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Summary statement: Because of technological difficulties, there are no studies comparing the
development of recruit and scout waggle dances. Using miniature radio frequency identification tags,
we observed and clarified these developmental processes.
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Abstract

The lifetime development of the waggle dance of 14 honeybees was automatically recorded just

after the imaginal molt using high-definition camera modules connected with a Raspberry Pi

computer and numbered radio-frequency identification tags fitted to the back of each bee. For most

honeybees, waggle dance follow preceded the appearance of the first waggle dance from 1 week

after the imaginal molt. The duration per trip increased just after waggle dance follow. Before the

appearance of the first waggle dance, the honeybee repeatedly follows waggle dances that indicate a

limited number (2-6) of food source locations. We discriminated between two types of foragers with

different roles, recruits and novice scouts, by comparing the vectors indicated by the bees’ first

waggle dance (sending vectors) with dances they had previously followed (received vectors). Of 14

tagged honeybees, 11 were categorized as recruits and 2 as novice scouts. For recruits (but not for

novice scouts), the duration per trip increased significantly after waggle dances follow and

substantially increased just before the appearance of the first waggle dance. Moreover, recruits

increased the number of times they followed waggle dances indicating the same location, and their

first waggle dance indicated this location. These results suggest that the differentiation of these two

types of foragers is partly related to behavioral differences after waggle dance follows: whether trip

is activated or not by follows a waggle dance.
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I ntroduction

Honeybees communicate in the hive to share foraging information and to recruit hive mates to

visit profitable flowers. The waggle dance allows the communication of spatial information about

food sources (von Frisch 1965; Mautz 1971; Bozic and Valentincic 1991; Judd, 1995). The effect of

the waggle dance on social foraging has been evaluated theoretically and behaviorally (Seeley, 1983;

Seeley and Visscher, 1988, Okada et al., 2008). The dance consists of a waggle phase, during which

the dancer walks straight along the run axis and waggles the abdomen, and a return phase, during

which the dancer returns to the starting position of the waggle run and usually repeats these

movements (von Frisch, 1965). Measurement of flight trajectories using a harmonic radar have

shown that the dance followers fly according to the vector information indicated by the waggle run

(Riley et al, 2005).

The waggle dance communicates not only spatial information but also olfactory cues (von Frisch,

1967; Thom et al, 2007). Olfactory cues about food sources are communicated in the hive through

trophallaxis (von Frisch, 1967), which occurs not only among foragers and receivers, but among all

hive mates, resulting in propagation of the colony (Gruter et al, 2006). Learning the scent of flowers

at a young age through trophallaxis may facilitate the development of a specific waggle dance;

additionally, trophallaxis may produce long-term memories of profitable food sources (Balbuena et

al., 2012). Thus, it has been suggested that trophallaxis experiences can affect waggle dance

communications. However, the development of behaviors related to the waggle dance after the
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imaginal molt has not been clarified.

Most foragers receive spatial information about a flower by following the waggle dance and then

visiting the flower; these are the recruits. In contrast, a small number of foragers independently visit

flowers without using information from the waggle dance; these are the scouts (Oettingen-Spielberg,

1949; Lindauer, 1952). Seeley (1983) suggests that the proportion of scouts is greater in experienced

foragers than in novice foragers, but this proportion also depends on foraging conditions. Seeley and

Visscher (1988) suggest scouts show shorter trip durations than recruits and that scouts take smaller

amounts of nectar and pollen back to the hive than recruits. However, the behavioral characteristics

of recruits and scouts during the behavioral development process have not been evaluated. In this

study, we investigated the development of waggle dance-related behaviors by long-term tracking of

radio-frequency identification (RFID)-tagged individuals after the imaginal molt. We compared the

developmental process in scouts and recruits.

Materials and M ethods

Animals

An observation hive was built on 31 July, 2015, in the Fukuoka University campus; this contained a

queen, 1000 workers, and two combs. The bees were left to settle in this observation hive (Fig. 1A

and B). We began the experiments 2 months after establishing the hive when the colony size was

small enough to record all behaviors visually and to clearly recognize the numbers on the backs of all


https://doi.org/10.1101/179408

bioRxiv preprint doi: https://doi.org/10.1101/179408; this version posted August 22, 2017. The copyright holder for this preprint (which was not

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

honeybees in the colony. Numbers ranging from 1 to 100 were input into 100 RFID tags. The tag size

was 2.5 mm x 2.5 mm x 0.4 mm and the tag weight was 5.6 mg. Then each RFID tag was sealed

with a number that was the same as the RFID tag’s ID. Two combs that contained sealed cells with

pupae were incubated at 33°C on 10 September 2015. On 11 September, 100 bees that emerged from

the sealed cells were anesthetized and an RFID tag was fitted to the dorsal thorax of each bee using

skin adhesive (SAUER-Hautkleber, Manfred Sauer GmbH, Germany, Fig. 1C). When the bees were

in a state of arousal, they were put into the observation hive.

Behavior monitoring system

Our behavioral monitoring system consists of an RFID recording system and image recording

system (Fig. 1A). Two RFID antennas (UHF RFID antenna AN-UDUL1 (920), Sobal Co. Ltd.,

Japan) were located on the entrance path to the observation hive (Fig. 1B). Two RFID antennas were

connected with the RFID readers (UHF RFID reader, UP4-1000-J2, Sobal Co. Ltd.) and the RFID

logs were stored in a personal computer. The camera modules (Raspberry Pi2 HD, Raspberry Pi

Foundation, UK) were located on both sides of the observation hive. Three cameras were used to

record the whole colony. The pixel count of one camera was 1296 x 730 and the acquisition frame

rate was 49 fps. The covered area of one camera on the observation comb was set at 10 cm x 17 cm;

this allowed visual recognition of the numbers on the bees’ backs. RFID and video recordings were

obtained from 6:30 to 19:30 per day, from 14 September to 6 October 2015. The video data and
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RFID logs were stored in a LAN server in Fukuoka University. The RFID logs and in-hive behaviors

were observed and analyzed manually using a video LAN client media player.

RFID log analyses

On the RFID monitoring system, we could record the time the bee passed through the RFID

antennas. Two RFID antennas (AN1 and AN2) were located along the entrance path to the

observation hive (Fig. 1B): AN1 was set close to the outside and AN2 close to the observation hive.

We could distinguish between departure and homing by the time delay in passing through these two

antennas. We recorded the departure time, homing time, and duration per trip from the RFID logs of

each tagged bee.

Analyses of waggle dance-related behaviors

Using the image recording system, we recorded the time at which waggle dance-related behaviors

appeared, trophallaxis, tremble dances, follows, and waggle dances. The waggle dance usually

repeats several cycles of a waggle phase and a return phase and the number of cycles depends on the

profitability of the flower (von Frisch, 1963). We defined movements with more than two cycles as a

“waggle dance.” We discriminated between the “waggle dance” and movements with one cycle,

which we termed a “one-cycle waggle dance.” In addition, we recorded the following behaviors:

1. No follow: encountered the waggle dance, then did not follow the dance.
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2. One-cycle follow: encountered the waggle dance, then followed the one-cycle waggle dance.

3. Follow: encountered the waggle dance, then followed the waggle dance.

Estimating the location of indicated flowers

Fourteen honeybees that performed their first waggle dance (Nos. 02, 05, 24, 29, 34, 46, 47, 57, 65,

70, 88, 89, 93, 99) were used to analyze the vector information for the first waggle dance and for the

previous waggle dances they had followed, and to estimate the locations indicated by these waggle

dances. The procedure for estimating the locations was as follows: During the waggle dance on the

vertical comb, the body orientation during the waggle phase indicates the direction of the food source

relative to the sun (von Frisch, 1967). In this study, the sun direction at the time at which the waggle

dances occurred was obtained from the following calculation website:

http://keisan.casio.jp/has10/SpecExec.cgi?id=system/2006/1185781259

The time during the waggle phase changes linearly with the distance to the location indicated by the

waggle dancer (y = 0.7946x + 0.4121, duration of waggle phase (y), distance to the location (x),

calculated from the data in von Frisch, 1967). The distances were calculated using this equation. The

points obtained from vectors indicated by the waggle dance were drawn in the polar coordinates

around the observation hive.

To evaluate whether the points were encoded as the same location in the waggle dance, the polar

coordinates were converted to Cartesian coordinates for cluster analyses. A dendrogram showing the
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132  total sum of squares for locations that the waggle dancer indicated was constructed using Ward’s

133  minimum variance method and the statistical software R version 3.3.1. Previous research indicates

134 that the waggle dance contains imprecise information about the vector of the food source.

135  Weidenmuller and Seeley (1999) clarified the divergence angle in the waggle phase in relation to the

136  distance to the trained location (6 = —0.0295 x +29.988, x: distance to the flower; 6: divergence angle

137  in waggle phase). In this study, when the angle (A6) between two centroid locations of two clusters at

138  the same distance from the hive was larger than twice the divergence angle (A6 > 26), these clusters

139  were defined as different food locations. Okada et al (2008) suggested that 80% of the waggle dance

140  has a maximum of 30% error for the duration of the waggle phase. In this study, when concentric

141  circles with semidiameters of 30% from two centroid locations of two clusters (that were at different

142  distances in the same direction from the hive) overlapped, these two clusters were defined as one

143  cluster.

144 Following these clustering and error corrections, the cluster locations were used to compare the

145 locations indicated by the waggle dances of individual bees and to analyze the waggle dance

146  developmental process.

147

148 Satistics

149 We used the software R version 3.3.1 for statistical analyses. Significant differences in the duration

150  per trip just before and just after different types of waggle dance-related behaviors were tested using
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151  the Wilcoxon signed-rank test. The trip duration among three phases after the imaginal molt was

152  tested using the Steel-Dwass test.

153

154  Results

155  Time of appearance of waggle dance-related behaviors

156 How soon do waggle dance-related behaviors appear after the imaginal molt? The 100 honeybees

157  were marked by numbered RFID tags and we calculated the number of waggle dance-related

158  behaviors that emerged every day after the imaginal molt. Of the 100 RFID-tagged honeybees, 14

159  were traced until the first waggle dance. After the imaginal molt, the tagged honeybees started to go

160  out on short round trips, less than 8 min per trip from 4 days of age (Fig. 2A). Most honeybees (n =

161  7) performed these short trips a few times per day; some honeybees performed the trips more than

162  six times per day during the first week after the imaginal molt (n = 2). During this period, the

163  honeybees performed trophallaxis (Fig. 2B) and tremble dances (Fig. 2C), but did not follow waggle

164  dances after encountering them (Fig. 2D). One week after the imaginal molt, the tagged honeybees

165  began to follow the waggle dance from 8 days of age (Fig. 2E and F) and performed their own

166  waggle dance from 12 days of age (Fig. 2G and H). This suggests that dance follow precedes the

167  waggle dance. We evaluated whether there was a common order of appearance of waggle

168  dance-related behaviors among individuals. Waggle dance follow or one-cycle follow preceded the

169  expression of the waggle dance in all individuals (Fig. 3A). Waggle dance follow and one-cycle
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170  follow were observed from 7 or 8 days of age and the waggle dance from 12 days of age. Individuals

171  differed in the age at which the first waggle dance appeared (12 to 22 days of age, Fig. 3A). The

172 interval from the first follow to the first waggle dance also differed among individuals. The shortest

173  difference between the first follow and the first waggle dance was less than 1 day (Nos. 02 and 47);

174  the longest difference was 8 days (No. 05).

175 What happens during the period from the first follow to the first waggle dance? We investigated

176  the number of waggle dances each RFID-tagged bee followed and the number of locations indicated

177 by the waggle dance during this period. The duration between the first follow and the first waggle

178  dance was positively correlated with the number of waggle dances the bee followed (correlation

179  coefficient: 0.73). However, there was little correlation between the duration and the number of

180 locations indicated by waggle dances (correlation coefficient: 0.44). This suggested that the

181  honeybees repeatedly followed waggle dances that indicated a small number of food sources (2—6

182  types of food source) during the period from the first follow to the first waggle dance (Fig. 3B).

183 Do waggle dance communications affect the following trips? Fig. 4A shows the time course of the

184  behaviors of bee No. 29. On the 16th trip (before the first follow), the duration was less than 8 min,

185  whereas on the 17th trip the duration substantially increased to 17 min. Subsequently, the duration

186  was often greater than 10 min (Fig. 4A). To evaluate the effect of each waggle dance-related

187  behavior on subsequent trips, we compared the duration per trip just before and just after the first

188  expression of each waggle dance-related behavior. The duration per trip just before follow was

10
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significantly greater than the trip duration after follow (p < 0.01, n = 9, Wilcoxon signed-rank test);

however, there were no significant differences for one-cycle follow (p = 0.125, n = 5) and waggle

dances (p = 0.6257, n = 14, Fig. 4B).

Comparison of the dance devel opmental process in recruits and scouts

To examine differences in the dance developmental process in recruits and scouts, we investigated

the location indicated by waggle dances. To analyze the locations, we defined the vector indicated by

the waggle dance of the marked honeybee as the sending vector and the vector indicated by the

waggle dance that the marked honeybee followed as the received vector. If the sending vectors and

the received vectors were in the same cluster, we assumed that the honeybee foraged using the

information from received vectors and categorized the honeybee as a recruit (Fig. 5A). If the sending

vectors and the received vectors were not in the same cluster, we assumed that the honeybee foraged

without using information from received vectors and categorized the honeybee as a scout (Fig. 5B).

Of 14 RFID-tagged honeybees, 11 were categorized as recruits (Nos. 02, 24, 29, 34, 57, 65, 70, 88,

89, 93, 99), and 2 as scouts (Nos. 05, 47). One of the bees (No. 46) was not categorized into these

two types because although the sending and received vectors were not in the same cluster, both

vectors were in the same direction (south). Therefore, it is possible that No. 46 found the location

while exploring the location indicated by the received vector.

We investigated the duration per trip before and after the appearance of follow and the waggle

11
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dance. Fig. 6A and B show two examples of recruits and Fig. 6C one example of a scout. No. 65

twice followed waggle dances that were in the same cluster as the sending vector. After the first

follow on the 9th day of age, the duration per trip was still less than 7 min. After several follows

from the 11th to 12th day of age, the duration had increased remarkably to more than 20 min and on

the 13th day of age the honeybee performed the first waggle dance (Fig. 6A). No. 29 followed nine

waggle dances that were in the same cluster as the sending vector. The first follow was on the 10th

day of age and on the 11th day of age the duration increased to more than 10 min. From the 13th day

of age, the honeybee repeatedly followed waggle dances that were in the same cluster as the sending

vector and flew out on trips. Finally, on the 14th day of age, the honeybee performed the first waggle

dance (Fig. 6B).

For recruits, the duration per trip significantly increased after the follows (p < 0.01, n = 10,

Wilcoxon signed-rank test, Fig. 6D-1). These results suggest that in recruits, waggle dance follow

activates potential foraging trips and the bee uses the received vectors to explore the flowers. In

contrast, the scout No. 05 made short trips of less than 5 min. On the 15th day of age, the honeybee

followed only one waggle phase several times; however, the subsequent duration per trip did not

increase substantially (Fig. 6C). The trip duration did not significantly increase after follows (p >

0.01, n = 2, Wilcoxon signed-rank test, Fig. 6D-2). This suggested that in scouts, waggle dance

follow did not activate trips.

We divided the period from the imaginal molt to the first waggle dance of recruits (Nos. 24, 29, 57,

12
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227 65, 70, 93) into Phases I, 11, and 111 (Fig. 7A) and compared the duration per trip among these phases.

228  There was a significant increase in the duration per trip after the first follow compared with before

229  the first follow (Phases I vs. 1l, p < 0.01, n = 6, Steel-Dwass, Fig. 7B). Moreover, the duration per

230  trip during Phase Il1 (the period from the last follow to the first waggle dance) increased significantly

231  more than during the other two phases (both Phases I vs. 1l and Phases Il vs. 1ll; p <0.001, n =6,

232  Steel-Dwass, Fig. 7B). This suggested that trip duration was affected by follow and, just before the

233  first waggle dance, affected by repeatedly following waggle dances that indicated the same received

234 vectors.

235 Recruits repeatedly followed waggle dances that indicated the same vector (the maximum was 12

236  times among 10 recruits). This suggested that recruits selectively followed waggle dances indicating

237  aspecific vector. During a waggle dance, the dancer often repeats waggle phases that indicate a

238  similar vector. Are there any differences in the number of follows per waggle dance between a

239  selected waggle dance and other dances? We measured the number of waggle phases that recruits

240  followed during a waggle dance and compared them for two types of received vectors: received

241  vectors that were in the same cluster as the sending vector (type | follow; dotted circle in Fig. 8A)

242 and received vectors that were not in the same cluster as the sending vector (type Il follow; solid

243  circle in Fig. 8A). There were significantly more type | follow vectors than type Il follow vectors (p

244  <0.05, n =10, Wilcoxon signed-rank test, Fig. 8B). This suggested that recruits repeatedly followed

245  waggle dances that indicated a specific vector and the first waggle dance indicated this vector.

13
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Can scouts convert into recruits (and vice versa)? We followed up the subsequent waggle dance

history after the appearance of the first waggle dance. Of the 14 observed honeybees, 9 performed

waggle dances after the first waggle dance (the other 5 bees either did not perform waggle dances or

did perform waggle dances but could not be identified as recruits or scouts because the location

indicated by the waggle dance was close to the other type’s cluster). We discriminated between the

two types of foragers (recruits and scouts) by comparing the sending vector with previous received

vectors. One of the nine bees (No. 5) was a scout on the first waggle dance (indicating location: #7,

Fig. 9A). No. 5 did not subsequently follow any waggle dances and, 5 days after the first dance,

performed a second waggle dance (indicating location: #8, Fig. 9A) that indicated a different cluster

of received vectors. At this stage, No. 5 was still a scout.

Eight of nine bees (Nos. 02, 24, 57, 65, 70, 88, 89, 93) were recruits on the first waggle dance. The

location indicated by the first waggle dance of No. 70 was #7 in cluster | (Fig. 9B); subsequently, No.

70 followed waggle dances that indicated several vectors, including clusters I, 11, and 111 (indicating

locations: #8-18, Fig. 9B). The next day, No. 70 performed a waggle dance that indicated cluster |

(indicating locations: #19, 20, Fig. 9B), suggesting that No. 70 was still a recruit on that day. No. 70

then disappeared, so we could not observe subsequent waggle dances.

The location indicated by the first waggle dance of No. 65 was #13 in cluster 1V (No. 65 in Fig.

9C). Subsequently, No. 65 did not follow any waggle dances, made a long trip of 45 min, and

repeatedly performed tremble dances after returning to the hive. After another long trip (1 hour) No.

14
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265 65 performed a waggle dance that indicated another location (location #22 in cluster V of No. 65, Fig.

266 9C), suggesting that No. 65 explored a new location and found another food source. On the day after

267  the first waggle dance, No. 65 made two long trips (30 min and 45 min). After returning to the hive,

268 this honeybee showed trophallaxis and performed a waggle dance that indicated cluster IV (location

269  #25 and #26 of No. 65, Fig. 9C); after another trip of 15 min, the bee returned to the hive and

270  performed a waggle dance that indicated cluster V (location #22 of No. 65, Fig. 9C). This suggested

271  that No. 65 gradually converted from a recruit to a scout.

272 The location indicated by the first sending vector of No. 93 was #13 in cluster VI (Fig. 9C). On the

273  next 2 days after the first waggle dance, No. 93 followed waggle dances but did not make any trips.

274  On the third day, No. 65 made a trip in the morning. After returning to the hive, No. 65 repeatedly

275  performed waggle dances that indicated cluster V11 (locations #21-32 in No. 93 of Fig. 9C),

276  suggesting that No. 93 had explored a new location and found another food source. On the same day,

277  No. 93 performed a waggle dance that indicated the new locations (clusters VIII and 1X, locations

278  #40-43 in No. 93 of Fig. 9C). This suggested that No. 93 converted from a recruit to a scout. In the

279  following Discussion, we term this type of scout a “recruit-experienced scout” to differentiate it from

280  anovice scout, which is a scout at the first waggle dance.

281

282  Discussion

283 In this study, we clarified the waggle dance developmental process in recruits and novice scouts.

15
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284

285  Trophallaxis

286  After the imaginal molt, all observed honeybees communicated with each other most often using

287  trophallaxis. Trophallaxis transfers olfactory information about profitable flowers to hive mates (von

288  Frisch, 1967) and facilitates olfactory learning of hive mates (Farina et al., 2005, 2007: Gil and

289  Marco, 2005; Farina and Wainselboim, 2005). Early olfactory experiences enhance olfactory

290 learning and later memories of novel odors. In one study, honeybees trained at an artificial feeder

291  with a specific odor were significantly more likely to follow waggle dances that presented the same

292 odor 8 days later (Balbuena et al., 2012). Thus, honeybees learn food source odors through

293  trophallaxis as early adults and then use the learned olfactory information to select waggle dances

294 and to explore food sources. For example, we observed that No. 89 made more than six trips

295  (maximum duration: 40 min) before the first follow. It is possible that No. 89 was exploring food

296  sources using odor information received from previous trophallaxis. No. 89 was categorized as a

297  recruit in the first waggle dance. Therefore, recruits might use not only vector information received

298  from the waggle dance but also odor information for foraging.

299

300  Waggle dance follows

301 The waggle dance transmits not only sending vector information but also olfactory information

302  about a food source to hive mates (von Frisch, 1967) and dance followers use this information to
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303  explore food sources (von Frisch 1965; Mautz 1971; Bozic and Valentincic 1991; Judd, 1995). In this

304  study, the trip duration just after follow was longer than just before follow. This indicates that the

305  waggle dance activated the foraging of hive mates (von Frisch, 1967). Research shows that a waggle

306  dance-mimicking robot can recruit dance followers to foraging sites (Michelsen, 1993). Therefore,

307  the evidence suggests that waggle dance follows activate foraging, resulting in longer trips.

308

309 Comparisons of the behavioral characteristics of recruits and novice scouts

310 Of the 14 bees observed in this study, 10 were categorized as recruits and 3 as novice scouts.

311  Lindauer (1952) found that 8% of novice foragers were scouts (13/159 novice foragers), whereas

312  14% of novice foragers in this study (2/14) were scouts. We successfully observed the behaviors of

313  honeybees from the imaginal molt and differentiated between novice scouts and recruit-experienced

314  scouts. Our behavioral analyses also suggested that, on the days after the first waggle dance, some

315  recruits performed waggle dances that indicated a new location. Lindauer (1952) also found that the

316  population of scouts in experienced foragers was higher than in novice foragers. We found that some

317  recruits became recruit-experienced scouts on the day after the first waggle dance (Fig. 9B).

318 What are the key factors that differentiate between recruits and novice scouts? To investigate this,

319  we compared the development of the waggle dance in recruits and novice scouts. Before the first

320  appearance of the waggle dance, recruits repeatedly followed waggle dances and then made trips of

321  more than 10 min (Fig. 6A and B). Honeybees that have failed to forage successfully tend to follow
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322  waggle dances after returning to the hive to obtain information about food sources (Biesmeijer and

323  Seeley, 2005; Wray et al., 2012). However, our novice scouts followed a few waggle dances and

324  made trips of less than 10 min. The difference between recruits and novice scouts might be caused by

325  communication ability: recruit foraging is activated by following the waggle dances. Recruits could

326  use the information received from the waggle dance to explore food sources, whereas the foraging of

327  novice scouts is not activated by following the waggle dance. Novice scouts cannot use the

328 information received from the waggle dance and therefore explore food sources based on other

329 information, such as olfactory memory from previous trophallaxis.

330 The recruits showed large phase-dependent changes in trip duration before the first waggle

331 dance (Fig. 6A and B). In Phase Ill, the trip duration increased substantially. As the first waggle

332  dance was performed after Phase 111, this suggests the development of successful foraging activity.

333  Moreover, recruits increased the number of follows of waggle dances that indicated the same vector

334  as that of the first waggle dance in Phase Il. The recruits received, learned, and memorized putative

335  information about the profitable food source through repeated waggle dance follows in Phase Il and

336  explored foraging sites using this acquired information in Phase Ill. This suggests that recruits

337  repeatedly confirmed the information about the flower indicated by the dancer.

338

339  Waggle dance developmental processin recruits and scouts

340 In this study, we were able to trace the dance developmental process in recruits and novice scouts
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341  (Fig. 10). After the imaginal molt, honeybees make repeated short trips that include orientation

342  flights (Capaldi et al., 2000). One week after the imaginal molt, the recruits started to follow waggle

343  dances repeatedly and then lengthened their trip duration. They then followed waggle dances that

344  indicated the same vector, increased the number of repeated follows per waggle dance, and

345  lengthened the trip duration. The vector for the recruits’ first waggle dance was the same as that of

346  the dances the recruits had repeatedly followed. In contrast, novice scouts followed the waggle

347  dances weakly and did not increase the trip duration after dance follows. Their first waggle dance

348 indicated a different vector to that of the dances they had previously followed. These results suggest

349 that the difference between recruits and novice scouts may be based both on whether there is an

350 increase in trip duration after follows. Moreover increase of the number of repeated follows to

351  waggle dance indicated the same vector is another remarkable feature of recruits.

352 In this study, we also identified recruit-experienced scouts. The developmental process of

353  recruit-experienced scouts differs from that of novice scouts. Unlike novice scouts,

354  recruit-experienced scouts are able to use vector information received from the waggle dance. The

355  foragers use not only social information acquired from waggle dance communication, but also

356  private information acquired through their own foraging experiences (Grdter et al., 2008). This

357  exploration by recruit-experienced scouts could contribute to the discovery of new food sources. To

358  understand the role of novice scouts in the honeybee colony, we need more detailed analyses of their

359  characteristics, such as the location of novice scout forages, the rate of recruitment to the location,
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360  and seasonal population changes in novice scouts.

361
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431  Figurelegends

432 Fig. 1: Automatic recording system for honeybee behavior. A, The system comprised an RFID

433 recording system (on the left) and image recording system (on the right). During the recording
434 three camera modules were located on both sides of the observation hive (in A the camera module
435 on the left of the observation hive has been removed to show the RFID recording system). B,
436 Behaviors of all honeybees in the colony were recorded by the camera modules. During the
437 recording the colony was located on the upper comb (surrounded by white broken line). Two
438 RFID antennas were located on the entrance path of the observation hive to detect the time passing

439 through and walking directions. C, Numbered RFID-tagged honeybees. Just after emerging from

440 the pupa, each honeybee was fitted on the back with a numbered, sealed tag.

441

442 Fig. 2: Relationship between age and numbers of each waggle dance-related behavior. Arrows

443 indicate the day each behavior began for the most precocious individuals. From the 4™ day rip out
444 of hive, trophallaxis, tremble dance were observed, however honeybees did not follow the waggle
445 dance even if they encountered. One-cycle follow and follow were observed on the 8th day after
446 the imaginal molt. Waggle dances and one-cycle waggle dances were observed on the 12th day
447 and the 13th day after the imaginal molt, respectively.

448

449  Fig. 3: First follows and first waggle dance. A, Comparison of age (in days) of the first follow and
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450 first waggle dance for each individual (N = 14). The numbers on the left show the ID of the

451 individual. The horizontal grey lines show the age (in days). The triangles, squares, and circles
452 show the dates of the first appearance of one-cycle follow, follow, and waggle dances, respectively,
453 connected by a line. In all individuals, follow preceded the first waggle dance. Individuals differed
454 in both the age of the first waggle dance and the intervals from the first follow (or first one-cycle
455 follow) to the first waggle dance. B, Number of follows (circles) and of food sources (triangles) in
456 relation to the time from the first follow to the first waggle dance. The time between the first
457 follow and the first waggle dance was positively correlated with the number of waggle dances that
458 the marked bee followed (correlation coefficient: 0.73), but was not correlated with the number of
459 locations indicated by waggle dances (correlation coefficient: 0.44).

460

461  Fig. 4: Trip duration and waggle dance-related behaviors. A, An example of the relationship

462 between duration per trip and the first appearance of waggle dance-related behaviors of No. 29. A,
463 The horizontal axis shows trip times on the first line and age (in days) on the second line. The
464 vertical axis shows the trip duration. Each arrow indicates the first appearance of waggle
465 dance-related behaviors. The trip duration substantially increased after the first follow on the 11th
466 day of age. B, Comparison of durations of two consecutive trips just before and after each waggle
467 dance-related behavior. The trip duration increased after the first follow (**Wilcoxon signed-rank

468 test, p < 0.01).
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469

470  Fig. 5: Discrimination between recruits and scouts. A, B, Map of the area around the observation

471 hive (h; in the center). Closed dots show the locations indicated by the waggle dance of marked

472 bees (No. 88 in A and No. 05 in B). Open dots show the locations indicated by the waggle dances

473 that the marked bee followed previously. The numbers above the dots indicate the order in which
474 the waggle dances appeared. The same dots which belong to the same cluster were circled by
475 broken lines. A, The closed dots and the open dots are in the same cluster, suggesting that No. 88
476 was a recruit. B, The closed dots and the open dots are not in the same cluster, suggesting that No.
477 05 was a scout.

478

479  Fig. 6: Increase in duration per trip after follow. A-C, Development of behavior before the first

480 waggle dance in recruits (No. 65 in A and No. 29 in B) and in scouts (No. 05 in C). The horizontal

481 axis shows the number of trips (Nth trip). The vertical axis shows the duration per trip. Dotted line
482 arrows show times when the marked bee displayed only one follow per waggle dance. Solid
483 arrows show times when the marked bee displayed more than two follows per waggle dance. Solid
484 bold line arrows show the marked bee’s first waggle dance. Stars represent the same vector as that
485 indicated by the first waggle dance. A, For No. 65, two follows indicated the same vector as that of

486 the first waggle dance. The trip duration increased substantially from the 22nd to the 28th trip. B,

487 For No. 29, nine waggle dance follows indicated the same vector as that of the first waggle dance.
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488 Trip durations increased substantially from the 16th to the 37th trip. C, For No. 05, the received

489 vectors were not the same as the sending vectors. The trip duration did not substantially increase.

490 D, In recruits, the trip duration significantly increased after the follows (D-1, Wilcoxon

491 signed-rank test, **p < 0.01), but did not change in scouts (D-2).

492

493  Fig. 7. Comparison of the trip duration among the different phases before the first waggle

494 dance for recruits. A, Three phases before the first waggle dance. Phase 1 is the period from the
495 imaginal molt to the first follow. Phase 1l is the period from the first follow to the last follow
496 before the first waggle dance. Phase Il is the period from the last follow to the first waggle dance.

497 B, The trip duration significantly increased in Phase Il (Steel-Dwass, **p < 0.001, *p <0.01, n =

498 6).

499

500 Fig. 8: The number of follows per waggle dance for recruits. A, Two types of follows. Type |

501 follow: The locations indicated by received vectors (open dots) are in the same cluster as those
502 indicated by sending vectors (closed dots), which are circled by a broken line. Type Il follow: The
503 locations indicated by received vectors are in a different cluster to those indicated by sending
504 vectors, which are circled by a solid line. B, Comparison of the number of follows per waggle
505 dance for these two follow types. There were significantly more type | follows per waggle dance

506 than type Il follows (Wilcoxon signed-rank test, *p < 0.05, n = 10).
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Fig. 9: Map of thereceived and sending vectors of all waggle dances before and after the first

waggle dance. The origin of coordinates is the location of hive. Closed dots show the location
indicated by received vectors and open dots show the location indicated by sending vectors. The
dots that belong to the same clusters are circled by broken lines. The number close to each dot
indicates the order of appearance of the behavior (#XX). A, No. 5 was a scout on the first waggle
dance (indicating location: #7) and on the second waggle dance (indicating location: #8); the
dances indicated different clusters of received vectors. This bee was a scout for 5 days (see
Results). B, No. 70 was a recruit on the first waggle dance (indicating location: #7 in cluster I)
and the second waggle dance (indicating location: #19, #20 in cluster I), suggesting that No. 70
was a recruit for 2 days. Cluster 11 and 111 were the clusters which included the received vectors
between the first and second waggle dances. C-1, No. 65 was a recruit on the first waggle dance
(indicating location: #13 in cluster V) and then changed to a scout on the second waggle dance
(indicating location: #22 in cluster V). C-2, No. 93 was a recruit on the first waggle dance
(indicating location: #13 in cluster V1) and then changed to a scout on the second waggle dance
(indicating location: #21-32 in cluster VII). On the same day, No. 93 performed a waggle dance
that indicated new locations (indicating locations: #40-43 in clusters VIII and 1X). This suggests
that No. 65 and No. 93 converted from recruits to scouts.
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526

527  Fig. 10: The waggle dance developmental process in recruits and novice scouts. After the
528 imaginal molt, honeybees often show repeated trophallaxis and make short trips outside the hive
529 (see Fig. 2). One week after the imaginal molt, recruits start to waggle dance and then increase the

530 duration per trip (see Figs. 6A, B, and D-1). This suggests that the waggle dance activates foraging

531 in recruits. After several trips (possibly foraging failures) recruits often repeat a specific waggle
532 dance that indicates the same vector and engage in repeated follows (see Fig. 8). Then they make
533 long trips and finally perform the waggle dance (see Fig. 7). The sending vector and the received
534 vectors of the first waggle dance are the same (Figs. 6A and B). In contrast, novice scouts follow

535 waggle dances but do not increase their trip duration (see Figs. 6C and D-2). This suggests that the

536 waggle dance does not activate foraging in novice scouts and that the sending vector of the first

537 waggle dance is not the same as the received vector.
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