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Abstract— Honey bees (genus Apis) are important pollinators in Asian tropical agricultural and natural ecosystems,
yet the Asian species remain vastly understudied compared to the European honey bee, Apis mellifera . We studied
the temporal and spatial foraging patterns of three co-occurring Asian honey bee species in Bangalore, India, to gain
a better understanding of how they coexist. We found evidence for temporal resource partitioning, with Apis cerana
having activity peaks in the early mornings, Apis florea initiating foraging later in the day, and Apis dorsata having
the potential to do much of its foraging activity at night, even when the moon is not yet up. Apart from the
established species differences in foraging ranges, we found limited evidence of spatial partitioning of the landscape.
Although individual colonies foraging in parallel often focused their foraging effort on different patches, all three
species preferred foraging in cultivated garden areas to seminatural or urban areas. These observations add to the
growing evidence for a key role of gardens as foraging habitat for bees in cities.

Asian honey bees / spatio-temporal foraging / coexistence / resource partitioning / urban ecology

1. INTRODUCTION

Bees, and in particular honey bees in the genus
Apis, play a critical role in pollination in both
agricultural and natural ecosystems (Corlett
2004; Potts et al. 2010; Hung et al. 2018;
Requier et al. 2019). The role of bees as pollina-
tors, in turn, depends on their foraging ecology,
including foraging range, daily patterns of activi-
ty, and exploratory behavior. An understanding of
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bee foraging biology is especially important in
tropical ecosystems (Bawa 1990; Corlett 2004;
Donaldson-Matasci and Dornhaus 2012), where
the vast majority of forest trees (Bawa 1990) and
agricultural crops (Klein et al. 2007; Dainese et al.
2019) depend upon animal (primarily bee) polli-
nators and where ecosystems are currently under
threat from human actions such as land use
change, pesticide use, and pollution, as well as
parasites and pathogens (Oldroyd and Nanork
2009; Potts et al. 2010; Brown et al. 2016;
Thimmegowda et al. 2020).

A large amount of research conducted on trop-
ical bees has been conducted in the New World
tropics, which has a highly diverse bee fauna
(Roubik 1990; Freitas et al. 2009). While attention
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has been paid to the tropical bee communities of
Asia (Oldroyd and Wongsiri 2006; Koeniger et al.
2010; Hepburn and Radloff 2011), which differ
markedly from those of the Neotropics, there is
much that is still unknown. Pollination services in
the Neotropics are provided by a large number of
solitary bee species in addition to a diverse biota
of highly social stingless bee species, whereas
pollination by social bees in the Old World tropics
is often dominated by honey bee species in the
genus Apis , one species of which (Apis dorsata)
can migrate seasonally and thus rapidly increase
in number when resources become available in a
given habitat (Roubik 1990; Dyer and Seeley
1994; Liow et al. 2001; Oldroyd and Wongsiri
2006; Stewart et al. 2018; Mukherjee et al. 2019).
The diversity of solitary and stingless bee species
is reduced in the Asian tropics (Michener 1979;
Corlett 2004), possibly in part because of the
competitive advantage honey bees possess
through their powerful dance communication sys-
tem and through the additional benefits that euso-
ciality provides over solitary bees (Dyer 2002;
Dornhaus et al. 2006; Kohl et al. 2020).

In spite of the importance of Asian honey bee
species in Asian tropical ecosystems, their forag-
ing ecology remains poorly studied as compared
to the Western honey bee (Apis mellifera ) (but see
Dyer and Seeley 1991a, b; Batra 2003; Oldroyd
and Wongsiri 2006; Hepburn and Radloff 2011;
Kohl et al. 2020). To understand the role that
Asian honey bee species play in Asian tropical
forests, it is necessary to gain a greater under-
standing of the basic dynamics of foraging behav-
ior in the different honey bee species, including
how they interact with each other. Like
A. mellifera, the Asian honey bee species are
highly eusocial, have large colonies, are generalist
flower visitors, and communicate food locations
through the dance language (Lindauer 1971; Dyer
and Seeley 1991a; Dyer 2002; Kohl et al. 2020).
These traits ensure that colonies are highly effec-
tive and competitive at locating and exploiting
ephemeral floral resources, an advantage in sea-
sonal tropical forests (Dornhaus and Chittka 2004;
Price and Griiter 2015). At the same time, these
traits potentially result in high interspecific com-
petition for food (Koeniger and Vorwohl 1979;
He et al. 2013; Stewart et al. 2018), as anywhere
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from two to four honey bee species coexist in
most parts of their native ranges (Ruttner 1988;
Roubik 1990). In light of the potential for high
competition that we expect to see in tropical forest
ecosystems, an important open question is how
these highly competitive honey bee species coex-
ist? Answering this question requires basic infor-
mation about spatial and temporal patterns of
foraging activity and how foraging correlates with
biological differences among the Asian honey bee
species.

Previous research on Asian honey bees has
identified several traits that may influence the
way coexisting species partition resources accord-
ing to spatial distribution, time of day, or accessi-
bility of different floral resources. For example,
there is a fivefold range in worker body mass from
the dwarf honey bee Apis florea to the giant
honey bee A. dorsata (Dyer and Seeley 1987,
Underwood 1991). Body size differences may be
associated with differences in tongue length
(Waddington and Herbst 1987; Cariveau et al.
2016), foraging range (Greenleaf et al. 2007),
sensory capabilities (Somanathan et al. 2009;
Streinzer et al. 2013), and metabolic rate (Dyer
and Seeley 1987). Differences in metabolic rate
could influence differences in the profitability of
specific resources (Schaffer et al. 1979; Willmer
and Stone 2004) or the ambient temperature at
which bees can fly (Dyer and Seeley 1987; Dyer
and Seeley 1991b). Studies of the three sympatric
species A. florea , Apis cerana , and A. dorsata in
Sri Lanka, Thailand, and India indeed showed that
they differ in foraging range (Punchihewa et al.
1985; Dyer and Seeley 1991a; Kohl et al. 2020).
Interestingly, however, the observed differences
did not correspond to the expected body size
related pattern. Instead, the medium-sized species
A. cerana consistently had the smallest foraging
range, while the smallest species had an interme-
diate and the largest species had the largest forag-
ing range. The deviation of A. cerana might be
explained by selection pressures related to differ-
ences among honey bee species in nest architec-
ture. The Eastern hive bee, A. cerana, resembles
A. mellifera in nesting in cavities, while
A. dorsata and A. florea nest in the open on a
single comb that is enveloped by a protective
curtain of bees (Oldroyd et al. 2008; Bhagavan
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et al. 2016). Open-nesting bees have far less comb
area per worker and thus maintain less brood per
worker than do cavity-nesting species (Seeley
et al. 1982); this might lead to different resource
needs and foraging decisions of colonies and in-
dividual workers, respectively (Dyer and Seeley
1991b). Finally, A. dorsata has a unique ability to
forage on moonlit nights surrounding the full
moon; this ability may provide an additional re-
lease from competition by enabling this species to
forage when other honey bee competitors are un-
able to fly (Dyer 1985a).

The difficulty in assessing the importance of
these various trait differences is the lack of reliable
comparative information about the foraging be-
havior of the species in the same environment.
Many previous studies have focused on the be-
havior of a single species at a time (e.g., Dyer
1985a, b; Batra 2003). Studies that have examined
multiple species have revealed species differences
in daytime activity (Dyer and Seeley 1991b;
Oldroyd et al. 1992; Rinderer et al. 1996;
Bakker 2001; Koeniger et al. 2010; Cui and
Corlett 2016), but these studies are limited by their
focus solely on bee abundances on flowers
(Oldroyd et al. 1992; Rinderer et al. 1996;
Koeniger et al. 2010; Cui and Corlett 2016) or
their use of only one colony of each species (Dyer
and Seeley 1991b), or by their examining foraging
behavior without considering its relationship to
the surrounding landscape (Punchihewa et al.
1985; Dyer and Seeley 1991a; but see Bakker
2001). Critically, no comparative study of Asian
honey bee foraging activity to date has included
information on the nocturnal activity of
A. dorsata .

In this study, we compared the foraging behav-
ior of three sympatric Asian honey bee species,
A. florea, A. cerana , and A. dorsata , living in the
same environment at the same time. We tracked
colony patterns of foraging activity to determine if
species are active at different times of day, includ-
ing nocturnal observations for A. dorsata. We
also used waggle dance recordings (from Kohl
et al. 2020) to map the foraging locations indicat-
ed by dancing bees and to compare each species’
spatial resource exploitation. Our study adds to an
understanding of the similarities and differences
in the spatio-temporal foraging activity of these
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species, as it includes both diurnal and nocturnal
observations of daily foraging activity and in-
cludes data for multiple colonies and days.

2. METHODS
2.1. Study location and dates

We studied three species of Asian honey
bees, A. florea, A. dorsata, and A. cerana,
in Bangalore, Karnataka, India, at the National
Centre for Biological Sciences—Tata Institute
of Fundamental Research (NCBS). We com-
pared sets of colonies during three observation
periods: February 2017, March 2017, and
March to April 2018. NCBS is located in a
primarily residential district in the northern
part of the city of Bangalore, adjacent to the
University for Agricultural Sciences, Gandhi
Krishi Vignana Kendra Campus (GKVK).
NCBS and GKVK are surrounded by exten-
sive fields of agricultural vegetation in addi-
tion to the ornamental vegetation on the cam-
puses and surrounding residential neighbor-
hoods. Wild colonies of all three species are
common throughout this habitat. The study
colonies were all located on the NCBS and
the GKVK campuses at the time of the study
and were located within 800 m of each other.

The observation colonies used in this
study—four colonies per species—were the
same colonies as those used by Kohl et al.
(2020), who give a detailed description of the
colony preparation. In brief, we acquired
A. cerana colonies (colonies C1-C4), which
can be kept in manmade hive boxes, from
local beekeepers and placed them into an ob-
servation hive containing 6 moveable frames
(each 25 x 19 x 2 cm), keeping the combs in
their natural parallel arrangement. Colonies of
A. florea , which nest on twigs in dense vege-
tation, were collected on the campuses and
placed in well-shaded but uncovered observa-
tion boxes (colonies F1-F4). For A. dorsata,
we studied naturally occurring colonies (colo-
nies D1-D4) that had built their nest hanging
from concrete overhangs on buildings on the
NCBS and GKVK campuses.
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2.2. Colony activity measurements

To compare species differences in temporal
colony foraging activity, we collected parallel
foraging activity data for colonies of all three
study species. In 2017, we recorded daytime for-
aging observations from 0700 hours to 1900 hours
on February 18th (colonies C1, C2, F1, and F2)
and on March 10th (colonies C3, F3, and D2). As
sunrise occurred at 0640 hours and 0630 hours (all
times Indian Standard Time), respectively, for
those days, we likely missed some of the diurnal
activity of these colonies. The sun set at 1826
hours and 1829 hours, respectively, so we did
not miss diurnal observations in the evenings. In
2018, we observed one colony per species (C4,
F4, and D3) for a continuous 50-h period from
March 5th to 7th (covering two days and two
nights), and for a continuous 36-h period from
March 30th to 31st (covering two days and one
night). On these days, we made regular observa-
tions from 0600 hours onwards until daytime
foraging activity ended in A. cerana and
A. florea (between 1900 hours and 2000 hours).
During the following nights, we recorded
A. dorsata’s nocturnal activity (see below) and
additionally visited the A. cerana and A. florea
colonies at 2300 hours, 0230 hours, and 0530
hours to check whether these bees are actually
strictly diurnal. Sunrise occurred at 0632 hours
from March 5th to 7th and 0617 hours on
March 30th to 31st, while sunset occurred be-
tween 1829 hours and 1832 hours, so we feel
confident we did not miss any activity during
these periods.

To compare foraging activity, we counted the
number of arriving bees during hourly 6-min cen-
sus periods; after calculating the average number
of arrivals per minute, we then extrapolated those
counts to give an estimated number of arrivals
during the entire hour. For A. cerana and
A. florea , we counted the number of bees entering
the hive or landing on the top of the colony,
respectively, during the census period. For
A. dorsata , the colony’s position on the building
where the bees had built their comb made it diffi-
cult to view the colony directly. Therefore, we
used a video camera attached to a rig on the roof
above the ledge where the colony was located to
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record activity. Arrivals during each census period
were counted from later observation of videos.
Nocturnal activity of A. dorsata was recorded
from sunset to sunrise using an infrared-sensitive
video camera (Linnse Model LCAM-42). The
field of view of the infrared camera was not large
enough to take in the entire colony. Although we
probably underestimated nocturnal foraging activ-
ity for this species, we estimate that we captured
90% of the nocturnal activity. During daylight
hours, we used a Panasonic Model HC-X929
video camera that had a wider field of view, so
we could have captured closer to 100% of diurnal
activity.

2.3. Forage mapping

To compare the foraging ranges and the loca-
tions of the patches exploited by each study colo-
ny, we performed forage mapping (Visscher and
Seeley 1982). To perform this technique, we mea-
sured the direction and distance signals in
randomly selected dances indicating natural
foraging locations recorded by Kohl et al. (2020)
(in Kohl et al. only the distance information was
analyzed; directional information was not consid-
ered and no foraging maps were created). We
analyzed the dances of four colonies from each
species over the course of our three observation
periods (see Supplementary Table 1 for a
breakdown of observations by colony and date).
The dance analysis from video recordings was
done using the software UTILIUS FAIRPLAY 5
(cce software, Leipzig, Germany). To decode the
distance information of the dances, the total dura-
tion of 2-24 (mean + s.d.: 7 & 3.02) circuits per
dance (where a “circuit” consists of the waggle
run plus the return run to begin the next waggle
run) was measured and then divided by the num-
ber of circuits recorded. Average circuit durations
were then translated into foraging distances using
species-specific distance—circuit duration calibra-
tion functions that had been empirically obtained
in Bangalore using bees trained to feeders at a
series of known distances (A. cerana: y =
0.0069x + 1.3502; A. florea: y = 0.0055x +
1.9701; A. dorsata: y = 0.006x + 1.2171, with
y = circuit duration in seconds and x = foraging
distance in meters; Kohl et al. 2020).
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Both circuit duration and waggle run dura-
tion correlate highly with foraging distance
(von Frisch 1967) and are regularly used to
determine foraging distance (Visscher and
Seeley 1982; Dyer and Seeley 1991a;
Beekman and Ratnieks 2000; Couvillon et al.
2015). Waggle run duration is more accurate
as it removes variation due to forager motiva-
tion (Seeley et al. 2000). However, in this
study, we used circuit duration because the
low quality of infrared video used for noctur-
nal dances prevented precise measurement of
waggle run duration for A. dorsata’s nocturnal
dances. Circuit duration reduces this measure-
ment error because we take the measure from
the average of multiple consecutive dance cir-
cuits. (In addition, analyzing circuit duration is
much more time efficient (Kohl et al. 2020).)
Because we used circuit duration for the noc-
turnal dances, we did the same for the diurnal
dances to allow for easier comparisons.

To determine the compass direction of the
patch being signaled, we used the direction
code of the dance elucidated by Karl von
Frisch (1967) for A. mellifera and by Lindauer
(1956) for the Asian species. In A. mellifera,
A. cerana, and the diurnal dances of
A. dorsata, the orientation of the waggle run
relative to the upward direction on the dance
surface correlates with the angle the bee had
flown relative to the solar azimuth (we obtain-
ed the solar azimuth from the NOAA Solar
Calculator for all dances). For the nocturnal
dances of A. dorsata, it is unclear what com-
pass reference bees use. Although illumina-
tion, assumedly provided by the moon, is re-
quired for flight, nocturnal dances are not ref-
erenced to the moon’s azimuth (Dyer 1985a).
Instead, they may be referenced to position of
the sun at sunset or sunrise, although this is
not known. Because of this uncertainty, we felt
uncomfortable generating nocturnal forage
maps for A. dorsata. In the case of A. florea,
we estimated the compass direction being sig-
naled directly from the alignment of the wag-
gle run. This species does not use gravity as a
reference for dancing, but instead dances on
the horizontal and near horizontal upper por-
tions of the comb, and directly “points” to the
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food source (Lindauer 1956; Dyer 1985b;
Dyer 2002).

The combination of flight distance and flight
direction gives an estimate of the radial coordi-
nates (relative to colony location) of the foraging
site signaled by a dancer. With respect to the
geographic location of the respective honey bee
colonies, we translated these radial coordinates
into geographical coordinates, which we then
used for the analysis of spatial habitat use.

2.4. Habitat use analysis

To determine whether the bees preferentially
used certain habitat types, we quantified the ex-
pected and observed proportions of visited habitat
types. We imported the colony locations into
QGIS version 3.10 and overlaid them onto the
Web-based Esri World Imagery layer (sources:
Esri, DigitalGlobe, Earthstar Geographics,
CNES/Airbus DS, GeoEye, USDA FSA, USGS,
Aerogrid, IGN, IGP, and the GIS User Commu-
nity). A land cover map was manually generated
based on knowledge of the study area and visual
inspections of satellite imagery. We chose four
habitat categories to classify the landscape: “ur-
ban” (including impervious surfaces like build-
ings, construction sites and infrastructure), “gar-
den,” “seminatural” (including areas with tree
cover and fallow fields), and “agricultural.” We
created a circular area around every colony loca-
tion based on the respective species’ 90th percen-
tile of the foraging ranges obtained from the col-
onies used in this study (A. cerana: 274 m,
A. florea: 459 m, A. dorsata: 730 m; Kohl et al.
2020). We divided these areas into rectangular 10
m % 10 m bins and intersected it with the land
cover map to assign each bin to one of the four
habitat use types (see Supplementary Figure 1).
We calculated the relative proportion of each hab-
itat type, which we considered the expected pro-
portional habitat use, for all landscape sections
surrounding the colony locations. To calculate
the observed habitat use as indicated by waggle
dance locations, we counted the number of dances
in all bins for each colony, summed the number of
dances for each habitat, and divided by the total
number of dances from each colony within the
90th percentile range. We then compared the
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expected and observed habitat use to get the “de-
viation from expected habitat use.”

2.5. Data analysis

We used descriptive statistics and data figures
to present in detail our observations. We tested
whether observed proportional habitat use dif-
fered from known habitat proportions using chi-
square tests. All data figures were created using
the package ggplot2 in R version 3.5.1 and forag-
ing maps were created using QGIS version 3.10.

3. RESULTS
3.1. Temporal patterns of foraging activity

Our parallel activity measurements revealed
clear species differences in the daily timing of
foraging activity between A. cerana, A. florea,
and A. dorsata (Figures 1, 2, 3, and 4). During
daylight hours, A. dorsata and A. cerana had a
much wider range of activity than did A. florea .
Apis cerana foraged from sunrise to sunset and
usually exhibited peak activity in the early morn-
ings. For example, colonies C1 and C2 showed
peak activity at 0900 and 0800 hours, respectively
(Figure 1), though it is likely that we missed some
of their earlier activity before our observations
began at 0700 hours. The foraging activity pattern
of A. dorsata generally resembled that of
A. cerana during the day (Figures 3 and 4). In
contrast, A. florea consistently began foraging
later in the morning than A. cerana and
A. dorsata, generally 2 h after sunrise, and typi-
cally showed peak activity in the early afternoon.
For example, colonies F1 and F2, recorded at the
same time as A. cerana colonies C1 and C2, did
not even begin foraging until 0900 or 1000 hours,
and their activity peaked at 1200 and 1400 hours
respectively (Figure 1). In general, once they be-
gan foraging, A. florea’s foraging activity stayed
high for the rest of the day, although they reduced
foraging earlier in the evenings than either
A. cerana or A. dorsata (Figures 1, 2, 3, and 4).
This apparently divergent foraging schedule in
A. florea was consistent between colonies and
across observation years. Activity across species
did not peak at similar times even when colonies
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were observed in the same location on the same
day.

In addition to the different activity schedules
during daylight hours, we found that a substantial
fraction of A. dorsata’s overall activity took place
at night and that they were the only species to be
active at night (Figures 3 and 4). We provide a
more detailed analysis of A. dorsata’s nocturnal
behavior in Section 3.4.

3.2. Spatial foraging patterns

Going beyond Kohl et al. (2020), who present-
ed an analysis of the species differences in forag-
ing distance distributions in Bangalore, we com-
pared in detail the spatial foraging pattern of each
study colony and present actual forage maps for
each of the three observation periods (Figures 5, 6,
and 7). Colonies tended to focus their foraging
efforts on specific patches, often leading to clus-
tered, multimodal distance distributions where
different colonies foraged at different patches. A
clear example of this separation of coexisting
colonies onto unique patches can be seen in Fig-
ure 5, where both observed A. cerana colonies
foraged in garden areas on the NCBS campus but
concentrated their efforts on patches in separate
areas, either to the west (C1) or the east (C2).
Similarly, the observed A. florea colony foraged
outside of the NCBS campus even though their
colony was located in the same area as the
A. cerana colonies (Figure 5). Bimodal foraging
distributions were commonly observed, as exhib-
ited by A. cerana colony C3 (Figure 6) and
A. dorsata colony D3 (Figure 7), and generally
consisted of a peak close to the colony location in
garden areas on campus and a peak further off
campus in agricultural or urban areas.

3.3. Habitat use

Our forage maps show that in almost all studied
colonies (except F1, which primarily foraged in
seminatural areas, and D4, for which we could not
collect dance direction data and therefore could
not perform forage mapping), the majority of for-
aging effort seems to be focused on the garden
areas located on the NCBS campus (Figures 5, 6,
and 7). That said, individual colonies expended
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Figure 1. Foraging activity of A. cerana (colonies C1 and C2) and A. florea (colonies F1 and F2) in Bangalore
during a 10-h daytime observation period on February 18th, 2017. Activity was determined from 6-min observation
periods, then extrapolated for the hour. Sunrise and sunset were at 0641 hours and 1826 hours respectively. Note that
y-axes are differently scaled.

A. florea
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A. cerana
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2 A. dorsata
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Figure 2. Foraging activity of A. cerana (colony C3), A. florea (colony F3), and A. dorsata (colony D2) in
Bangalore during a 10-h daytime observation period on March 10th, 2017. Activity was determined from 6-min
observation periods, then extrapolated for the hour. Sunrise and sunset were at 0630 hours and 1829 hours
respectively. Note that y -axes are differently scaled.

considerable effort foraging outside the NCBS An analysis of the habitat use of the bees in
campus in urban areas (D1, D3, F3, F4), agricul-  relation to the actual proportions of landscape
tural areas (C3), and seminatural areas (F1, F3, types surrounding their colonies revealed
F4, C4). that—at our specific study location and study
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Figure 3. Foraging activity of A. cerana (colony C4), A. florea (colony F4), and A. dorsata (colony D3) in
Bangalore during a 50-h observation period from March 5th to 7th, 2018. Activity was determined from 6-min
observation periods, then extrapolated for the hour. Sunrise and sunset were at 0632 hours and 1829 hours
respectively during this period. Gray areas demark nighttime hours (sun below the horizon) and white lines indicate
moonrise times. There was a full moon on March 2nd. Note that y -axes are differently scaled.

time—all three species as a whole preferential-
ly foraged in gardens over seminatural areas
(forest and fallow land) and urban areas
(Figure 8). Habitat use analyses for individual
study colonies can be found in Supplementary
Figure 5. Looking at each colony individually,
we found that the habitat usage of each studied
A. dorsata colony significantly differed from
the usage expected based on the proportions of
habitat in the surrounding landscape (D1-D3:
P < 0.001 for all; see Supplementary Table 2
for colony-specific test statistics), with each
colony preferentially foraging in garden areas

(Figure S2). Three of the four A. florea colo-
nies similarly differed in their habitat usage
from expected (F1-F3: P < = 0.0001 for all).
However, of those three, only two preferential-
ly foraged in garden areas (F2 and F3) with the
third preferentially foraging in seminatural
arcas (F1; Figure S2). Similar to A. florea,
three colonies of A. cerana significantly dif-
fered in their habitat usage from expected based
on the surrounding landscape (C1 and C2: P <
< 0.0001; C3: P = 0.04), with all three prefer-
ring garden areas and C3 also showing a pref-
erence for agricultural lands (Figure S5).
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3.4. Nocturnal behavior of A. dorsata

Our results enable us to address two questions
specific to A. dorsata’s unique ability to forage
throughout the night, at least when the moon is
half full or larger. The first question is how im-
portant A. dorsata’s nocturnal foraging is to its
overall foraging activity. We found A. dorsata to
be active on most, but not all, nights surrounding
the full moon (Figure 9). When examining the
average rate of foraging activity on those nights
when they were active, we found that nocturnal
foraging can sometimes constitute a significant
portion of the colony’s foraging efforts. For ex-
ample, during the full moon period of March Sth—
6th, the average recorded rates of A. dorsata’s
foraging activity during the day versus during the
night were 20 and 10 arrivals per minute, respec-
tively, leading us to estimate that 30% of their
foraging took place during the night. However,
the average recorded rates of A. dorsata’s forag-
ing activity during the March 3 1st full moon were
60 arrivals per minute during the day and only 5
arrivals per minute at night, suggesting nocturnal
foraging constituted only 8% of A. dorsata’s over-
all foraging effort in this period. This variability
might reflect differences in resource availability
on different nights.

The second question we can address is whether
the spatial patterns of nocturnal foraging by
A. dorsata differ from those during the day. We
can only address the question of distance, given our
lack of understanding of how this species signals
direction in its dances at night. The data suggest
that A. dorsata is capable of flying just as far at
night as during the day, assuming A. dorsata for-
agers perceive distance similarly during the night
as during the day, and possibly farther. Inferred
flight distances were greater on the night of March
4th—5th than during the day on March 4th or
March 5th, as seen through their longer median
circuit duration (3.0 s on the night of March 4th
as compared to 2.1 s and 1.7 s during the day on
March 4th and 5th respectively; Figure 9a). In
contrast, we found that A. dorsata foraged closer
to their colony on the night of March 30th-31st as
compared to following day (median circuit dura-
tions: 2.0 s on the night of March 30th versus 3.7 s
during the day on March 31st; Figure 9b).
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4. DISCUSSION

In this study, we extend previous comparative
studies of the foraging activity of Asian honey
bees by (1) making parallel observations of the
colony-level temporal foraging patterns of the
study species, (2) including nighttime observa-
tions of A. dorsata in the study of their foraging
activity, and (3) providing a more detailed picture
of species’ spatial foraging patterns. Overall, we
found species differences in daily activity pat-
terns, but no evidence that species differed in the
types of habitats they preferred to forage in,
though they did forage in those preferred habitats
in ways that minimized spatial overlap.

Considering the temporal activity patterns of
A. cerana , A. florea , and A. dorsata , we found in
general that A. cerana and A. dorsata began
foraging earlier in the day and ended foraging
later in the day than did A. florea (Figures 1, 2,
3, and 4). These patterns match those found in
previous studies of these species (Dyer and Seeley
1991b; Oldroyd et al. 1992; Somanathan et al.
2009; Cui and Corlett 2016). Considering just
daytime hours, these results provide some evi-
dence of temporal partitioning of resources, in that
A. florea remains active during the middle part of
the day when A. dorsata and A. cerana become
somewhat less active (Figures 1, 2, 3, and 4). In
the case of A. dorsata, the reduced activity seen
during midday hours could be partially due to
thermal stress during the hottest hours of the
day, which might prevent colonies from foraging
extensively (Mardan and Kevan 2002; Kastberger
et al. 2016). This pattern of activity may also be a
result of the larger species abandoning floral re-
sources that have become too depleted to sustain
the energetic costs of foraging. As the species with
the smallest workers and colonies, the tiny
A. florea foragers may be able to continue making
an energetic profit on such depleted resources
(Schaffer et al. 1979; Schaffer et al. 1983). The
small size of A. florea workers might similarly
allow them to forage during the high midday heat,
when other species might reduce their foraging
due to limited thermoregulatory capacities, as has
been seen in other social insect species (Pereboom
and Biesmeijer 2003). Alternatively, studies of
bees at a feeder suggest that smaller species can
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Figure 4. Foraging activity of A. cerana (colony C4), A. florea (colony F4) and A. dorsata (colony D3) in
Bangalore during a 36-h observation period from March 30th to 31st, 2018. Activity was determined from 6-min
observation periods, then extrapolated for the hour. Sunrise and sunset were at 0617 hours and 1832 hours
respectively during this period. Gray areas demark nighttime hours (sun below the horizon). The night was
completely lit by a full moon. Dashed blue lines indicate the start of a 1-h thunder shower. Note that y -axes are
differently scaled.

monopolize resources better than larger species ~ Vorwohl 1979). It is therefore possible that colo-
due to increased aggressiveness (Koeniger and nies avoided foraging in the same areas to
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minimize the possibility of physically encounter-
ing each other on flowers in the field (Figures 5, 6,
and 7).

The delayed initiation and early termination of
foraging by A. florea can likely be explained by
their unique nesting conditions and their small
body size. A. florea builds their colonies in shady,
well-protected environments, such as inside a
bush or tree (Seeley et al. 1982; Dyer and Seeley
1991b; Oldroyd et al. 2008). This nesting habitat
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Figure 5. Foraging locations of A. cerana (colonies C1 and C2), A. florea (colonies F1 and F2), and A. dorsata
(colony D1) around the NCBS in Bangalore, India, as inferred from waggle dances recorded between February 1st
and 6th, 2017. Large circles depict colony locations and dots indicate foraging locations. Arrows point to foraging
sites that lay outside the map. The figure in the lower left corner shows density curves of each colonies’ foraging
distance distribution. Its x -axis also serves as a scale bar for the map. See Supplementary Figure 2 for zoomed out
map showing all foraging locations.
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would result in sunlight reaching the colony later
in the day and the nest warming up more slowly in
the mornings as compared to the colonies of
A. cerana , which can better regulate colony tem-
perature due to living in enclosed cavities with
parallel combs, or A. dorsata, which build colo-
nies in more open habitats exposed to direct sun-
light. In addition, the small size of A. florea would
make them more sensitive to the temperature and
illumination of the environment, such that they
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Figure 6. Foraging locations of A. cerana (colony C3), A. florea (colony F3), and A. dorsata (colony D2) around
the NCBS in Bangalore, India, as inferred from waggle dances recorded between March 6th and 10th, 2017. Large
circles depict colony locations and dots indicate foraging locations. The figure in the lower left corner shows density
curves of each colonies’ foraging distance distributions. Its x-axis also serves as a scale bar for the map. See
Supplementary Figure 3 for zoomed out map showing all foraging locations.

would begin foraging at higher temperatures
(Dyer and Seeley 1987; Cui and Corlett 2016)
and light levels (Warrant 2008; Somanathan
et al. 2009). In our study, A. cerana and
A. dorsata were seen foraging in temperatures
as low as 16°C during the night and pre-dawn
hours, while A. florea generally was not active
at temperatures below 20°C (as has been seen in
other studies; Abrol 2006). Supporting the idea
that temperature limitations might be responsible

for the delayed start of A. florea in this study, on
days where A. florea began foraging before 0800
hours (March 10, 2017 and March 30, 2018), the
temperature was already over 21°C degrees by
0700 hours. In contrast, the temperature did not
reach 21°C until 0800 hours or 0900 hours on all
other days studied, corresponding with the initia-
tion of foraging.

Previous studies on the foraging behavior of
Asian honey bees have compared only their
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Figure 7. Foraging locations of A. cerana (colony C4), A. florea (colony F4), and A. dorsata (colonies D3 and D4)
around the NCBS in Bangalore, India, as inferred from waggle dances recorded between March 5th and April 1st,
2018. Large circles depict colony locations and dots indicate foraging locations. Arrows point to foraging sites that
lay outside the map. The figure in the lower left corer shows density curves of each colonies’ foraging distance
distribution. Its x -axis also serves as a scale bar for the map. For the A. dorsata colony D4 only, the distance
information was available. See Supplementary Figure 4 for zoomed out map showing all foraging locations.

diurnal activity and foraging ranges. However,
A. dorsata can fly at very low levels of ambient
illumination, even during the night when the
moon is partially full (Dyer 1985a; Somanathan
et al. 2009). This ability to be active at night was
found to be mostly unique to A. dorsata in our
study, as even on nights with a full moon neither
A. cerana nor A. florea were seen foraging much
before the sun rose or for long after it set
(Figures 3 and 4). In addition, we observed the
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intriguing behavior that A. dorsata was even able
to forage in the hours after sunset but before
moonrise (Figure 3). During this period, there
would have been small amounts of ambient light
and sky polarization available from the sun during
astronomical twilight (though this did end before
moonrise) as well as light from artificial light
sources on the NCBS campus and the sky glow
of Bangalore. A. dorsata therefore is capable of
flying using solely these limited light sources even
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Figure 8. Deviations from expected habitat use of A. cerana, A. florea, and A. dorsata foraging at the NCBS and
GKVK campuses and surroundings in Bangalore, India. The expected random habitat use was calculated based on
the proportions of each habitat type within the 90% foraging range of each species calculated within this study. The
observed and expected values were averaged over four colonies per species (three colonies in A. dorsata ) and over
three observation periods. See supplementary Figure 5 for individual colony habitat use.

when the moon has not yet risen. Sky glow from
cities has also been shown to reduce polarization
of lunar light (Kyba et al. 2011), though, suggest-
ing that such artificial light sources might be ben-
eficial in some regards (extending the times at
which nocturnal activity is possible) but negative
in others (by making navigation on moonlit nights
harder). While A. cerana was occasionally ob-
served foraging in the 30 min prior to sunrise
and after sunset (Figures 3 and 4), this activity
took place during astronomical twilight when
small amounts of light and sky polarization from
the sun are available and therefore could not be
considered nocturnal activity.

One likely contributing factor to A. dorsata’s
ability to fly at night is the fact that A. dorsata
workers are larger than both A. cerana and
A. florea, with correspondingly larger eyes and
ocelli, which enable higher sensitivity without
sacrificing acuity (Warrant 2008; Somanathan
et al. 2009; Streinzer et al. 2013). Future research

is needed to better understand how A. dorsata is
capable of flying in very low-light levels, as well
as to identify the minimum amount of light
A. dorsata needs to be active at night. Special
attention should be paid to the effects of artificial
light sources (such as sky glow) on A. dorsata’s
nocturnal behavior, as our studies suggests that it
can provide sufficient illumination for A. dorsata
to fly though more research is needed to draw
broad conclusions.

This study is the first to examine the contribu-
tion of A. dorsata’s nocturnal foraging to its
overall daily activity. On full moon nights, up to
30% of A. dorsata’s activity occurred during the
night (Figures 1 and 2). Not only was there a lot of
traffic coming and going from the colony, but this
activity can clearly be related to foraging, given
that virtually all incoming bees were carrying
pollen loads, and we observed a large amount of
recruitment dancing during the night (Figure 9).
Interestingly, we found that the amount of
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Figure 9. Distributions of waggle dance circuit durations of A. dorsata colony D3 during night, dawn, and day a
from March 4th to 5th, 2018 and b from March 29th to 31st, 2018.

nocturnal activity varied extensively on full moon
nights, even though all of the nights studied were
rainless and between 16°C and 25 C degrees (field
observations). It is possible that factors such as
resource availability or colony food stores, neither
of which we were able to quantify, might be
responsible for the differences in nocturnal activ-
ity we observed here. Including nocturnal activity
will be important in future studies of A. dorsata’s
foraging behavior, as it can significantly contrib-
ute to the overall activity of the colony studied
here. These future studies should examine which
resources A. dorsata exploits during the night and
factors influencing colony investment in nocturnal
activity, as well as quantify the nectar and pollen
contributions of nocturnal foragers to the colony’s
overall energy budget.

Interestingly, based upon a comparison of the
circuit durations we measured in A. dorsata
dances, bees seemed to forage equally as far or
farther at night as compared to the day (Figure 9).
The differences in median circuit duration suggest
that the bees were possibly foraging in different
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places during the night versus during the day.
However, our study did analyze circuit duration
instead of waggle run duration when determining
foraging distance. While circuit duration has his-
torically been used, waggle run duration provides
a more accurate distance signal due to variation in
the return phase of the dance depending on dancer
motivation (Seeley et al. 2000). Longer return
phases due to lower motivation could artificially
inflate the circuit duration and therefore the de-
rived foraging distance measured. Differences in
resource quality between diurnal and nocturnal
resources could therefore lead to misleading dif-
ferences in foraging distances calculated from
these time periods. While we were unable to iso-
late and analyze waggle run duration of nocturnal
dances in our study due to video quality limita-
tions, future studies should carefully consider the
costs and benefits of analyzing waggle run dura-
tion versus circuit duration in their foraging map-
ping efforts.

Comparison of inferred flight distance during
night and day is further complicated because it
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hinges on the assumption that nocturnal and diur-
nal foragers measure flight distance in the same
way. Studies of A. mellifera have shown that the
honey bee odometer is based upon optic flow
(Esch and Burns 1996; Esch et al. 2001), and optic
flow has also been implicated in the odometry of
nocturnal sweat bees (Baird et al. 2011). Low-
light conditions during nocturnal foraging might
change the perception of optic flow while flying,
which could distort the representation of distance
in subsequent dances. Without direct evidence
about how illumination affects the mapping of
optic flow onto bees’ distance estimations, we
can nevertheless speculate that it may be harder
for bees to detect visual texture at night; thus, they
may experience lower optic flow signals over
portions of their foraging route (Srinivasan 1992;
Esch et al. 2001). If so, then we would expect bee
dances to be more likely to underestimate than to
overestimate the actual distances flown at night as
compared to the day (Esch et al. 2001). This only
strengthens our conclusion, based on the mea-
sured distance signals in the dances, that
A. dorsata’s flight distances at night can be just
as great as during the day. It seems, then, that there
are likely not strict differences between diurnal
and nocturnal foraging in terms of their foraging
distance or activity though more comparisons are
needed.

Studying the nocturnal foraging behavior of
A. dorsata is made more complicated by the fact
that we currently do not know how bees convey
directional information in their dances at night.
Though it has been well established that honey
bees use the sun’s azimuth and sky polarization as
reference points for their diurnal dances, it is
currently unclear what reference point they use
in nocturnal dances when the sun is not visible.
Since there is evidence that they do not use the
moon as a reference, an interesting future direc-
tion would be to correlate changes in nocturnal
dance angles with the extrapolated solar azimuth
to determine their referencing method. We were
unable to determine this in our study due to the
large gaps in foraging activity throughout our
observation nights (Figures 3 and 4), which
prevented us from being able to correlate dance
angles and the sun’s position (actual or extrapo-
lated) throughout the night. However, with
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additional observations of nocturnal dancing, we
believe this question could be readily answered.
Understanding how bees reference their dances at
night, together with a firm grasp on how bees
perceive distance at night, would allow for more
in-depth forage mapping than could be done in
this study, such as determining the number of
patches exploited at night and if the same re-
sources are used during the day and night.

Apis dorsata’s ability to fly at low-light levels
is expected to give it a considerable advantage
over other honey bee species by allowing it to
escape from competition during the nighttime
hours. At least some of their nocturnal foraging
exploits floral species that are available in the
evening after sunset and in the morning before
sunrise (Dyer 1985a), and so A. dorsata would be
the only honey bee species in this habitat to be
able to fully exploit such resources. Nocturnally
active bee species, including Xylocopa
tenuiscapa and A. dorsata , have been shown to
forage on nocturnal or crepuscular blooming
plants in India and other parts of Southeast Asia
(Rao et al. 2001; Somanathan and Borges 2001;
Koeniger et al. 2010), suggesting that there are
strictly night-blooming resources that A. dorsata
is able to exploit without competition from other
honey bee species, as well.

This study highlights that at least some tempo-
ral partitioning exists among the Asian honey bees
studied here. The most striking example is the
monopoly A. dorsata holds over nocturnal re-
sources (among Apis species at least), but there
is also evidence that A. florea is more active
during midday and early afternoon (although, as
mentioned, this may be because A. dorsata and
A. cerana are superior competitors for morning
resources). In contrast, we found limited evidence
for spatial partitioning of the landscapes. The
forage maps provide no compelling evidence that
the three species were generally foraging in dif-
ferent areas in the landscape; instead, all seemed
to primarily forage in garden areas (Figure 8).
However, within these garden areas, we did find
that colonies tended to exploit different patches,
suggesting small-scale spatial partitioning
(Figures 5, 6, and 7). This result is not surprising
considering the garden areas contained many cul-
tivated flowering plants and were therefore likely

@ Springer



520

to be rich in resources of different kinds. These
resources might have allowed colonies to partition
the garden areas in ways that minimize competi-
tion and are related to species differences in flight
range. Similarly, it is unsurprising that bees for-
aged in urbanized areas less than would be ex-
pected if they were foraging randomly as these
areas are primarily composed of concrete build-
ings and roads. Use of agricultural and seminatu-
ral landscapes, though, are likely to be highly
seasonal. One would expect foraging on agricul-
tural lands to be high if the crops grown are both
insect pollinated and currently flowering, and for-
aging to be higher in seminatural areas if floral
resources are currently flowering. During the
months of February and March in Bangalore,
however, there are few natural plants flowering
(Santhosh and Basavarajappa 2016). In addition,
most of the agricultural fields located within the
measured ranges are mango orchards, and mango
was similarly not flowering during this study
(Ravishankar et al. 1979; Parmar et al. 2012). That
said, the slight preferences for seminatural habi-
tats seen in the A. florea and A. cerana colonies
observed in the February 2017 and March—April
2018 observation period suggests there might
have been a few floral resources available during
those periods (Figure S2). Overall, the foraging
patterns seen in this study are therefore likely a
result at least in part of the current availability of
resources in this particular environment. These
results suggest that gardens in cities can be ex-
tremely important foraging habitat for Asian hon-
ey bees, as they often are for many bee species
(Stelzer et al. 2010; Kaluza et al. 2016). In addi-
tion, it complements findings from surveys of
solitary bees and bumblebees that suggest urban
gardens contain higher species diversity that sur-
rounding landscapes (Martins et al. 2017;
Theodorou et al. 2020). Future studies should
investigate the seasonal habitat use of these spe-
cies to determine if specific habitat preferences
occur when floral resources are more plentiful
throughout the environment.

This study provides a unique perspective into
the activity and foraging patterns of three Asian
honey bee species by including nocturnal behavior
in the study of A. dorsata’s activity. It strengthens
previous investigations into the activity and
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foraging patterns of these species and paves the
way for future investigations into their foraging
ecology, particularly that of A. dorsata. As Apis
species are extremely important to both tropical
forests and crops, the improved understanding of
their foraging ecology this study provides is a vital
first step in the maintenance and conservation of
tropical ecosystems.
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