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Abstract Social bees can deposit specialized glandular
secretions, or signals, that allow foragers to revisit
rewarding and to avoid unrewarding food sources.
However, it is not known if bees can orient towards
olfactory cues such as excreta deposited near food
sources. We report that Melipona mandacaia foragers
(stingless bees) deposit an odor cue, anal droplets, and a
previously undescribed ventro-abdominal odor on food
sources. Surprisingly, foragers deposited attractive odor
marks on good food sources to which they recruited and
on poor food sources to which they did not recruit.
Foragers left the most anal droplets on dilute food sources
to which they did not recruit (1.25-M sucrose solution),
yet returning foragers were attracted to anal droplets
obtained on poor food sources and presented in bioassays.
Foragers were attracted to ventro-abdominal odors ob-
tained on good food sources (2.5-M sucrose solution).
Chemical extractions suggest that odor marks contain
attractive polar compounds. We also provide the first
detailed description of forager waggling and spinning
behavior on poor and good food sources. Waggling may
be a method of dispersing anal droplets and spinning may
help foragers learn local landmarks.
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Introduction

Food-marking odors play an important role in social
insect recruitment by assisting the orientation of foragers
and recruited nestmates. Ants use a diverse array of
glandular secretions in foraging communication (Holl-
dobler and Wilson 1990). Bees also deposit odor marks to
improve their foraging efficiency: attractive marks for
good food sources and repellant marks to avoid food
sources that have been exhausted (Stout and Goulson
2001). In field tests, bumblebee-repellant odor marks
were found to consist of tarsal gland compounds (Stout et
al. 1998; Goulson et al. 2000). Honeybees deposit
attractive odors produced by Nasanov and sting glands,
and repellant odors secreted by mandibular glands (Free
et al. 1982; Free and Williams 1983). Stingless bees
secrete attractive odor marks from the mandibular and
tarsal glands to mark rewarding food sources (Kerr et al.
1963; Hrncir et al. 2003; Schmidt et al. 2003). All of these
odor marks are generally considered signals (von Frisch
1967; Kerr 1972; Kerr 1973; Jarau et al. 2002). Thus it is
unclear if bees can also orient towards olfactory cues
deposited by foragers on food sources.

A signal may be broadly defined as a stimulus, any
association between a sensory channel and an environ-
mental state. However, this definition gives relatively
little weight to the role of natural selection (Dusenbery
1992), and thus a distinction is drawn between signals and
cues. Seeley (1989, p 550) provides lucid definitions:
“Signals are stimuli that convey information and have
been molded by natural selection to do so; cues are
stimuli that contain information but have not been shaped
by natural selection specifically to contain information.
Cues carry information only incidentally.” This distinc-
tion is important because cues can provide valuable
insights into signal evolution (Greenfield 2002). For
example, Formicine ants use hindgut contents as trail
pheromones, a procedure that may have evolved from the
ritualization of defecation (Holldobler and Wilson 1990).

We investigated whether stingless bee foragers, highly
social bees (Hymenoptera, Apidae, Meliponini), can use



olfactory signals and cues for food source orientation. In
particular, we focused on the role of anal droplets,
potential excreta consisting of a clear fluid that increases
in volume and production rate at increasingly dilute sugar
solutions in some species (Nieh 1998). There is debate
about anal droplets as attractants (Aguilar and Sommeijer
1996, 2001; Nieh 1998). Melipona panamica foragers
increased the rate of anal droplet production at poor food
sources to which they did not recruit or to which they
recruited weakly (Nieh 1998). Thus the putative attraction
mark is paradoxically stronger for food sources that are
less attractive. How can these observations be reconciled
with the concept of an attractive recruitment odor?

Anal droplets may be odor cues. Nieh (1998) reported
that M. panamica foragers produced larger anal droplets
at a higher rate for poor food sources (1.0-M sucrose
solution) than for rich food sources (2.5-M sucrose
solution). However, M. panamica foragers recruited
strongly for the 2.5-M sucrose solution and very weakly
for the 1.0-M sucrose solution. Aguilar and Sommeijer
(2001) found no statistically significant differences
between anal droplet production at different honey
concentrations. However, 35% of the anal droplets were
produced by M. favosa foragers feeding at a 0.5-M honey
solution, and 26% of the anal droplets were produced by
foragers feeding at a 2.0-M honey solution. Thus
increasing anal droplet production with decreasing sugar
concentration is seen in M. panamica and may also occur
in M. favosa.

The attractiveness of anal droplets is unclear. M.
panamica foragers were not attracted to anal droplets in a
paired feeder bioassay (Nieh 1998), yet Aguilar and
Sommeijer (2001) reported that anal droplets attract M.
favosa foragers. Species or methodological differences
may account for these different results. We therefore
decided to examine the odor-marking strategies of a third
species, M. mandacaia, to increase our understanding of
food-source odor marking in the genus Melipona. M.
mandacaia Smith, 1863, is endemic to the Caatinga
habitat, a semi-arid ecosystem in the southern portion of
Brazil (Rizzini 1997) and is able to recruit nestmates to a
specific distance and direction, but not to a specific height
(Nieh et al. 2003). Our study had four objectives:
determining (1) if M. mandacaia foragers odor mark
food sources, (2) how they deposit odor marks, (3) the
source of odor marks, and (4) whether anal droplets can
serve as attractive odor cues.

Materials and methods
Study site and bee colonies

We collected our data during two field seasons, 8 August to 5
September 2000 and 3 July to 27 August 2001, at the Fazenda
Aretuzina, in the state of Sdo Paulo, Brazil (S21°26.385,
W047°34.880’). We used three colonies of M. mandacaia (300—
400 workers) from the southern portion of Bahia state in Brazil. We
housed colony 1 in an observation nest (plan in Nieh and Roubik
1995) inside a laboratory building and connected to the outside via
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a 25-cm-long, 1-cm-diameter vinyl tube. We housed colonies 2 and
3 outside in separate wooden nests (design in Nogueira-Neto 1997).
Only foragers from the colony under study were allowed to forage.
We blocked the entrances of non-subject colonies with mesh until
the end of experiments each day. We used all colonies to
investigate the role of feeder behaviors in odor mark deposition.
We used colony 3 to investigate the existence of odor marks, their
persistence time, their role in recruitment, and their source and
composition.

Feeders, training, and marking

We fed the bees unscented sucrose solution (1.25 or 2.5 M) from a
feeder consisting of a small glass bottle (5 cm diameter, 4.5 cm
height, 65 ml) inverted over a flat base. Such a feeder models a rich
inflorescence (Roubik 1980; Johnson 1981) or other densely
arrayed food sources (such as raided stingless-bee honey pots,
Rocha 1970; Roubik 1989). With colonies 1 and 2, the base
consisted of a clear plastic, grooved circular plate (6.7 cm diameter,
40 grooves, von Frisch 1967). We placed this feeder on a 20-cm-
diameter yellow plastic dish on a tripod. With colony 3, we used a
rectangular glass plate (30 cmx10 cm). Between the bottle and the
glass plate, we placed a circle of nylon mesh (5.5 cm diameter, 1-
mm square mesh) to create a space for forager proboscises. We
placed a 5-cm-diameter circle of pink paper underneath the base of
each feeder to enhance its visual conspicuousness.

We trained foragers (method of von Frisch 1967) from colony 1
to a site 140 m southeast, foragers from colony 2 to a site 120 m
southeast, and foragers from colony 3 to a site 20 m southwest of
their respective nests. We used acrylic paints and paint pens to
uniquely mark each bee visiting the feeder (von Frisch 1967) and
verified that foragers came from the subject colony, not a wild
colony, by watching the nest entrance for returning foragers. We
maintained a constant number of 20 marked foragers visiting the
feeder by censusing the foragers each 5 min and aspirating or
releasing marked foragers as necessary (aspirator design in Nieh et
al. 2003).

Measuring recruitment rate

We defined a poor food source as one to which the colony did not
recruit. This decision depended upon several factors, including the
availability of natural food sources, the status of colony food stores,
and the demand for resources such as pollen and water (Roubik
1989; Biesmeijer and de Vries 2001). We chose 1.25 M because it
was the lowest sucrose concentration that elicited reliable visita-
tion, but no recruitment, whereas 2.5-M sucrose solution elicited
substantial recruitment. We allowed 20 individually marked,
experienced foragers to forage at either a 1.25 M (poor) or a
2.5 M (rich) feeder. For each sucrose concentration, we recorded
the total number of newcomers arriving at the feeder within 1-h
intervals (four trials at each sucrose concentration).

Bioassays
General methods

We performed feeder choice experiments using 100 foragers to
assay forager attraction to potential odor marks. Each trial consisted
of a collection phase followed by a test phase. In the collection
phase, we placed a glass plate feeder in the center of a small
wooden table (50 cm widex40 cm longx100 cm high) located 20 m
southwest from colony 3. At the end of the collection phase, we
captured all visiting foragers. Immediately after the collection
phase, we began the test phase, by removing the collection-phase
feeder and placing the collection papers and clean control papers
around two identical, clean feeders separated by 20 cm on a clean
glass plate. The collection paper was filter paper onto which we
collected putative odor marks. We centered the glass plate on the
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feeding table, with both feeders perpendicular to the nest—feeder
direction. We exchanged control and experimental feeder locations
each 5 min to control for potential site bias. We released one
forager at a time, capturing her with a second aspirator once she
landed, and recorded her feeder choice and arrival time.

During both phases, we used one pair of clean forceps to handle
the collection paper and a separate pair for the clean paper. Once
used, we washed all equipment in a strong detergent, rinsing
thoroughly with hot water followed by two washes of 95% ethanol.
We air-dried the glass for at least 3 h before reuse. Even without
washing, this time interval is more than sufficient for odor marks to
completely evaporate. Odor marks lose their attractiveness after
80 min (see Results). The experimenter wore disposable latex
gloves during all feeder choice experiments. After each trial, we
discarded the gloves and all paper and plastic items used in the trial.

All attractive odor marks. To collect all odor marks, we placed a
ring of Whatman filter paper (5.5-cm inner diameter, 12-cm outer
diameter) around a 2.5-M feeder for 15 min. A paper ring of this
size was sufficient to insure that foragers positioned their entire
bodies over the filter paper while feeding. To obtain the clean
control paper, we placed an identical but unvisited feeder 5 m east
of the collection feeder.

Ventro-abdominal odor marks. We used 2 mmx15 mm filter paper
strips to collect odor marks potentially produced from the ventro-
abdominal area of foragers (excluding anal droplets) foraging at
2.5 M. We targeted this area because of our forager departure
observations. We held a filter paper strip under the abdomen of a
forager, but not touching any part of the forager, during the entire
time the forager was on the feeder (on average for 50 s). We
discarded paper strips that touched any part of the forager’s body or
contacted an anal droplet. Upon the forager’s departure, we sealed
the paper strip inside a 1.5-ml centrifuge vial and immediately
placed the vial inside a —23°C freezer. During the 30-min collection
phase, we sampled five different foragers and collected five
different experimental strips. We alternately collected five control
strips by holding the control strip for 50 s with clean forceps
100 cm from the feeder. We placed the control strips in a separate
vial in the —23°C freezer.

Attractive marks on poor food sources. We collected potential odor
marks on paper rings in two sequential collection phases in which
we fed bees either 1.25 M or 2.5 M. Foragers visited but did not
recruit for a 1.25-M sucrose solution. During the test phase, we
compared attraction between odor marks collected during the 1.25-
M and 2.5-M phases.

In the collection phase, we collected odor marks from 38
forager visits to the 1.25-M feeder and from 38 visits to the 2.5-M
feeder during 20 min at each feeder. We placed the paper ring from
the first collection phase inside a sealed plastic bag, and stored it in
a —23°C freezer during the second collection phase. We alternated
the sucrose concentrations used in the first collection phase. The
test phase lasted for 15 min. The 1.25-M ring contained anal
droplets, but we immediately discarded the 2.5-M paper if foragers
deposited any anal droplets on this ring (in order to have an
experimental ring with anal droplets and a control ring with no anal
droplets). Droplets were immediately visible on the dry white filter

paper.

Anal droplets. We used a 1.25-M collection phase feeder. We held
the tip of a 2 mmx15 mm filter paper strip posterior to the abdomen
and in contact with each droplet as it was excreted but before it was
deposited on the substrate, taking care not to touch the abdomen
and to keep the paper away from the ventro-abdominal area. We
discarded any strip that touched the bee. The paper strip was held
near the forager for a fraction of a second during each droplet
collection. We collected ten anal droplets per filter paper strip (five
strips in total) before sealing the strip inside a clean vial and placing
the vial inside the —23°C freezer. We alternately collected five
control strips by using clean forceps to hold each strip for 50 s at a
distance of 100 cm from the feeder.

Odor marks: polar or non-polar?

To evaluate odor mark composition, we extracted the collection
paper ring with pentane or dichloromethane (Sigma-Aldrich).
Pentane is non-polar (solvent polarity P’=0.0). Dichloromethane is
polar (P’=3.1, Snyder and Kirkland 1979). For the bioassay, we
used 2.5 M sucrose solution, and a 60-min collection phase
followed by a 15-min test phase. We did not use any rings with anal
droplets.

We used a solvent press to transfer compounds from the
collection filter paper to a clean filter paper. We placed a clean ring
on a glass plate and covered it with a circle of nylon mesh (13 cm
diameter, 1-mm grid, 0.7 mm thick). We placed the collection
paper on top of the mesh and rinsed the collection paper with 3 ml
of solvent applied with a syringe. We then immediately covered the
setup with another glass plate and applied firm, even pressure for
1 min. At no point did the collection paper directly contact the
clean paper. We verified that the solvent reached the clean paper
(the extract ring) by observing the bottom glass plate. To obtain the
control ring, we used a clean glass press and mesh, and performed
the same process with a clean paper ring in place of the collection
ring. We used clean glass plates and new mesh and filter papers for
each extraction.

Potential odor mark deposition behaviors

We used a Canon XL-1 digital video camera to film the behavior of
20 M. mandacaia foragers at 1.25 M- and at 2.5-M feeders. We
used iMovie v2.1.1 and VideoPoint v2.0.3 software to extract and
analyze the video data on a Macintosh iBook computer, respec-
tively (30 fps, velocity values averaged within a 0.03-s window).
The following behaviors were scored: anal droplet production,
waggling, spinning, antennal grooming, tongue grooming, leg
grooming, and thorax grooming.

Statistical analysis

In the feeder choice experiments, we calculated a two-tailed
binomial probability (BP) based upon the null hypothesis that
randomly orienting foragers will arrive equally at both feeders
(P=0.5). We performed a lag-sequential analysis to examine the
behavioral sequence data, calculating Yule’s Q and the odds ratio to
discern common patterns (Bakeman and Gottman 1986). Statview
v5.0.1 software was used to perform Mann-Whitney U - and y -
tests. We report all averages as mean =I1SD and use the
abbreviations min. and max. to refer to minimum and maximum
values respectively.

Results

Do foragers leave odor marks at the feeder?

In all six trials, a majority of foragers chose the 2.5-M
collection paper with the putative odor marks over the
control paper with no odor marks (BP, individual trials,
P<0.018). We scored 174 choices for the experimental
feeder and 52 choices for the control feeder (100
individuals, pooled data, BP, P <0.0001). Thus foragers
deposited attractive odor marks on the 2.5-M food source.

How long do odor marks remain attractive?

Forager preference for the collection paper decreased
from 89% to 58% in 60 min (Fig. 1, linear regression,
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Fig. 1 How long do odor marks remain attractive? Each box plot
consists of five horizontal lines that show the 10th, 25th, 50th, 75th,
and 90th percentiles (combined data from six trials). Open circles
above and below each plot indicate values that are respectively
above the 90th percentile and below the 10th percentile. The
dashed linear regression line is shown

P=0.004, R?>=0.164, n =49). Significantly more foragers
chose the collection paper over the control paper in the
first 70 min (seven 10-min intervals, BP, P<0.02 for each
interval). However none of the subsequent time intervals
show a significant preference for the collection paper.
Thus odor marks remained attractive for 70 min.
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Testing the attractiveness of ventro-abdominal marks

In all five trials, a majority of foragers chose the feeder
with the ventro-abdominal odor marks over the control
feeder (Table 1). A significant overall majority of
foragers (65%) chose the experimental feeder (BP,
P=0.01). Thus foragers were attracted to odors potentially
released from the ventral side of foragers’ abdomens at
the 2.5-M feeder.

Attractive marks on poor food sources?

Foragers recruited for the 2.5-M sucrose solution, but not
for the 1.25-M sucrose solution. During four 1-h trials at
each concentration, 20 foragers recruited 36 newcomers to
the 2.5-M feeder and no newcomers to the 1.25-M feeder.
Thus recruitment to the two sucrose concentrations was
significantly different (3?=36, df=1, P<0.0001). The
recruitment rate for the 2.5-M feeder was 9.0+2.16
recruits/20 foragers/h.

However, foragers were equally attracted to odor
marks deposited on the 1.25-M and the 2.5-M feeder. In
total, 48 foragers chose the 2.5-M odor marks and 60
chose the 1.25-M odor marks (BP, P=0.290, Table 1).
Thus foragers deposited attractive odor marks on food
sources to which they recruited (2.5 M) and on food
sources to which they did not recruit (1.25 M). Because of

Table 1 Results of feeder choice experiments examining the source and composition of odor marks

Experiment Trial No. foragers choosing No. foragers choosing 2-tailed binomial
experimental feeder control feeder probability (P)

1. Ventro-abdominal odor marks? 1 10 2

2 16 8

3 5 4

4 4 2

5 17 12
Totals 52 28 0.010
2. Attractive marks on poor food sources? 1 4 9
Attraction to marks on 2.5-M (experimental) 2 10 15
and 1.25-M (control) paper rings 3 23 27

4 11 9
Totals 48 60 0.290
3. Are anal droplets attractive? 1 4 2

2 14 8

3 11 9

4 2 6

5 18 5
Totals 49 30 0.032
4. Are the odor marks non-polar? 1 10 5
Pentane extractions (solvent polarity P’=0.0) 2 4 11

3 3 3
Totals 17 19 0.867
5. Are the odor marks polar? Dichloromethane 1 3 0
extractions (solvent polarity P’=3.1) 2 3 2

3 6 2

4 2 3

5 5 0
Totals 19 7 0.029
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our methodology, the 1.25-M ring contained anal
droplets, but the 2.5-M ring did not.

Are anal droplets attractive?

Departing foragers occasionally excreted a droplet of
clear fluid (approximately 6 pl) from their anus before
flying off. We filmed 23 anal droplet excretions and
found that the average excretion lasted 0.19+0.07 s at
1.25 M. A majority of foragers chose the feeder with
1.25-M anal droplets over the clean control feeder in four
out of five trials (Table 1). In total, a significant majority
of foragers (62%) chose the experimental feeder over the
control feeder (BP, P =0.032). Thus anal droplets
attracted foragers despite being left at a feeder to which
foragers did not recruit.

Are the 2.5-M odor marks polar or non-polar compounds?

In all trials with pentane extracts of 2.5-M odor marks
(anal droplets excluded), foragers showed no significant
preference for the experimental feeder over the control
feeder (Table 1). In total, 47% of foragers chose the
experimental feeder (BP, P =0.868). However, in four out
of five dichloromethane trials, a majority of foragers
chose the experimental feeder over the control feeder
(Table 1). Overall, 73% percent of foragers chose the
experimental feeder (BP, P =0.029). Thus the non-polar
solvent (pentane) did not extract the attractive component
or components of odor marks, whereas the polar solvent
(dichloromethane) extracted an attractive component or
components.

How do foragers deposit odor marks?

Just before foragers left the feeder, they performed a
series of departure behaviors, some of which were similar
to odor-deposition behaviors described in other stingless
bees (Kerr 1972; Kerr 1973; Kerr and Rocha 1988) and in
honeybees (Pflumm 1969, 1973, 1983). They groomed
their antennae, produced an anal droplet, waggled their
abdomen while dragging it in contact with the substrate,
spun, groomed their tongue, groomed their legs, or
groomed their thorax. These behaviors occurred singly
or together. In our observations, all of these behaviors
occurred after the foragers had finished feeding.
Waggling consists of the forager rhythmically shaking
her body medio-laterally as she pivots around her thorax
(Fig. 2). During waggling, the tip of her abdomen contacts
the substrate, as if she were wiping herself clean. The
abdominal tip moved at an average frequency of
4.9+1.2 Hz (max.=6.0 Hz, min.=3.2 Hz). The peak-to-
peak displacement of the abdominal tip was 3.2+0.9 mm
(within a 0.03-s time window, max.=4.4 mm,
min.=1.7 mm). The average velocity of the abdominal
tip was 39.6+16.7 mm/s (within a 0.03-s time window,

abdomen

Fig. 2 Displacement and velocity of waggling behavior at the
feeder (three typical examples). The solid trace corresponds to the
solid scale bar and indicates abdominal tip displacement. The
dashed trace corresponds to the dashed scale bar and indicates
abdominal tip velocity. The position of the thorax and abdomen
during the first waggling example is shown on the right (each
0.15 s). Open circles mark the center of the head and thorax. The
filled circle marks the abdominal tip. The bee is 8.5 mm long

SPIN VELOCITY
(degls)
]
8

TAKFOFF

Fig. 3 Three typical consecutive feeder spins at 2.5 M. Lines show
the distance from the tip of the head ( unfilled circle) to the tip of
the abdomen and correspond to a bee 8.7 mm long. Arrows indicate
the direction of motion. We show the forager’s position each 0.15 s
and the angular spin velocity (calculated each 0.1 s) for each spin

max.=66.2 mm/s, min.=19.0 mm/s, n=10, all measure-
ments taken from 2.5-M foragers).

Spinning consists of the forager performing clockwise
and counterclockwise spins around the center of her body,
usually without her abdomen touching the substrate
(Fig. 3). Spins occurred singly or in groups of up to four.
We define a single spin as a movement in a clockwise or
counterclockwise direction that terminates with no move-
ment, directional reversal, or forager departure. There was
often a change in angular velocity at the beginning and
end of each spin (Fig. 3).



Table 2 Transition probability matrices of forager feeder behaviors
at different sucrose concentrations. The frequency of the most
common secondary state for a given initial state is shown in bold.
For simplicity, we have grouped the three different types of
grooming. Only feeder performances with multiple behaviors are
shown. Thus at each sucrose concentration, the n values given here
are smaller than the n values in Table 3

Initial state Anal Waggling  Spinning  Grooming "
droplet

1.25 M Secondary state

Anal droplet - 0.98 0.00 0.02 52

Waggling 0.00 - 0.61 0.39 23

Spinning 0.42 0.00 - 0.58 31

Grooming 0.41 0.02 0.57 - 51

2.5 M Secondary state

Anal droplet - 0.94 0.00 0.06 35

Waggling 0.00 - 0.42 0.58 12

Spinning 0.42 0.00 - 0.58 24

Grooming 0.21 0.00 0.79 - 53

How do departing foragers behave at different sucrose
concentrations?

Departure sequence

Table 2 gives the transition probability matrices for feeder
departure performances at 1.25 M and 2.5 M. There is no
single most common sequence of all behaviors. However
at both sucrose concentrations, waggling most frequently
followed anal droplet production (98% at 1.25 M, 94% at
2.5 M). In addition, anal droplet production and waggling
increased at the poor food source as compared to the good
food source (P=0.01, Table 3). The following sequence
captures the essential features of departure behavior: (1)
anal droplet production, (2) waggling, (3) spinning, (4)
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grooming, and (5) spinning. Grooming and spinning often
alternated.

Grooming and spinning

At 1.25 M, Yule’s Q =0.436 and the odds ratio is 2.5,
indicating that the likelihood of spinning following
grooming was 2.5 times that of spinning following any
other behavior. A Yule’s Q -value of +1 would indicate
that spinning always followed grooming. At 2.5 M,
Yule’s Q =0.623 and odds ratio is 4.3, indicating that the
likelihood of spinning following grooming was 4.3 times
that of spinning following any other behavior. Thus
spinning tended to occur after grooming at both sucrose
concentrations, but Yule’s Q and the odds ratio show that
the effect was stronger at 2.5 M than at 1.25 M.

We found no significant differences (P=0.082) be-
tween the number of spins per visits, the spin radius (the
radius of a circle circumscribed by the tip of the forager’s
abdomen and thus a measure of whether a forager makes
large radius or small radius spins), or the spin magnitude
(how many degrees the bee spins) at 1.25 M versus 2.5 M
(Table 4).

However, foragers spent 21% less time per spin at
2.5 M than at 1.25 M (P=0.006, Table 4). Foragers spun
55% more rapidly (larger angular velocity, P<0.0001) and
had a 360% higher average acceleration (P<0.0001) at
2.5 M than at 1.25 M (Table 4, Fig. 4).

Tongue grooming was the only other feeder behavior
to significantly change with sucrose concentration.
Tongue grooming occurred more often at 2.5 M than at
1.25 M (P=0.01, Table 3).

Table 3 Comparison of forager feeder behaviors at different sucrose concentrations (240 visits at each sucrose concentration)

Behavior 1.25 M Mean No. of visits 2.5 M Mean No. of visits Mann-Whitney test
with behavior with behavior

U P
Antennal grooming 13.40 +4.22 67 12.80 +6.94 64 -0.48 10.50 0.67
Spinning 15.4 +4.98 77 11 +2.83 55 -1.78 4 0.08
Anal droplet 8.40 +1.95 42 4.20 +1.10 21 -2.61 0.00 0.01
Waggling 7.40 +1.95 37 3.00 +1.41 15 -2.61 0.00 0.01
Tongue grooming 0.80 +0.45 4 8.20 +4.87 41 -2.69 0.00 0.01
Leg grooming 2.40 +1.82 12 4.20 +2.28 21 -1.15 18.00 0.25
Thorax grooming 0.20 +0.45 4 4.60 +2.88 23 -2.51 0.50 0.12
Table 4 Differences between forager spinning at different sucrose concentrations
Spin parameter 1.25 M 25M Mann-Whitney test

Mean SD Min. Max. n Mean SD Min. Max. n U Z P

No. spins per visit 1.33  +0.63 1 3 24 1.03 +0.18 1 2 29 424 -2311 0.174
Spin radius 044  +0.07 0.34 0.63 31 0.46 +0.11 0.31 0.79 31 435 -0.641 0.522
Spin duration 293 =*1.10 1.47 6.20 31 231 +1.18 0.76 593 31 287 -2.731 0.006
Spin magnitude (deg)  288.78 £90.44 182.50 496.10 31 332.06 =105.13 19430 520.20 31 357 -1.739 0.082
Angular velocity (deg/s) 104.26 +29.01 55.73 17198 31 16195 5746 8536 271.25 31 185 -4.160 <0.0001
Acceleration (m/s?) 0.053 +0.07 0.003  0.391 33 0.191  +0.29 0.025 1.51 26 137 -4.458 <0.0001
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Fig. 4 Differences in linear spin velocity at different sucrose
concentrations. The linear velocity is calculated for the abdominal
tip in each video frame (30 fps). The plots show data from 20
randomly selected individuals. The point of zero velocity is
indicated with an arrowhead

Discussion

M. mandacaia foragers can therefore deposit attractive
odor marks from multiple sources, including potential
cues (anal droplets) on good food sources to which they
recruited and on poor food sources to which they did not
recruit (Table 1). Densely arrayed food sources such as
large inflorescences or stingless bee honey pots (exploited
during raids) occur in nature and can provide rich or
dilute sugar solutions (Johnson 1981; Roubik et al. 1995).
We will consider mark deposition mechanisms and
evidence for different mark types.

Feeder departure behaviors: odor deposition?

We began studying odor marking in M. mandacaia
because of intriguing forager departure behaviors on food
sources. We observed foragers landing on leaves, pro-
ducing anal droplets, and performing waggling (Fig. 2)
and spinning (Fig. 3) after feeding on natural nectar
sources. Working with sucrose feeders, we observed the
same behaviors. Lag-sequential analysis reveals that
waggling followed over 94% of anal droplets. Spinning
and grooming, often in alternation, then followed wag-
gling. Tongue grooming occurred more often at 2.5 M
than at 1.25 M, perhaps as result of the sticky residues left
by a 2.5-M sucrose solution. This is in contrast to
honeybees, which tongue-groom more frequently at

higher sucrose concentration and in which grooming-
departure behaviors on a feeder may result from the
disinhibition of grooming motivation (Pflumm 1969,
1973, 1983). Aguilar and Sommeijer (2001) also observed
abdominal “zigzagging” immediately after anal droplet
production in M. favosa. Such waggling may help to
disperse the anal droplet over the substrate and serve as a
wiping behavior to clean the bee if anal droplets are
excreta (Table 2).

We frequently observed departing foragers performing
a looping, circular flight centered on the feeder, partic-
ularly just after it had been moved to a new location. Such
looping departure flights help honeybee foragers learn
landmark positions (Cartwright and Collett 1983; Lehrer
1991, 1993; Lehrer and Collett 1994; Zeil et al. 1996;
Jander 1997; Capaldi and Dyer 1999), and Melipona
feeder spinning may serve a similar function. Given the
relatively limited resolution of bee eyes (Jander and
Jander 2002), spinning may help foragers learn landmarks
close to the food source.

Ventro-abdominal odor marks

Foragers feeding on a good food source produce an
attractive odor that can be collected by holding a strip of
paper underneath the forager’s abdomen without touching
any part of the forager or contacting an anal droplet.
Although the odor source is unknown, it may volatilize
from the ventro-abdominal area. Potential sources of such
an odor include the Dufour’s gland and the vestigial
poison sac gland (Cruz-Landim 1967; Lello 1976; Cruz-
Lépez et al. 2001). It is unclear whether foragers only
produce ventro-abdominal odor marks for good food
sources. This hypothesis remains to be tested.

Are anal droplets cues or signals?

Foragers deposited twice as many anal droplets at 1.25 M
as at 2.5 M (Table 3), and they did not recruit to 1.25 M.
Nonetheless, foragers were attracted to anal droplets
deposited at 1.25 M (Table 1.3). We collected droplets as
they were excreted and before they touched the substrate.
Thus we excluded potential contamination from tarsal
gland marks and other contact-deposited marks. We also
took care to keep the paper strips away from the ventro-
abdominal area, bringing them close to, but not touching,
the abdomen, for the fraction of a second necessary to
collect the anal droplet. We discarded any strips that
touched the forager. Nonetheless, it is possible that a very
small quantity of ventro-abdominal odor may have been
collected with the droplets, and that foragers oriented
towards this small quantity of ventro-abdominal odor.
Such sensitivity would be surprising because five paper
strips held for 50 s each (not a fraction of second)
underneath the ventral abdomen attracted only 65% of
foragers as compared to the control.



More work is needed to determine whether anal
droplets serve as cues. A detailed, chemical analysis of
anal droplets obtained from bees foraging on attractive
food sources and anal droplets collected on food sources
that demonstrably repel foragers, or collected during
waste-elimination flights, would be informative. In M.
favosa, anal droplets contained small quantities of
carbohydrates (12-16 pg/ul) and proteins (2.0-6.7 pg/ul)
but it is unclear whether any of these compounds were
specifically produced for the purpose of communication
(Aguilar and Sommeijer 1996).

Are anal droplets simply excreta?

The social insect literature has focused on chemicals
specifically produced for the purpose of communication
(Lindauer and Kerr 1958; Kerr et al. 1963; von Frisch
1967; Holldobler and Wilson 1990). However it is
possible for foraging odor marks to consist of excreta
without additional glandular products specifically pro-
duced for the purpose of communication. The use of
excreta to odor mark has been described in many animals,
where it often provides information to other individuals
and serves a self-referential mark (Bradbury and Vehren-
camp 1988). The desert isopod Hemilepistus reaumuri, a
subsocial arthropod, builds walls of fecal matter that
facilitate kin recognition (Linsenmair 1987). Solenopsis
invicta ant larvae secrete milky anal excreta that are
sought after and fed upon by workers and anal excreta
consisting of clear droplets that workers gather and
deposit at the edge of the nest (O’Neal and Markin 1973).
Oecophylla ant workers also spread fecal pellets uni-
formly around their territory. These pellets contain
colony-specific substances and enable workers to deter-
mine if they are in their own territory (Holldobler and
Wilson 1978)

There is a strong possibility that anal droplets are bee
excreta. The production of anal fluid excretions increases
when bees forage at increasingly dilute sugar solutions
(honeybees, Apis mellifera, Pasedach-Poeverlein 1940,
Rau 1970; bumblebees, Bombus lucorum L., Bertsch
1984; and carpenter bees, Xylocopa capitata, Nicolson
1990). For example, Bertsch (1984) showed that water
from nectar consumption and metabolic water generated
from sugar processing necessitates the excretion of water
equal to the mass of a bumblebee (136 mg) each 24 h.
Honeybees void similar anal droplets that are composed
of almost pure water and increase the rate of anal droplet
production at increasingly dilute sucrose solutions
(Pasedach-Poeverlein 1940). In all stingless bee species
in which the effect has been examined, anal droplet
production increased at increasingly dilute sucrose solu-
tions. The effect is only significant in M. mandacaia and
M. panamica (Nieh 1998), not in M. favosa (Aguilar and
Sommeijer 2001). M. favosa foragers left 35% more
droplets at a 0.5-M honey solution than at a 2.0-M honey
solution. The use of diluted honey instead of sucrose
solution may account for the weak effect observed,
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because honey has a far more complex chemical compo-
sition than a pure sucrose solution (Qiu et al. 1999), and
contains fructose, glucose, sucrose, maltose, free acids,
lactone and trace amounts of amino acids that may
influence excretion rates.

Aguilar and Sommeijer (2001) report increased anal
droplet production with increased distance to the food
source. As they suggest, increased anal droplet production
could produce a larger olfactory mark to assist forager
orientation towards more distant food sources. Foragers
may also reduce the energetic cost of flight by excreting
wastes and thus reducing excess weight, especially as the
distance increases and the costs of excess weight increase.
There is evidently variation in the function of anal
droplets in different species. In M. panamica, foragers
produced larger anal droplets at a higher rate at a low
sucrose concentration than at a high sucrose concentra-
tion, but did not orient towards anal droplets in a feeder
choice experiment (Nieh 1998).
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