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Abstract — The waggle dances of honey bees provide information about the location of food sources and their
quality. This study aimed to investigate how the quality of food sources affects different components of the dance.
For the first time, we analysed in detail both the waggle phase and the return phase of the dance using a high-speed
camera. The frequency of wing beats in the waggle phase and the frequency of wing-beating pulses in the return
phase were significantly higher in foragers collecting more concentrated honey compared with foragers collecting
less-concentrated honey, whereas the duration of the return phase was significantly shorter. Discriminant function
analysis allowed correct classification of 88.1% of dances as referring to 60 or 40% honey concentration. In
conclusion, information about the quality of food sources can be contained both in the waggle phase and in the return
phase; however, the return phase appears to transfer more information about the quality of food sources.

honey bee / wing beats / high-speed camera / food-source quality

1. INTRODUCTION

The communication of honey bee (Apis
mellifera’) workers by means of waggle dances
has been studied for many decades. Workers
dance on the comb in the nest to inform their
nestmates about the location of a useful resource,
including a source of food or a new nest site (von
Frisch 1967). Honey bee dance consists of many
circuits which, in turn, consist of a waggle phase
and a return phase (Figure 1). Because dances are
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performed in the darkness of nest, it is unlikely
that visual cues are used to transfer information
contained in the dance. Most likely the dance
information is encoded in vibrations, sounds, ol-
factory, or tactile cues (Michelsen et al. 1986a,
1987; Tautz 1996; Rohrseitz and Tautz 1999;
Thom et al. 2007). It is well documented that
honey bee dances contain information about dis-
tance (included in the duration of the waggle
phase and the number of abdomen waggles in
the waggle phase; von Frisch and Jander 1957)
and direction (included in the angle of the waggle
phase relative to vertical; von Frisch 1967).

It was also reported that honey bee dances
provide information about the quality of resources
(von Frisch 1967). More profitable food sources
elicit more vigorous and longer-lasting dances
(Boch 1956; Esch 1961; von Frisch 1967,
Seeley et al. 1991, 2000), which may also attract
more dance followers. Food-source profitability
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Figure 1. Schematic of honey bee waggle dance. The position of abdomen is indicated by a black line. The up and
down wing beats are indicated by a red line to the left and to the right of the black line, respectively. Part of the
waggle phase was enlarged to better illustrate wing beats. Direction of the dance is indicated with arrows. Waggle
phase—a part of the dance indicated by the black line between points A and H. Duration of waggle phase—time
elapsed when a dancer moved from point A to H. Abdomen waggle—a part of the waggle phase indicated by the
black line between points E and G. Return phase—a part of the dance indicated by either of the two black lines
between points H and A. Duration of return phase—time elapsed when a dancer moved from points H to A. Pulse of
wing-beating—a part of the waggle phase or the return phase indicated by the red line between points B and D.
Duration of one wing-beating pulse—duration of a series of wing beats performed by a dancer between points B and
D. Wing beat—a part of the waggle phase or the return phase indicated by the red line between points B and C.
Combined duration of wing beating—the duration of all wing-beating pulses performed during the waggle phase or
the return phase. Duration of interval between wing-beating pulses—time elapsed between the end of one pulse and
the beginning of the next pulse of wing beating (when a dancer travelled from points D to F). Frequency of abdomen

waggles, wing-beating pulses or wing beats—number of waggles, pulses, or wing beats performed per second.

depends on energetic gains and costs of foraging
associated with many different factors including
sugar concentration, abundance, and distance to
the food source (Nufiez 1982; Waddington 1982;
Nunez and Giurfa 1996). The number of dance
circuits and the duration of waggle dances in-
crease with rising profitability of food sources
(Seeley 1986, 1994; Seeley et al. 1991, 2000;
Seeley and Towne 1992; Farina 1996; De Marco
and Farina 2001). Similarly, the number of rever-
sals in a round dance, the duration of round dances
and the rate of reversals have shown a positive
correlation with rising sugar concentration
(Waddington 1982; Waddington and Kirchner
1992; Waddington et al. 1998). Food sources of
better quality have also been shown to increase the
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probability of dancing (Seeley 1986; Seeley et al.
1991; Waddington and Kirchner 1992; Farina
1996; Hmcir et al. 2011).

Dance followers usually do not follow the
whole dance, which can consist of 1 to 100 cir-
cuits (Seeley et al. 2000). They follow from six to
eight consecutive dance circuits before leaving the
nest (Esch and Bastian 1970; Judd 1995). For a
single bee, therefore, more important may be the
information contained in single dance circuits, and
not the whole sequence of dances. This assump-
tion appears to be supported by the findings that
more profitable food sources are associated with
shorter dance circuit (Hrncir et al. 2011) and
shorter return phase (Seeley et al. 2000; Hrncir
etal. 2011), higher probability of producing dance
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sounds or thoracic vibrations during the waggle
phase (Waddington and Kirchner 1992; Hrncir
et al. 2011), shorter interval duration between the
pulses of thoracic vibrations (Hrncir et al. 2011)
and longer pulse duration of dance sounds or
thoracic vibrations (Waddington and Kirchner
1992; Hrncir et al. 2011). Moreover, rising profit-
ability of food sources have increased the frequen-
cy of abdomen waggles (i.e. the number of
waggles per second; Seeley et al. 1991, 2000),
the pulse rate (i.e. the number of pulses per sec-
ond) of dance sounds (Esch 1963; Wenner et al.
1967; Waddington and Kirchner 1992) and the
frequency of dance sounds (i.e. the number of
sounds per second; Waddington and Kirchner
1992), but not in all studies (Wenner et al. 1967,
Hrncir et al. 2011). Under circumstances where
the concentration of sugar was constant but dis-
tances between the nest and feeders were differ-
ent, the frequency of wing vibrations in the wag-
gle phase decreased as the distance increased
(Spangler 1991), but not in all studies (Esch
1961; Eskov 1969 cited by Spangler 1991). As
can be seen, the quality of food sources and the
distance to food sources may influence several
features of honey bee dance. Nevertheless, honey
bee communication of the food-source profitabil-
ity by means of a dance still remains unclear.

In our previous paper (Lopuch and Tofilski
2017a), it was hypothesised that the frequency of
wing beats, wing-beating pulses and abdomen
waggles, which were strongly positively correlat-
ed with each other and differed markedly among
dances, could transfer information about the food-
source profitability. Moreover, this group of dance
components were strongly negatively correlated
with the other group of dance components trans-
ferring the distance information which were also
strongly positively correlated with each other. As
was mentioned before, food-source profitability
depends on the energetic gains and costs of forag-
ing (Nufiez 1982; Waddington 1982; Nufiez and
Giurfa 1996); therefore, negative correlations be-
tween the two described groups of dance compo-
nents might be explained by food-source
profitability.

The aim of this study was to determine how the
quality of food sources influences the frequency
of wing beats, wing-beating pulses and abdomen
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waggles in honey bee dance. For this purpose,
honey bee foragers were trained to fly to an arti-
ficial feeder filled with honey solution at two
different concentrations (40 or 60%). Their
dances, performed after their return to the obser-
vational hives, were recorded with the use of a
high-speed camera. For the first time, we analysed
in detail not only the waggle phase but also the
return phase of a dance which may contain more
information about the food-source profitability
because it does not transfer the distance informa-
tion as the waggle phase does. It was predicted
that a food source of higher quality will be asso-
ciated with higher frequency of wing beats, wing-
beating pulses and abdomen waggles in single
circuits of honey bee dance (both in the waggle
phase and the return phase).

2. MATERIALS AND METHODS
2.1. Samples

The experiment was conducted on two colo-
nies of honey bees (A. mellifera carnica) housed
in the observation hives at the laboratory of the
University of Agriculture in Krakow. The obser-
vation hives consisted of six frames. Two of them
were located behind glass walls which allowed the
recording of dancing bees. Each colony consisted
of'about 12,000 bees. Neither colony showed any
symptoms of diseases other than a Varroa mite
infestation, which was mild because it was con-
trolled by an acaricide. All applicable internation-
al, national and institutional guidelines for the care
and use of animals were followed.

2.2. Data collection

Workers were trained to collect 40 or 60%
solution made of buckwheat honey dissolved in
water (40 or 60 g solute/100 g solution). A feeder
was placed at a distance of about 40 m from the
observation hives. The feeder was filled with 40
or 60% honey solution on a given day. Trained
workers were marked by means of paints in dif-
ferent colours. The non-marked workers were
captured and released at the end of the day. The
experiment was conducted from 22 August to 18
September 2018.
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Dances were recorded with the use of a high-
speed camera (Phantom MIRO eX4, Vision Re-
search, Inc. USA). An LED lamp (LEDIM616,
50 W, Ledim, Poland) was used as the light source
because it does not emit too much heat and does
not disturb the behaviour of honey bees by flick-
ering. Videos were recorded with a sample rate of
2900 fps at a resolution of 512 x 384 pixels. Each
frame lasted 344.75 ps. At this settings, our equip-
ment allowed to record continuously for about 5 s
which is long enough to fit at least one full dance
circuit containing both waggle phase and return
phase. In order to record full dance circuit, we
used relatively short foraging distance associated
with shorter waggle phases of dances. The video
recordings were made and analysed using PCC
software, version 2.6 (Vision Research, 2015).

During dance, workers perform a specific be-
haviour of wing beating (Figure 1; Online resource
la—d; see also Lopuch and Tofilski 2017a, b). A
wing beat was defined as a complete cycle of wing
movement up and down. The dancers usually per-
formed a series of wing beats which were called
wing-beating pulses. These pulses were separated
by the intervals when the wings were immobile. An
abdomen waggle was defined as a complete cycle
of abdomen movement from side to side and back.
Analysis of the video data included the dance
components defined in Figure 1. The analysis in-
cluded 42 dances (60% honey solution, 8 dances in
colony 1 and 16 dances in colony 2; 40% honey
solution, 8 dances in colony 1 and 10 dances in
colony 2). Each dance consisted of at least one
waggle phase and return phase. In 35 recordings,
it was possible to analyse more than one waggle
phase or one return phase.

2.3. Data analysis

All data were checked for deviation from the
normal distribution. In the case of a lack of normal
distribution, the analysed data were In-trans-
formed. This normalization was required in the
case of the frequency of wing-beating pulses in
the waggle phase and the interval duration be-
tween wing-beating pulses in the waggle phase.
The strength of associations between analysed
data was assessed by Pearson correlation.
Bonferroni correction was performed to reduce
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the risk of falsely reporting a statistical signifi-
cance when multiple comparisons were made.
After Bonferroni correction, correlations were as-
sumed to be significant when p <0.003. Mantel
test was conducted to compare correlation matri-
ces. Principal component analysis was used to
convert correlated variables into linearly uncorre-
lated variables and to reduce their number to those
which would explain the largest proportion of the
total variance. MANOVA was performed to assess
the differences between the analysed groups. Dis-
criminant analysis was conducted to analyse the
contribution of different components of dances
performed by foragers collecting 60 or 40% honey
solution to the overall discrimination. All tests used
were two tailed. The statistical analyses were con-
ducted using Statistica, version 12.0 (Statsoft Inc
2013). The recorded video data were not blinded
because the observer was not able to assess the
parameters of dances before their precise analysis.

3. RESULTS

Correlation matrices of components of dances
performed by honey bee foragers collecting 40 or
60% honey solution were significantly correlated
with each other (Mantel test: » =0.059, p <
0.001). Therefore, we assumed that they do not
differ from each other and the results were com-
bined (Table I). The correlation matrix of 18 dance
components showed that there were 31 significant
correlations (20.6% of all correlations) after tak-
ing into account Bonferroni correction. Most of
these significant correlations were positive; only
five significant correlations were negative. Dance
components corresponding to each other in the
waggle phase and in the return phase were signif-
icantly correlated with each other. The only ex-
ceptions were the interval duration between wing-
beating pulses and the frequency of wing-beating
pulses.

Because various components of dances were
strongly correlated with each other, principal com-
ponent analysis was used to reduce the number of
variables from 18 to five components that ex-
plained 81.3% of variance (Online resource 2).
Further analysis of these five principal compo-
nents using MANOVA demonstrated that there
were significant differences between dances of



Impact of food-source quality on wing beating

635

Table 1. Correlation matrix between components of dances performed by honey bee foragers from two colonies fed

with 40 or 60% honey solution (Bonferroni correction p =0.003)
Waggle phase Return phase

Dance Duratio |\ aws | MWB fepwe | o | Newss| D [ Fwss | FWB | paws | Dumtio | NeWB o Wil by | Newss| D | Ewss | VB
n ulscs pulses n_ | pulses pulses
Duration =28 [ =3 | =10 [ =43 | =20 =31 | =36 | =40 | =32 | =43 | =06 | =41 | =37
Nr Aws =43 =19 | =38 | =10 =16 | =09 | =34 [ =32 | =32 | =18 | =81 | =002 [ a2 | =38

N:ls‘?: p=004 | - =12 | =09 =08 =13 | =28 =10 | =07 | =18 | =03

4 | _co-ws =45 =16 | =36 | =26 | r=-08 =24 | =27 | =01 | =21
%. PD p=069 | p=216 | p=445 =09 =34 =35 =20 =22 =14 =27 =29 =28 r=-01
E.‘A NrWBs | p=004 | p=013 | p=556 | p=003 =19 =42 | =20 | =03 | =07 | =20 | a2 =25 =01
= D p=532 | p=525 p=585 | p=236 =30 =10 | =06 | r==35 | =28 | =21 | =21 | =02 | =00 [ =31
F-WBs | p=004 p=600 | p=303 | p=029 p=055 =4l | =12 | =17 | =05 | =01 | =00 D38 | =2 =03
;;Y:i p=199 | p=321 p=0I8 | p=025 | p=.006 =007 =21 | =07 [l =23 | =31 [ =36 | =21 | 23 (IS8R
F-AWs p=589 | p=409 | p=098 | p=198 | p=.196 | p=516 | p=465 | p=.188 =05 | =10 | =19 | =38 | =40 | =10 | =17 | =05

Duration | p=049 | p=027 | p=074 | p=611 | p=169 | p=846 | p=704 | p=277 | p=657 | p=754 =06 | =16 | r=24 | =08 | =22 | =22

E"“s“; ‘: p=021 | p=041 p=388 | p=645 | p=021 | p=743 | p=037 | p=543 | p=683 | - =20 | =15 | =29 | =003

.| co-ws | p=008 | p=037 p=083 | p=210 | p=078 | p=969 | p=.148 | p=239 | p=304 - =38 | =31 | =27 | =01
£ e | p039 | p-260 | p=530 | p-134 =005 | p-179 | p=585 | p=044 | p=012 | p=133 | p=202 | p-012 =05 | =13 | =06
§ NewBs | p=004 | p=047 | p-653 | p-086 p=191 | p=012 | p=020 | p=009 | p=.628 | p=335 | p=047 =02 =03
= D p=720 | p=990 | p=248 | p=966 | p=060 | p=109 | p=887 | p=a55 | p=184 | p=512 | p=169 | p=062 | p=080 | p=745 | p=923 =05 | =13
F-WBs | p=007 | p=006 | p=834 | p=178 | p=077 p=141 | p=287 | p=158 | p=984 | p=938 | p=412 p=739 =03

;;‘l’s’i p=017 | p=012 i p=972 | p=939 p=013 | p=730 p=696 | p=830 | p=403 | p=830

Legend positive correlations p>0.05 0.05<p<0.003 negative correlations p>0.05 005p<0.003 | p<0003

Abbreviations: Nr AWs — number of abdomen waggles; Nr WB pulses — number of wing-beating pulses; CD-WB — combined
duration of wing beating; PD — pulse duration (i.e. duration of one pulse of wing beating); Nr WBs — number of wing beats in one
pulse of wing beating; /D — interval duration between wing-beating pulses; F-Wbs — frequency of wing beats; F-WB pulses —
frequency of wing-beating pulses; F-Aws — frequency of abdomen waggles

foragers collecting 40 or 60% honey solution (s,
34=4.49, p =0.030) and between the colonies
(Fs, 34=6.30, p <0.001). The interaction be-
tween honey concentration and colony was insig-
nificant (FS, 34 = 073,p = 0603)

The frequency of wing beats in the waggle
phase and the frequency of wing-beating
pulses in the return phase were significantly
higher in a group of foragers collecting 60%
honey solution compared with foragers
collecting 40% honey solution, whereas the
duration of the return phase was significantly
shorter (Table II; Figure 2).

Discriminant function analysis allowed correct
classification of 88.1% of dances as referring to 60
or 40% concentration of honey. Eight out of eigh-
teen variables were selected for the discrimination
model using a stepwise procedure. The frequency
of wing-beating pulses and the number of wing
beats in one pulse of wing beating in the return
phase, as well as the frequency of wing beats and
the combined duration of wing beating in the
waggle phase contributed the most to the overall
discrimination (Table IIT).

4. DISCUSSION

The results presented here indicate that the
waggle dances of honey bee foragers
depended markedly on concentration of honey
solution they collected. This confirms earlier
findings that the waggle dance can transfer
information about the food-source quality
(Esch 1963; Wenner et al. 1967; Waddington
and Kirchner 1992; Seeley et al. 2000; Hrncir
et al. 2011). In the present study, the most
important dance component seems to be the
frequency of wing-beating pulses in the return
phase, because foragers collecting more con-
centrated honey produced the wing-beating
pulses two times more often than those
collecting less-concentrated honey (Table II;
Figure 2c). The dances of foragers collecting
honey at different concentrations also signifi-
cantly varied in the frequency of wing beats in
the waggle phase and the duration of the re-
turn phase. It must be stressed that there were
strong correlations between various dance
components. In this situation, it is difficult to
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suggest that a single dance component pro-
vides the most information about food-source
quality.

In earlier studies, it was reported that
higher food profitability was associated with
a higher frequency of vibrations recorded as
dance sounds (Waddington and Kirchner
1992) or thoracic vibrations (Hrncir et al.
2011) and a higher frequency of vibration
pulses (Esch 1963; Wenner et al. 1967;
Waddington and Kirchner 1992) in the waggle
phase. Some findings in the present study are
consistent with the results of these studies.
Foragers fed with more concentrated honey
moved their wings with higher frequency in
the waggle phase, which may correspond to
the increase of the frequency of dance sounds
or thoracic vibrations produced by bees in
response to rising sugar concentration
(Waddington and Kirchner 1992) or solution
flow rate (Hrncir et al. 2011). Similarly, the
higher frequency of wing vibrations in the
waggle phase correlated with decreasing dis-
tance from the nest to the food sources
(Spangler 1991) may be explained in terms
of increasing food-source profitability. How-
ever, in other studies the frequency of dance
sounds was not significantly affected by sugar
concentration (Esch 1961; Wenner et al. 1967,
Eskov 1969 cited by Spangler 1991). In the
waggle phase, the pulse rate of dance sounds
also increased with higher sugar concentration
(Esch 1963; Wenner et al. 1967; Waddington
and Kirchner 1992), but the pulse rate of
thoracic vibrations did not increase (Hrncir
et al. 2011). We did not find a significant
difference between the frequency of wing-
beating pulses in the waggle phase produced
by foragers collecting honey of different con-
centrations, either, but we found that bees fed
with more concentrated honey produced a sig-
nificantly higher frequency of wing-beating
pulses in the return phase. Moreover, the du-
ration of the return phase was significantly
shorter in dances performed by foragers fed
with more concentrated honey, similar to pre-
vious findings showing that the return phase
duration decreased along with rising sugar
concentration (Seeley et al. 2000; Hrncir
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et al. 2011). This indicates that the return
phase, which has received a little attention to
date, contains important information about the
food-source profitability. Because foragers
performed only a few wing-beating pulses in
the return phase, which constituted of 5 and
9% of its duration in a groups of foragers
collecting 40 and 60% solution, respectively,
it is unlikely that higher frequency of wing-
beating pulses was a result of shorter duration
of the return phase in a group of foragers
collecting more concentrated honey solution.

In our previous paper (Lopuch and Tofilski
2017a), we reported about two groups of
dance components in the waggle phase which
were strongly negatively correlated with each
other, but these were strongly positively cor-
related with each other within groups. One of
these groups included the duration of the wag-
gle phase, the number of abdomen waggles
and wing-beating pulses, as well as the com-
bined duration of wing beating, whereas the
second group included the frequency of wing
beats, wing-beating pulses and abdomen wag-
gles, as well as the number of wing beats in
one pulse of wing beating. The first group
most probably provides information about the
foraging distance, because the combined dura-
tion of wing beating and the number of wing-
beating pulses were closely related to the du-
ration of the waggle phase and the number of
abdomen waggles (Lopuch and Tofilski
2017a; the present study), which were proved
to transfer a distance information (von Frisch
and Jander 1957). We have also hypothesised
that the second group provides information
about the food-source profitability. The results
presented here confirmed that the frequency of
wing beats in the waggle phase is strongly
linked with honey concentration but not other
dance components from this group. Therefore,
the present data do not support the assumption
that the dance components from the second
group provide information about the quality
of food source.

Food-source profitability depends on the
energetic gains and costs of foraging associat-
ed with many factors such as sugar concentra-
tion, abundance or distance to the food source
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Table II. The mean (+ SD) values and the results of univariate tests of ANOVA comparing dances of honey bee
foragers from two colonies fed with 40 or 60% honey solution

Variables Honey concentration Source of variation (p -values)
40% (N =18) 60% (N =24) Concentration ~ Colony  Interaction
Mean + SD Mean + SD
Waggle phase

Duration (ms) 306.0 + 65.69 336.5 + 71.14 0.234 0.013 0.856

Number of abdomen waggles (1) 42 +£0.80 4.5+0.78 0.269 0.004 0.897

Number of wing-beating pulses (n) 8.5 £ 2.21 8.8 £3.19 0.980 0.778 0.186

Combined duration of wing beating ~ 153.0 + 47.05 157.9 + 64.29 0.900 0.100 0.350
(ms)

Duration of one wing-beating pulse ~ 18.0 + 4.93 18.5 £3.12 0.685 0.015 0.294
(ms)

Number of wing beats in one pulse 4.2 + 1.44 45+ 1.14 0.463 <0.001 0.237
of wing beating (n )

Interval duration between 16.0 = 6.96 19.8 £ 9.58 0.178 0.064 0.161
wing-beating pulses (ms)

Frequency of wing beats (Hz) 2204 +36.79 2459 + 33.65 0.020 <0.001  0.301

Frequency of wing-beating pulses 28.5 £ 8.17 259 +7.87 0.218 0.196 0.093
(Hz)

Frequency of abdomen waggles 13.8 £ 1.45 13.6 £ 1.08 0.518 0.977 0.792
(Hz)

Return phase

Duration (ms) 1635.9 + 686.63  1248.7 £ 367.68  0.022 0.040 0.284

Number of wing-beating pulses (n) 4.9 + 3.49 7.4 +4.62 0.099 0.922 0.603

Combined duration of wing beating ~ 76.6 + 61.31 115.7 = 79.97 0.168 0.790 0.324
(ms)

Duration of one wing-beating pulse ~ 15.5 + 4.69 14.5 +3.94 0.470 0.366 0.590
(ms)

Number of wing beats in one pulse 3.5 = 1.53 3.4 +1.04 0.812 0.055 0.475
of wing beating (n)

Interval duration between 219.0 + 114.78 154.5 + 132.25 0.215 0.413 0.255
wing-beating pulses (ms)

Frequency of wing beats (Hz) 222.6 +39.27 236.6 = 31.35 0.263 0.001 0.574

Frequency of wing-beating pulses 31+197 72 £6.07 0.016 0.438 0.675

(Hz)

(Nuiiez 1982; Waddington 1982; Nuifiez and
Giurfa 1996). Therefore, the hypothesis that
the second group of dance components pro-
vides information about the food-source prof-
itability might not be incorrect, because in the
present study we investigated only one of
many factors affecting food-source profitabili-
ty. Consequently, some discrepancies between
the results of the present study and the previ-
ous one (Lopuch and Tofilski 2017a) may

result from the use of different methods. In
the previous study, honey bee foragers were
flying over much longer distances because the
waggle phases consisted of up to 33 abdomen
waggles, whereas in the present study the
waggle phases consisted of 4 abdomen wag-
gles, on average. Moreover, honey bees pre-
viously foraged spontaneously collecting nec-
tar or pollen which they found themselves. As
a result, the profitability of food sources in the
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Figure 2. The effect of 40 or 60% concentration of honey on dance components (mean + SE): the frequency of wing
beats in the waggle phase (a ), the duration of return phase (b ), and the frequency of wing-beating pulses in the return

phase (¢).

previous experiment was most likely much
more differentiated compared with the present
experiment. This differentiation in food-source
profitability resulting from differences in the
food quality and the distance could be
reflected much more strongly in the frequency
of different dance components especially the
frequency of wing beats and wing-beating
pulses. It is likely that the present experiment
was not sufficiently demanding for honey bee
foragers to reveal more significant differences
between both groups collecting honey solution

Table ITI. Standardized coefficients for canonical variables

at two different concentrations. Short distance
might cause that both solutions were profit-
able for bees.

It should be mentioned that there were marked
differences between colonies (Table II; Figure 2).
This may reflect their different motivational state
(Seeley 1986; Nunez and Giurfa 1996; De Marco
and Farina 2001; Hmcir et al. 2011). The frequen-
cy of wing-beating pulses in the return phase
seems to be the least influenced by the colony.
On the other hand, the frequency of wing beats in
the waggle phase was markedly different between

Variables Coefficients
Frequency of wing-beating pulses in return phase 1.413
Frequency of wing beats in waggle phase 1.239
Combined duration of wing beating in waggle phase —0.761
Frequency of abdomen waggles in waggle phase —0.488
Frequency of wing beats in return phase —0.407
Number of wing beats in one pulse of wing beating in return phase —0.560
Interval duration between wing-beating pulses in return phase -0.359
Frequency of wing-beating pulses in waggle phase —0.426

Higher absolute values indicate a stronger influence of the variable on the discrimination between the food sources of different
concentrations. A positive value indicates a higher value of the variable in the group with a higher concentration of honey in the

food source
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colonies. The frequency corresponding to higher
honey concentration in the first colony was lower
than the frequency corresponding to lower honey
concentration in the second colony (Figure 2c).
Honey bees are able to sense the low-frequency
sounds and vibrations from 10 to 1000 Hz by
Johnston’s organ located in the antennae or the
subgenual organ localised in the legs (Towne and
Kirchner 1989; Kirchner et al. 1991; Dreller and
Kirchner 1993; Kilpinen and Storm 1997). There-
fore, it is likely that the followers detect the fre-
quencies of wing beats, wing-beating pulses or
abdomen waggles reported in the present study.
The use of low-frequency sounds or vibrations in
honey bee communication was reported including
dance (Wenner et al. 1967; Waddington and
Kirchner 1992), stop signal (Michelsen et al.
1986a; Schlegel et al. 2012), queen piping
(Michelsen et al. 1986b), worker piping (Schlegel
et al. 2012) and shaking signal (Gahl 1975). Most
of those behaviours involve wing beating (Lopuch
and Tofilski 2019). Different dance components
are strongly correlated with each other allowing
to transfer the same information in different ways,
for instance the distance information is contained in
the duration of waggle phase and the number of
waggles (von Frisch and Jander 1957), which are
significantly correlated with the combined duration
of wing beating and the number of wing-beating
pulses in the waggle phase (Lopuch and Tofilski
2017b) or the duration of sound production and the
number of sound or vibratory pulses in the waggle
phase (Wenner et al. 1967; Hrncir et al. 2011). The
thoracic vibrations, and very likely wing beating,
are produced by rapid contractions of wing muscles
(Simpson 1964), and can be perceived by the fol-
lowers as substrate vibrations (Tautz 1996), air-
borne sounds (Michelsen et al. 1986a, 1987) or
tactile cues (Rohrseitz and Tautz 1999). Most likely
that dance followers perceive various cues and
integrate them to obtain more reliable information.
In conclusion, the results presented here indi-
cate that information about the concentration of
sugar in food sources is encoded mainly in the
frequency of wing-beating pulses in the return
phase, the frequency of wing beats in the waggle
phase and the duration of return phase. However,
other dance components, which are often strongly
correlated with them, may also provide similar

639

information. Both the waggle phase and the return
phase seem to be important in transferring infor-
mation about food-source quality.
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