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SUMMARY

Sleep is ubiquitous in vertebrates and invertebrates,
and its loss is typically associated with reduced per-
formance, health, or survival, for reasons that are yet
unclear [1–3]. Nevertheless, some animals can
reduce sleep for increasing foraging time [4], under
predation risk [5–8], during seasonal migration
[9–11], or for having greater mating opportunities
[12, 13]. Here, we tested the hypothesis that social
bumble bee (Bombus terrestris) workers give up
sleep for improving brood care. We combined video
recordings, detailed behavioral analyses, sleep-
deprivation experiments, and response-threshold
assessments to characterize the sleep behavior of
worker bees and showed that immobility bouts of
R5 min provide a reliable proxy for sleep. We next
used this index to study sleep with an automated
video-based activity monitoring system. We found
that isolated workers severely reduce sleep time in
the presence of both larvae that need to be fed and
pupae that do not. Reduced sleep was also corre-
lated with around-the-clock activity and wax-pot
building, which are typical for nest-founding mother
queens. Cocoons, from which we removed the pu-
pae, elicited a similar but transient sleep loss in tend-
ing workers, suggesting that the pupa effect on sleep
is mediated by pheromonal signals. Sleep time
increased following brood removal but remained
lower compared to control bees, suggesting that
the brood modulated sleep need. This first evidence
for brood modulation of sleep in an insect suggests
that plasticity in sleep can evolve as a mechanism
to improve care for dependent juveniles, even in so-
cial insect workers that do not care for their own
offspring.

RESULTS

Bumble Bees ShowSleep-like Behavior Similar to that of
Other Vertebrates and Invertebrates
Using video records of workers isolated with or without a pupa

(experiment 1; Figure S1A), we found that stationary bumble

bees might show one of three distinct behaviors that we termed
‘‘immobile-active,’’ ‘‘incubation-like,’’ and ‘‘sleep-like’’ (see Table

S1; Figure S2; Videos S1 and S2; STARMethods for detailed de-

scriptions). Incubation-like behavior was defined based on previ-

ous descriptions [14–16], our own detailed observations, and

thermal imaging (Figure S2). Sleep-like behavior was defined

based on previous detailed studies with honeybees and other in-

sects [17–19]. Bees in sleep-like state showed few antennal

movements, and sleep-bout duration was longer compared

with the other two stationary behaviors (Figures 1A, 1B, and

S3A; Videos S1 and S2). Sleep-like behavior constituted 91.1%

of the time spent in immobile bouts lasting 5 min or more (Fig-

ure S3B) or 86.6% of the number of bouts R5 min (Figure 1C).

We did not record any incubation-like bouts lasting 5 min or

more. Althoughone-third of total sleep-like timewas in bouts last-

ing less than 5 min (Figure S3A), these constituted only 1.9% of

the total short immobile bouts (Figure 1C). Thus, using immobile

bouts shorter than 5 min as a proxy for sleep would significantly

increase false detection, and we selected immobility bouts

R5 min as a conservative index for sleep-like behavior in the

bumble bee. We next recorded the response (movement) of sta-

tionary isolated bees to a series of light pulses with increasing in-

tensity directed to their eyes (experiment 2). We found that the

response threshold of sleeping bees was�20- to 150-fold higher

compared to incubating and immobile-active bees (Figure 1D).

We also tested whether the bumble bee sleep-like state is home-

ostatically regulated (experiment 3) following disturbance with a

series of three substrate vibration sessions (Figure S4). There

was substantial variation between individuals, with some

disturbed bees not reducing their amount of sleep (R5 min of

immobility) during the vibration sessions (Figure S4A). However,

whenweclosely observed thebeesduring a vibration session (or-

ange line in Figures S4A–S4C), we noticed that some stationary

bees were nevertheless awake and moved their antennae, sug-

gesting that their sleepwasdisturbed.Consistentwith this notion,

disturbed bees slept significantly more during both the light and

the dark phases on the 3 days following the last disturbance

compared to before the disturbances (Figure S4E). Taken

together, these findings suggest that bumble bee workers show

homeostatic increase in sleep amount following sleep

disturbance.

Brood-Tending Workers Reduce Sleep Amount in the

Presence of Brood

We used an automatic data-acquisition system to test the influ-

ence of male larvae (offspring of orphan ‘‘queenless’’ workers)

and female larvae (offspring of mated queens; ‘‘queenright’’) on

the sleep shown by tending workers (experiment 4; Figure S1B).

Given that egg-laying workers tended to have reduced daily
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Figure 1. Bumble Bees Show Typical Sleep-like Behavior
We used video analyses (A–C) and response threshold experiments (D) to

compare three behaviors shown by stationary worker bees.

(A) Antennal movements (means ± SEM; two-sample t test).

(B) Bout duration (means ± SEM; Kruskal-Wallis test followed by Games-Ho-

well post hoc tests).

(C) The proportion of behavioral bouts lasting R5 min or <5 min (c2 test for

independence).

(D) The response threshold to a light pulse. Each circle depicts the mean

minimal light intensity at which an individual bee responded to a light pulse

directed to her eye. Dark and light filled circles indicate bees housed with or

without a pupa, respectively. The central black line shows the median, the

bottom and top box outlines depict the 25th–75th percentiles, and the whiskers

extend to themost extreme data points not considered outliers. Boxesmarked

with different letters are significantly different in Kruskal-Wallis followed by

Games-Howell post hoc tests. ImA, immobile-active; Inc, incubation-like; Sl,

sleep-like. ***p < 0.001.

See also Videos S1 and S2 and Figures S2–S4.
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Figure 2. Bumble Bee Workers Reduce Sleep Amount in the
Presence of Larvae or Pupae

(A) The proportion of daily sleep in bees placed with male or female larvae or

with a control piece of wax (experiment 4). Two-way ANOVAwith the presence

of larvae and previous social experience (i.e., queenless or queenright) as

factors is shown. p (social experience) = 0.58; p (larvae X social experience) =

0.93. The preceding social experience was confounded with larvae gender.

(B) The proportion of daily sleep in bees placed with larvae that need to be fed

or pupae that do not (experiment 5). One-way ANOVA followed by LSD post

hoc test is shown.

(C–E) Analyses of 1-h video-recording sessions (experiment 1).

(C) Proportion of time asleep per recording session.

(D) Sleep bout duration.

(E) Number of sleep bouts per recording session.

(C and E) Two-sample t test; *p < 0.05; **p < 0.01. (D) Mann-Whitney test.

Control, a bee isolated with a piece of wax and no brood; Larvae+, a bee

isolated with �8 larvae; Pupa+, a bee isolated with a single live pupa. All the

plots show mean ± SEM; n inside bars.
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sleep and weaker circadian rhythms in locomotor activity, we

excluded them from following analyses (STARMethods). Worker

bees slept significantly less in the presence of both male and fe-

male larvae (‘‘larvae+’’ treatment) compared to a control piece of

wax with no effect of larval gender (Figure 2A). Therefore, in

experiment 5, we used only male larvae and compared their ef-

fect to that of pupae (Figure S1C). We found that workers with a

pupa, which they do not need to feed, nevertheless slept less

compared to control broodless bees (Figure 2B). To confirm

these findings, we analyzed the video records of experiment 1

and found that the proportion of time asleep and the number of

sleep bouts, but not bout duration, were significantly reduced

in bees housed with a pupa (Figures 2C–2E). These detailed an-

alyses confirm that sleep amount is severely reduced in bees

tending even a single pupa. The presence of a pupa also affected

the temporal organization of behavior (Figure 3). Control bees
2 Current Biology 29, 1–6, October 21, 2019
with no brood were overall more active during the subjective

day (‘‘total activity’’ and ‘‘immobile-active’’; see Table S1 for de-

tails; Figure 3A). Workers isolated with a pupa tended the brood

(‘‘on pupa’’; Figure 3) and were overall similarly active during the

day and night (‘‘total activity’’), which is consistent with the activ-

ity pattern shown by brood-caring bees in free-foraging colonies

[20, 21]. However, in these bees, ‘‘mobile-active’’ and ‘‘immo-

bile-active’’ (p = 0.068) behaviors were higher during the subjec-

tive day and incubation-like behavior was higher during the

subjective night (Figure 3B).

Bees Placed with Emptied Cocoons Show a Reduction in

Sleep Duration that Fades over Time

We recorded sleep duration for individually isolated workers

housed with an empty cocoon, from which we removed the
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Figure 3. The Presence of a Pupa Influences the Temporal Organiza-

tion of Worker Behavior

(A) Bees without a pupa (Control).

(B) Bees with a pupa (Pupa+). ImU, immobile-unknown; MoA, mobile-active;

OnP/W, on-pupa/wax; ToA, total-activity. Light and dark bars, subjective day

or night, respectively. The data summarize detailed analyses of 1 h video-

recording sessions (experiment 1); mean ± SEM; n = 5 bees/treatment; paired t

test: *p < 0.05; **p < 0.01.
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pupa (‘‘empty’’); a cocoon in which wemade a similar incision but

did not remove the pupa (‘‘sham’’); a live intact pupa (‘‘pupa+’’); or

only a piece of wax (‘‘control’’; experiment 6; Figure S1D). We

repeated this experiment three times, each with bees and brood

from different source colonies. Bees that laid eggs during the

monitoring sessions were excluded from analyses (for more de-

tails, see experiment 6 in the STAR Methods). As in experiments

1 and 5, bees slept less in the presence of a live pupa (sham and

pupa+) compared to control bees, which had only a piece of wax

in their cage (Figure 4A; not statistically significant for the sham

treatment in trial 3). The day (p < 0.001) and the ‘‘day X treatment’’

interaction (p = 0.001, p = 0.01, and p = 0.08 in trials 1, 2, and 3,

respectively) had a significant influence, suggesting that the effect

of time differed between treatments. Indeed, bees with an empty

cocoon showed a distinct pattern: They slept similarly to bees that

were housed with a live pupa (sham and pupa+) but significantly

less than the control bees during the first day (Figure 4A). There-

after, their sleep duration increased up to a level comparable to

the control bees on day 4. Thus, the effect of empty cocoons

faded over time. Removal of the empty, sham, and pupa+, but

not control, treatments on day 5 resulted in a significant increase

in the amount of sleep on the following day (Figure 4A; in trial 2, the

effect was statistically significant only for the pupa+ treatment),

lending additional credence to the hypothesis that signals from

the pupae modulate the sleep of tending workers. The bees that
had live pupae at the first part of the experiment slept less than

control bees even after treatment removal (in trials 1 and 2), and

sleep did not increase further on the following days. These obser-

vations are not consistentwith sleep rebound, whichwould be ex-

pected if the beeswere sleep deprived by the presence of live pu-

pae in the first part of the experiment. Rather, they suggest that

the brood modulates sleep need in tending bees. Bees with a

live pupa (sham and pupa+) were more likely to construct wax

pots compared to control bees (Figure 4B; not recorded in trial

1). Wax-pot builders slept less compared to non-builders in a

pooled sample of bees from all treatment groups (insets in Fig-

ure 4A). To avoid possible confounding effects of the pupae, we

further analyzed only bees housedwithout a live pupa (i.e., control

and empty treatments) and found similar significant differences in

sleep proportion between bees that built or did not build wax pots

in trial 3 (mean ± SEM = 0.08 ± 0.016 and 0.15 ± 0.025, respec-

tively; two-sample t test, p = 0.036) and a similar trend in trial 2

(0.11 ± 0.02 and 0.16 ± 0.03, respectively; p = 0.25).

DISCUSSION

Using video recordings, response threshold evaluation, sleep

disturbance experiments, and detailed behavioral analyses, we

established that the sleep-like state of bumble bee (Bombus ter-

restris) workers shows the essential behavioral and physiological

characteristics of sleep and is particularly similar to that of the

honeybee [17–19, 22, 23] (Video S2). Sleeping bumble bees

have a significantly higher response threshold and show a ho-

meostatic increase in sleep duration following sleep disturbance.

Our analyses show that bouts of inactivity lasting 5 min or more

provide a reliable proxy for sleep, an index similar to that devel-

oped for automated sleepmonitoring of honey bees and fruit flies

[17, 24].

Bumble bee sleep is incredibly sensitive to the presence of

brood. The brood effect is specific and dynamic, as was best

exemplified by the increase in sleep duration on the day following

brood removal in experiment 6 (Figure 4A). This effect of brood

on sleep is reminiscent of studies with several species of mam-

mals [25, 26]. For example, human mothers sleep less and more

intermittently in close proximity to their babies [25, 27, 28]. Rat

pups search for their mother’s nipples and by that apparently

interrupt her sleep [29], which later returns to normal after pup

weaning [30]. The findings in mammals and bees make func-

tional sense because their newborns are helpless and reliant

on adult care. Whereas in humans and rats the newborn influ-

ence is associated with their activity, food begging, or acoustic

signals [25, 29], the bumble bee pupa does not move, is not

known to emit acoustic signals, and does not need to be fed.

How do the apparently passive pupae reduce the sleep of tend-

ing adults? Visual signals are not likely because the nest cavity is

typically dark, andwe used dim red light that bumble bees do not

see well [31]. Sound, vibrations, and temperature may also be

excluded because the effect of empty cocoons in experiment 6

faded gradually, although they were empty already on the first

day. Although we cannot exclude gradual changes in the texture

of emptied cocoons, we suggest that the most plausible

explanation for the sleep reducing effect is that pupal sub-

stances were left on emptied cocoons and gradually lost their ef-

fect due to degradation or evaporation. This explanation is
Current Biology 29, 1–6, October 21, 2019 3
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Figure 4. Workers Tending Pupae or Emptied Cocoons ShowedReduced Sleep Duration and Pupa PresenceWas Associatedwith Increased

Wax-Pot Building

Each row depicts a trial with bees from different source colonies.

(A) The influence of brood stimuli on sleep time (mean ± SEM; sample sizes are shown below the legend icons). Legend icons with different letters are statistically

different in two-way repeated-measures ANOVAs with treatment and day as factors, done separately for days 1–4 and days 6–9, and followed by least significant

difference (LSD) post hoc tests for the treatment factor. Different small letters inside the plots on the 1st or 4th day indicate a statistically significant difference in

one-way ANOVA followed by LSD post hoc tests. The colored asterisks indicate significant differences in sleep amount between the day before and the day after

the removal of the treatment stimuli from the monitoring cages (paired t tests). The insets in trials 2 and 3 show the amount of sleep for bees that did (gray bars) or

did not (open bars) build wax pots during the monitoring session (two-sample t test).

(B) The influence of brood stimuli on wax-pot building (not determined for trial 1). Empty, a bee isolated with a cocoon fromwhich the pupa was removed; Sham, a

bee housed with a similarly treated cocoon from which the pupa was not removed. Other details are as in Figure 2 or provided in the text. *p < 0.05; **p < 0.01;

***p < 0.001 in all plots.
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consistent with the hypothesis that brood pheromones emitted

from the pupaemodulate the sleep of bumble beeworkers. Inter-

estingly, the brood has somewhat different effects in honey

bees: the presence of brood attenuates circadian rhythms of

nurse bees but does not affect their amount of sleep [32, 33].

To the best of our knowledge, the only other evidence for pher-

omonal modulation of sleep is the female sex pheromones of

Drosophila that reduce sleep in males [13]. The sex-phero-

mones-aroused males are thought to increase the number of fe-

males they sire and overcome the assumed fitness cost of
4 Current Biology 29, 1–6, October 21, 2019
reduced sleep [12, 13]. To our knowledge, the present study pro-

vides the first evidence for pheromonal modulation of sleep in

animals caring for dependent juveniles.

Why does the brood need to be tended around the clock, even

at a cost of a significant sleep loss for tending adults? The most

intuitive explanation is frequent feeding, which enables acceler-

ated growth rate, but this cannot account for the strong influence

of pupae that do not require feeding. The tending beesmay need

to tightly regulate brood temperature and perhaps additional

constituents of the microenvironment. In honey bees, in which
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the pupae temperature is tightly regulated [34], a slight deviation

from optimal temperature impairs pupal development [35, 36].

The significance of brood incubation in bumble bees has long

been appreciated [14–16], and our video analyses indeed show

that the isolated workers frequently incubated the pupae (Video

S1), particularly during subjective night, a time when broodless

bees typically sleep (Figure 3). Brood-tending workers show

additional behaviors, such as wax-pot construction and pupal

grooming, that may also contribute to the need to be active

around the clock and reduce sleep time.

A remarkable aspect of our findings is that the workers gave

up sleep to care for brood that was not their own offspring.

Brood tending bees showed several additional behavioral and

physiological characteristics. For example, they were more

likely to build wax pots (Figure 4B) and had weaker circadian

rhythms (data not shown). The few workers that laid eggs

were active around the clock, and tended to sleep less. This

suite of characteristics is remarkably similar to the association

between comb construction, egg laying, and around-the-clock

brood care in nest-founding queens [16, 37]. Egg-laying bumble

bee queens switch to around-the-clock activity already before

building an eggcup, suggesting that it can stem from altered

physiology, in addition to direct response to brood signals.

These similarities between brood-tending workers and mother

queens are consistent with the reproductive and ovarian ground

plan hypotheses. These hypotheses state that the evolution of

insect sociality was associated with modifications in pathways

regulating reproduction and maternal care in the solitary ances-

tors, such that they were co-opted to regulate sibling care in

workers [38–42]. The strong association between reduced sleep

duration and other maternal-like traits in brood-tending bumble

bee workers suggests that sleep modulation is part of the set of

maternal traits that were co-opted along the evolution of social-

ity in bees.

The importance of sleep for normal function and health is well

established (e.g., [43]), yet brood-tending bumble bees dramat-

ically reduce sleep duration. We found no evidence for sleep

rebound after brood removal, in contrast to the increase in

sleep after substrate vibrations (Figures 4 and S4). These obser-

vations suggest that brood-tending bees are not sleep deprived

but rather are able to reduce their sleep need. Recent studies

with Drosophila provide plausible neuronal bases for this obser-

vation by showing that activation of certain arousal neural cir-

cuits does not lead to subsequent homeostatic sleep rebound

[44, 45]. Additional studies are needed to determine whether

reduced sleep in brood-tending bumble bees is homeostatically

compensated by a subsequent increase in sleep intensity or

that it comes with a cost in the form of compromised cognitive

performance or health. Nevertheless, our findings support and

extend a small number of studies in ecologically relevant con-

texts, suggesting that some animals can perform well with little

sleep over relatively long periods [4, 9–12, 26]. Taken together,

these studies lend credence to the hypothesis that some ani-

mals had evolved means to substantially reduce sleep need in

order to free time that they then devote to fitness-enhancing ac-

tivities. Remarkably, in the bumble bee, the selection pressure

to reduce sleep is linked to the evolution of sociality: sleep

reduction enables ‘‘nurse’’ workers effective and almost contin-

uous care for their siblings rather than for their own offspring.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bombus terrestris colonies were obtained fromYad-Mordechai Pollination Services, Yad-Mordechai, Israel. Colonies were housed in

wooden nest-boxes (30 X 23 X 20 cm) with transparent plastic covers. The bees were fed ad libitum with pollen (collected by hon-

eybees) mixed with commercial sucrose syrup (Yad-Mordechai Pollination Services, Israel). The colonies were kept in an environ-

mental chamber (27—29�C; relative humidity = 40—60%), under constant dim red light (illuminated with Edison Federal EFEE

1AE1 Deep Red LEDs, maximum and minimum wavelengths = 670 and 650, respectively; except for Experiment 1, see below)

that bumble bees do not see well [31]. In Experiments 2, 3 and in Trial 3 of Experiment 6, the colonies were kept in 12 hours light:

12 hours dark (LD) illumination regime (see below). During the light phase, colonies were illuminated with ‘white’ LED lights (Optima

Lighting IP65; 30W, 2700 lumens). Lighting intensity during the light phase was 600—700 lux. Each colony contained �50 worker

bees and a queen at the beginning of the experiments. In order to obtain bees of known age we collected callow (newly emerged,

0—24 hours of age) worker bees, identified by their light coloration, and marked each with a dot of acrylic paint-die (DecoArt, Stan-

ford, KY, U.S.A, in Experiments 4, 5) or a number-tag (Experiments 1—3, 6) on the dorsal part of their thorax. To obtain enough callow

bees, collection, marking and reintroduction were done over two or three (Experiment 1) consecutive days. We used ‘white’ LED

flashlights (Energizer, St. Louis, Missouri, U.S.A) to facilitate callow-bee collection during daytime (between 8:00 and 17:00). We

collected the marked focal bees from their colonies (Experiments 1—3, 6) or experimental cages (Experiments 4, 5) when they

were 5—7 days of age, and placed each individually in a monitoring cage. The monitoring cages were made of modified Petri dishes

(diameter: 90 mm, height: 30mm) with the exception of Experiments 1 and 2 (see below). We provisioned each cage with ad libitum

pollen and sucrose syrup.

METHOD DETAILS

Locomotor activity monitoring and sleep analyses
We monitored locomotor activity of individually isolated bees using an automatic data acquisition system as previously described

[20]. Briefly, the monitoring cages with the focal bees and the experimental stimuli were placed in an environmental chamber

(26—28�C, relative humidity 50%—70%) kept under constant dim red light (Edison Federal EFEF 1AE1 Far (Cherry) Red LED;
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maximum and minimum wavelengths were 750 and 730, respectively). In Experiment 3, the bees were monitored under 12:12 LD

regime. Activity was recorded continuously over the entire duration of the monitoring session at a frequency of 1 Hz with four

CCD cameras (Panasonic WV-BP334) and an image acquisition board (IMAQ 1409, National Instruments, U.S.A).

Experiment 1: Video analyses of the behavior of workers isolated with or without pupae

On days 1—3 of the experiment, wemarked focal callow bees collected from a single source colony and without delay returned them

to the colony (Figure S1A). On Day-4, we changed the illumination regime to 12 hours light: 12 hours dark (LD; lights on at 07:00).

During the light phase, the room was illuminated with standard florescent light (500 lux) and during the dark phase, with dim red light

(as above). On days 7, 8, and 9, we transferred focal bees (4 bees in each day, that weremarked on days 1, 2, and 3, respectively), into

individual cages, such that all 12 bees were 6—7 days of age when isolated. The cages (7.5 x 5 x 3 cm) had a glass wall that enabled

video recording. Each set of four individual cages was placed in an environmental chamber illuminated with constant dim red light

(DD). Into two of the four cageswe introduced a small piece of bumble beewax from nectar pots collected in the source colony and no

brood (‘Control‘). Each of the two other cages received a single live intact pupa that was collected from the same source colony

(‘Pupa+’). The developmental stage of the pupae ranged from pre-pupa to purple-eyed pupa, as estimated by inspecting at least

three neighboring pupae. On the day after focal bee introduction, we video-recorded each set of four cages using an infrared video

camera (Sony DCR-TRV75E). We video recorded four 1-hour sessions; two during the subjective day (11:00 and 17:00; Group 1 was

not recorded at 11:00) and two during the subjective night (23:00 and 5:00). .

We analyzed the videos using the BORIS behavior analysis software [47]. Table S1 summarizes the behaviors that we recorded in

these analyses. We specifically focused on stationary bees because we were interested in developing a sleep index that can reliably

distinguish sleep bouts from other stationary states in automatically collected locomotor activity data. Our own experience with hon-

eybees [32] and previous studies in which the sleep-like behavior of honeybees and other insects was described [17–19, 23, 24]

guided our identification of sleep-like behavior in bumble bees. Bees in ‘Sleep-like’ state had a relaxed body posture with reduced

muscle tonus, their abdominal ventilation pumping was discontinuous, their antennae had an angle of < 90� between the flagellum

and scape, or the antennae moved with a frequency of % 20 s-1 (recorded only when both antennae were clearly seen, see below).

Bouts, in which the bee did not continuously change her position, but was clearly active and awake (but not incubating, see below)

were defined as ‘Immobile-active’ bouts. ‘Incubation-like’ behavior was identified based on the detailed description of Heinrich [14,

16] (see Video S2 and Table S1) and thermal imaging showing a clear increase in the abdominal temperature in a sample of bees

performing this behavior (Figure S2). Incubating bees spread their abdomen tight on the pupa surface and wrapped their legs around

it, while continuously vibrating their abdomen in high-frequency pumping movements. They occasionally moved and changed their

position. Their antennae were typically extended with an angle of > 90� between the scape and flagellum, and they moved with a

higher frequency compared to bees performing ‘Sleep-like’ behavior (see Results; Videos S1 and S2). Bouts in which the bee was

clearly immobile but part of her body was hidden such that we could not unambiguously assign her behavior were classified as

‘Immobile-unknown’. We used the BORIS software to record antennal movements for a subset of ‘Sleep-like’ and ‘Incubation-

like’ bouts, in which we could clearly see both antennae. ‘Sleep-like’ bouts in which the frequency of antennal movement was >

20 s-1 were excluded from the analyses (10 out of 87 bouts).

One of the cages with a pupa (‘Pupa+’, from the 1st set of cages) was excluded from the analysis because the introduced pupawas

not properly attached to the substrate, and could not be groomed or incubated by the focal bee. One broodless (‘Control‘) bee from

the same set was excluded because she displayed frequent atypical twitching and shiveringmovements, whichmay suggest that she

was not healthy. We additionally excluded the 5:00 observation of one ‘Pupa+’ bee in Group 3, because she was out of clear sight

during most of the recording session. To confirm that the pupae were alive during the monitoring session, we kept them in an incu-

bator after the end of video recordings, until adult emergence. We used two-sample t-test to compare the frequency of antennal

movement for the two behavioral states and two-sample Kolmogorov-Smirnov test to compare bout length distribution of

‘Immobile-active’, ‘Sleep-like’ and ‘Incubation-like’ behaviors. Given that the distributions of bout length differed between these be-

haviors (see Results; Figure S1), we further used the non-parametric Kruskal-Wallis followed by Games-Howell post hoc tests [48] to

compare bout lengths [49]. We compared the frequency of each immobile behavior between short (< 5 minutes) and long

(R5 minutes) immobility bouts using c2 test of independence. We next compared the following indices between bees placed

with or without a pupa: the proportion of sleep time, the number of sleep bouts per recording session (two-sample t tests) and

sleep bout duration (Mann-Whitney test, given that sleep bout duration was not normally distributed). Finally, we compared the pro-

portion of time spent performing each behavior between the subjective day and subjective night using paired t tests in bees with or

without a pupa.

Experiment 2: The response threshold to a light pulse

We performed two trials. In both trials, we kept colonies under 12:12 LD illumination regime throughout the entire experiment (lights

on at 20:00). In Trial 1, we collected 40 worker bees of unknown age from four source colonies. In Trial 2, we number-tagged and

reintroduced newly-emerged workers from six colonies. We collected these bees for analyses when they were 6—7 days of age.

In each trial, we placed each focal bee in an individual cagemade of a modified 50mmPetri dish that was provisioned with ad-libitum

sugar syrup. We introduced a single pupa into 20 cages (‘Pupa+’ treatment), and in the remaining cages, placed a piece of wax

(‘Control’ treatment). In the first trial, 8 and 13 bees from ‘Pupa+’ and ‘Control’ treatments, respectively, died and were not included

in the measurements or analyses. Each cage with a focal bee was mounted vertically in one of 40 Styrofoam cells (10 X 10 X 9 cm

each) that together formed a grid. These cells were designed to minimize the leaking of light between chambers (see below). After

placing all focal bees in their cells, we left them under a similar LD illumination regime to acclimate until the following morning. On the
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next day, we turned off the lights (constant darkness, DD) and assessed the response threshold to light pulses during the subjective

night, in which the bees are more likely to sleep. We performed three sessions in Trial 1 (ZT6:30, ZT10:30 and ZT1) and four sessions

in Trial 2 (ZT1, ZT4, ZT7 and ZT9:30), each lasting 1.5—2 hours. During each session, we first used a night vision infrared camera

(Panasonic HC-W850, 24 Mega-Pixels Full HD) to identify stationary bees (‘Immobile-active’, ‘Incubation-like’ or ‘Sleep-like’). We

selected bees standingwith their lateral side facing toward the observer, and observed each bee for at least 1minute before exposing

her to the first light pulse. To generate the light-pulses, we used an optic glass fiber (Schott-Fostec, LLC, Elmsford, NY, USA) that

produced a narrow light beam, which we directed to the bee eye. The fiber tip was placed at a distance of about 4 cm from the

bee eye, and the light pulse lasted 5 s. If the bee did not respond, we increased the light intensity and delivered another pulse after

approximately 15 s. We repeated this procedure until the bee responded, using 10 (Trial 1) or 12 (Trial 2) discrete light intensity levels.

We recorded the lowest light intensity to which the bee responded. We defined a response as a bee starting to walk or turn her body

during the interval starting when the light pulse was delivered until the next light pulse. We made sure that at least one hour spanned

between repeated-measurements of the same individual bee. Records for each individual bee and behavioral state were pooled and

averaged. We measured the light intensity at each level at a distance of 4 cm using LI-185A (Li-Cor, Lincoln, NE, USA) photometer.

We used Kruskal-Wallis test followed by Games-Howell Post hoc tests to compare the response threshold of bees showing the three

stationary states (‘Immobile-active’, ‘Sleep-like’ and ‘Incubation-like’).

Experiment 3: The influence of sleep disturbance on subsequent sleep duration

We kept three colonies under 12:12 LD illumination regime (lights on at 20:00). We collected 52 focal bees (5—7 days of age) and

placed each one of them in an individual monitoring cage on one of two canvas sheets that were placed in our locomotor activity

monitoring system (as described above). Under one of the canvas sheets, we attached a loudspeaker that generated pulses of

50Hz vibrations with adjustable intensity. Focal bees were randomly assigned to the ‘Vibration’ or ‘Control’ sheets (n = 28 and

n = 24, respectively). The cages with the bees were attached to the canvas using a piece of magnetic strip and faced up toward

the cameras. Themonitoring chamber was kept under 12:12 LD regime (lights on at 20:00) throughout themonitoring session. During

the 4th (ZT20-24) and 5th ZT18-24) dark phases, we exposed the ‘Vibration’ treatment group to series of 1min 50Hz vibrations at 5min

intervals and low intensity. On the 6th night (ZT3:30—3:50), we exposed the ‘Vibration’ treatment bees to 5min intervals that included

3 min during which we applied vibrations with a higher intensity. These intervals were applied for 20 min. During this session, we

entered the monitoring chamber and carefully inspected the behavior of the bees while subjected to strong vibrations. On the

next dark phase (Day 7), we delivered similar 5 min intervals over a continuous 6-hour vibration session (ZT15—ZT18). After the

end of this disturbance session, we continued monitoring the bees for additional three days.

For the data analysis, we first scanned the actograms and sleepograms of each individual bee and excluded from further analyses

bees that did not show clear dial rhythms (n = 3 and n = 6 for ‘Vibration’ and ‘Control’, respectively) or that died (n = 3, n = 5) during the

monitoring session. In order to avoid possible effects of age and time in isolation on worker sleep, we normalized the sleep data of

bees subjected to the ‘Vibration’ treatment relative to the mean sleep of the ‘Control’ bees during the same period. To assess the

influence of vibrations on sleep we used paired t-tests to compare normalized sleep of the ‘Vibration’ treated bees during the three

hours before and after the beginning of the vibration disturbance sessions. We next used repeated-measures ANOVA and LSD Post

hoc tests to compare the normalized sleep of ‘Vibration’ treated bees during the three days before and after the application of the

vibration protocols. We performed separate analyses for the dark (night) and light (day) phases.

Experiment 4: The effect of larvae on sleep of tending workers

Wepaint marked all worker bees in six incipient colonies, and eight days later established 20 orphan (‘‘queenless’’) and 22 queenright

cages (see Figure S1B). Into each queenless cage, we introduced two marked workers (> 8 days of age); into each queenright cage,

we introduced a marked worker and a mated queen (obtained from Yad-Mordechai Pollination Services, Yad-Mordechai, Israel). We

placed the bees in wooden cages with two removable glass walls (15 X 10 X 5 cm) and provisioned them with ad libitum pollen and

sugar syrup. The cages were inspected daily for the presence of new eggcups and for monitoring brood development. When we

began the experiment six days later, all the cages contained larvae. On the next two days (Day-1 and 2; Figure S1B), we introduced

two additional paint marked sister callow-bees (the focal bees) into each one of the queenright and queenless cages. On Day-6, we

collected the focal sister bees and placed each one individually in a monitoring cage with either a piece of wax (‘Control‘) or �8 live

larvae from her original cage (‘Larvae+’). Larvae from the queenright or queenless cages were assumed to be females or males,

respectively. This experimental design produced four treatment groups differing in the type of stimulus (i.e., larvae or a piece of

wax) and the social environment (i.e., queenright or queenless) they experienced before isolation. Thus, the social environment

was confounded with the larvae sex (male in queenless cages and female in queenright cages; Figure S1B). The cages with the

bees were then transferred to an environmental chamber, in which we monitored their locomotor activity over five consecutive

days. At the end of the experiment, we inspected the larvae to confirm that they are alive. Seven of the 35 broodless control (‘Control’)

workers laid eggs during the monitoring session. Egg-laying did not significantly affect the proportion of daily sleep (0.24 ± 0.066 and

0.34 ± 0.036, mean ± s.e.m in layers and non-layers, respectively; independent t-test, p = 0.23). However, egg-layers had weaker

circadian rhythms in locomotor activity compared to non egg-laying broodless workers (power of circadian rhythms = 52.8 ± 26

and 144 ± 25.9, p = 0.022). Given the possible interactions between circadian rhythmicity and sleep, we excluded the egg-laying

workers from following analyses. We used two-way ANOVA with larvae presence (Larvae) and previous social environment (Social

environment; i.e., queenright or queenless conditions) as factors to assess the affect of treatment on the amount of sleep. We used

LSD tests for Post hoc analyses.
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Experiment 5: The effects of larvae and pupae on sleep of tending workers

We established 22 queenless cages, following the experimental procedure described for Experiment 4. We began the experiment,

when all the queenless cages contained larvae (12 days after the establishment of cages), as in Experiment 2. OnDay-1, we introduced

into each cage threemarked sister callow bees collected from seven source colonies (Figure S1C). OnDay-5, we collected pupae from

the same source colonies and introduced one pupa into each queenless cage. On the next day (Day-6), each focal bee was collected

from its queenless cage and placed in an individual monitoring cage together with either a piece of wax (‘Control‘),�8 larvae (‘Larvae+’)

or a pupa (‘Pupa+’), that were all collected from their original queenless cage (Figure S1C). We thenmonitored the locomotor activity of

the isolated focal bees, as described above. At the end of themonitoring session,we confirmed that the pupae and larvaewere alive, as

described for Experiments 1 and 4, respectively. Cages in which the pupa did not eclose were excluded from the analyses. We used

one-way ANOVA followed by LSD Post hoc tests to assess the influence of brood type on the proportion of daily sleep.

Experiment 6: The effects of live pupae and empty cocoons on the sleep of tending workers

Colonies were kept under DD (Trials 1 and 2) or 12:12 LD (Trial 3; lights on at 7:00) illumination regime. Focal callow bees were marked

and reintroduced into their source colonies on Day-1 and �2 of the experiment (see outline in Figure S1D). On Day-7, we re-collected

the focal bees and isolated each one of them in a separate monitoring cage with one of four treatments. The ‘Control ‘and ‘Pupa+’

treatments were similar to those described for Experiments 1 and 5. An additional treatment was an empty cocoon from which we

gently removed the pupa through a longitudinal incision in the cocoon casing (termed ‘Empty’). ‘Sham’ treated pupae, were subjected

to a similar incision in the pupal cocoon, but the pupa was left intact. We used melted bumble bee wax to seal the incision in the co-

coons of the ‘Empty’ and ‘Sham’ treatments. The focal bees in each of the three trials were collected from 5—7 different source col-

onies and were assigned randomly to treatment. We monitored locomotor activity over five consecutive days, and then entered the

monitoring chamber and gently removed the treatment stimulus (i.e., ‘Control‘, ‘Empty’, ‘Sham’, or ‘Pupa+’) from each one of the cages

using a red flashlight. We continued monitoring locomotor activity for five more days with no treatment stimuli (Figure S1D, bottom). At

the end ofmonitoring, we confirmed that the pupae are alive as described above. Cageswith pupae fromwhich bees did not emerge or

in which the focal bee laid eggs were excluded from analyses. We inspected the cages and recorded the bees that started to build a

wax pot in their cage, and compared the proportion of wax-pot building workers between the treatments using X-square test of inde-

pendence. A few bees in Trials 2 and 3 (1, 2, 3, 3 and 4, 1, 0, 2 from the ‘Control‘, ‘Empty’, ‘Sham’ and ‘Pupa+’ treatments in Trials 2 and

3, respectively) laid eggs during the monitoring sessions. We removed these bees from our analyses given that they showed a non-

significant trend for reduced sleep (Trial 2: mean ± s.e.m = 0.078 ± 0.029 and 0.16 ± 0.031, respectively; two-samples t test

p = 0.063; Trial 3: 0.084 ± 0.032 and 0.16 ± 0.028; p = 0.11) and significantly weaker circadian rhythms in locomotor activity in one

of two trials (Trial 2: 61.6 ± 13.3 and 140.1 ± 30.4, p = 0.026; Trial 3: 98.28 ± 30.29 and 196.89 ± 38.6, p = 0.058). We compared the

proportion of daily sleep between treatments and between the days in the presence of treatments, using two-way repeated-measures

ANOVA followed by LSD Post hoc tests for the Treatment factor. We also compared sleep proportion on the 1st and 4th days of the

monitoring session between treatments using one-way ANOVA and LSD Post hoc tests. Finally, we used paired t-tests to compare

within each treatment, the proportion of sleep on the days before and after treatment stimuli removal.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sleep and circadian rhythms analyses
For circadian rhythms analyses we used the ClockLab circadian analyses software package (Actimetrics, IL, USA). We generated c2

periodograms using 10-minute bins and free running periods ranging between 20—28 hours. We used the ‘Power’ as a proxy for the

strength of circadian rhythmicity. The power was calculated as the height of the periodogram peak above the p = 0.01 significance

threshold. Bees with periodograms below the threshold line were assigned with a zero power value [20]. We estimated the sleep

amount for individual bees using our custom-made algorithm SleePlotV2 (see Data and Code Availability section below), as well

as the BeeSleep v.2.0 software described by Eban-Rothschild and Bloch [46]. Sleep was defined as a bout of R 50 of immobility

based on the detailed video analyses in Experiments 1 and 2 (see Results).

Other statistical analyses
The statistical analyses used for each experiment, including the reasoning for sample exclusions, are described with detail in the

different chapters of the Method Details section to facilitate reading. All statistical analyses were performed using MATLAB

R2017a or SPSS (IBM SPSS Statistics V21.0). Significance threshold for all analyses (except for determining the Power of circadian

rhythms, see above) was set to a = 0.05. We detailed the statistical tests used, P values and the results of Post hoc comparisons in

each figure either in the Main text or in the Supplementary Information. For analyses that were not included in the figures, we pre-

sented themeans, sample sizes (number of individuals- n), standard errors (s.e.m), statistical tests used, andP values in themain text.

DATA AND CODE AVAILABILITY

The MATLAB code used for sleep analysis termed SleepPlotV2 is available at the Guy Bloch Group website: https://guybloch.huji.

ac.il/.
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Figure S1. Experimental setups for experiments 1 and 4—6. Related to STAR methods. (A) Experiment 1. Paint 

marked sister callow bees were introduced into queenright colonies on Day-1 (top panel). On Day-3, we switched the 

illumination regime to 12h Light: 12h Dark (LD) illumination regime. On Day-7, we transferred four bees into individual 

cages with either a piece of wax (‘Control‘) or a single live pupa (‘Pupa+’) and placed the cages under constant darkness 

(DD). We then video recorded the four bees on Days 8—9 for two hours during the subjective day (starting at 11:00 and 

starting at 17:00) and two during the subjective night (23:00 and 5:00). We repeated this procedure with three sets of four 

bees each. All 12 bees were 7—8 days of age at the beginning of video recordings. (B) Experiment 4. Pairs of sister 

callow bees (white thorax color and a white dot) were introduced into queenless (top left) or queenright (top right) ‘mini 

colonies” on Day-1 or 2 and kept in constant darkness and temperature. On Day-6 (bottom panels), each focal bee was 

isolated individually with either a piece of wax (‘Control‘) or with ~8 male or female larvae (‘Larvae+’) from her queenless 

or queenright cage, respectively. (C) Experiment 5. Trios of sister callow worker bees were introduced into queenless 

“mini colonies” on Day-1 or 2. On Day-5, a pupa was introduced into each cage. On Day-6, each focal bee was 

individually isolated with a ‘Control‘, a ‘Larvae+’ or a single live pupa (‘Pupa+’) from her source cage. (D) Experiment 6. 

Paint marked sister callow bees were introduced into queenright colonies on Day-1 or 2 (top panel). On Day-7, each bee 

was transferred into an individual cage with one of the following treatments (middle panel): 'Control‘, an empty cocoon 

from which the pupa was removed (‘Empty’), a sham treated cocoon containing a live pupa (‘Sham'), or ‘Pupa+’. After five 

days of monitoring, the treatment stimuli were removed and activity was monitored for additional 5 days (bottom panel). 

Timeline for each experiment is shown to the left. 



 

 

 

Figure S2.  Thermal image of a bumble bee colony.  Related to Figure 1. The bee that is marked with an arrow is 

incubating a pupa, and both her thorax (left part) and abdomen (right part; see the lighter colored wings facing downward) 

are relatively hot (indicated by the warm colors). The bees that are marked with asterisks are performing other behaviors 

and their abdomens or whole bodies are colder (cold colors). The scale on the right is relative and not absolute because 

we did not correct for the transmissivity of the plastic wrap through which the colony was filmed. The image was taken 

with a thermographic camera (InfraTec Infrared LLC; Plano, Texas, USA). Photo credit, Barrett Klein.  

 



 

Figure S3. Bout duration for immobile bees showing different behaviors. Related to Figure 1. The color legend is 

shown in panel A, and the behaviors’ descriptions are provided in the text. (A) The frequency distribution (proportion of 

time) of bout duration shown by immobile bees performing different behaviors. The colored lines show the cumulative 

proportion of time.  The asterisks next to the legend summarize the results of two-sample Kolmogorov-Smirnov test (***- p 

< 0.001). (B) The proportion of time relative to other stationary behaviors for a given bout duration. The lines show the 

accumulative proportions (≥). The vertical dashed black lines in (A) and (B) outline the 5’ of immobility bout-length 

threshold. 

  



 



Figure S4.  Bumble bee workers disturbed by means of substrate-borne vibrations show an increase in sleep 

amount during the following days. Related to Figure 1.   (A, B) Individual variation in the response of bumble bee 

workers to substrate vibrations. The plots show the percent of sleep using 30-minute sliding window, for 2 representative 

individual bees that were subjected to substrate vibrations (‘Vibration’ treatment). The blank and filled bars at the bottom 

show the 12h:12h light: dark phases of the illumination regime, respectively. Green shadings outline the vibration 

sessions. The vertical orange line on the 6
th
 night shows the time when experimenters entered the room to observe bees 

while experiencing strong vibrations. (A) A bee showing reduced sleep during the 2
nd

 and 3
rd

 vibration sessions and an 

increase in sleep amount on subsequent days. (B) A bee that did not show reduced sleep during the vibration sessions 

but showed an increase in sleep amount on subsequent days. (C) A summary of the percent of sleep (means ± s.e.m) in 

bees subjected to substrate vibrations (‘Vibrations’, red, n = 25), and control bees (‘Control’, blue, n = 14). The horizontal 

brackets below the X-axis depict the days used for the analyses shown in (E). All other details as in (A, B). (D) The 

amount of sleep shown by bees experiencing vibrations normalized relative to the mean sleep of ‘Control’ bees, during 3 

hours before (white) and 3 hours after (green) the onset of each vibration session (paired t-tests: P = 0.07, P = 0.54 and P 

= 0.27, for the 1
st
, 2

nd
, and 3

rd
 session, respectively). (E) The normalized amount of sleep of bees subjected to vibrations 

during the three dark phases (left panel) and light phases (right panel) before and after the three disturbance sessions. 

The bars show the means ± s.e.m. P-values were obtained from repeated measures ANOVA followed by LSD Post-Hoc 

tests.  

  



 

Behavior Description 

On pupa/wax The bee is on the pupa or piece of wax for ≥ 5 consecutive seconds. 

Mobile active The bee changes position for ≥ 5 consecutive seconds. 

Immobile active* The bee does not change her position for ≥ 5 consecutive seconds. Antennae are 

raised at an angle of > 90° between scape and flagellum. Antennae or head move at 

a frequency ≥ 20 sec
-1

. Abdomen shows continuous pumping movements. 

Immobile unknown* The bee does not change its position for ≥ 5 consecutive seconds, but behavior 

cannot be unmistakably determined because she is partially hidden. 

Sleep-like* The bee does not change her position for ≥ 5 consecutive seconds. Antennae form 

an angle of ≤ 90° between frons and scape. Antennae move at a frequency of < 20 

sec
-1

. Abdominal pumping is discontinuous. Relaxed body posture. 

Incubation-like* The bee does not change her position for ≥ 5 consecutive seconds. The abdomen is 

extended over the pupa, and vibrates with vigorous pumping movements. The bee’s 

legs are wrapped around the pupa. The antennae are raised at an angle of > 90° 

between falgellum and scape and are constantly moving. Head and antennae do not 

touch the substrate.  

Total activity All the activities other than sleep and Immobile unknown summed together. 

* Behaviors in which the bee is stationary 

Table S1. Behavioral categories used to classify behaviors in video records in Experiment 1. Related to STAR 

methods. 
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