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1 Abstract

Eusocial insects operate as an integrated collective with tasks allocated among individuals.
This applies also to reproduction, through coordinated mating flights between male and
female reproductives. While in some species male sexuals take only a single mating flight
and never return, in the Western honey bee, Apis mellifera, the male sexuals (drones) live
in the colony throughout their lives. Prior research has focused almost exclusively on drone
behavior outside of the nest (mating flights), while ignoring the majority of their life, which
is spent inside the nest. To understand the in-nest behavior of drones across their lives, we
used the BeesBook tracking system to track 192 individually-marked drones continuously
for over 20 days, to examine how drones moved and spent time in the nest. In agreement
with previous work, we find that drones spend most of their time immobile at the nest
periphery. However, we also observe that drones have periods of in-nest hyperactivity,
during which they become the most active individuals in the entire colony. This in-nest
hyperactivity develops in drones after age 7 days, occurs daily in the afternoon, and
coincides with drones taking outside trips. We find strong synchronization across the
drones in the start/end of activity, such that the drones in the colony exhibit a “shared
activation period”. The duration of the shared activation period depends on the weather;
when conditions are suitable for mating flights, the activation period is extended. At
the individual-level, we see that the activation order changes from day to day, suggesting
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that both the external influence of weather conditions, as well as exchange of social
information, influences individual activation. Using an accumulation-to-threshold model
of drone activation, we show that simulations using social information match experimental
observations. These results provide new insight into the in-nest behavior of drones, and
how their behavior reflects their role as the male gametes of the colony.

2 Introduction

The parts of an organism can be defined by their functional role (e.g. gas-exchange,
digestion, locomotion) or their ultimate role: soma versus gametes (Weismann| 1893).
This same concept applies to eusocial insect colonies — workers can be organized into
functional subgroups that carry out tasks, similar to organs, but colonies can also be
defined according to those that form the soma (workers) versus gametes (sexuals) (Seeleyl,
1989; Smith and Szathmary, (1995 Beshers and Fewell, 2001 Holldobler et al., 2009;
O’Shea-Wheller et al., 2021)). Male reproductives in honey bee colonies, drones, are the
equivalent of colony-level sperm, whose goal is to mate with virgin queens from other
colonies (Ruttner and Ruttner] [1966; Loper et al., |1992; Koeniger et al., 2005; Woodgate
et al., 2021)). Drones are important for a colony’s reproductive success, and each virgin
queen mates with multiple drones to obtain sperm from diverse patrilines — a critical
contribution for colony-level function (Tarpy, 2003; Jones et al., | 2004; Mattila and Seeley;,
2007; Mattila et al.| 2012).

In many social insect systems, sexuals are reared and depart only on a single mating
flight, never to return (e.g. Solenopsis invicta (Tschinkel, 2006); Reticulitermes speratus
and Coptotermes formosanus (Mizumoto and Dobatay [2019))). Across the bees, male
mating strategies depend on patterns of female emergence, nest distribution, and male
density (Paxton, [2005). The behavioral outcomes of these mating strategies, however,
focus on male behavior outside of the nest, while neglecting their in-nest behavior. In the
honey bees, genus Apis, drones live their entire lives in/on the nest, departing on multiple
mating flights per day (Oldroyd and Wongsiri, [2006; [Seeley, [2019). Therefore, even if their
ultimate purpose is solely related to colony reproduction, the fact that they depart and
repeatedly return shows that drones are part of the colony’s overall organization within
the nest. Previous research has examined both the in- and out-of-nest behavior of workers
— who perform the bulk of colony functions (Seeley, [1995; Holldobler et al., 2009; [Seeleyl,
2010)) — but prior work on drones has focused almost exclusively on their behavior outside
the nest, specifically their mating flights.

Drone mating flights occur across all species of Apis (Oldroyd and Wongsiri, 2006). Each
Apis species has its own time-window for drone departures, which helps reproductive
isolation in regions where multiple species of Apis coincide (Koeniger et al., |1988; Won,
1996; Oldroyd and Wongsiri, 2006). In the Western honey bee, A. mellifera, drones
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depart on multiple mating flights each afternoon, during which they visit multiple drone
congregation areas (Oertel, [1956; Taber, [1964; |Ruttner, 1966} Reyes et al.,[2019; Woodgate
et al., 2021)). Drones that successfully mate will die, but there are thousands of drones
produced for each available virgin queen (Smith et all [2016), so most drones depart on
daily flights without ever mating. Flight activity depends on the drone’s maturation;
young drones perform short orientation flights (Oertel, |1956; [Witherell, [1971), and older
drones depart on long-distance mating flights 1-5 km from the nest (Ruttner and Ruttner,
1972; Reyes et al., 2019). Previous work has shown that drone flights tend to occur only
under specific weather conditions — temperature above 20°C, light intensity around 2000
Lux, no cloud cover, and wind speed below 30 km/h (Koeniger|, 1986; Neves et al., [2011}
Reyes et al., 2019). These environmental conditions align with the conditions needed for
virgin queens to depart on mating flights (Taber, 1964; Koeniger} [1986). Indeed, virgin
queens need to be particularly choosy about weather conditions — if they fail to return
home, the colony is rendered "hopelessly queenless" and will perish (Smith|, |2018). At the
end of the summer, when there are no more virgin queens with whom to mate, drones
are no longer useful to the colony, and workers evict them to die of starvation outside
the nest (Morse et al., [1967; Free and Williams, 1975; Wharton et al., 2008; (Cicciarelli,
2013)).

These details describe the outside activities of drones, but less is known about their
behavior within the nest. Previous work found that drones tend to remain stationary
on the combs, only moving to feed (Free et al., [1957). Young drones tend to be located
in the center brood-rearing region of the nest, whereas older drones are located at the
nest periphery (Fukuda and Ohtani), [1977)). Drones do not perform colony work, though
drones will contribute to nest thermoregulation by heating themselves when cold (Kovac
et al., 2009).

Here, we examine the in-nest behavior of drones of the Western honey bee, by tracking
the movement patterns and spatial positioning of individual drones in an observation hive
over their entire lives. We find that drones exhibit a daily period of in-nest hyperactivity,
during which they also take trips outside of the nest. The duration and onset of the
high-activity period depends on weather conditions. Looking at individual drones, we
find that the start and end of the activation period is highly synchronized, and that
individual drone activation order is not consistent from day to day. Finally, we formulate
an accumulation-to-threshold model of drone activation, and examine simulation results
with and without social information, in comparison to experimental observations. These
results provide new insight into the in-nest behavior of drones as the male reproductive
units of the colony.
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3 Methods

3.1 Observation hive and recording

This study was performed at the University of Konstanz, Germany (47.6894N, 9.1869E).
On 10 May 2019, the observation hive was installed with a single queen, 4000 unmarked
workers, and three frames containing brood and honey (observation hive dimensions:
490x742 mm; ‘Deutsche-Normal’ frames: 395x225 mm). From June 5 to September
23, 2019, individually-marked newborn workers were introduced to the observation hive
colony every 4 to 5 days (250-400 newborns per introduction). On June 7 and 12, when
colonies were producing drones, we individually marked and introduced drones to the
same observation hive colony (192 total: 160 and 32, respectively). Newborn bees were
sourced from colonies headed by naturally mated queens from the University of Konstanz
apiary (Apis mellifera carnica). All newborns were hatched overnight in an incubator,
so the size of the cohort matches the number of individuals that would have naturally
emerged overnight. The incubator was set to 34°C and 50% RH, and newborns were
marked that morning with individual BeesBook tags (Wario et al., [2015; Boenisch et al.,
2018)). BeesBook tags are printed on paper and attached to the thorax of bees, and remain
attached for their whole lives.

From June 5 to October 23, 2019, the observation hive was recorded at 3 frames per
second with 4 Basler acA4112-20um cameras fitted with Kowa LM25XC lenses. To mimic
natural conditions inside a nest, the colony was illuminated with infrared light (850nm
3W LED’s), which the bees cannot perceive (Peitsch et al., [1992), and the colony had free
access to the outside via a 2cm diameter entrance tunnel. This investigation focuses on
the recording period during which drones were present in the colony, which began June
7, 2019.

To create a map of the nest, we periodically traced the contents of the observation hive
onto plastic sheets by outlining the following: honey storage, pollen storage, brood, empty
comb, wooden frames, peripheral galleries, and dances observed on the dance floor (as in
Smith et al.| (2016)). These plastic sheets were then scanned with an architectural scanner
(Ruch-Medien, Konstanz), and digitized.

3.2 Data processing

Using the BeesBook tracking system, the raw images were processed to detect and decode
individually marked bees (Wario et al., 2015; [Wild et al., 2021). These processed data
contain tag ID, ID detection confidence, position in the nest, bee orientation, and time.
All data was stored in a PostreSQL database. The death date of each marked individual
was estimated using a Bayesian changepoint model (as in Wild et al.| (2021))). This method
accounts for a low rate of erroneous detections in bees that have already died, and time
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periods when individuals are observed less frequently or not at all (e.g. while foraging). An
individual’s death date was used as a cutoff for including data in subsequent calculations.
Given that drones have a low probability of mating success per flight (thousands of drones
produced per virgin queen (Smith et al.;|[2016)), and high potential for mortality (Visscher
and Dukas, 1997)), we did not attempt to differentiate drones that successfully mated and
died versus those that simply died while outside the nest, or those that died within the
nest of other causes.

We use the processed trajectory data to calculate metrics that represent the behavior of
each individual. This is done by averaging over time bins of duration 7', where T = 5
minutes was used for all analyses shown here. All data points used in the analysis were
above a detection confidence threshold of 0.8 (detection confidence is an output of the
BeesBook tracking system that indicates how likely a detection is correct - see (Boenisch
et al., [2018)). We calculated behavioral metrics for each bee that had a minimum of
10 detections in a time bin. In general, this choice was made in order to keep as much
data as possible during the data processing step, while also filtering out likely errors,
and maintaining flexibility in possible analyses with the data. For the analysis of drone
behavior we focus on speed and time spent outside; however, the full list of all calculated
metrics include quantities to represent space use within the nest (time on honey, brood,
or dance floor, and exit distance), detection (time observed, time outside, number of
outside trips, and number of dance floor visits), and movement /spatial localization (speed,
circadian coeflicient, dispersion, fraction of nest visited) - see [Smith et al. (2022) for
full details on how these metrics are calculated. For each day, we calculated behavioral
parameters for each bee, averaged in the bins of duration 7' (June 7 and June 12 cohorts:
736 workers and 192 drones, total). For all averages shown in the figures, we used a
per-bee average of the calculated metrics.

To estimate when a bee was outside, we used an algorithm with input from the binned
calculations for detection and exit distance. Although we do not have direct observations
or detections corresponding to exiting the hive (i.e. there was not a camera at the hive exit
that could read barcodes), leaving the nest means that there will be gaps in the detection
of individual bees for some period. However, it is also possible that a bee’s barcode in the
observation hive is not always detected, for example if the bee is upside-down or in a dense
crowd of other bees. Because of this we use both detection and exit distance to estimate
when bees were out of the nest. We first calculate the time observed and median exit
distance in 5-minute bins over the course of a day. A bee is then estimated to have exited
the nest in a time bin t.,;; if the time observed in t..;; is less than a threshold of t,,,=2 sec.,
and if the median exit distance in time bin ¢.,; — 1 is less than a threshold d..;;=31.25 cm
(2500 pixels). The bee is considered to have re-entered in bin ¢, if the time observed in
tenter 18 greater than or equal to t,,s. The values .5 and d..;; are analysis parameters, and
the results can depend strongly on the choice of d..;;; we choose the value of 31.25 cm to
represent a feasible median exit distance for a bee traveling to the exit during a 5-minute
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period (see Figure [S2| for exit distances labeled within the observation hive). With these
results, we determine multiple instances of exit and re-entry times during the course of a
day, and use this to calculate the number of outside trips (the number of times a bee is
estimated to have exited the nest), as well as the time spent outside.

All data associated with this study is freely available online: see Smith et al.| (2023)).

4 Results

4.1 In-hive movement of drones over time

We individually tagged and introduced 192 newly-emerged drones into an observation
hive, and tracked their motion continuously at 3 fps over 20+ days using the BeesBook
automated tracking system (Wario et al., 2015; |[Boenisch et al., 2018; Wild et al., 2021)).
The drones were divided into two cohorts with birth dates 5 days apart. Two worker
cohorts were introduced simultaneously with the drones (bees within each cohort have
the same date of birth: worker/drone cohort 1, June 7; worker/drone cohort 2, June 12;
mid-June is when colonies are naturally producing drones). We quantify the individual
behavior of drones by calculating the median speed of individuals in 5-minute bins, as well
as using position and detection within the observation hive to estimate when individuals
leave the nest (see Methods). We use nest tracing to map the comb contents in the
observation hive (honey stores, brood care, pollen stores, festoon for comb-building; as in
Smith et al.| (2016}, 2022)), so that the position of bees in the hive can be compared with
current nest structure and use.

In agreement with previous observations (Free et al.,[1957), we found that drones remained
immobile in the nest throughout most of the day (Per-drone median speed during the
observation period: 0.08 + 0.027 cm/sec. Per-worker speed for workers in cohorts 1&2
during this period: 0.262 £+ 0.035 cm/sec. Two-sample t-test, p < 0.001). However,
we also found that drones had extreme bouts of hyperactivity (Figure ) During these
hyperactive bouts, drones’ speed was several times faster than workers (Per-drone median
speed during shared activation periods: 0.779 £ 0.282 cm/sec; Per-worker speed for
workers in cohorts 1&2 during shared activation periods: 0.355 + 0.068. Two-sample
t-test, p < 0.001; see below, and Methods, for definition of shared activation period).
This demonstrates that while drones do spend the majority of their time immobile, or
barely moving, they can also be the fastest individuals in the colony, albeit during a
limited time-window (see trajectories in Supplementary Video 1).

The increase in drone speed was first detectable at age 5-6 days, became pronounced by
age 7 days, and continued throughout the drone’s life (Figure ) The timing of the
hyperactive bouts corresponded to when drones moved near to the entrance (Figure [1IC)
and spend time outside of the hive (Figure [1B), and so is likely associated with the onset
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Figure 1: Movement of drones and workers, and weather over time. (A) Median
speed, (B) Fraction of bees out of the hive, and (C) Median exit distance for each drone and
worker cohort, over the observation period. Drone and worker cohorts 1 were introduced
on June 7; drone and worker cohorts 2 on June 12. Each line shows the per-bee average
across the group, calculated using time bins of 5 minutes (see Methods for data processing
details). The black line shows values for all marked worker bees in the observation hive
(this includes 3246 bees during this time period). (D) Weather data of temperature and
sunlight intensity for local weather station MeteoBlue-Litzelstetten (2.2km from hive),
plotted over time using the same time range as A-C.
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of orientation/mating flights. These bouts tended to occur in afternoons, when outside
temperatures were warm and the sun was out (Figure [ID).

Drones also changed their position in the nest as they aged. Young drones (ca. <10 days
old) were located in the center of the nest, on comb containing brood (Figures [2] [S1)).
From ca. age 10 days, drones shifted from the center of the nest to the periphery, i.e.
the edge areas of each frame in the observation hive (Figure , which corresponded to
areas bordering the brood. As they aged further (age 14-19 days), drones shifted closer to
the nest entrance (lowest frame - see Figure ; however, their average distance from the
exit changed during the day (Figure [IIC). After drone cohort 2 had reached age 10 (June
22), the two drone cohorts used similar areas of the nest. The shift from upper/periphery
areas to the lower frame is noticeable for both cohorts on June 26 (age 19 and 14 days for
drone cohorts 1 and 2, respectively - see Figure . This suggests that spatial positioning
of drones in the nest is influenced not only by age, but also by the positioning of other
drones.

During the observation period, the colony was also in the process of forming a festoon to
build comb on the upper frame (see red ‘Festoon’ areas in Figures 2 and [SI). June 26 was
the last day the festoon was observed. After this, there was a notable increase in honey
stores in the nest; honey areas went from 10.1% of the nest on June 26, to 12.1% on June
28, and then to 17.2% on July 2. During this time of increasing honey stores, all worker
bees increased their time spent outside (fraction of all workers outside the hive after June
26; Figure [1B).

4.2 Synchronized activation of drones

We observed synchronization in drone activity, such that many drones became active at
the same time—we refer to this as a “shared activation period”. We use the data to form
a working definition of this period in order to enable quantitative analysis. To do this, we
denote an individual drone as “activated” in a time bin ¢ if its median speed is greater than
a threshold of s,., or if the drone is identified as being outside of the nest during t. We
use a high value of median speed for the threshold: s, = 0.5 cm/sec, which corresponds
to the 92.8% quantile of median speed values for all tracked bees in the observation period
of June 7-29. We define activation using high speed activity OR outside the nest because
these activities coincided, because in-nest speed in-between flights tended to be high,
and because these are mutually exclusive activities(i.e. in-nest speed does not exist when
drones are outside the nest). To compare the onset and duration of activity on different
days, we then define the “shared activation period” as when >25% of drones age >=7
days are activated at the same time (Figure BA). The age threshold of >=7 days old is
used because drone activation was not strongly observed until this age. We again note
that the definition of the shared activation period is made in order to enable quantitative
analysis; the parameters are chosen such that this period is a meaningful representation
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Figure 2: Spatial location of drones and workers. Nest contents over the observation
period, and two-dimensional spatial histograms showing the locations of workers and
drones each day, at 5-day intervals (see Figure for all days). For each image, we
display position in the observation hive by showing the back side on left, and the front
side on the right; in this image, the nest exit is on the lower right corner (see also Figure
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of the data (Figure [3]A), and the definition is not overly sensitive to the exact parameter
values for speed threshold and fraction of drones (Figure [S4)).

After a shared activation period was first observed on June 14, all subsequent days June
14-29 had a shared activation period with the exception of June 20. Although the shared
activation period varied from day to day, it always began between 13:00 and 16:00, and
always ended by 18:00. On some days, as many as 70% of the drones were active during
this period. The duration of the shared activation period varied from 3 hours (June 23)
to only 15 minutes (June 21) (Figure (3)).

Individuals in drone cohort 2 started from age 7 (June 19) to increase their speed and take
part in the shared activation period, becoming activated at the same time as drone cohort
1 each day (Figure 3B-C). Therefore, even though these different drone cohorts were of
different ages, they were synchronized in activity such that we observe only a single shared
activation period. During the same time periods, worker bees did not exhibit a particular

increase in activity levels (Figures .

The duration and onset of the shared activation period depended on the daily weather
conditions. Of the quantities examined, sunshine duration had the highest positive cor-
relation with duration of the shared activation period (Figure [f}). On one day (June 20),
we did not observe a shared activation period; the drones remained immobile throughout
the day. Using local weather data, this day had fewer hours of sunlight (<5 hours sun-
light recorded at both nearby weather stations DWD-Konstanz (1.6km from hive) and
MeteoBlue-Litzelstetten (2.2km from hive) - see Figure [S8). On the following day (June
21), some drones did increase their speed and took trips outside (over 40% of drones
became activated for a brief amount of time on this day — see Figure ), but this day
had the shortest activation period (15 minutes). On each day, the onset of the shared
activation period occurred slightly after the period of strongest sunlight (Figure|S9)).

4.3 Individual drone activity onset

We next examine the activity patterns of individual drones. We see remarkable synchro-
nization in the onset and end of hyperactivity and outside trips among the individual
drones (Figure . During active periods, drones exited the nest multiple times, and
maintained high movement speed when they returned to the nest. The number of outside
trips per drone during the shared activation period was 1.17 4+ 1.05, meaning that most
drones took 1-2 trips (although some drones did exit many more times - see Figure )
The average time per outside trip during the activation period was 24.2 + 11.6 minutes.
Drones tended to increase their speed before exiting the nest (Figure [SAB). The end of
the activation period saw individuals returning into the nest and reducing their speed,
showing that not only the onset of activity, but also the decrease, is synchronized among
drones (Figure [5)).
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Figure 3: Shared activation period and hourly activity. (A) We define the “shared
activation period” to begin when >25% of drones age >=7 days have high speed (greater
a threshold of s,; = 0.5cm/sec) or are outside of the hive, and to end the last time
when <25% of drones satisfy either condition. Starting from June 14, every day had a
shared activation period, with the exception of June 20. Note that on June 25-28, we
were able to detect the onset of the shared activation period, but the end of the period
was obscured by the comb contents measurements. See also Figure [S4] for the sensitivity
of the collective activation period to the parameters of fraction of drones and s,.. (B)
Median speed, averaged across each cohort (y-axis range for each day is 0 to 2.5 cm/sec)
and (C) Fraction of drones out of the hive, for each cohort (y-axis range of 0 to 1 for each
day). Each day is aligned by hour (x-axis). Gaps in the data shown are due to the comb
contents measuring period, which requires the cameras to be temporarily paused.
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Figure 4: Duration of shared activation period and daily weather conditions.
Duration of the shared activation period (y-axis) is plotted as a function of daily weather
averages or totals (x-axis). Shown are average daily temperature, total sunshine duration,
and average vapor pressure deficit obtained from MeteoBlue weather station Konstanz-
Litzelstetten. See also Figures [S9 for more details and other weather measurements
during the observation period, including additionally precipitation, pressure, and average
wind speed. June 13 data point is labeled to show the date before drones became acti-
vated; June 20 is labeled to show the date that did not have a shared activation period.
The correlation values (r) are shown in the upper right of each plot. Using a p-value
threshold of 0.05, only the correlation with total sunshine duration is significant (p values
of 0.102, 0.004, and 0.052 for temperature, sunshine duration, and vapor pressure deficit,
respectively).

To determine if the drones were consistent in their onset of activity (e.g. drones that were
consistently “early-to-activate” or “late-to-depart”), we defined the individual activation
time for drone ¢ as the first time bin ¢ starting from an hour preceding the shared activation
period where either its speed s; > S,., or the drone was out of the hive. We then calculate
the correlation in activation timing of all drones from one day to the next. The correlation
was nonzero and varied across days, but was generally low (Figure @A) This suggests that
there is not a strong tendency for certain drones to consistently be first or last to become
activated, or for certain drones to consistently “lead” the onset of shared activation each
day.

We further asked if previous behavior or location predicts activation timing of individuals
with respect to the shared activation period. We used the morning hours of 00:00-12:00
each day to calculate average values of exit distance and speed for each drone. Because
drones change their location in the nest over time (see Figure , we used a ranking of
drones within each day. Figure shows that there is nearly no correlation of either
morning-period exit distance, or speed, with individual activation timing.
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Figure 5: Individual activity patterns. Raster plots, where each row represents an
individual drone on a particular day, showing (A) Speed and (B) Trips out of the hive, in
5-minute bins (see Methods for data processing details). White areas are when cameras
were temporarily blocked to transcribe nest contents, and red lines denote the start/end
of the shared activation period (see also Figure . On June 25-28, we were able to detect
the onset of the shared activation period, but the end of the period was obscured by the
comb contents measurements. Figure [S7|for analogous plots with worker cohorts 1 and 2.
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Figure 6: Testing for consistency in activity onset. (A) Correlation of individual
activation time from one day to the next. The value for a designated day is the Pearson
correlation of the timing of drones that became activated on that day, with the timing of
drones that had also become activated on the previous day. Because there was no shared
activation period observed on June 20, the correlation is not calculated for June 20 and 21.
(B) Scatter plot showing ranked average morning-time (00:00-12:00) median exit distance
(left) or speed (right) versus individual activation time. All days with shared activation
periods are included; each point represents one drone on a single day. The ranked value
of exit distance or speed is with respect to other drones on that day; this is done because
drone positioning changes over developmental time (See Figure. The overall correlations
are low: the correlation of ranked exit distance with individual activation time is -0.051,
and of ranked speed with individual activation time is -0.017.
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4.4 Model of social activation of drones

The synchronization of the activation period (Figure [5)) suggests that social information
exchange, in addition to external weather-related factors, drives individual activation. To
consider this mechanism in detail, we formulate a simple threshold model and simulate
the response of a group of agents with and without social information exchange. The
purpose of this model is not to specifically match the observed results, but rather to
determine what conditions would be necessary to observe the same general behavioral
patterns (e.g. presence/absence of social information, individual thresholds, noise levels).
For other examples of threshold models applied to social insects see Beshers and Fewell
(2001)); Jandt and Dornhaus| (2014)); Ulrich et al. (2021). In the model, an individual
agent ¢ becomes activated when its internal decision state z; reaches a threshold of 7;.
Each of the N agents in the group can have a different threshold value. An individual’s
decision state is described by an Ornstein-Uhlenbeck process (Smith, 2000)), as a leaky
accumulator of social information and an external signal, plus noise:

rdr; = dt (a(y;) + (1 — a)S(t) — x;) + odW(1). (1)

In this equation, 7 is the timescale for changes in the decision variable, ¢ is the amplitude
of the noise in the decision variable, and dW (¢) is a Wiener noise process. The parameter
a sets the weighting of social information versus the external signal. Social information
is represented by the fraction of group members that have already crossed their decision
thresholds, i.e (y;), where (-) represents an average, and y; = 1 if x; > 7; and otherwise
0. The external signal is set to S(t) = Asin(27t) in order to represent periodic changes
such as daily rhythms or sunlight, and the amplitude A sets the strength of the signal.
See Figure [7A for an illustration of the model, showing the external signal and decision
states of 3 simulated agents.

We simulate different parameter settings for noise, threshold differences among group
members, and social information use to ask what mechanisms are consistent with the main
observations in the data. The parameter o represents noise in an individual’s decision
process (“decision noise”). We set individual agent threshold values using the distribution
n; = N (0.5, An), such that An represents “threshold differences” among individuals. For
different combinations of decision noise and threshold differences, we compare simulations
of zero versus nonzero social information exchange (as set by the parameter a).

In the data, we see that on days with more sunshine, the shared activation period is
longer (Figure . The signal amplitude A can be considered to represent the strength
of the sun in the day (orange parabola in Figure ; for all parameter values, the model
shows the trend of increasing activation time with higher A. We see, however, that
the synchronization and time of onset of the activation period depends on the values
of noise, threshold differences, and social information weight (Figure [7B,C). With zero
decision noise and all agents having the same threshold (o = 0, An = 0), we see perfect
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Figure 7: Activation model with external and social information. We model
the activation of drones using an accumulation-to-threshold model, where evidence comes
from both an external signal as well as social information (social information is the fraction
of group members already activated). (A) Model illustration. The external signal is
sinusoidal to represent circadian daily patterns, with amplitude set by the parameter A.
Individual agent decision states z; follow a leaky accumulator process with noise amplitude
o (Eq. . Across a simulated group of N individuals, each agent’s decision threshold 7;
is drawn from a normal distribution with standard deviation 7. The parameters «a sets
the fraction of evidence due to social information: a = 0 is only external signal, and
e.g. a = 0.3 represents 30% social evidence and 70% external signal used by each agent.
(B-C) Simulation results for zero vs nonzero values of decision noise () and within-group
threshold differences (An), shown for (B) zero social information use, and (C) both social
information and external signal used as actuation evidence. In each plot, shown is the
normalized external signal, and results for fraction of group members activated over time
in response to different signal amplitudes A. Each 2 x 2 grid shows results for (top row)
zero decision noise, (bottom row) nonzero decision noise, (left column) equal thresholds,
and (right column) threshold differences among group members. Simulations use a group
of N = 50 agents.
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synchronization among agents, regardless of social information use: all group members
are either activated or not activated (top left subplot in Figure ,C). A more realistic
case considers noise in the decision-making process to represent individuals as imperfect
sensors of their environment (o > 0, bottom row of Figure [7B,C). If either decision noise
or threshold differences are present, then the overall fraction of the group activated shows
gradual changes with signal amplitude, i.e., no longer a synchronized all-or-none response

(Figure [7B).

The use of social information increases the synchronization of activation among group
members. Even with decision noise and threshold differences, a group with social infor-
mation sharing can synchronize the activation response (Figure ) The use of social
information also speeds up the onset of the activation period (how long it takes from the
first activated individuals until approximately all are activated), as well as shifting the
time of activation onset to relatively later (c.f. Figures and C). Therefore, agents that
incorporate social information give results that more closely align with our observed data
than agents that do not incorporate social information.

5 Discussion

Using long-term automated tracking, we followed the in-nest behavior of honey bee drones,
examining how they move and where they position themselves in the nest over their
entire lives. While drones did spend the majority of their time immobile in the nest, we
also found that drones are synchronously hyperactive inside the nest during afternoon
periods that coincide with trips outside (Figure . This behavior developed with age,
becoming prominent from age 7 days onward, in both drone cohorts. We defined the
“shared activation period” as the time when a large fraction of drones were active — i.e.
fast-moving or taking trips outside (see Figure |3)) — and found that the onset occurs
in the afternoon just after the sun is at its peak, and that the duration is longer on
days with more sunshine hours (Figures , . Looking at individual drones, the onset
and end of activation was synchronized — drones became active and started /ended their
outside trips at the same time as other drones (Figure . However, individual drones
did not show a strong consistency in their relative activation timing from day to day —
i.e., there are not consistent “carly-to-activate” or “late-to-depart” drones (Figure [6]A).
We simulated a threshold-based model of drone activation to demonstrate that the main
observations in the data are consistent with individual decisions using both external and
social information to decide when to activate (Figure [7)).

Daily changes in activity can be triggered by external factors (such as weather), inter-
nal factors (such as circadian biological rhythms), or by social information exchange with
other individuals. It is well established that honey bee workers exhibit circadian rhythms,
which help organize roles within the colony, and can be socially mediated (Medugorac and
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Lindauer}, |1967; [Bloch and Robinson, 2001} [Eban-rothschild and Bloch, 2012). This likely
also applies to the timing of drone departure flights. We saw that the onset of the shared
activation period occurs shortly after the time of strongest sunlight (Figure , and that
the duration of the shared activation period is correlated with the weather conditions for
that day (Figure [4[C). While we did observe a positive correlation between the duration
of the shared activation period and daily sunshine hours , is it possible that this trend
could become saturated, or even reversed, under more extreme environmental conditions
(e.g. less activation if the temperature is “too hot”). Given that we did not perform manip-
ulative experiments to alter daily light exposure, we cannot directly distinguish between
external cues from the sun, and internal triggers from biological rhythms. However, be-
cause biological rhythms take multiple days to establish or change (Roenneberg et al.|
2003)), and weather is highly stochastic, the absence of an increase in activity on the poor
weather day (June 20) suggests that external factors, like weather, may play a stronger
role than internal factors.

Specific experimental manipulations would be needed to test the relative importance of
internal, external, and social factors for the timing of drone hyperactivity. There is sug-
gestive evidence that internal factors determine flight time in drones; researchers used
a flight room to clock-shift drones, and found that when moved outdoors, the drones
retained their clock-shifted departure time (Pfannenstiel and Koeniger, 2000). These
findings, however, were published as an abstract, and so would need to be confirmed.
Ideally, such an experiment would also investigate the in-nest hyperactivity that we ob-
served, to potentially determine whether clock-shifted drones could socially-induce other
non-shifted drones into a hyperactive state.

The timing of individual activation did not correlate with morning-time spatial position or
speed of individual drones (Figure ) Conspicuous hyperactivity may itself be the social
cue that helps to synchronize all the male reproductive drones across the colony, but the
precise mechanisms for information transmission and activation remain to be explicitly
tested. This could include the potential for chemical communication; drones have been
shown to exhibit age-based attraction to conspecifics (Bastin et al., 2017). In our model
of drone activation, we did not consider the mechanisms of information transmission,
but instead assumed that individual drones can sense when others are activated (Eq.
[). An interesting avenue for future work is to examine the fine-scale dynamics of how
drones interact and respond to other drones, including social communication mechanisms
using interactions and proximity among drones (Wild et al., 2021)). In conjunction with
specific experimental manipulations, one could determine how internal, external, and
social factors influence activation. Testing how drones coordinate their in-nest behavior
may also provide additional insights into the potential for coordination outside of the nest
(reviewed in [Mariette et al. (2021)).

Our model of drone social activation represents individuals as leaky integrators of an
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external signal and social information. Using social information can reduce uncertainty
or noise in estimating environmental states or making decisions (Srivastava and Leonard,
2014; |[Ellison et al., 2016|). We see similar results in our simulations: Figure [7|shows that
synchronized activation can occur if independent agents have zero noise and identical
activation thresholds, or if social information is used in the presence of noise and thresh-
old differences. Accumulation-to-threshold models have been applied to many different
systems, with applications including individual neuron spiking (Teeter et al., 2018), per-
ceptual decision making (Usher and McClelland, 2001)), foraging (Davidson and El Hady;,
2019; Bidari et al., [2022), and economic or purchasing decisions (Gluth et al., 2012; Kra-
jbich et al.| [2012). We used a leaky accumulator model formulation, which previously has
been applied to tasks that require a detection of signal changes (Clifford and Ibbotson,
2002; |Glaze et al, 2015). While we represented social information sharing with a simple
fraction of activated drones, we note that future work could incorporate additional mech-
anisms of information sharing (e.g. local interactions among neighbors or nonlinear forms
of coupling (Zhong and Leonard} 2019; Bizyaeva et al.| 2021)).

The onset of in-nest hyperactivity aligns with important stages in drone sexual maturation
(reviewed in Koeniger et al.| (2014); Rangel and Fisher| (2019)). Drone departure flights
first occur between age 6-9 days old (Reyes et al., 2019); sperm move from the testes
to the seminal vesicles between 7-8 days (Snodgrass, |1956; [Mackensen, 1955)); and sperm
viability peaks as early as 7 days old (Locke and Peng) 1993)). While these physiological
changes coincide with the behavioral changes we observed in the nest, it remains unknown
the extent to which these changes are coupled.

Drones and virgin queens have a common interest in meeting in the most efficient way pos-
sible. There are two mechanisms by which independent parties can indirectly coordinate
meetings without direct communication: (1) restrict the spatial component, and (2) re-
strict the temporal component (Fenster et al., |1995; Dostalkova and Spinkal, [2007; |Couzin,
2018)). Drone congregation areas were already known to restrict the spatial component,
and afternoon flights restrict the temporal component. Here we show that the restricted
temporal component is also associated with a limited period of drone hyperactivity inside
the nest. Although more time spent outside is coupled with higher mortality (Visscher
and Dukas|, [1997)), drones are also under selective pressure to be present in the drone con-
gregation area before virgin queens arrive — if they have not arrived in time, they will miss
their opportunity to mate. These two forces contrast with one another: the need to arrive
early to overlap with virgin queens is a pressure to extend time outside, but mortality risk
limits the time spent outside. Combined, these factors appear to be a form of stabilizing
selection on the drone’s behavioral phenotype (Hansen| (1997)), which results in a strong
"on/off" activation period. In locations with high mortality outside of the nest, such as
where the bee-eating bird (Meropidae) is common (Ali and Tahal 2012; Loope, 2015),
we would therefore predict a shorter period of drone activation than in locations where
mortality is lower (Smith) 2018). In places with high outside-nest mortality, we would
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still expect to see synchronized hyperactivity, but over a shorter period. While our study
did observe in-nest hyperactivity across all tagged drones, it would also be interesting to
see how these patterns vary across colonies and environmental conditions.

A honey bee colony is an integrated superorganism, with workers functioning as soma,
and drones as gametes (Seeley, 1989; Smith and Szathmary, 1995). Just as the optic
nerve and the testes serve different roles within a multicellular organism, so too do the
individual bees that form a colony. It is unsurprising that drones are referred to as
“lazy” (Frisch| (1954; |Gadagkar] [2021) - they do indeed spend the majority of their time
immobile at the periphery of the nest. However, this behavior can also be viewed as
adaptive: by remaining immobile they conserve their energy until mating time, and by
moving to the nest periphery, drones prevent potential obstruction to workers in action.
Just as drones have morphological and physiological adaptations to maximize their mating
opportunities (e.g. large eyes (Menzel et al., [1991); no hypopharyngeal glands (Hrassnigg
and Crailsheim), 2005)), their behavior is also adaptive, both inside and outside of the
nest. Using long-term automated tracking, we found that drones, in contrast to their
reputation, can be the most active individuals in the colony, albeit for a limited time each
day. Therefore, drones do exhibit specialized in-nest behavior, which highlights their role
as the male gametes of the colony.
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8 Data and code availability

All data is available though Zenodo (doi.org/10.5281 /zenodo.7298798), and code to repro-
duce the results in the paper is available on Github (jacobdavidson/bees drones 2019data)).

References

Comparative biology of Apis andreniformis and Apis florea in Thailand. Bee World, 77
(4):23-35, 1996. ISSN 0005772X. doi: 10.1080,/0005772X.1997.11099328.

M. A. Ali and E. A. Taha. Bee-Eating Birds (Coraciiformes: Meropidae) Reduce Virgin
Honey Bee Queen Survival during Mating Flights and Foraging Activity of Honey Bees
(Apis mellifera L.). International journal of scientific and engineering research, 3(6):
1-8, 2012.

F. Bastin, F. Savarit, G. Lafon, and J. C. Sandoz. Age-specific olfactory attraction
between Western honey bee drones (Apis mellifera) and its chemical basis. PLoS ONE,
12(10):1-22, 2017. ISSN 19326203. doi: 10.1371/journal.pone.0185949.

S. N. Beshers and J. H. Fewell. Models of division of labor in social insects. Annual review
of entomology, 46(1):413-440, 2001. doi: 10.1146/annurev.ento.46.1.413.

S. Bidari, A. El Hady, J. D. Davidson, and Z. P. Kilpatrick. Stochastic dynam-
ics of social patch foraging decisions. Physical Review Research, 4(3):033128, Aug.
2022. doi: 10.1103/PhysRevResearch.4.033128. URL https://link.aps.org/doi/
10.1103/PhysRevResearch.4.033128.

A. Bizyaeva, A. Matthews, A. Franci, and N. E. Leonard. Patterns of Nonlinear Opinion
Formation on Networks. arXiv:2009.13600 [cs, eess, math/, Mar. 2021. URL http:
//arxiv.org/abs/2009.13600. arXiv: 2009.13600.

G. Bloch and G. E. Robinson. Reversal of honeybee behavioural rhythms. Nature, 410
(6832):1048, 2001. ISSN 00280836. doi: 10.1038/35074183.

F. Boenisch, B. Rosemann, B. Wild, D. Dormagen, F. Wario, and T. Landgraf. Tracking
all members of a honey bee colony over their lifetime using learned models of corre-
spondence. Frontiers in Robotics and Al 5:35, 2018. doi: 10.3389/frobt.2018.00035.

R. Cicciarelli. Drone Ewviction In Honey Bees (Apis Mellifera Ssp.). PhD thesis, Cornell
University, Aug 2013. URL https://ecommons.cornell.edu/handle/1813/34344,
Accepted: 2013-09-16T16:43:10Z.

C. W. G. Clifford and M. R. Ibbotson. Fundamental mechanisms of visual motion
detection: models, cells and functions. Progress in Neurobiology, 68(6):409-437,

21


http://doi.org/10.5281/zenodo.7298798
https://github.com/jacobdavidson/bees_drones_2019data
https://link.aps.org/doi/10.1103/PhysRevResearch.4.033128
https://link.aps.org/doi/10.1103/PhysRevResearch.4.033128
http://arxiv.org/abs/2009.13600
http://arxiv.org/abs/2009.13600
https://ecommons.cornell.edu/handle/1813/34344
https://doi.org/10.1101/2023.01.19.524638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524638; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Dec. 2002. ISSN 0301-0082. doi: 10.1016/S0301-0082(02)00154-5. URL https:
//www.sciencedirect.com/science/article/pii/S0301008202001545.

[. D. Couzin. Synchronization: The Key to Effective Communication in Animal Col-
lectives. Trends in Cognitive Sciences, 22(10):844-846, 2018. ISSN 1879307X. doi:
10.1016/j.tics.2018.08.001.

J. D. Davidson and A. El Hady. Foraging as an evidence accumulation process. PLOS
Computational Biology, 15(7):e1007060, July 2019. ISSN 1553-7358. doi: 10.1371/
journal.pcbi.1007060. URL https://journals.plos.org/ploscompbiol/article?
id=10.1371/journal.pcbi.1007060.

I. Dostéalkova and M. Spinka. Synchronization of behaviour in pairs: the role of commu-
nication and consequences in timing. Animal Behaviour, 74(6):1735-1742, 2007. doi:
10.1016/j.anbehav.2007.04.014.

A. Eban-rothschild and G. Bloch. Circadian rhythms and sleep in honey bees. In Honeybee
Neurobiology and Behavior: A Tribute to Randolf Menzel. Springer Science+Business
Media B.V, 2012. ISBN 978-94-007-2098-5. doi: 10.1007/978-94-007-2099-2. URL
http://link.springer.com/10.1007/978-94-007-2099-2.

D. Ellison, A. Mugler, M. D. Brennan, S. H. Lee, R. J. Huebner, E. R. Shamir, L. A.
Woo, J. Kim, P. Amar, [. Nemenman, A. J. Ewald, and A. Levchenko. Cell-cell com-
munication enhances the capacity of cell ensembles to sense shallow gradients dur-
ing morphogenesis. Proceedings of the National Academy of Sciences, 113(6):E679—
E688, Feb. 2016. ISSN 0027-8424, 1091-6490. doi: 10.1073/pnas.1516503113. URL
http://www.pnas.org/lookup/doi/10.1073/pnas.1516503113.

M. Fenster, I. Gan, S. Rosenschein, S. Kraus, and J. S. Rosenschein. Coordination without
Communication: Experimental Validation of Focal Point Techniques. Proceedings of the
First International Conference on Multiagent Systems (ICMAS-95), pages 102-108,
1995.

J. Free and I. H. Williams. Factors determining the rearing and rejection of drones by
the honeybee colony. Animal Behaviour, 23:650-675, 1975. doi: 10.1016/0003-3472(75)
90143-8.

J. Free et al. The food of adult drone honeybees (apis mellifera). Brit. J. Animal Be-
haviour, 5:7-11, 1957.

K. v. Frisch. The dancing bees: an account of the life and senses of the honey bee. Methuen,
London, 1954. OCLC: 6445217.

H. Fukuda and T. Ohtani. Survival and life span of drone honeybees. Researches on
population ecology, 19(1):51-68, 1977. doi: 10.1007/BF02510939.

22


https://www.sciencedirect.com/science/article/pii/S0301008202001545
https://www.sciencedirect.com/science/article/pii/S0301008202001545
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1007060
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1007060
http://link.springer.com/10.1007/978-94-007-2099-2
http://www.pnas.org/lookup/doi/10.1073/pnas.1516503113
https://doi.org/10.1101/2023.01.19.524638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524638; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

R. Gadagkar. Cooperation in Social Insects, pages 1462-1470. Springer International
Publishing, 2021. ISBN 978-3-319-19650-3. doi: 10.1007/978-3-319-19650-3\ 1367.
URL https://doi.org/10.1007/978-3-319-19650-3_1367.

C. M. Glaze, J. W. Kable, and J. I. Gold. Normative evidence accumulation in
unpredictable environments. eLife, 4:e08825, Aug. 2015. ISSN 2050-084X. doi:
10.7554 /eLife.08825. URL https://doi.org/10.7554/eLife.08825. Publisher: eLife
Sciences Publications, Ltd.

S. Gluth, J. Rieskamp, and C. Biichel. Deciding when to decide: time-variant sequential
sampling models explain the emergence of value-based decisions in the human brain.
Journal of Neuroscience, 32(31):10686-10698, 2012. Publisher: Soc Neuroscience.

T. F. Hansen. Stabilizing selection and the comparative analysis of adaptation. Evolution,
51(5):1341-1351, 1997. ISSN 00143820. doi: 10.1111/j.1558-5646.1997.th01457 .

B. Holldobler, E. O. Wilson, et al. The superorganism: the beauty, elegance, and
strangeness of insect societies. WW Norton & Company, 2009.

N. Hrassnigg and K. Crailsheim. Differences in drone and worker physiology in honey
bees (Apis mellifera). Apidologie, 36:255-277, 2005. doi: 10.1051/apido.

J. M. Jandt and A. Dornhaus. Bumblebee response thresholds and body size: does worker
diversity increase colony performance? Animal Behaviour, 87:97-106, Jan. 2014. ISSN
0003-3472. doi: 10.1016/j.anbehav.2013.10.017. URL http://www.sciencedirect.
com/science/article/pii/S0003347213004740.

J. C. Jones, M. R. Myerscough, S. Graham, and B. P. Oldroyd. Honey bee nest ther-
moregulation: diversity promotes stability. Science, 305(5682):402-404, 2004. doi:
10.1126 /science.1096340.

G. Koeniger. Reproduction and mating behavior. Bee genetics and breeding, pages 255—
280, 1986.

G. Koeniger, N. Koeniger, J. Ellis, and L. J. Connor. Mating biology of honey bees (Apis
mellifera). Wicwas Press, Kalamazoo, MI, 2014.

N. Koeniger, G. Koeniger, S. Tingek, M. Mardan, and T. E. Rinderer. Reproductive
isolation by different time of drone flight between Apis cerana (Fabricus, 1793) and
Apis vechti (Maa, 1953. Apidologie, 19(1):103-106, 1988.

N. Koeniger, G. Koeniger, and H. Pechhacker. The nearer the better? drones (apis
mellifera) prefer nearer drone congregation areas. Insectes Sociauz, 52(1):31-35, 2005.
doi: 10.1007/s00040-004-0763-z.

H. Kovac, A. Stabentheiner, and R. Brodschneider. Contribution of honeybee drones of

23


https://doi.org/10.1007/978-3-319-19650-3_1367
https://doi.org/10.7554/eLife.08825
http://www.sciencedirect.com/science/article/pii/S0003347213004740
http://www.sciencedirect.com/science/article/pii/S0003347213004740
https://doi.org/10.1101/2023.01.19.524638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524638; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

different age to colonial thermoregulation. Apidologie, 40(1):82-95, 2009. doi: 10.1051/
apido,/2008069.

I. Krajbich, D. Lu, C. Camerer, and A. Rangel. The attentional drift-diffusion model
extends to simple purchasing decisions. Frontiers in psychology, 3:193, 2012. Publisher:
Frontiers.

S. J. Locke and Y.-S. Peng. The effects of drone age, semen storage and contamination
on semen quality in the honey bee (Apis mellifera). Physiological Entomology, 18(2):
144-148, 1993. ISSN 13653032. doi: 10.1111/;.1365-3032.1993.tb00461.x.

K. J. Loope. Reproductive conflicts and signal evolution in social wasps and bees. PhD
thesis, Cornell University, 2015.

G. M. Loper, W. W. Wolf, and O. R. Taylor Jr. Honey bee drone flyways and congregation
areas: radar observations. Journal of the Kansas Entomological Society, pages 223-230,
1992. URL https://www.jstor.org/stable/25085360.

O. Mackensen. Experiments in the Technique of Artificial Insemination of Queen Bees.
Journal of Economic Entomology, 48(4):418-421, 1955. ISSN 0022-0493. doi: 10.1093/
jee/48.4.418.

J. Mariette, J. Carcaud, and J. C. Sandoz. The neuroethology of olfactory sex com-
munication in the honeybee Apis mellifera L. Cell and Tissue Research, 383(1):
177-194, 2021. ISSN 14320878. doi: 10.1007/s00441-020-03401-8. URL https:
//doi.org/10.1007/s00441-020-03401-8.

H. R. Mattila and T. D. Seeley. Genetic diversity in honey bee colonies enhances produc-
tivity and fitness. Science, 317(5836):362-364, 2007. doi: 10.1126/science.1143046.

H. R. Mattila, D. Rios, V. E. Walker-Sperling, G. Roeselers, and I. L. Newton. Char-
acterization of the active microbiotas associated with honey bees reveals healthier and
broader communities when colonies are genetically diverse. PLoS One, 7(3):€32962,
2012. doi: 10.1371 /journal.pone.0032962.

[. Medugorac and M. Lindauer. Das Zeitgedédchtnis der Bienen unter dem Einflut von
Narkose und von sozialen Zeitgebern. Zeitschrift fir Vergleichende Physiologie, 55(4):
450-474, 1967. ISSN 03407594. doi: 10.1007/BF00302625.

J. G. Menzel, H. Wunderer, and D. G. Stavenga. Functional morphology of the divided
compound eye of the honeybee drone (Apis mellifera). Tissue and Cell, 23(4):525-535,
1991. ISSN 00408166. doi: 10.1016,/0040-8166(91)90010-Q.

N. Mizumoto and S. Dobata. Adaptive switch to sexually dimorphic movements by
partner-seeking termites. Science Advances, 5(6):eaau6108, 2019. ISSN 23752548. doi:
10.1126/sciadv.aau6108.

24


https://www.jstor.org/stable/25085360
https://doi.org/10.1007/s00441-020-03401-8
https://doi.org/10.1007/s00441-020-03401-8
https://doi.org/10.1101/2023.01.19.524638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524638; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

R. A. Morse, G. E. Strang, and J. Nowakowski. Fall death rates of drone honey bees.
Journal of Economic Entomology, 60(5):1198-1202, 1967. doi: 10.1093/jee/60.5.1198.

E. F. Neves, M. R. Faita, L. Gaia, V. V. Alves Junior, W. F. Antonialli-Junior, et al.
Influence of climate factors on flight activity of drones of apis mellifera (hymenoptera:
Apidae). Sociobiology, 57(1):107-114, 2011.

E. Oertel. Observations on the flight of drone honey bees. Annals of the Entomological
Society of America, 49(5):497-500, 1956. doi: 10.1093/aesa,/49.5.497.

B. P. Oldroyd and S. Wongsiri. Asian Honey Bees: Biology, Conservation, and Human
Interactions. Harvard University Press, Cambridge, MA, 2006.

T. A. O’Shea-Wheller, E. R. Hunt, and T. Sasaki. Functional heterogeneity in superorgan-
isms: Emerging trends and concepts. Annals of the Entomological Society of America,
114(5):562-574, 2021. doi: 10.1093/aesa/saaa039.

R. J. Paxton. Male mating behavior and mating systems of bees: an overview. Apidologie,
36:145-156, 2005. doi: 10.1051/apido.

D. Peitsch, A. Fietz, H. Hertel, J. de Souza, D. F. Ventura, and R. Menzel. The spectral
input systems of hymenopteran insects and their receptor-based colour vision. Journal
of Comparative Physiology A, 170(1):23-40, 1992. doi: 10.1007/BF00190398.

E. Pfannenstiel and N. Koeniger. Association of Institutes for Bee Research. Report of
the 47th seminar in Blaubeuren near Ulm (Abstracts) - Endogenous control of drone
flight times (Apis mellifera L.). Apidologie, 31(5):641-642, 2000.

J. Rangel and A. Fisher. Factors affecting the reproductive health of honey bee (Apis
mellifera) drones—a review. Apidologie, 50(6):759-778, 2019. ISSN 12979678. doi:
10.1007/s13592-019-00684-x.

M. Reyes, D. Crauser, A. Prado, and Y. Le Conte. Flight activity of honey bee (apis
mellifera) drones. Apidologie, 50(5):669-680, 2019. doi: 0.1007/s13592-019-00677-w.

T. Roenneberg, S. Daan, and M. Merrow. The art of entrainment. Journal of Biological
Rhythms, 18(3):183-194, 2003. ISSN 07487304. doi: 10.1177/0748730403018003001.

F. Ruttner. The life and flight activity of drones. Bee World, 47(3):93-100, 1966. doi:
10.1080/0005772X.1966.11097111.

F. Ruttner and H. Ruttner. Untersuchungen iiber die flugaktivitit und das paarungsver-
halten der drohnen. iii. flugweite und flugrichtung der drohnen. Z. Bienenforsch, 8:
332-354, 1966.

H. Ruttner and F. Ruttner. Untersuchungen iiber die flugaktivitiat und das paarungsver-

25


https://doi.org/10.1101/2023.01.19.524638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524638; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

halten der drohnen. v.-drohnensammelplédtze und paarungsdistanz. Apidologie, 3(3):
203-232, 1972.

T. D. Seeley. The honey bee colony as a superorganism. American Scientist, 77(6):
546-553, 1989. URL http://www. jstor.org/stable/27856005.

T. D. Seeley. The wisdom of the hive: the social physiology of honey bee colonies. Harvard
University Press, 1995. doi: 10.1016/j.desal.2010.03.003.

T. D. Seeley. Honeybee democracy. Princeton University Press, 2010. doi: 10.1515/
9781400835959.

T. D. Seeley. The Lives of Bees: the untold story of the honey bee in the wild. Princeton
University Press, Princeton, New Jersey, 2019.

J. M. Smith and E. Szathméary. The major transitions in evolution. Oxford University
Press, 1995.

M. L. Smith. Queenless honey bees build infrastructure for direct reproduction until their
new queen proves her worth. Evolution, 72(12):2810-2817, 2018. doi: 10.1111/evo.
13628.

M. L. Smith, M. M. Ostwald, and T. D. Seeley. Honey bee sociometry: tracking honey
bee colonies and their nest contents from colony founding until death. Insectes Sociaux,
63:553-563, 2016. doi: 10.1007/s00040-016-0499-6.

M. L. Smith, J. D. Davidson, B. Wild, D. M. Dormagen, T. Landgraf, and 1. D. Couzin.
Behavioral variation across the days and lives of honey bees. iScience, 25(9), Sept.
2022. ISSN 2589-0042. doi: 10.1016/j.isci.2022.104842. URL https://www.cell.com/
iscience/abstract/S2589-0042(22)01114-2.

M. L. Smith, J. D. Davidson, B. Wild, D. M. Dormagen, T. Landgraf, and 1. D. Couzin.
Honeybee lifetime tracking data 2019. Dataset on Zenodo, 2023. URL http://doi.
org/10.5281/zenodo.7298798. Doi: 10.5281/zenodo.7298798.

P. L. Smith. Stochastic Dynamic Models of Response Time and Accuracy: A Foundational
Primer. Journal of Mathematical Psychology, 44(3):408-463, Sept. 2000. ISSN 0022-
2496. doi: 10.1006/jmps.1999.1260. URL http://www.sciencedirect.com/science/
article/pii/S0022249699912609.

R. E. Snodgrass. Anatomy of the honey bee. Cornell University Press, Ithaca, 1956. doi:
http://dx.doi.org/10.5962 /bhl.title.87234.

V. Srivastava and N. E. Leonard. Collective Decision-Making in Ideal Networks: The
Speed-Accuracy Tradeoff. IEEE Transactions on Control of Network Systems, 1(1):
121-132, Mar. 2014. ISSN 2325-5870. doi: 10.1109/TCNS.2014.2310271. URL http:
//ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6763053.

26


http://www.jstor.org/stable/27856005
https://www.cell.com/iscience/abstract/S2589-0042(22)01114-2
https://www.cell.com/iscience/abstract/S2589-0042(22)01114-2
http://doi.org/10.5281/zenodo.7298798
http://doi.org/10.5281/zenodo.7298798
http://www.sciencedirect.com/science/article/pii/S0022249699912609
http://www.sciencedirect.com/science/article/pii/S0022249699912609
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6763053
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6763053
https://doi.org/10.1101/2023.01.19.524638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524638; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

S. Taber, 3", Factors influencing the circadian flight rhythm of drone honey bees. Annals
of the Entomological Society of America, 57(6):769-775, 1964. doi: 10.1093/aesa/57.6.
769.

D. R. Tarpy. Genetic diversity within honeybee colonies prevents severe infections and
promotes colony growth. Proceedings of the Royal Society of London. Series B: Biolog-
ical Sciences, 270(1510):99-103, 2003. doi: 10.1098/rspb.2002.2199.

C. Teeter, R. Iyer, V. Menon, N. Gouwens, D. Feng, J. Berg, A. Szafer, N. Cain, H. Zeng,
M. Hawrylycz, C. Koch, and S. Mihalas. Generalized leaky integrate-and-fire models
classify multiple neuron types. Nature Communications, 9(1):709, Feb. 2018. ISSN 2041-
1723. doi: 10.1038/s41467-017-02717-4. URL https://www.nature.com/articles/
s41467-017-02717-4. Number: 1 Publisher: Nature Publishing Group.

W. R. Tschinkel. The Fire Ants. The Belknap Press of Harvard University Press, Cam-
bridge, MA, 2006.

Y. Ulrich, M. Kawakatsu, C. K. Tokita, J. Saragosti, V. Chandra, C. E. Tarnita, and
D. J. C. Kronauer. Response thresholds alone cannot explain empirical patterns of
division of labor in social insects. PLOS Biology, 19(6):e3001269, June 2021. ISSN
1545-7885. doi: 10.1371/journal.pbio.3001269. URL https://journals.plos.org/
plosbiology/article?id=10.1371/journal.pbio.3001269. Publisher: Public Li-
brary of Science.

M. Usher and J. L. McClelland. The time course of perceptual choice: The leaky, com-
peting accumulator model. Psychological Review, 108(3):550-592, 2001. ISSN 1939-
1471 (Electronic);0033-295X (Print). doi: 10.1037/0033-295X.108.3.550.

P. Visscher and R. Dukas. Survivorship of foraging honey bees. Insectes sociaux, 44(1):
1-5, 1997. doi: 10.1007/s000400050017.

F. Wario, B. Wild, M. J. Couvillon, R. Rojas, and T. Landgraf. Automatic methods
for long-term tracking and the detection and decoding of communication dances in
honeybees. Frontiers in Ecology and FEvolution, 3:103, 2015. doi: 10.3389/fevo.2015.
00103.

A. Weismann. The germ-plasm: a theory of heredity. Scribner’s, 1893.

K. E. Wharton, F. C. Dyer, and T. Getty. Male elimination in the honeybee. Behavioral
Ecology, 19(6):1075-1079, 2008. doi: 10.1093/beheco/arn108.

B. Wild, D. M. Dormagen, A. Zachariae, M. L. Smith, K. S. Traynor, D. Brockmann,
I. D. Couzin, and T. Landgraf. Social networks predict the life and death of honey
bees. Nature communications, 12(1):1-12, 2021. doi: 10.1038/s41467-021-21212-5.

P. C. Witherell. Duration of flight and of interflight time of drone honey bees, apis

27


https://www.nature.com/articles/s41467-017-02717-4
https://www.nature.com/articles/s41467-017-02717-4
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3001269
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3001269
https://doi.org/10.1101/2023.01.19.524638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524638; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

mellifera. Annals of the Entomological Society of America, 64(3):609-612, 1971. doi:
10.1093 /aesa/64.3.609.

J. L. Woodgate, J. C. Makinson, N. Rossi, K. S. Lim, A. M. Reynolds, C. J. Rawlings, and
L. Chittka. Harmonic radar tracking reveals that honeybee drones navigate between
multiple aerial leks. Iscience, 24(6):102499, 2021. doi: 10.1016/j.is¢i.2021.102499.

Y. D. Zhong and N. E. Leonard. A Continuous Threshold Model of Cascade Dynamics.
IEEE, page 6, 2019.

28


https://doi.org/10.1101/2023.01.19.524638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524638; this version posted January 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

—Wooden frames
—Festoon
—Blank space

20cm

Drones, cohort 1

- - ! - # "
Workers, cohort 1 ™ L o . an - - ! - . i R
% - - = !
a R fad Cand D y
Ageo Age 1 Age2 ge3 Aged Ages Age s
Drones, cohort 2 - - - - i
& L a & ' O Lt - 1Y

Age 0 Age 1 Age2 Age3 Age s Ages Age 6

Workers, cohort 2

Drones, cohort 1 |*

Workers, cohort 1f {8 o e e 2 e

Age 7 Age s Age 9 Age 10 Age 11 Age 12 Age 13 Age 14 Age 15 Age 16 Age 17

Drones, cohort 2 P 3 d y f 1 | f

Age7 Ages Age s Age 10 Age 11 Age 12 Age 13 Age 14 Age 15 Age 16 Age 17

Workers, cohort 2

Figure S1: Two-dimensional spatial histograms for each day with age. Analogous
results to those shows in Figure [IB, but including all observation days. The top row
shows nest contents over the observation period, and two-dimensional spatial histograms
show the locations of workers and drones on each day. For the days where comb measure-
ments were not taken (June 14, 15, 16, and 29), the comb is not known exactly, so both
of the nearest measurement days are shown overlayed, with the transparency weighted
proportionally to the time from the measurement day (i.e. less transparency for the closer
measurement day).
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Figure S2: Exit distance Exit distance for different locations in the observation hive.
Note that the exit is located at the lower right of the front side of the observation hive
(lower right of images), and that crossings from one side to the other are possible on the
frame borders. In order to estimate when bees exited the nest, we used a threshold of
31.25cm on median exit distance in the 5-minute bins (see Methods for details on this
algorithm); this value is made bold in the figure.
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Figure S3: Average distance from frame center. The observation hive consists of 6
frames, with 3 on each side (see Figures , . Shown is the average distance from center
of the current frame, comparing drone versus worker over time.
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Figure S4: Sensitivity of shared activation period definition to parameter values.
In the main analysis, the value of speed threshold used was s, = 0.5, and the fraction
of drones f = 0.25. Shown is how the duration of the shared activation period depends
on (left) changing the speed threshold s,., and (right) changing the fraction of drones
threshold (f). While the definition is not sensitive to the speed threshold, individual
days have patterns that are sensitive to the value of f - in particular, using a lower drone
fraction threshold defines a longer shared activation period for June 21, because it then
would extend to include the whole time until the small ‘spike’ in activity near 17:00, which
follows a period of low speed / inside. The parameters of s, = 0.5 and f = 0.25 used in
the main analysis were chosen by visual inspection, to be representative of capturing the
observed quick start and end of the shared activation period (see Figure )
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Figure S5: Individual drone outside trips and speed before exiting. (A) The
distributions of number of trips per drone (left) and time per trip (right), for drones
during the shared activation periods. Distributions include data across all days with a
shared activation period. (B) Median speed of drones, in the time period preceding their
first exit associated with the shared activation period (first exit time defined as the first
time bin ¢ starting from an hour preceding the shared activation period where the drone
was out of the hive).
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Figure S6: Average movement of workers during each day. The average speed of
workers over time each day, calculated as the mean of the median 5-minute-bin speed of
workers. The data is plotted analogous to Figure [3B, with the shared activation period
of the drones highlighted in red, and range for each day is 0 to 2.5 cm/sec (this is the
same scale as Figure BB). Shown are averages for (A) all workers, and (B) workers whose
fraction of time observed on the exit frame in a given 5-minute time bin was at least 50%.
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Figure S7: Worker bee cohorts: individual activity patterns. Analogous plots
to Figure , but showing worker bee cohorts 1 and 2 (who have the same birth dates,
respectively, as drone cohorts 1 and 2). In the raster plots, each row represents an
individual bee on a particular day, showing (A) Speed and (B) Trips out of the hive, in
5-minute bins (see Methods for data processing details). As in Figure 5, white areas are
when cameras were temporarily blocked to transcribe nest contents, and red lines denote
the start/end of the shared activation period of the drones (see also Figure 3B-C).
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Figure S8: Daily weather for observation days. Nearby and regional weather data
for observation days, showing average temperature, sunshine duration, total precipitation,
average atmospheric pressure, average wind speed, and average vapor pressure deficit for
each day. Not all measurements are available for all weather stations. Recorded values
of precipitation and wind speed sometimes differ for the different weather stations, but
other measurements are very similar. Nearby station Konstanz-Litzelstetten data is from
MeteoBlue (2.2km from hive), and other data is open data from the Deutsche Wetterdienst
(DWD). Station Konstanz is the closest at 1.6km from the hive.
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Figure S9: Hourly weather and start of activation period. (A) Detailed hourly tem-
perature, sunshine intensity, and vapor pressure deficit recorded at Konstanz-Litzelstetten
(MeteoBlue - 2.2km from the hive), for selected observation days. This data is plotted
analogous to speed and number of drones out of the nest that are shown in Figure 3B-C,
with the shared activation period highlighted in red. Points show the time of day for
the maximum value of each quantity. (B) Start of the shared activation period (y-axis)
plotted as a function of time of peak weather quantities (x-axis), using the peak times
shown in A. Correlation and p-values are shown on each plot. The dashed lines shows the
expected trend if the start of the shared activation period coincided with the maximum
hour of each weather quantity. See also Figure [4 for a comparison of daily weather aver-
ages for nearby stations with the duration of the shared activation period.

Figure S10: Supplementary Video. Drone trajectories within the observation hive from
12:00 to 18:00, 14 June through 29 June 2019. Trajectory color denotes average speed.
Individual trajectories are shown atop a grey background, with white denoting the comb
measurement period (when cameras were briefly turned off). Note that 20 June (blue
text) is the day during which there was no shared activation period.
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