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Abstract — Workers of open-nesting honey bee species form a bee curtain to cover the comb and protect it against
adverse environmental conditions and predators. We studied different aspects of structural and temporal dynamics of
the bee curtain in Apis florea . First, in the course of daily observations, we discovered massed flight activity (MFA)
of A. florea colonies similar to that previously described for A. dorsata . The MFAs started with the opening of gaps
in the curtain and appearance of chains of bees shortly before the massed take off. Second, monitoring the worker
movement patterns in the outer layer indicated a constant turnover of bees in the curtain. Finally, introduction of
marked 1-day-old workers showed that workers joined the curtain at a very young age. First flight activity appeared
around day 20, but the majority of workers started to fly after day 47, which is twice the age at which A. mellifera

workers start to forage.

Apis florea | open-nesting / bee curtain / massed-flight activity

1. INTRODUCTION

One of the most striking differences among hon-
ey bee species is their nesting behavior. Colonies of
the Apis mellifera and other cavity-nesting species
build nests composed of several combs sheltered in
a tree trunk or other cavities (Seeley and Morse
1976; Hepburn et al. 2014). In contrast, the open-
nesting honey bees of the tropics, including Apis
Sflorea and Apis dorsata , build only a single comb,
which is attached to a branch or an overhang. The
majority of workers form a curtain of multiple
layers that cover the comb (Ruttner 1988; Dyer
and Seeley 1991; Oldroyd and Wongsiri 2006;
Phiancharoen et al. 2011). This bee curtain

Electronic supplementary material The online version of
this article (doi:10.1007/s13592-016-0428-8) contains
supplementary material, which is available to authorized
users.

Corresponding author: A. Brockmann,
axel@ncbs.res.in
Manuscript editor: James Nieh

functions as a protective shield against unfavorable
environmental conditions (e.g., rain, temperature)
and predators (e.g., birds, wasps) (Dyer and
Seeley 1991; Oldroyd and Wongsiri 2006). For
instance, a number of different collective defensive
movement patterns and sounds produced by the
workers in the curtain have been reported
(Kastberger et al. 2011; Fuchs and Tautz 2011). In
addition, a unique form of a short-lived “massed
flight activity” (MFA) was observed in A. dorsata
and A. laboriosa colonies, but the function of this
behavior is still unclear (Batra 1996; Kastberger
et al. 1996; Woyke et al. 2003).

Besides its immediate functions, the bee curtain
probably has a significant effect on the age structure
and division of labor in open nesting honey bee
species. Seeley et al. (1982) suggested that cavity-
nesting provides the possibility of disbanding the
bee curtain and the allocation of more workers for
foraging and brood care, which in turn affects col-
ony demography, age-polyethism, and individual
behavior. Unfortunately, further studies corroborat-
ing Seeley’s ideas are still missing.
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Here, we present a study on three different
aspects of the structural and temporal dynamics
of the bee curtain in A. florea : (a) occurrence and
temporal dynamics of massed flight activity, (b)
daily movement patterns of individual workers in
the outermost layer of the curtain, and (c) age-
related changes in curtain activities and onset of
flight behavior (as a proxy for foraging).

2. MATERIALS AND METHODS

All experiments were carried out with wild A. florea
colonies (N =10) which were caught on or near the
campus of the National Centre for Biological Sciences
(NCBS) in Bangalore, India. We mounted the colonies
in an open custom-made box (17 in x 33 in) or simply
attached them to a tree branch. Colonies stayed at the
experimental sites for a minimum of 2 weeks to a
maximum of 4 months. Experiments were performed
between December 2012 and July 2015.

2.1. Observation and video recording of
colonies

Colonies were kept in an open wooden box, and a
camera was placed on a permanently fixed tripod stand
at a distance of 1.5 m. All the video-recordings were
done using a SONY HDR-CX260 at the rate of 60 fps
(frames/second). Ambient temperature was measured at
the onset of MFAs. Daily mean temperatures in Banga-
lore were obtained from “World Weather” Tutiempo
Network (http://en.tutiempo.net).

2.2. Paint marking of bees

We used Uni POSCA Paint Markers (Uni Mitsubishi
Pencil, UK) to paint mark worker bees. The paint mark-
ing lasted for more than 2 months. We did not observe
any apparent negative effects on the behavior, for ex-
ample, paint marked bees were readily accepted by the
colonies.

2.3. Analysis of MFA

We observed the massed flights (4—5) of four colo-
nies for a detailed analysis and description of MFAs.
The four colonies were observed during different times
of the year (2012: December; 2013: April, August, and
October). Each day, we observed and recorded the
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curtain of the colonies from 1130 hours until the end
of the MFA.

We determined the temporal dynamics of MFAs by
counting the number of bees in flight (seen as dark
blurred objects in the video frame) for 1 s (i.e., 60
frames) of 1-min intervals of the recordings. In addition,
we counted the number of bees walking downward on
the curtain for every 30 s. Down-walking bees were
identified easily when the videos were watched at 1.5%
speed. The temporal dynamics of the reorientation pro-
cess were determined by measuring the relative curtain
area covered with vertically oriented bees for every
1 min.

2.4. Daily movement patterns of individual
workers on the curtain

We used two colonies to monitor daily activity pat-
terns of individually identified workers in the curtain
(February and May 2014). In each experiment, we
caught around 100 workers, paint-marked them for
individual identification (Uni POSCA Paint Markers,
see Figure S1) and introduced them back into their
colony. The colonies were observed for the whole day
(0630 hours until 1820 hours, and 1930 hours, respec-
tively). For the final analysis, we selected 21 bees that
appeared before 1400 hours and also reappeared on the
curtain at least once during the later part of the day.
Small-scale spatial motion of workers within the curtain
was traced by plotting their position every 60 s and
tracing the path using Photoshop CS5 software.

2.5. Age-related changes in curtain
activities and onset of flight behavior

We performed one experiment to monitor the age-
dependent appearance of A. florea workers on the cur-
tain and crown area, and the age at onset of flight
behavior. We introduced 150 individually marked 1-
day-old workers that had been collected from the comb
of a second colony that was kept in an incubator at
37 °C. We observed the appearance of the marked
workers on the curtain and crown every third day for a
period of 62 days (i.e., total of 21 observations). On the
test days, the colony was observed twice, once in the
morning from 1100-1230 hours and then in the after-
noon from 1500-1600 hours. For the cumulative anal-
ysis, each bee was counted once for each of the three
different activities (presence on curtain, presence on
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crown, and flying as a proxy for foraging) when she was
first observed performing the respective activities. The
crown area is the top-most part of the A. florea nest that
is wrapped around the tree branch. This part of the nest
contains only honey cells, and it is the area where the
dance communication takes place and foragers leave the
nest for a foraging trip (Ruttner 1988; Oldroyd and
Wongsiri 2006). Thus, the crown comprises areas sim-
ilar to the dance floor and the honey storage in
A. mellifera nests, and one might expect this area to
be populated by middle-aged workers.

3. RESULTS

3.1. Occurrence and temporal dynamics
of MFA

During daily monitoring of A. florea colonies,
we observed massed flight activities (MFA) sim-
ilar to those described for A. dorsata and A.
laboriosa. All of the recorded MFAs occurred
between 1130 and 1500 hours and all colonies
performed only one MFA during the daily obser-
vational period (Figure 1a). For one of the colo-
nies, we succeeded in monitoring the daily occur-
rence of MFAs for a period of 3 months. In the
first 6 weeks of the experiment, the colony per-
formed MFA every third to fourth day and then it
changed to perform MFA on every day. Interest-
ingly, timings of MFAs were more consistent after
the change in MFA frequency. Furthermore, the
change in MFA frequency co-occurred with an
increase in the mean daily temperature (Figure 1a)
and an increase in the thickness of the curtain (i.e.
increase in colony size, pers. observation). Our
observations ended when the colony absconded.
Time of absconding (1500 hours) was different
from the time of MFA on the days preceding the
day of absconding (Figure 1a).

The clear sign of a colony initiating a MFA was
the occurrence of long-lasting wider gaps in the
bee curtain accompanied with an increase in gen-
eral activity (Figure 1b). Detailed analysis of the
MFA video recordings indicated that the opening
of the gaps is preceded by an increase in the
number of down walking workers (Figure 1c).
Finally, at the start of the massed flight takeoff,
the curtain disintegrated, and chains of bees were
visible. Eventually, the chains of bees either

stayed or reduced in length (Figure 2). The
workers flew up to a height of 15-20 m but did
not leave the proximity of the nest. After some
time, the bees came down and hovered in front of
the nest until they started to land on the comb
again. We did not observe any massive defecation.
Workers landing back on the comb were oriented
in different directions, and at some point of time,
each of them started to orient head upward which
finally lead to the reorganization of the curtain
(Figure 1b). Duration of MFAs (i.e. flight activity
and reorientation of the curtain) ranged from 5 to
9 min (average 7 min+1.2 min, 19 MFAS of 4
colonies). The whole process of the collective
behavior, i.e., massed activity plus its initiation,
took at least 20 min (see Figure 1c¢).

3.2. Daily movement patterns of individual
workers

Analyses of the movement patterns of 21 indi-
vidually identified workers showed that single
bouts of staying on the outermost layer of the
curtain range from a minimum of 2 to a maximum
time of 179 min with an average of 35 min. Fur-
thermore, most of the observed workers appeared
on the curtain at several times of the day (max. 23
appearances; average =8+ 6). While the majority
of workers joined the curtain structure, some
workers continuously walked on the curtain for
most of the time (see bee 8, 16, and 22;
Figure 3a, b).

Most workers that had left the outermost layer
reappeared at a different location. Distance be-
tween the locations of disappearance and reap-
pearance varied among individual bees. While in
the curtain, position of workers slightly shifted
with time (Figure 4, Bee 1 and 12), which is likely
a consequence of the overall activity of workers
leaving and joining the curtain.

3.3. Age-related changes in curtain
activities and onset of flight behavior

During the experiment, we observed 127 out of
150 introduced workers. Workers started to appear
in the outer layer of curtain on day 2, and by day 5,
more than 50 % of the 117 “curtain-observed”
workers had been observed in the curtain.
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Figure 1. Temporal dynamics of massed flight activity (MFA) in Apis florea . a Occurrence of massed flight activity
in one colony over a period of 3 months. Each black dot indicates one massed flight activity. The experiment ended
when the colony absconded; the blue arrow indicates the time of absconding. Ambient temperature during the MFA
(green dotted line) and mean daily temperature in Bangalore (red dotted line). b Temporal dynamics of three
behaviors appearing during the process of the MFA: downward walking workers (green line), numbers of
bees in flight (blue line), and percentage of comb area with oriented workers (red line). To compare MFAs of
different days, we determined the time point of highest number of flying bees as t0. This time point occurs at the end
of the MFA when the bees are hovering in front of the nest. Error bars indicate standard error.

curtain or the crown or on both before they started
to fly (Figure 5b).

Similarly, the first workers appeared quite early
(day 5) in the crown region, but only by day 20,

50 % of all the 106 “crown-observed” workers
had appeared on the crown region. We observed
the first flying workers at the age of 17, and a
second more pronounced increase in number of
workers flying were observed after day 44
(Figure 5a). By the end of the experiment, we
had observed 51 flying workers, and 50 % of these
had started flying after day 47. Except for one, all
flying workers had been observed either on the

“quiet” curtain appearing grooves

We stopped the experiment on day 62 and flash
froze the whole colony. At that time point, we
found 56 bees still present in the colony. Out of
those 56, 25 bees had been observed flying, 22 on
the crown, 7 only on the curtain, and 2 had never
been observed on any of the observation dates (tab
1). Thus, by the end of the experiment, we had
observed a total of 127 workers, and 82 of those
had either been observed flying (51) or were on

disoriented bees

chains visible

Figure 2. Major structural changes of the curtain during the massed flight activity. “Quiet curtain” (—6 min),
“appearing groves” (—6- -3 min), “Chains of bees visible” (—3- -1 min), “disoriented bees” after landing (+1—2 min).
Numbers in brackets indicate time period given in Figure 1b.
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Figure 3. Daily activity of individually identified workers in the outer layer of the bee curtain a Daily activity
patterns of 21 individual identified workers from two colonies (orange and back numbers ). Time spent intercon-
nected in the curtain (blue line ) and time walking on the curtain (red line). b Each bar shows total time a bee was
observed on the curtain. Sitting in the curtain (b/ue ) and walking on the curtain (red ).

the crown before the onset of flying (31). These
numbers suggest that we likely lost 45 workers
after they had been observed in the curtain and/or
on the crown (see Table I).

4. DISCUSSION

4.1. Occurrence and temporal dynamics
of MFA

In A. florea, massed flight activity (MFA) com-
prises four visually observable phases: (1)

appearance of downward walking bees on the bee
curtain, (2) long-lasting opening of gaps, (3) massed
flight activity, and (4) landing and reorientation of
the workers. Massed flight activity, i.e., massed
flight take off; is only one part of a longer process
of collective behavior. The initial decision to per-
form a massed flight must have been made before
the occurrence of all visually observable processes.

Description of MFAs in the giant honey bee,
A. dorsata and A. laboriosa, mostly focused on
the flight behavior, but there are two studies that
reported an increased disorder and the occurrence of

@ Springer



754

Bee 1

A1:06:22 - 07:20 hrs
A2:10:41 - 11:46 hrs

Bee 18

A1:12:30 — 12:50 hrs
A2:17:30 - 17:51 hrs

H. Bhagavan et al.
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A2 :15:35-15:48 hrs
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Figure 4. Spatial movement patterns of individual workers on the curtain (bees 1, 12, 18, and 19 shown from
Figure 3). Bee appeared on the curtain (green dot ); bee disappeared from the curtain (brown dot ). Numbers indicate
the order of appearance and disappearance. Continuous line indicates the shift in the bee’s position although she was

interconnected in the curtain.

gaps in the bee curtain shortly before a MFA
(Woyke et al. 2003, 2004). MFAs in A. florea and
the giant honey bee species appear to be very
similar with respect to flight behavior, but there
might be differences in the initiation and preparation
ofthe MFA due to differences in the organization of
the curtain and the nest. Furthermore, our observa-
tions suggest that the species differ with respect to
the number of MFAs per day. A. dorsata and
A. laborisa perform several MFAs per day, while
we observed only one MFA per day in A. florea
(Woyke et al. 2005). However, some of the studies
on the giant honey bees do not clearly distinguish
between MFAs and mating flights in nest congre-
gations (see comment by Kastberger et al. 1996).

4.2. Comments on the function of MFA

So far, three different hypotheses about the
function of MFA in open-nesting honey bee
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species have been proposed: (a) MFA is homolo-
gous to the orientation flights (“Vorspiel”) of
young workers (Kastberger et al. 1996); (b)
MFA leads to periodical rearrangement of worker
position in the curtain (Kastberger et al. 1996);
and (c) MFAs are involved in temperature regula-
tion in the nest (e.g., Mardan and Kevan 1989).
We think that the orientation flight hypothesis is
not very plausible as this behavior is longer than 6
or 7 min (Schua 1952; Seeley et al. 1979). The
rearrangement hypothesis does not fit with our
finding that there is a permanent turnover of
workers in the curtain of A. florea colonies. Fur-
thermore, Meyer (1956) reported a similar turn-
over mechanism in A. mellifera swarms.

This leaves us with the hypothesis that MFAs
have something to do with colony thermoregula-
tion. Similar to the observations by Woyke et al.
(2004), we found an increase in MFAs with colo-
ny growth and an increase in the thickness of the
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Figure 5. Age-related changes in curtain activities and onset of flight behavior. a Cumulative number of bees in the
curtain, crown, and observed flying. Colored dashed lines indicate day at which 50 % of the observed workers had
been observed to the respective behavior. Fifty percent of the total number of introduced day olds (gray dashed line).
b Sequence of observations for individual workers. Each square indicates that the individual bee was observed on
the curtain, the crown, or flying. Connections between squares indicate that the bees were observed on consecutive
days.
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Table I. Summary: Age-related changes in curtain activities and onset of flight behavior.

Total number Curtain Crown Flying
(150 bees)
No. of bees observed 127 117 106 51
No. of bees still present on day 62 listed 56 7 22 25
according to their last recorded activity state
Day the first bee was observed 5 17
Day at which 50 % of the bees were observed 20 47

curtain. Both factors likely affect heat accumula-
tion within the curtain itself. We did not find a
correlation between MFAs and the ambient tem-
perature at the times of MFAs (Woyke et al. 2004),
but mean daily temperature in Bangalore had in-
creased shortly before the change in MFA fre-
quency (Figure 1a). Somewhat surprising is the
finding that the change in MFA frequency is ac-
companied with a strong decrease in the variation
of the MFA timings. One possibility is that the
increase in mean temperature was accompanied
with a more uniform temperature dynamic in the
following days. Finally, the fact that the colony
absconded at the end of the experiment suggests
that it must have had only a small amount of brood
if any during the last days. If so, one might spec-
ulate that MFAs are not primarily involved in
thermoregulation of the brood area but the regu-
lation of the temperature in the curtain itself.

4.3. Daily movement patterns of individual
workers

For the observer, the bee curtain of A. florea
and A. dorsata colonies easily appears to be qui-
escent (Dyer and Seeley 1991; Kastberger et al.
2011). However, our marking experiments clearly
indicated that there is a frequent turnover of
workers in the outermost layers (Figures 4). Bees
stayed for 2 to 179 min with an average
of 35 min in the outer layer. Our observations
resemble the descriptions of A. mellifera worker
behavior in swarm clusters. Meyer (1956) report-
ed that bees in the outer layer of the swarm cluster
constantly rearrange and two-thirds of all bees
have been exchanged within 10 min. Our results
suggest a slower turnover rate in A. florea cur-
tains; however, it is unclear whether this
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difference is a species-specific difference or due
to differences between swarms (=cluster of adult
bees) and curtains (=cluster of adult bees+ comb
and brood). Worker turnover on the outermost
layer as well as constant positional changes of
individuals in the curtain (or swarm) likely have
different functions, most importantly feeding (re-
plenish its energy stores) and warming up, but it
may also be necessary for communication and
knowledge of the state of the colony. Furthermore,
there might be an architectural reason. If we re-
gard the curtain as a dynamic structure that is
made out of small moveable units, then it might
be a structural rule that everyone has to move
around to keep the overall structure constant.

4.4. Comments on the organization
of the bee curtain in Apis florea

Most, if not all, studies on open-nesting species
state that the bee curtain is composed of several
layers of bees connected in a mesh-like structure
(Anderson et al. 2002; Kastberger et al. 2011).
However, our observations of MFAs in A. florea
suggest that the bee curtain may permanently con-
sist of the two different structural units—the mesh-
like outermost layers and an inner core composed of
chains of bees—or that the bees in the curtain can
arrange themselves into these two collective struc-
tures depending on environmental conditions or
behavioral context (see also Figure S2). Meyer
(1956) and Heinrich (1981) reported that
A. mellifera swarms and winter clusters are com-
posed of a mantle and a core and that the core is
made of strings and the mantle is made of mesh-like
layers of bees. Mesh-like layers certainly allow a
tighter sealing of the surface, whereas chains might
allow keeping more bees per space and might also
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be able to generate more force to hold more weight
(Kastberger et al. 2011; Cully and Seeley 2004).

4.5. Age-related changes in curtain
activities and onset of flight behavior

Although detailed comparative studies on age-
polyethism are still lacking, preliminary observa-
tions suggest that the general pattern is the same in
all honey bee species (Roepke 1930; Perk 1973;
Otis et al. 1990; Dyer and Seeley 1991). Young
workers are involved in hive tasks, and older
workers become foragers. However, there might
be considerable differences in the onset of forag-
ing (Otis et al. 1990; Dyer and Seeley 1991).

In our study, almost all of the marked workers
were first observed in the curtain or the crown before
starting flight behavior (Figure 5b). In contrast to
Dyer and Seeley (1991), we did not find a close
temporal connection between appearing in the
crown region and first flight behavior. We observed
first flight behavior at an age of 17-26 days (10 % of
all workers observed flying), but 50 % of the
workers were observed flying for the first time at
an age older than 47 days. In contrast, A. mellifera
workers were shown to start orientation flights at an
age of 3—14 days (mean 6.2 days) during summer
time (Capaldi et al. 2000). In the same experiment,
bees were observed foraging at the age of 14. In
general, one may assume that workers start foraging
around the age of 20 days. Our experiment was
conducted at National Center for Biological Sci-
ences, Bangalore, from late January to late March,
a period of high abundance of flowering plants
(Nagaraja and Rajagopal 1999). Given our results,
behavioral maturation of foragers in A. florea might
be two to three times longer than that in A. mellifera .
Dyer and Seeley (1991) suggested that the differ-
ence in worker maturation is a consequence of the
bee curtain, which inhibits workers from doing other
tasks, e.g., nursing. Without having to maintain a
curtain, cavity-nesting species can invest more work
forces into reproduction and thus increase worker
turnover. This increase in population growth can
compensate for increased loss of adult workers and
thus allows earlier onset of foraging.

Winston (1987) pointed out that all published
data on onset of foraging in A. mellifera indicate a
range from 3 to 65 days at which workers can
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become foragers. Otis et al. (1990) reported an age
range from 15 to more than 35 days for onset of
foraging in A. dorsata. All this data suggests that
there is a striking plasticity in the onset of foraging in
all honey bee species.

At the end of our experiment (after 62 days),
we still found 56 workers (37.3 %) of the intro-
duced day olds in the colony. In Dyer and Seeley’s
(1991) experiment, 19.6 % of the introduced bees
were still alive at the end of their experiment at
day 42. Ruttner (1988) reported an average life
span of 61.2 days and a maximal life span of
118 days for A. florea workers kept in an indoor
flight room. Life span of A. mellifera workers
ranges from 15-38 days in the summer to 30—
60 days in the spring, and 150-200 days in the
winter (see Remolina and Hughes 2008). Some
authors suggested that a major factor determining
life span in honey bees is age of onset of foraging
(Rueppell et al. 2007). Thus, differences in worker
life span between studies might also be due to
differences in colony state and environmental
conditions affecting onset of foraging. Careful
comparative studies are needed to verify whether
there are species-specific differences in age-
polyethism and longevity among honey bee spe-
cies or whether the reported differences are just a
product of colony state and phenotypic plasticity.
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