Fig. 1. Data excluded from the
analysis is marked by the cross-hatched bar above the photoperiod.

Supplementary Figure 3. Temporal distributions of flight behaviors and sleep across days
for frigatebirds 4 and 5. Data plotted as in Supplementary Fig. 1. Data excluded from the
analysis is marked by the cross-hatched bar above the photoperiod.

Supplementary Figure 4. Temporal distributions of flight behaviors and sleep across days
for frigatebirds 6 and 7. Data plotted as in Supplementary Fig. 1. Data excluded from the
analysis is marked by the cross-hatched bar above the photoperiod.

Supplementary Figure 5. Temporal distributions of flight behaviors and sleep across days
for frigatebirds 8 and 9. Data plotted as in Supplementary Fig. 1. Data excluded from the
analysis is marked by the cross-hatched bar above the photoperiod.

Supplementary Figure 6. Temporal distributions of flight behaviors and sleep across days
for frigatebirds 10 and 11. Data plotted as in Supplementary Fig. 1.

Supplementary Figure 7. Temporal distributions of flight behaviors and sleep across days
for frigatebirds 13 and 14. Data plotted as in Supplementary Fig. 1. Data excluded from the
analysis is marked by the cross-hatched bar above the photoperiod.

Supplementary Figure 8. Temporal distributions of flight behaviors and sleep across days
for frigatebird 15. Data plotted as in Supplementary Fig. 1.

Supplementary Figure 9. Average hourly distribution of flight behaviors and sleep in
frigatebirds. Unless specified otherwise, the values reflect the mean (s.e.m., dotted line) of the
hourly means for individual birds (N=14). (a) Distribution of wing flaps and drops. Note the
reduced number of wing flaps and drops at night marked by grey. (b) Hourly flight altitude
calculated from the GPS data. The secondary y-axis shows the probability of a high-altitude
ascent (>600 m) occurring during a given hour. (c) Percent of time spent in flapping flight,
circling, and flying at low altitude (<20 m). The gradual decrease and increase in circling time
across the night and day, respectively, likely reflects the availability of thermals (significance of
linear trends, P=1.8×10-7 and P=2.4×10-6). Flying at low altitude, a behavior usually associated
with feeding, was more prevalent during the day than the night (P=3.9×10-5, paired two-tailed
Student’s t-test). (d) Percent of time spent in slow wave sleep (SWS) and rapid eye movement
(REM) sleep in flight (N=14, average of all days). Data for REM sleep was multiplied 4 times to
enhance visualization. Note that the percentages of SWS and circling flight decline in parallel
across the night (P=5.6×10-6 for the linear trend for the entire night, and P=1.2×10-6 with the last
hour of the night excluded); however, the decline in SWS in individual birds does not correlate
with the decline in circling (Pearson correlation coefficient R=-0.090, P=0.76). (e) SWS and
REM sleep on land aligned to the light cycle. In (e) and (f), the number of birds with data for a
given hour is indicated above the data for that hour. (f) SWS and REM sleep on land aligned to
the time from landing. (g) Chart showing the recording period following the final landing for
each bird (green) rounded to the nearest hour. For birds with two data points for an hour, the
average was used in (e). For birds with recordings lasting >24 h, only the first 24 were used in
(f). For birds with two landings (1 and 5), only data for the final landing was used in (e) and (f).

Supplementary Figure 10. Altitude across a 10 day flight for frigatebird 2. Note the
occasional ascents above 600 m (dashed red line). Nights are indicated by the grey boxes.

Supplementary Figure 11. Asymmetry index showing the absence of a left-right bias in
circling behavior. Asymmetry index AI=(L-R)/(L+R), L – time circling to the left, R – time
circling to the right. The values reflect the mean (s.e.m., dotted line) of the hourly means for
individual birds (N=14). The AI averaged across all hours does not does not differ from zero
(AI=0.0055±0.0169, mean±s.e.m., P=0.75; two-tailed Student's t-test).

Supplementary Figure 12. Relationships between head angle and brain state during flight
and while on land. Head angle relative to the horizon while awake and during bihemispheric
and asymmetric slow wave sleep (BSWS and ASWS, respectively) while on land (a) and during
circling (b) and straight (c) flight. Blue lines show head angles during a day selected for large
amounts of sleep in flight (see Supplementary Fig. 1-8), and red lines show head angle during
last day of flight, when a relatively small amount of sleep was detected. Angles were calculated
from the average head position in straight flight taken as zero. On land (N=9), the head angled
down more during wakefulness than during BSWS (P=0.008; a paired two-tailed Student's t-test
was used here and below) and ASWS (P=0.008), likely reflecting a combination of changes in
head posture related to brain state and attending to the chick during wakefulness. During circling
flight (N=14), the head also angled down more during wakefulness than BSWS (P=0.0032 on
long sleep day, P=3.3×10-5 on the last day, and P=1.4×10-5 for both days taken together) and
ASWS (P=0.0036, P=9.2×10-5, and P=5.0×10-6). During BSWS the beak was held higher than
during ASWS on day with long sleep (P=0.031), but not on the last day (P=0.53) or both days
pooled together (P=0.16). Nonetheless, the sleeping and waking head angles and the magnitude
of their difference were smaller during circling flight than on land. The smaller angular
deviations likely reflect the absence of attending to the chick in flight, as well as overall
differences in head position relative to the body during flight when compared to land. In this
regard, the difference in head angle between sleep and wakefulness during circling flight is the
most informative. The relationship between head angle and brain state during straight flight had
similar tendencies, but was more variable than during circling flight; only ASWS had a
significantly (P=0.017, P=0.042, and P=0.0014) higher head angle than wakefulness. The
absence of a significant difference between the head angle during BSWS and wakefulness
(P=0.79, P=0.73, and P=0.53) in straight flight might be linked to larger aerodynamic
disturbances produced by the higher airspeed, shorter sleep episodes and somewhat lighter sleep.
In straight flight, slow wave activity (SWA; 0.75–4.5 Hz power) during SWS was slightly lower
than in circling flight (280±23 µV2 vs. 294±28 µV2, 4.6% difference, P=0.31) and gamma power
was significantly higher (13.4±2.0 µV2 vs. 11.5±1.7 µV2, 16.4% difference, P=0.0014). SWA
and gamma power during SWS were computed for long sleep day only.

Supplementary Figure 13. REM sleep in flight. Expanded view (5 s) of the episode of
REM sleep (red box) marked by the red arrow in Fig. 2a. REM sleep was characterized by
low-amplitude, high-frequency electroencephalogram (EEG) activity in both hemispheres,
head dropping (red arrow), and occasional twitches (*).

Supplementary Figure 14. Frigatebirds sleep more and deeper on land than in flight.
This figure is analogous to Fig. 4a, b, but for all 14 birds recorded in flight and, as before, the
9 birds also recorded on land. (a) Time spent awake and in slow wave sleep (SWS) and rapid
eye movement (REM) sleep in flight and on land. (b) Electroencephalogram (EEG) slow
wave activity (SWA; 0.75–4.5 Hz power; median and quartiles are plotted) while awake and
during SWS and REM sleep in flight and on land. For SWS, SWA is shown for, 1)
bihemispheric SWS (BSWS), 2) asymmetric SWS (ASWS) for the hemisphere with greater
SWA (ASWS+), and 3) ASWS for the hemisphere with lower SWA (ASWS–).

Supplementary Figure 15. Sleep depth does not differ on days with large and small
amount of sleep. (a) On the day with large amounts of sleep (see Supplementary Fig. 1-8),
the times spent in slow wave sleep (SWS) and rapid eye movement (REM) sleep were higher
than on the last day of flight (P=4.7×10-5 and 0.0011, respectively; N=14, mean±s.e.m.; a
paired two-tailed Student's t-test was used here and below). (b) SWS depth estimated by
electroencephalogram (EEG) slow wave activity (SWA; 0.75–4.5 Hz power) did not differ
between these two days for any state (P=0.28, P=0.57 and P=0.067; median and quartiles are
plotted). For SWS, SWA is shown for, 1) bihemispheric SWS (BSWS), 2) asymmetric SWS
(ASWS) for the hemisphere with greater SWA (ASWS+), and 3) ASWS for the hemisphere
with lower SWA (ASWS–).

Supplementary Figure 16. Distribution of the total acceleration vector in the sway-surge
plane. (a) Distribution of total acceleration in the plane of the two original accelerometer axes
lying in a plane tangential to the skull. A small asymmetry in acceleration was caused by the
slightly asymmetrical attachment of the accelerometer to the birds’ head. This asymmetry was
compensated for by rotating the coordinate axes in the direction of principle components (PCs).
(b) The same as (a) but in the plane of the 2nd and the 3rd PCs. Dots represent 0.1 Hz low-pass
filtered acceleration taken at 4-s intervals from one bird. The three clearly visible clusters
correspond to the three modes of flight: straight (center cluster), and circling with rotation to the
left and to the right (right and left clusters, respectively). Red dotted lines at ±0.175 g0 show
borders separating straight from circling flight.

Supplementary Figure 17. Distribution of the total acceleration vector in the three
orthogonal planes with the coordinate system zeroed in the center of the straight flight
cluster. (a) Plane sway - surge. (b) Plane heave - surge. (c) Plane sway - heave. Centers of
the side clusters were taken as proxies for the coordinates of the acceleration in circling flight
(see Supplementary Table 1). These coordinates were used to compute the head turn in
circling flight.

Supplementary Figure 18. Distribution of accelerations recorded with a back-mounted
accelerometer in flight. (a) Sway acceleration. (b) Surge acceleration. (c) Heave
acceleration. (d) Total acceleration. Similar to the head-fixed accelerometer, the axes were
rotated to have one directed toward the ground, and another in the lateral direction. The total
duration of flight used for plotting the histograms was 20.4 h. The accelerometer sampling
rate was 25 Hz and the bin width was 0.001 g0. Note that the distributions of heave and total
accelerations are bi-modal. The two modes reflect straight (peak at 1 g0) and circling (peak at
1.052 g0) flights. Opposite to heave, the sway and surge accelerations distributions are unimodal and the sway distribution is especially narrow. The latter indicates that the lateral
deviation of the vector of total acceleration is very small in both straight and circling flight.
Consequently, although an accelerometer placed on the back can discriminate circling from
straight flight modes, only the head-mounted accelerometer can be used to determine the
direction of rotation.

Supplementary Figure 19. Acceleration due to wing flaps and drops. This chart shows
data from frigatebird 1 (night selected for large amounts of sleep marked in Supplementary
Fig. 1). (a) Averaged shape of 0.25–5 Hz filtered total acceleration around flaps/drops
detection points. Note symmetrical form of flaps and asymmetrical shape of drops. (b)
Distribution density of maximal deviation (at time zero) for flaps, drops, and noise. Note that
flaps can be easily separated from noise by selecting a threshold around -0.6 g0. Separation of
drops from flaps and noise requires additional information about the signal shape. (c)
Absolute value of acceleration as in (a), but without filtration. (d-f) Acceleration in the three
orthogonal directions, sway, surge, and heave. Note that the acceleration curves in the surge
(tail-beak) direction are shifted upwards relative to the zero level for both flaps and drops.
This means that drops are not only used to change direction, as one could suppose, but also to
increase flight speed by converting potential energy of the bird into kinetic energy.
Acceleration in the surge and heave directions are phase shifted by approximately 90°. (g-i)
Raw recordings of acceleration during three randomly selected flaps and three randomly
selected drops.

Supplementary tables
Supplementary Table 1. Acceleration-related flight parameters of individual birds.
Skull angle represents the deviation of the skull tangential plane from the horizon in straight
flight. All other parameters relate to circling flight (see Methods for details). Bank angle and
head turn angle (computed from the position in straight flight) significantly differ from zero
in circling flight (P=6.4×10-15 and P=3.1×10-8, respectively; two-tailed Student's t-test).
However, these parameters do not correlate with each other (Pearson correlation coefficient
R=-0.012, P=0.69). The head angle deviations in the right-left and beak-tail directions are
also significant (P=0.001 and P=3.2×10-5, respectively; two-tailed Student's t-test). Index L
indicates that the sign of the marked parameters refers to circling flight with turning to the
left. For right turns, the signs of these parameters should be opposite; given the left-right
symmetry, common numeric values are given for left/right turns.

Supplementary Discussion

Ascents: As in previous studies of frigatebirds1-3, all of the birds in our study occasionally
ascended to altitudes >600 m. These ascents occurred most often in the late afternoon
(Supplementary Fig. 9b), suggesting that the birds were riding rising warm air currents1-3. The
frigatebirds spent relatively little time at the peak altitude. Based on the accelerometer
recordings, it appeared that the loss of altitude during the descent was due, in part, to feather
preening. Although frigatebirds can glide in the air when they preen their body feathers, they
drop abruptly when they draw their wings and flight feathers in toward the body for preening
(Supplementary Movie 4).
While the focus of our study was not aimed at determining the function of these ascents, our
findings have bearing on the question. Although sleep often occurred during high-altitude
ascents, it did not occur during all ascents (Supplementary Movies 2 and 3). Moreover, sleep
usually occurred at much lower altitudes (153.93±6.65 m, s.e.m.). Consequently, high-altitude
ascents were not performed exclusively to facilitate sleep. As in raptors and storks migrating
over land4, frigatebirds may use rising air currents to gain height and thereby maximize
displacement across the ocean as they glide down3. However, as shown in Supplementary Movie
3, after reaching the peak altitude the birds usually returned rapidly to lower altitudes. Also, as
suggested by the accelerometry signals, the frigatebirds seemed to use the safety margin afforded
by the high altitude to preen their flight feathers, a behavior that decreased displacement.
Common swifts (Apus apus) also spend the night flying and engage in high-altitude ascents5.
Interestingly, common swifts ascend at precise times around dusk and dawn (see also6). The
presence of the dawn ascent is particularly informative because it suggests that ascents serve a
function other than simply providing an altitudinal buffer for the safe occurrence of sleep at

night, as previously proposed7. [Note: as stated in the introduction of the main text, sleep in
flight has not been demonstrated previously in swifts or any other bird]. Instead, swifts may
ascend to high altitudes at these times of the day to gain environmental information5. Although
the timing of ascents in frigatebirds is far more variable than in swifts, in general terms,
frigatebirds may also use ascents to assess the environment. For example, at high altitudes,
frigatebirds may obtain a broader view of the ocean that facilitates the tracking of ocean eddies
and associated favorable foraging conditions, a behavior that, like ascents, occurs throughout the
day and night8. Frigatebirds ascending to high altitudes at night may also detect patches of
bioluminescence predictive of high productivity and foraging opportunities. Finally, the
proposed functions of ascents in frigatebirds are not mutually exclusive, and their relative
importance may vary according to the time of day, environmental conditions, and phase (outgoing or return) of the foraging flight.
REM sleep in flight? In all birds, periods of slow wave sleep (SWS) in flight were rarely
interrupted by brief periods of low-amplitude, high-frequency EEG activity, associated with a
gradual drop of the head, often punctuated by rapid twitches, as observed during REM sleep on
land (Supplementary Fig. 13). At the end of these REM sleep episodes, the head was raised, and
SWS usually resumed. Soaring and gliding continued uninterrupted by flaps or drops throughout
these episodes.
Given the nature of avian REM sleep, its occurrence during flight may not be that surprising9.
Notably, birds appear to have the ability to partially modulate muscle tone during REM sleep.
For example, geese sleeping with their head supported on their back show mammalian-like neck
muscle atonia during REM sleep, but when their head is facing forward and unsupported, partial
muscle tone is maintained during REM sleep, resulting in a gradual, controlled drop, rather than
a free fall of the head10. Similar mechanisms may also explain why birds are able to stand during

REM sleep. Consequently, frigatebirds may have an ability to maintain some tone during REM
sleep in flight. When combined with the fact that episodes of REM sleep only last several
seconds, any residual loss of muscle tone, as revealed in the accelerometer recordings, is unlikely
to have an adverse effect on frigatebirds flying over the ocean.
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