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Abstract

Communication processes are characterized by three components: the encoding of a message by the sender, the content
of the message, and the process of decoding by the receiver. In honeybee waggle dance communication, the dancing bee
encodes the vector as defined by the distance and direction of its outbound flight; the content of the message is a vector
that defines a location by its endpoint in a rectangular (Cartesian) or circular diagram; and the dance follower (the recruited
bee) translates (decodes) this message into search behavior. Analyses of this communication process have so far depended
on the experimenter’s knowledge of the geographic location of the hive and the feeder. We applied an approach fully
independent of the experimenter’s knowledge by quantifying the encoding process by video recording the dance behavior
(the waggle runs) and tracking the recruits’ flights with harmonic radar. The vector code of the dancer and the search pat-
tern of the recruits led to 2D density distributions that are embedded in the landscape. These density maps (heatmaps) of
the encoding and decoding processes were compared quantitively. We found (1) a non-linear relation between the distance
code (number of waggles per waggle run) and the centroid of the search, (2) the dependence of the search pattern on the
landscape structure, and (3) effects of the training procedure of the dancers. Importantly, recruits search more precisely
than expected from the distribution of vector endpoints as encoded in the dancers’ waggle runs. The high search precision
can be modeled by assuming an averaging over eight waggle runs, but other phenomena may also be involved (system-
atic deviations in the vector code, structure of the landscape memory). The high precision of the recruits’ search pattern
explains why previous analyses of the dance communication of bees are largely adequate.

Significance statement

Communication involves encoding, message transmission, and decoding. In honeybee waggle dance communication, the
dancer encodes a vector representing a location, which recruits decode into search behavior. Traditional analysis relied on
experimenters’ geographic knowledge. We used for the first time an approach combining video recordings and harmonic
radar tracking to compare the dancers’ vector code with the recruits’ search patterns and found (1) a nonlinear relation-
ship between distance encoding and search centroid, (2) landscape-dependent search patterns, (3) effects of training on
dancers, and (4) importantly, a more precise search pattern produced by the recruits than expected from the distribution
of the vector endpoints, likely due to averaging over multiple waggle runs and to landscape memory. This explains the
robustness of previous analyses of dance communication.
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Introduction

The honeybee’s waggle dance is an intriguing example of
multisensory convergence, central processing, learning,
memory retrieval, and symbolic information transfer (von
Frisch 1923). In this sense, waggle dance communication
follows the structure of communication processes in general.
They are characterized by three components: the encoding
of a message by the sender, the content and transmission of
the message, and the process of decoding by the receiver.
In honeybee waggle dance communication, the dancing bee
encodes the vector as defined by the distance and direction
of its outbound flight; the content of the message is a vec-
tor that defines a location by its endpoint in a rectangular
(Cartesian) or circular diagram; and the dance follower (the
recruited bee) translates (decodes) this message into search
behavior. So far, the content of the message and its transmis-
sion have been derived from the experimenter’s geographic
knowledge (the location of the hive and the feeder). Here
we ask how the encoding and decoding processes are related
quantitatively, making the analysis of the message content
independent of the experimenter. This unique approach
allows us to quantify the message fully from the senders’
and receivers’ sides. In essence, we test the hypothesis
whether the receiver of the dance message steers to the geo-
graphic location of the dance indicated place, a knowledge
the receiver derives from its landscape memory.

The waggle dance consists of multiple rounds, each of
which is divided into a straight waggle run and a curved
return run (review: von Frisch 1967). The direction of the
waggle run relative to gravity on the vertical comb codes the
direction of the outbound flight relative to the sun azimuth
at the time of day in question. The distance known to the
experimenter correlates with the several parameters of each
waggle round, for example the duration of the full round
including the waggle run and the return run, the duration
of the waggle run, and the number of waggles (von Frisch
1967; Fig. 8, p.100, Haldane and Spurway 1954; Preece and
Beekman 2014; Schiirch et al. 2019; Kohl and Rutschmann
2021). We have previously evaluated the number of wag-
gles per waggle run because this parameter varies less than
the other parameters (Menzel and Galizia 2024). Thus, the
two parameters, distance and direction, define a vector in
a circular diagram, and the endpoints of this vector (more
precisely the polar vector) can be converted into a Euclid-
ean space with the hive at the local position with x=0 and
y=0. It is the spatial distribution of the x and y values of
the vector endpoints and their distribution that are used here
for a quantitative comparison with the decoding process as
expressed in the spatial distribution of radar measurements
(radar fixes) during the recruits’ search flights.
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Under the assumption that the recruits extract vector
information comparable to what the experimenter has, sev-
eral highly relevant questions have been addressed in pre-
vious studies: for example, do bees average directions in
the waggle dance to determine a flight direction (Tanner
and Visscher 2008; De Marco et al. 2008), do individual
dancers have their own distance functions (Schiirch et al.
2016), how accurately can the distance be predicted from
the duration of the waggle run (Schiirch et al. 2013), does
the variance in the direction code depend on the angle to
gravity (Couvillon et al. 2012), is the error in waggle dance
information a colony-level adaptation or a process intrinsic
to the encoding process (Preece and Beekman 2014), how is
sequentially experienced dance information integrated over
time (Chatterjee et al. 2019; see also the recent review by
Kohl and Rutschmann 2021)? Obviously, these highly valu-
able studies are limited by the fact that the transfer from
encoding to decoding is assumed to be a 1:1 process, and the
decoding process does not yield additional information that
is available to the recruit. We show here that this assumption
is close to being correct.

Our own approach was possible because we tracked the
flights of the recruits with harmonic radar. The density dis-
tribution of the radar fixes (the x and y locations of each
radar measurement— each radar fix— during the search)
allows us to quantify and calibrate the search behavior in
two-dimensional Euclidean space as defined by x and y val-
ues (with the hive at x=0, y=0), and compare it with the
2D distributions of the dance vector endpoints. Applying the
information from these 2D-density functions, we address
the following questions. How accurate are the distribu-
tions of the dance vector endpoints and the search patterns
of the recruits? Does the distance code vary with distance,
or is it a linear function over distance? Since the flights of
recruits consist at first of straight flights (here called vector
flights) and then of tortuous search flights, do the endpoints
of the vector flights center on the geographic location of the
feeder? If not, how are the deviations of the vector flight
corrected during search flights? Do the endpoints of the vec-
tor flights and the distributions of the search flights depend
on the landscape structure?

Methods

Experimental site, honeybee colonies, feeders for
the dancers

Four different experimental feeder sites (F1, F2, F3, Fo6)
were established in a structured agricultural landscape dom-
inated by large grass fields with trees and bushes, pathways,
creeks and roads. Two hive locations were established, hive
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1 at earth coordinates: 50.813910° N, 8.872658° E, hive 2 at
earth coordinates: 50.815156° N, 8.913284° E (Fig. 1). The
colonies were housed in a two-frame observation hive with
approximately 3500 bees. Many of these bees were marked
with two-digit number tags as described previously (Men-
zel 2015). The number tags came in five colors and were
positioned on the bee thorax in four different directions rela-
tive to the body length axis, allowing us to mark up to 1950
individual bees (excluding numbers that could be confused,
such as 66 with 99, or 69 with 96).

The distances and directions of the feeders from
the respective hives were as follows. The training sites
for hive 1 were: Fl: 431 m, 344° (earth coordinates:
50.817761°N, 8.870755° E); F2: 387 m, 65° (earth coor-
dinates: 50.815673°N, 8.877301° E); F3: 773 m, 81° (earth
coordinates: 50.815384° N, 8.883226° E). The training
site for hive 2 was: F6: 2300 m, 270° (earth coordinates:
50.814054°N, 8.878770° E). The data for training sites F1
and F2 were collected after more than two weeks of training
to these sites. A different procedure was applied to train-
ing sites F3 and F6: the feeders were moved in steps from
the respective hives to their final destination, with feeder
sites in-between, and the data were collected just two days

after the final site had been reached. The feeders were used
consecutively, and two different colonies were set up at the
two hive locations. The reason for locating hive 2 further
away from the radar was that the radar range is limited to
a radius of 900 m (see below), and the dancers in hive 2
needed to indicate a location within the radar range so that
recruits search flights could be tracked. An unavoidable
consequence was that no vector flights could be tracked
for recruits from hive 2 (see below). Both hives were set
up in the area more than two weeks before the experiments
started, ensuring that the foragers had explored the area. The
marking of the foragers with number tags started after these
two weeks and was conducted early in the morning or late in
the afternoon to ensure that only experienced foragers were
included in the experiment.

Each visit of the foragers acting as dancers was confirmed
at the feeder at the level of the individual animal, which
was additionally marked with a white dot on the abdomen,
allowing immediate identification of whether the respec-
tive dance had been performed for a particular experimental
feeding site. A complete protocol of all visits to the feeders
was established, and a relatively small number of potential
dancers were trained. No odors were used at the feeders,

Fig. 1 Landscape with all relevant locations. Hive 1 is located at the
site of the radar. Feeders F1, F2, F3 are the training locations for hive
1. Feeder F6 is the location to which dancers from hive 2 were trained.
Hive 2 was located 2300 m cast of the feeder, and the dancers were
trained stepwise from the hive to the location of F6 to ensure that it lay
within the range of the radar. P1— P5 mark five paths that run roughly

parallel approximately from south to north (referred to here as salient
elongated ground structures). Note that F1 is located on P1, and the
dancers flew along P1. F2 and F3 are also located on paths (P3 and
P5 respectively), but the dancers flew across frequently mown, even
grassland
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either during the stepwise training or at its final location.
The feeders were plastic jars filled with sucrose solution at
different concentrations depending on the need to stimulate
dances. They stood on a small table without any color mark.
Recruits were removed from the colony after recording their
flights to ensure that they were tested only once.

Video-recording, analysis of dances and selection of
the recruits to be followed by harmonic radar

Waggle dance behavior was recorded by video at 50 Hz.
The illumination of the observation hive was diffuse and by
dim natural light. No direct natural light reached the dance
floor. The ambient light in the cabin housing the observation
hive was very low. The videos were analyzed by hand using
a frame-to-frame procedure, measuring the number of wag-
gles per run and the direction relative to gravity. A waggle is
a body movement from the midline to the right (or the left),
then to the left (or the right), and back to the midline. The
beginning and end of the waggle run was defined by the first
or last blurred single frame. The number of waggles per run
was counted, and the walking trajectory was tracked on a
transparent sheet with a marker, allowing the direction rela-
tive to the vertical to be determined, as indicated by a plumb

Fig. 2 Two representative flight trajectories of recruits for F2 (yellow
and orange tracks). The squares mark the start of the fast and straight
vector flight, and the triangle the end of the vector flight. The upward-
pointing black arrows mark the transition from the vector flight to the
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line. The directions were converted to the corresponding
directions relative to the sun azimuth at the particular time
of the waggle dance by using the Python tool, Astropy (htt
p://www.astropy.org/acknowledging.html). The accuracy of
timing was set to 5 min.

It was not possible to video-record the dances during
the identification and selection of the recruits whose flight
was tracked by radar. In this situation the recruits were
identified visually by their individual numbers. When one
of the recruits left the dancer after following it for several
rounds and then steered towards the exit, its number was
announced to a co-experimenter in front of the hive. This
bee was then captured, stored in a veil in the dark for a few
minutes, equipped with a radar transponder, and released
close to the hive exit. Each recruit was used for a test only
once and removed from the colony because all the released
recruits arrived back at the hive.

Figure 2 shows two examples of fully tracked recruits
with their initial vector flight, the search flight and the
straight homing flight. Homing flights are not further con-
sidered here because all the bees returned home on fast and
straight flights. Homing flights start after the last turn during
search and end at the hive. The transitions from the vector
flight to the search flight and from the search flight to the

Hive for F6
2300m, 272-

tortuous search flight, and the upward-pointing red arrows the transi-
tion from the end of the search flight to the fast and straight homing
flight. Thus, the part between the respective arrows marks the search
flight
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homing flight were characterized by a sharp turn of >60°,
with straight stretches before and after the turn comprising
at least three fixes each. Sometimes, the transition between
these three segments of the flight trajectory was less obvi-
ous, as when the vector flight or homing flight followed a
gradual change of flight direction. In these (few) cases, the
overall direction was taken into consideration. The search
flight was taken to be the part between the end of the vector
flight and the beginning of the homing flight.

Tracking bees with a harmonic radar was undertaken as
previously described (Cheeseman et al. 2012; Riley et al.
2003). We used a system with a sending unit consisting of a
9.4 GHz radar transceiver (Raytheon Marine GmbH, Kiel,
NSC 2525/7 XU) combined with a parabolic antenna pro-
viding approximately 44 dBi. The transponder fixed to the
thorax of the bee consisted of a dipole antenna with a low-
barrier Schottky diode HSCH-5340 of centered inductivity.
The second harmonic component of the signal (18.8 GHz)
was the target for the radar. The receiving unit consisted of
an 18.8 GHz parabolic antenna, with a low-noise pre-ampli-
fier directly coupled to a mixer (18.8 GHz oscillator) and a
downstream amplifier with a 90 MHz ZF-filter. A 60 MHz
ZF-signal was used for signal recognition, leading to a fix-
ing of the bee carrying the transponder. The transponder
weighed 10.5 mg and was 11 mm long. We used a silver
or gold wire with a diameter of 0.33 mm and a loop induc-
tance of 1.3 nH. The range of the harmonic radar was set
to 0.5 nautical miles in most experiments (to 0.75 nm in
some tests after training to F3 and F6). The frequency of
radar fixes was every 3 s. The raw radar output was cap-
tured from the screen at a frequency of 1 Hz, stored as bit-
map files, and further analyzed offline by a custom-made
program that detected and tracked radar signals (fixes) and
converted circular coordinates into Cartesian coordinates,

Fig.3 Section of the two-dimensional distribution of the
density of radar fixes or dance vector endpoints (heat-
maps). The x, y coordinates are related to the location of
the radar (x=0, y=0). Hive 1 for feeders F1, F2, and F3
was close to the radar (3 m). Hive 2 for feeder F6 was
further away from the radar (2300 m to the east, Fig. 1).
The color bar gives the false colors for 5% steps in den-
sity grading. The numbers in the figure mark the density
grading for every 10% step. The centroid of the heatmap
within the area of highest density of fixes was determined
by eye (marked with a white dot)

taking into account multiple calibration posts in the envi-
ronment. Finally, the fixes were displayed in a calibrated
geographic map created with the software Pix4D from aer-
ial images (Strecha et al. 2012) taken with a commercial
drone (DY Inspire). If no fixes were received from a bee for
more than 30 s, the flight trajectory was interrupted, and the
last, as well as the first, fix before and after the interruption
was marked.

Two-dimensional density maps of radar fixes or
dance vector endpoints (heatmaps)

Heatmaps were plotted using a custom script written in
Python, taking advantage of its powerful libraries for data
analysis and visualization (pandas, matplotlib, and seaborn;
https://pandas.pydata.org/, https://matplotlib.org/, https://
seaborn.pydata.org/). The D2 kernels were kept constant
across all calculations. Figure 3 shows a section of a heat-
map with the color bar coding the steps of normalized den-
sity in false color.

Statistics

Quantification of heatmaps and comparison between heat-
maps of dance-indicated vector endpoints and the radar fixes
of the recruits’ flights were undertaken as follows. Since the
heatmaps for dance vector endpoints and for recruit search
fixes are close to circular, the two distributions were com-
pared by determining the quantity of data in concentric rings
around the respective centroid. The area in each ring was
the same and was equal to the area around a centroid with
a radius of 120 m (Fig. S5). These data were used to deter-
mine trends in the proportions along the rings, first applying
multivariant Cox PH models separately for the dance and
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the recruit data. A survival analysis combined with a Cox
regression (Su et al. 2022) was applied to the decreasing
trends in the number of dance vector endpoints and search
fixes that fell in each concentric ring.

A Spearman-rho ranked-order correlation was applied to
examine the correlation between the correction angle (Fig.
S2: ca.), defined by the first turn at the transition from vec-
tor flights to search flights, and the deviation from the ideal
direction to the feeder indicated by the dance (Fig. S2: Aa. ).

For the simulation of the averaging effect, each waggle
run was converted into x/y coordinates (the coordinate of
the hive was [0,0]) based on a distance obtained by using
the number of waggles and the optimal scaling factor, and
the polar coordinates (angle relative to north). The neces-
sary number of waggle runs was selected randomly using
MATLAB, and the x/y coordinates were averaged. Then the
averaged x/y coordinates were converted into distance and
polar coordinates for direction. This procedure was repeated
10,000 times for each simulation condition. Because one
simulation leads to 10,000 distances and directions, the data
were sorted by ascending value to obtain an interquartile
range (IQR). The IQR is defined as the difference between
the lower quartile (25%) and the higher quartile (75%).
Hence, if data distributions are wider, the IQR is larger. The
IQR was obtained for each condition in which the encoded
information from 1, 2, 3,4, 5, 6,7, 8,9, 10, 15, 20, 25, and
50 runs was averaged for each feeder (F1, F2, F3, and F6).

All data leading to the figures are given in the supple-
mentary material (S all tables together).

Results
Encoding

Each waggle run encodes a vector whose endpoint indicates
alocation if one applies the sun-compass-corrected direction
to gravity and a factor that converts the distance measure
(traditionally duration of the waggle run, here the number
of waggles per waggle run) into the real distance from the
hive. The number of waggles per waggle run has already
been used as a code for distance by Haldane and Spurway
(1954) (see also Couvillon et al. 2012), who inferred from
the data, as also reported in von Frisch (1967, p. 100), a con-
stant factor of 70 m per waggle (here called the scaling fac-
tor of the distance code) over varying distances. As pointed
out above, we are in the unique position that the searches of
the recruits collectively yield a center of search that informs
us about where in space they expect the feeder indicated
by the dancer to be with highest probability. Thus, it is not
the knowledge of the experimenter but information from the
recruits that allows us to determine the scaling factor and
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to examine whether it is constant over different distances
and whether it depends on additional parameters (e.g. the
history of dance communication, landscape properties).
Most importantly, the combined expression of both dance
codes (distance and direction) in the form of 2D density dis-
tributions (heatmaps and their quantification) allows us to
address the question whether the accuracy of the recruits’
search differs from what can be expected from the process
of encoding by the dancers and the decoding leading to the
recruits’ search.

The dance data were used to examine the effect of dif-
ferent scaling factors (55 m, 60 m, 70-80 m per waggle)
on the density distribution of danced vector endpoints (Fig.
S1, S all tables together). As expected, the 2D distribution
becomes wider with a rising scaling factor and increasing
distance from the real feeder location. From a visual inspec-
tion of Fig. S1 we deduce optimal scaling factors of 60 m
(for F1 and F2), 70 m (for F3) and 80 m (for F6) indicating a
none linear relation between the number of waggles and the
distance (Fig. 4). However, this finding is compromised by
the fact that we have only 4 data points (centroids of search
patterns at different distances). This conclusion is supported
by the search pattern of the recruits (see below). The rather
close to circular distributions of dance vector endpoints
(less closely fitting for F3, see below) allows an additional
measure of the indicated location, the angular width of the
distribution that contains 50% of the data (angle of 50%
capture). The values for the four feeders are as follows: F1:
130°, F2: 132°, F3: 122°, F6: 104°. This indicates increas-
ing precision in the direction code with distance.

Decoding: search behavior of recruits

First, we analyzed the endpoints of the vector flights (Fig. 5).
Vector flights terminate well before the indicated feeder
location. F1 is located on a gravel road (path 1, Fig. 1) 431 m
NNE of hive 1. F2 and F3 were reached by the dancers after
flying over rather even grassland. Recruits for F1 performed
very short vector flights, and their density distribution is
elongated along path 1 (P1 in Fig. 1). Vector flights for F2
terminated approximately two thirds of the distance to F2;
for F3 less than halfway to the feeder. The density distribu-
tion of the vector endpoints for the F2 recruits is rather cir-
cular (as are the distributions of the dance vector endpoints,
see above). Interestingly, the heatmap for the F3 recruits is
extended between the two paths P3 and P4 (Fig. 1), and F3
is located on path P5. The vector flights of the F6 recruits
terminate in two density peaks, one about 400 m less than
the full distance to the feeder and one at about the correct
distance but shifted southward.

For the F2 recruits, we addressed the question whether
they somehow notice the deviation from the ideal direction
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Fig.4 Heatmaps of waggle dance vector endpoints, the real geographic
location of the feeder (white dot), and the centroid of the recruits’
search distribution (white star, see Fig. 7). The distribution of the

and correct these errors in their first turn after terminating
the vector flight and initiating the search flight. This was
done by applying a Spearman-rho ranked-order correlation
analysis between the deviation of the vector flight angle
(Aa) from the ideal angle and the first turn (the correction
angle, ca.) at the transition to the search flight. Fig.S2 shows
a high correlation (correlation coefficient: 0.61), indicating
a memory for the ideal direction.

Next, we analyzed the search patterns of the recruits.
Figure 6 shows the respective density distributions of the
radar fixes together with the locations of the respective feed-
ers, the hive and the line between hive and feeder. Over-
all, the distributions of search flight fixes are surprisingly
narrow and close to the respective feeder. As mentioned in
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dance vector endpoint is given for the calibrated scaling factor (CSF),
the optimal scaling factor (F1: 60 m, F2: 60 m, F3: 70 m, F6: 80 m).
Note the different scales (for data to Fig. 4 see S all tables together)

the Methods and above, feeders F1 and F2 were kept sta-
tionary for more than a week whereas feeders F3 and F6
were reached during a stepwise training to their respective
final location, and the final location was kept stable for just
two days. The most accurate and circular search pattern was
found for F2, a feeder that was reached by the dancers (and
their recruits) after flying over even grassland. The search
pattern of the F1 recruits is elongated along P1 (as are their
vector endpoints; see Fig. 5) and focuses on an area at a
shorter distance from the hive than F1, an effect most promi-
nent in the vector flights. Elongated ground structures (here
the gravel road) have been found to guide bees (Menzel
et al. 2018). Thus, the recruits might “expect” the dance-
indicated feeder somewhere along this elongated ground
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Fig.5 Density distribution of the endpoints of the vector component of
recruits for the four feeder locations F1, F2, F3, F6. The square in the
subfigures marks the location of the hive location. The white dot marks

structure, possibly starting their tortuous search flights at
shorter distances from the hive. Recruits for F3 search at
two hot spots, one closer to the location of F3 and one close
to the location of the last feeder location before reaching F3
(two days previously). Analyzing the search patterns sepa-
rately for the individual recruits brings to light that most
of the recruits showed this double-peak search pattern, and
the few who did not do so searched only around the further
destination. We cannot rule out the possibility that a recruit
tested for the final location may have followed a dance for
a prior location without visiting it, and in such a case the
recruit may have remembered the information transmitted
by the dance for at least two days.

Of hundreds of recruits tested during our experiments,
only three landed on the feeder (F2). One may argue,
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the location of the respective feeder, and the dotted arrow the direct
line from the hive to the feeder. The scales differ in the four subfigures
for data to Fig. 5 see S all tables together)

therefore, that the search strategy might change to broader
search during an ongoing process of searching to a broader
search. We plotted heatmaps for the first, the second, third
and fourth tenths of fixes for F2 and found the narrowest
distribution during the second tenth of fixes (corresponding
to the second half of the first minute of search) (Fig. S3).
After 1.5 min (third and fourth tenths of fixes), the recruits
extended their search pattern, and a few of them flew away
from F2, possibly towards natural food sources along the
creek in a northeasterly direction far out of the range of the
radar (Fig. 1). These patterns indicate a change in the strat-
egy for searching for the feeder, with first an increase and
then a decrease in precision in relation to the location of the
dance-indicated feeder.
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Comparison between encoding and decoding

In preparing a comparison between the encoding and decod-
ing processes, we selected the best-fitting 2D distributions
of dance vector endpoints for the four feeding sites (Fig. 4).
These optimal scaling factors (CSF) lead to the shortest
distance between the centroids of the search fixes and the
centroids of the 2D distributions of the dance vector end-
points. Figure 7 shows that for F2 the density distribution
of dance vector endpoints is much wider than the distribu-
tion of search fixes. The area covered by the respective 2D
distributions shrinks by a factor of 2.8 (area defined by 50%
data points for the dance vector endpoints: 16,280 m2, for
the recruits’ search fixes: 5,810 m2). Similar results were
found for the other feeders (compare Fig. 4 with Fig. 6, and
Fig. S4). The improvement with distance during the decod-
ing process can be captured by comparing the angle under
which the circumference of the 50% capture area is seen
from the hive: F2 (distance: 387 m): dance vector endpoints:
132°, recruits’ search fixes: 70°, F6: (distance: 2600 m):
dance vector endpoints: 104°, search fixes of recruits: 60°.
As pointed out above (Fig. 4), CSF differs between the
shorter distance of F2 (CSF: 60 m) and the longer distance

800
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> 200

-200

-400
-200 0 200 400 600 800 1000

200 400 600 800 1000 1200

Hive 2, 2300 m

cast). The dotted white line gives the direct connection between the
hive and the feeder. Note the same scale in all subfigures (for data to
Fig. 6 see S all tables together)

of F6 (CSF: 80 m). These results emphasize the importance
of relating the encoding and decoding process to the 2D area
derived from the joint effect of encoded parameters (dis-
tance, direction) rather than isolated parameters. Additional
parameters are uncovered by this strategy of analysis (the
path-following behavior seen for the recruits for F1, and the
sequential training effect as seen for F3: see also below).

The two procedures followed in undertaking a quanti-
tative comparison between the heat maps of the encoding
and decoding process are described in Methods, Statis-
tics. Significant differences were found for F1, F2 and F6
but not for F3 between the trends in the dance endpoints
and the recruits’ search fixes that fall within each concen-
tric ring around the respective centroid (Cox PH model
for multivariable analysis: F1, Z446=2.523, p=0.011; F2,
7661=8.884, p<0.001; F3, Z552=0.33, p=0.0.742; and
F6, Z446=2.523, p<0.001: see Fig. S5, data S all tables
together). It is unsurprising that the two distributions for F3
are not significantly different because of the double peaks in
the recruits’ search distribution. As mentioned above, this
double peak results from the sequential steps in the training
of the F3 dancers (Fig. 4).
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Fig.7 Comparison of the density distributions of the dance vector end-
points for feeder F2 and the radar fixes of the recruits’ search for feeder
F2. Note that the heatmaps are plotted on the same scale. Compari-
sons of the density distributions of the dance vector endpoints (calcu-

Dance-following and the effect of the averaging of
waggle runs of one dance

Higher precision in the recruits’ search may result from
averaging across several dance rounds. Dancers vary in the
number of waggle runs performed in one dance, ranging up
to more than 100 runs per dance (Seeley et al. 2000). To
estimate the effect of averaging, we calculated the heatmaps
of dance vector endpoint distributions for different numbers
of averaged runs (Fig. 8A for F2 recruits, Fig. S6 for recruits
to other feeders). The averaging effect is most drastic dur-
ing the first six averaged rounds and saturates after more
than eight averaged rounds. No dependence on distance was
found.

Next, we simulated the averaging effect separately for
the distance and the direction code (Fig. 8B, see Statistics).
Each step of simulation leads to 10,000 distances and direc-
tions. Figure 8B shows the results for distance and direction
and for the four feeding sites separately. Most of the gain
from averaging is reached by 8 averaged runs. Interestingly,
the rank order is different for distance and direction: for dis-
tance: F1, F3=F2, F6, for direction: F3, F2, F6, F1. There is
a greater effect on the distance code.
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lated with the respective optimal scaling factor CSF) and the respec-
tive search pattern of recruits for the other three feeding sites can be
extracted from Fig. See S7 (for data to Fig. 2 see S all tables together)

Discussion

The decoding process has previously been approached by
attempts to prove von Frisch’s conclusion correct (Riley
et al. 2005) and characterize navigation (review: Menzel
2023). Here we present for the first time a combined analy-
sis of the encoding and decoding processes of waggle dance
communication. Several topics can thereby be addressed
that have been discussed with data only on the encoding
side. For example, a number of analyses have addressed the
question whether the distance code follows a linear function
or is more complex (e.g. Haldane and Spurway 1954; Frisch
and Jander 1957, Schiirch et al. 2013; Beeckman et al. 2015;
Schiirch et al. 2019; Kohl and Rutschmann 2021), but in all
cases the reference was the physical parameter known by
the experimenter (the distance of the feeder for the dancer),
not the way in which recruits deal with this information. A
more appropriate strategy is obviously to ask the recruits
what distance they extract from the message and where they
search. Addressing this and other questions of waggle dance
communication requires an approach that views decoding
as a constructive process, attempting to reveal innate and
learned information that controls the recruits’ search behav-
ior. Here we approach this question by comparing the two-
dimensional density maps (heatmaps) as they result from
the encoded vector endpoints with the two-dimensional
density maps from both the radar fixes of the endpoints of
the vector flights and those of the search flights.
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Fig.8 The effect of the averaging of waggle runs. A The effect of aver-
aging as exemplified in heatmaps for F2 recruits. The results for the
other feeders are given in Fig. S5. B Model calculations of the averag-

Heatmaps of the encoding process have already been
used by Schiirch et al. (2013; see their Fig. 4). These authors
derived the distance function from a Bayesian calibration
model using Markov chains that was assumed to converge
within the results of a model including 300,000 iterations.
The resulting parameter estimates for the distance were
found to fit a mixed model that uses a maximum likelihood
approach (their Tables 3 and 4). No experimental proof of
the model parameters was provided, leaving it open whether
the process of decoding by the recruit complied with the
assumptions of the model. Similar problems apply to prac-
tically all the otherwise highly informative studies of the

200
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F2_2x averaging F2_4x averaging

200

-100

F2_10x averaging

=200

Direction

# of averaged runs

ing of waggle runs separately for distance and direction for all four
feeders. See S7, (for data to Fig. 2 see all tables together to Fig. 2)

encoding process because experimental proof of the decod-
ing processes is lacking (see below).

Our experimental design and the data collected are limited
in several senses. It was not possible to record the dance-fol-
lowing of the recruits, whose flight was later reconstructed
from harmonic radar tracking. We therefore had limited
information about the transmission of the encoded message.
However, we can exclude the possibility that the tracked
recruits had ever been at the feeding site indicated by the
dancing bee other than when flying by during exploration of
the environment as a young forager. The number of condi-
tions under which the decoding process was studied is also
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rather limited. For example, the distance code may depend
on the landscape structure that the foragers experienced dur-
ing exploratory orientation flights. We examined the effect
of the structure of the environment in two ways. (1) The
two feeders F1 and F2 were located at roughly similar dis-
tances from the hive, but the dancers and recruits flew over
very different landscape structures. (2) The feeding sites for
the dancers, F1/F2, F3 and F6, were selected such that they
were at different distances from the hive and were located
differently in relation to salient landmarks. Furthermore, we
did not measure the number of dance-followers; the weather
conditions were always fine and the motivation to forage
was high; the colony conditions differed from a usual bee
colony by having 10 times fewer bees and two combs (one
on top of the each other) behind a glass window; the dance
area of only one side of the comb was observed.

The main results are as follows. (1) Calibrating the dance
message by the recruits’ search patterns leads to only slightly
different results from the approach adopted previously, in
which the reference was the geographical location of the
feeders indicated by the dancers; the centroid of the search
pattern is very close to the feeders’ location (Figs. 6, 7 and
8; Fig. S1, S4). (2) The scaling factor converting the num-
ber of waggles (as a code of distance) depends on distance,
leading to non-linear distance functions (Fig. 4, Fig. S1).
(3) The vector flights of the recruits are far from copying
the vector information of the dance; they are much shorter
particular those towards F1 indicating that vector flight end-
points depend on the landscape structure (Figs. 5 and 6).
(4) The deviation of the vector flight from the direct flight
to the dance-indicated location is already corrected in the
first turn at the beginning of the search flight (Fig. S2). (5)
Most importantly, the search flights are much more focused
than expected from the two-dimensional distribution of the
dance vector endpoints (Fig. 7, Fig S4). Averaging of the
message from several waggle runs is likely the mechanism
used by the receivers’ search in a more focused way for the
dance-indicated location (Fig. 8A, B), but other constructive
procedures may be involved. (6) Experience of dance-fol-
lowing one or two days previously is reflected in the search
flight density distribution (double peaks of search flight cen-
troids, Fig. 6, Fig. S4). We shall address these results in turn.

Calibrating the distance and direction codes via the
centroid of the recruits’ search pattern

We calibrated the distance code by defining the distance that
is coded by one waggle. The correlation between the num-
ber of waggles and the duration of the waggle run is less
variable than the duration of the waggle run as usually mea-
sured (Menzel and Galizia 2024). Referring to the centroid
of the optimal search (closest to the real feeder), we here
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introduced the calibrated scaling factor (CSF). Note that all
the data in the literature so far are related to the physical
distance of and the direction to the dance-indicated feed-
ers, whereas our data relate to the behavior of the recruit.
Von Frisch (1967) reports one dataset with the number of
waggles as the distance code (p. 100), from which one can
read a CSF of 50 m for a distance of 500 m (CSF=63 m), a
CSF of 80 m for a distance of 1000 m, and a CSF of 80 m
for a distance of 2500 m. Esch (1978) measured close to
constant CSFs for five distances (CSF=41 m for 364 m;
CSF=41 m for 530; CSF=42 m for 831 m; CSF=43 m for
607 m; CSF=43 for 1077 m). Srinivasan et al. (2000) esti-
mated a CSF slightly increasing with distance (CSF=67 m
for 400 m; CSF=70 m for 800 m). Kohl and Rutschmann
(2021) determined a constant CSF over distance (accord-
ing to their Fig. 4a: CSF=44 m for 400 m; CSF=55 m for
800 m; CSF=53 m for 1900 m). We determined a higher
CSF for a further distance (F6 2600 m, CSF=80 m) and
roughly similar CSF for shorter distances (F1 431 m, CDC:
60 m, F2 387 m CDC=55 m, F3 760 m, CSF=65 m). We
draw the following conclusions from the selected CSF val-
ues in the literature and our own CSF values: (1) the distance
function (distance code vs. geographic or recruits’ search
centroid) is not a linear function; (2) CSF values based on
the physical distance of the feeder tend to be lower than ours
based on the recruits’ search centroids; (3) overall, the val-
ues in the literature are reasonably close to what we found,
showing that the dance-followers are surprisingly accurate
in their searches.

The angular width of the distribution of the dance vector
endpoints decreases with distance. The effect of decreas-
ing the angular spread with distance is small compared to
the angular spread that would be necessary to compensate
increasing area with distance. The necessary angular spread
for F3 would have to be 110° instead of 122°, and for F6 it
would have to be 72° instead of 104°, if we take the angu-
lar spread to be the same as for F1 and F2 (147° instead of
130°/132°). This result partly supports what has been con-
cluded in the literature (Weidenmuller and Seeley 1999) and
speaks against the tuned-error hypothesis as applied to the
proposal to adapt the angular error to the distance to keep
the search area constant. It thus lends weight to the conclu-
sion drawn by Tanner and Visscher (2010). However, for
large distances (e.g. F6: 2600 m) the effect is still consider-
able. Longer waggle runs may allow more precise reading
of the angle relative to gravity, and thus fewer waggle runs
to be averaged (Tanner and Visscher 2010). This is what our
model calculation of the averaging effect has shown (Figs. 7
and 8A and B). IQRs of longer waggle runs are smaller for
direction but not for distance. We may ask why the dis-
tance code does not follow this rule. Shorter waggle runs
should lead to larger relative variance as compared to longer
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waggle runs because the distance code is discrete (number
of waggles with CDCs ranging from 60 m to 80 m), which
should be reflected in larger variance for shorter distances.
In other words, a constant variance of e.g. +1 waggle will
lead to a relatively lower variance for longer distances. This
finding and the role of systematic “errors” may reflect either
a distance-dependent effect or cognitive phenomena (see
below).

The averaging effect (noise reduction)

A formal way of quantifying the constructive effect in the
decoding of the message is to assume that recruits reduce
the variance of the message by averaging across several
waggle runs, as already suggested by von Frisch and Jander
(1957) for the distance and direction code separately. Here
we show that evaluating the number of waggle runs fol-
lowed in one waggle dance leads to a close correspondence
with the results of a modeling approach (average number of
dance runs followed: 8.5 runs, most gain from averaging:
up to 10 runs). Different numbers of rounds followed were
observed in other studies: for example, eight rounds by Judd
(1994), 17 rounds by Griiter et al. (2008), an average of 2.8
rounds (range 1-16) by Al Toufailia et al. (2013). The most
informative data on dance-following come from Biesmeijer
and Seeley (2005), who found that the number of dances
that were followed and thus potentially averaged depended
on the experience of the follower (whether the feeding site
was already known to the follower or was novel) and on
both the season and the time of the day). Overall, 2—4 dance
rounds were followed in their study. These studies are com-
promised by the same problem that we faced in our study,
which is that a dance-follower may have attended more
dances before than during the observed dance. In a previ-
ous study (Menzel et al. 2011), this problem was solved
by training only 2—3 dancers to a novel feeding place and
observing all their dances. We found that, after following
on average 8.4 rounds (30° experiment) or 16.4 rounds (60°
experiment), the followers preferred to fly to the location to
which they had been trained before, and after following on
average 20.7 rounds (30° experiment) or 23.3 rounds (60°
experiment), they always flew toward the dance-indicated
location. It thus appears that the large range of dance-fol-
lowing behavior reflects conditions of the communication
process that pertain to the evaluation of the information
received and the level of experience that the follower has
had with the location indicated. The discrepancy between
these results and those presented here, as well as the data
from earlier studies, argues in favor of additional, unob-
served and thus unevaluated dance-following.

Noise reduction during the decoding process could also
arise from multisensory integration. The distance is encoded

by multiple parameters (the duration of the waggle rounds,
the length and duration of the waggle run, and the number of
waggles per run, as evaluated here). Furthermore, different
sensory modalities are involved in receiving the waggle run
signals, i.e. both mechanical (Esch et al. 1965; Michelsen
2003) and electrostatic signals (Greggers et al. 2013). Aver-
aging and multisensory convergence may reduce uncertain-
ties in the signals, and indeed additional visual signals, a
rather artificial condition for Apis mellifera, lead to less
variance than gravity signals alone (Tanner and Visscher
2010).

Memory of earlier dance-following has also been sug-
gested as a factor in reducing the variance of dances (e.g.
Schiirch et al. 2013, 2019). Here we document the effect
of previous dance-following in the double-peaked distribu-
tions of the search flights for F3 and F6 (Figs. 6 and 7, Fig.
S4). The dancers for both feeding stations were trained step-
wise to the final station, and data were collected after just
two days of training to the final location. This was different
from the data collection for F1 and F2. Here training lasted
at least one week at the final location before the data were
collected. F3 was trained in the last step as an extension of
the direct line between hive and feeder, and the two density
peaks are arranged along this line. In the case of F6, the sta-
tion before the final station lay to the south of the final sta-
tion at the same distance along path P3 (see Fig. 1), and the
two density peaks are arranged from south to north. Thus,
the memory of earlier dance-following must have lasted for
at least two days.

Correction of predicted “errors”

The question of whether the variance in the dance message is
solely or predominantly determined by the stochastic nature
of the encoding process, as apparent to the human observer,
has a long tradition in waggle dance analyses (Haldane and
Spurway 1954; Frisch and Jander 1957, Tanner and Visscher
2010; De Marco et al. 2008a, Okada et al. 2014; Preece and
Beekman 2014) and has been debated intensively. A varia-
tion in the dance codes could involve systematic “errors”
that may be compensated for by the receiver. For example,
the directions of waggle runs depend in a systematic way on
(1) their direction in relation to gravity (Markl 1966), (2) the
direction of the return run (De Marco et al. 2008b), (3) the
motivation of the dancer, as reflected in the speed of dance
rounds and controlled by the needs of the colony and the
quality of the food (Seeley et al. 2000; Hrncir et al. 2011),
(4) the residual misdirection (Lindauer and Martin 1972),
and (5) inter-colony differences (Al Toufailia et al. 2013).
Therefore, errors as they appear to the human observer may
not reflect “noise in the system,” but may carry informa-
tion. A telling example is the debate about the tuned-error
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hypothesis (Haldane and Spurway 1954; Wilson 1962), as
applied to the question of whether the dances are for spa-
tially distributed food or localized locations, e.g. a flowering
tree, a potential new nest site, distributed flowering plants.
The angle of divergence between the directions of the wag-
gle run following a right or left loop of a return run could be
a specific indicator of the spatial spread of the indicated goal
(Biesmeijer and Seeley 2005).

Potential cognitive effects

A cognitive perspective may be worth considering. Bees
leaving the hive explore the environment before they start
dance-following and foraging, and thus learn about the sun
compass and the landscape features (Capaldi et al. 2000;
Degen et al. 2015, 2016). The possibility that recruits had
already visited the location of the feeder indicated by the
dancer was excluded in our experiments because no natural
food sources occurred during the full experimental period
within the range of the radar. Recently, it has been found
that recruits steer toward the dance-indicated location even
when starting from an unexpected release location remote
from the hive but within the explored area (Wang et al.
2023). If bees also navigate with the help of a learned map-
like memory, the flights of the recruits tested here may also
have been guided by a knowledge of the landscape built up
during exploratory orientation flights and not only by the
dance message. This could mean that the recruits “expect”
landscape features at and on the way toward the location
indicated by the communicated vector information, a view
supported by the different vector flights in the F1 and F2
recruits (Fig. 5, Fig. S2). Thus, this characteristic deviation
of the recruits’ search pattern does not reflect a different
dance message but is a property of the search. Of course,
this result can also be interpreted on an elementary level as
the recruits showing an innate tendency to follow elongated
ground structures (but see Menzel et al. 2018). Another
component of a strategy guiding the recruit could be a shift
in search motivation. A hint in this direction comes from the
observation that the search pattern changes to some extent
in the act of searching, as exemplified by F2 searches (Fig.
S3). First, the search becomes more focused, and then it
widens again. We did not bait the feeder with food and only
a few dancers landed at the feeder. It is tempting to conclude
that the problem in finding the dance-indicated feeder leads
to a change in search strategy, including a scanning of addi-
tional space in accordance with an exploratory motivation.
Embedded in the large datasets documenting a cogni-
tive map in bee navigation (Menzel 2023), this possibility
should at least be kept open as a motivation for additional
experiments to establish whether recruits retrieve their
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landscape memory during dance communication and guide
their search pattern accordingly.

Taken together, the averaging of several or many waggle
runs within one dance, the operation of convergent stimulus
modalities in the receiving animal and the correction of sys-
tematic deviations by the receiving animal, the reference to
a landscape memory established during exploratory flights,
and the occurrence of diverse search strategies may lead to
a more precise information transfer and thus to more narrow
search areas being covered by the recruits than expected
from the variance in the dance message.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00265-0
25-03593-5.
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