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ABSTRACT

Collective cognition allows animal groups to accomplish many tasks that could
not be accomplished as effectively alone, such as schools of fish avoiding predators’,
flocks of birds moving thousands of miles across the Earth?, and honey bee colonies
collecting food from millions of flowers3. Individuals in groups utilize local information to
quickly adjust to ecological changes by implicitly or explicitly communicating information
with group members to form collective behavior*-®. However, individuals vary in their
cognitive abilities, which influences the information each individual pays attention to or
shares, thus influencing collective responses’~°. Here, we show that individual
differences in learning scales to shape collective foraging behavior in honey bees by
utilizing a naturally variable and heritable learning behavior called latent inhibition (L1)'.
We artificially selected two distinct phenotypes: high LI bees that are better at ignoring
previously unrewarding familiar stimuli, and low LI bees that learn previously
unrewarding and novel stimuli equally well. Colonies comprised of high LI individuals
preferred to visit the familiar food location, while low LI colonies visit novel and familiar
food locations equally. However, in colonies of mixed learning phenotypes, the low LI
bees showed a preference to visiting familiar feeders, which contrasts with their
behavior when in a uniform group. We show that the shift in the feeder preference of
low LI bees in uniform low LI versus mixed colonies is driven by foragers of the high LI
phenotype dancing more intensely and attracting more followers. These results reveal
that variation in individual learning phenotypes contributes to collective behavior in

social animals.

INTRODUCTION

To uncover how individual variation in learning impacts group-level behaviors, we
investigated how an individual’s latent inhibition (LI) may scale to influence collective
foraging behavior in honey bee colonies. Although LI has been mostly studied in
vertebrates "-'° honey bees (Apis meillifera) also exhibit'®'” and show variation in LI°.
Despite several studies showing heritable variation in latent inhibition'®'8, and how it is

relevant in individual ecological contexts such as predator avoidance'"-121° it remains
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unclear as to whether or how this variation functions in ecologically relevant decisions in
complex social environments. Foraging honey bees vary in their expression of LI,
scouts tend to exhibit high LI and ignore familiar odors, while recruits who tend to exhibit
low LI tend to learn familiar and novel odors equally well?°. LI is heritable in honey
bees'”. Therefore, we can select queens and drones (haploid males) for expression of
LI and create selected lines from singly inseminated queens with like performing drones
to produce two distinct lines of workers that exhibit similar LI to their parents?'. We
created 24 colonies composed of single cohorts of only low, only high, 50/50 mixed high
and low LI workers, as well as age-matched non-selected control bees. In semi-natural
foraging conditions, we counted the number of forager visits, first visits, and revisits to
the familiar or novel food locations. To explore the mechanisms underlying how
individual variation in LI affects collective foraging, we quantified the round recruitment
dance activity in 6 mixed colonies while the colonies visited novel and familiar feeders.
These field assays allowed us to simultaneously quantify individual and colony level
foraging behaviors.

RESULTS

To ensure workers in different social environments exhibited the predicted
heritable LI phenotype, we evaluated the LI score of foragers after 21 days in either
their natal colony or a control colony. We marked 1000 individuals from each selected
line (high or low LI) on the day of emergence. We then placed 500 individuals back into
their natal colony and 500 individuals into an established control colony of equal size
with an open mated queen, i.e. workers with a variety of learning phenotypes. We
monitored the colonies until marked bees began to make foraging flights (~21 days). We
then collected marked foragers as they returned to the colony and brought them into the
laboratory to evaluate their LI. We avoided pollen foragers as they tend to exhibit
different learning behavior compared to nectar foragers?'. We found that foragers
retained the expected LI based on the LI of their parents, regardless of whether they
were housed with same or with variable learning phenotypes. Foragers from the high

and low lines differed in expression of LI as expected (GLM: %2 = 4.84, df=1, p=0.027,
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93 Figure 1). We did not detect an effect of the identity of the colony in which the bees
94  were housed on LI phenotype (y? = 3.28, df=2, p=0.193, Figure 1).
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98 Figure 1: Social environment does not alter expression of genetically selected
99 latent inhibition. LI scores of individuals from high LI lines that spent their adult life
100 either in high LI only colonies (red, n=36) or in a control colony with a variety of LI
101 phenotypes from an open mated queen (red with gray vertical lines, n=18);
102 individuals from low LI lines that spent their adult life either in low LI only colonies
103 (yellow, n=52) or in control colonies (yellow with gray vertical lines, n=10). In this and
104 subsequent figures, the large black dot is the mean, the white box is the interquartile
105 range (IQR), whiskers extend to 1.5*IQR, and the small points beyond the whiskers
106 are outliers. Shaded areas show the distribution of the data. Here, and in all following
107 figures, yellow are low LI colonies and individuals, gray are control colonies and

108 individuals, and red are high LI colonies and individuals. Here and in subsequent


https://doi.org/10.1101/761676
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/761676; this version posted September 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

109 figures, darker hues indicate individual-level behavior and lighter hues indicate
110 colony-level behavior.

111

112

113

114 To determine how the learning phenotypes influenced colony-level foraging

115  behavior, we placed small single-cohort (same age bees) colonies into a flight cage and
116  monitored foraging activity. We evaluated 4 colony types each week: one control colony
117  consisting of approximately 1300 age-matched bees from open mated queens; one

118  colony consisting of 650 workers from high LI queens plus 650 age-matched control
119  bees; one colony consisting of 650 workers from low LI queens plus 650 aged-matched
120  control bees; and one 50/50 mixed colony with 325 workers from each LI line plus 650
121  aged-matched control bees. In the last 3 types, the supplemented 650 age-matched
122  bees from open mated queens were used to ensure a small but functioning colony as
123  we did not have enough workers from the single-drone-inseminated queens and

124  colonies of just 650 individuals would be too weak to forage. Honey bee division of labor
125 is largely influenced by worker age, so we used age-matched bees to remove any

126  influence that age may have on foraging propensity. On day 1, we trained bees to a

127  feeder inside the tent containing 1M sucrose and an odor, which became the ‘familiar’
128 feeder. During the subsequent 3 days, in addition to the familiar feeder, we introduced a
129  single novel feeder each day with a different odor and color, but with the same sugar
130  concentration as the familiar feeder (Figure 2A). To evaluate the collective ability of the
131 colony to find a new feeder, we recorded the number of visits to each feeder by bees
132  from each selected line according to the color of paint on the bees’ thorax. We further
133  marked bees with a feeder-specific color on their abdomen when they visited the feeder
134  for the first time to determine if bees revisited that feeder. We repeated this for 6 weeks
135 on 6 colonies for each group type.

136 Colony composition strongly influenced overall number of visits to the food

137  locations (N = 6 colonies in each line, 24 total, 6172 total visits; GLM: 2= 1270, df = 3,
138 p < 0.0001, Figure 2B). High LI colonies had significantly more visits to all food locations
139  compared to low LI colonies (GLM: Z=25.5, p <0.0001, Figure 2A), mixed colonies

140  (Tukey post hoc: Z=5.18, p<0.0001), and controls (Z=26.6, p<0.0001). Mixed LI

141  colonies also had significantly more visits compared to low (Z=20.7, p < 0.0001) and
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controls (Z=21.8, p<0.0001). Low LI and control colonies had the fewest total visits and
were not significantly different from each other (Z=-1.38, p=0.50).

Foraging in the high, low, and control colonies was largely performed by bees
revisiting the feeders. (GLM, y? = 22.32, df =3, p<0.0001, Figure 2C). However, the
mixed LI colonies had a significantly lower proportion of revisiting foragers compared to
the low (Tukey post hoc: Z=-4.2, p=0.0002), high (Z=-3.1, p=0.01), and control colonies
(£=-3.33, p=0.004). We did not detect significant differences among the other colony
types (Supplemental Table 3).

A colony’s LI phenotype composition determined its preference between the
novel and familiar feeders (GLM: Feeder*Colony y?=473.64, df=3, p<0.0001; Figure
2D). High and mixed colonies preferred the familiar feeder over the novel one (Tukey
Poshoc: High Familiar:Novel: Z=20.2, p<0.0001; Mixed Familiar:Novel: Z=25.6,
p<0.0001). Low LI and control colonies did not show a strong preference for either
feeder, visiting them equally (Low Familiar:Novel: Z=-1.24, p=0.92; Control
Familiar:Novel: Z=2.03, p=0.46).

The number of re-visits to the novel and familiar feeders was different across
colony compositions (Figure 2E: Colony*Feeder 32 =53.67, p<0.0001). All colonies had
a higher proportion of re-visits to the familiar feeder compared to the novel feeder.
However, the mixed LI colonies had a much lower proportion of re-visitation to the novel
feeders than the other colony types (Supplemental Table 4). Thus, new foragers in the
mixed colonies that visited the novel feeder were less likely to return to it compared to
foragers who visited the novel feeders in other colonies.
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Figure 2: Colonies constructed from different genetic lines selected for high or
low latent inhibition exhibited differences in collective foraging behavior. (A) The
experimental set up illustrating the location of feeders in relation to the location of the
colony (center, white) within the experimental arena (large rectangle). The familiar
feeder (red) was provided on day 1 and on all subsequent days. Novel feeder X (blue)
was presented on day 2, novel feeder Y (purple) on day 3, and novel feeder Z (orange)
on day 4. See supplemental table 2 for associated odors. Visits to all novel feeders
were combined for statistical analysis. (B) Cumulative number of visits of bees to all
feeders over time by colony type. Different letters to the right of the lines indicate
statistically significant differences according to a post hoc Tukey test (For further
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illustration of visitation by each colony on each day, see supplemental figure 1). (C)
Percent of re-visits out of the total number of visits to all feeders by colony type. Here
and in all following panels, different letters above boxes indicate statistically significant
differences according to a post hoc Tukey test. (D) Number of all visits to the familiar
feeder (solid boxes) and a novel feeder (hatched boxes) for each type of colony, when
both novel and familiar feeders were presented simultaneously (days 2-4). (E) Percent
of re-visits out of the total number of visits to either the familiar or the novel feeder by
type of colony when both novel and familiar feeders were presented simultaneously
(days 2-4). In C, D and E, horizontal lines are the median, the boxes are the
interquartile range (IQR), whiskers extend to 1.5*IQR, and the small points beyond the
whiskers are outliers. N=24 colonies, 6 colonies per group type, 6172 total visits.

To determine why the mixed colonies showed a preference for the familiar feeder
(Figure 2D), we examined how individual lines visited each feeder (Figure 3). In 2017,
we tested mixed colonies placed in a flight cage. In 2018, we reselected lines and then
placed mixed colonies into two-frame observation hives to evaluate recruitment dances
along with visitation to the feeders in the flight cages. We found that there was a
significant year effect (Supplemental Table 5), likely due to reselection and different
environmental conditions. We therefore statistically analyzed each year separately to
focus on the within-year variation between the selected lines.

Low LI and control individuals shift their preference to the familiar feeder when
mixed with high LI bees. In 2017, we found a significant interaction between the
selected line and which feeder foragers visited (GLM: 32 =7.79, df=2, p=0.02; Figure
3A). Although low LI and control colonies did not show a preference to a novel or
familiar feeder when they had a uniform colony composition (Figure 2E), when mixed
with high LI individuals, low LI and control individuals exhibited a preference to the
familiar feeder (GLM: Low Familiar:Novel: Z=13.28, p<0.0001; Control Familiar:Novel:
Z=18.32, p<0.0001; Figure 3A). High LI individuals showed a preference to familiar
feeders (GLM: Familiar:Novel: Z=22.03, p<0.0001) just as colonies comprised of only
high LI individuals did (Figure 2E). We found a significant interaction between selected
line and feeder in 2018 (GLM: %2 =85.27, df=2, p<0.0001; Figure 3B), with low LI and
control individuals showing preference to the familiar feeder over the novel feeder
(GLM: Low Familiar:Novel: Z=25.05, p<0.0001; Control Familiar:Novel: Z=13.90,
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209 p<0.0001; Figure 3B) similar to high LI individuals preferring the familiar feeders
210 (Familiar:Novel: Z=18.48, p<0.0001).
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219  Figure 3: Visits of individuals from different genetically selected lines when in a
220 mixed colony. Daily visits to the familiar (solid) and novel (hatched) feeders by

221 individual bees in mixed colonies from low LI parents (yellow), high LI parents (red) or
222  open mated queens (grey) in (A) 2017, N=6 mixed colonies, 2347 overall visits and (B)
223  in mixed colonies from lines that were re-selected in 2018, N=6 colonies, 6272 overall
224  visits. The horizontal line in the box is the median, the box is 25-75% of the data,

225  whiskers represent 95% of the data, and diamonds show outliers beyond 95%. Different
226 letters above boxes indicate statistically significant differences according to a post hoc
227  Tukey test.
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229

230 To uncover the behavioral mechanisms that underlie the switching of low LI

231 individuals from having no feeder preference when in a uniform colony composition to
232  preferring the familiar feeder when in a mixed colony, we examined the round dance,
233 the modified waggle dance used at short distances??, of individuals from each selected
234 line in mixed colonies as they returned from foraging. Using observation hives with

235 glass walls, we video recorded bees performing the round dance to recruit other

236 individuals in the colony to forage. To determine which selected line recruited to each
237 feeder, we noted the selected line of the dancer (high or low LI) according to the paint
238 marks on the individuals’ thorax and whether the dancer had visited a feeder according
239 to the paint marks on abdomens. We did not record dancers without abdominal marks
240 as they were likely collecting from and recruiting to unmonitored water sources. To

241  determine who the information about a feeder was communicated to, we counted the
242  number of followers of each dancer and the selected line of the followers. To quantify
243 the dance intensity, we recorded the duration of the dance, and the number of turns the
244  dancer made during the first 20 seconds of the dance.

245 Individuals from the lines differed in their likelihood to perform a round dance
246  (Chi-square test: y?>=26.61, df=2, p<0.0001; Figure 4B). Low LI individuals were

247  significantly more likely to perform a dance compared to high Li individuals (pairwise
248  chi-square test: p=0.0001) and controls (pairwise chi-squared test: p=0.004). High LI
249 individuals were just as likely to perform a dance as controls (p=0.36). Individuals

250 differed in their likelihood to follow a dance based on their selected line (Chi-square test:
251  42=28.26, df=2, p<0.0001; Figure 4B). Low LI individuals were significantly more likely
252  to follow a dance compared to high LI bees (pairwise chi-square test: p<0.0001) and
253  controls (pairwise chi-square test: p<0.003). High LI and control individuals were equally
254 likely to follow a dance (pairwise chi-square test: p=0.240).

255 Although the high LI individuals danced less often, high LI dances had

256  significantly more followers compared to low and control bees (Chi-square test: y?=
257  13.93, df=2, p<0.001; Figure 4C). Low LI bees performed more dances that had no
258 followers compared to high LI and control dances. We did not detect a statistically

259 significant difference between the proportion of individuals from each line that followed
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each line of dancer (Chi-square test: y?= 7.05, df = 4, p= 0.13, Figure 4D). Low LI
individuals spent more time dancing; however they attracted fewer followers than high
and control dancers, indicated by the significant interaction between the LI of the dancer
and dance duration when predicting the number of followers (GLMM: y?= 6.42, df=2,
p=0.04; Figure 4E).

The relative attraction of dances of high LI bees could be due to the intensity of
the dance. High LI bees performed more turns per second during their dances (ANOVA:
v?=12.8, df=2, p=0.002; Figure 4F). High LI dancers performed an average of 0.59 turns
per second, significantly higher than low LI dancers, who performed an average of 0.52
turns per second (Tukey: t=-3.13, p=0.005). Control bees also performed more turns per
second than low LI bees (Tukey: t=-2.5, p=0.03), but not different than high LI bees, at
an average 0.62 turns per second (Tukey: t=-0.7, p=0.7).
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273

274  Figure 4: Recruitment dances facilitate integration of information from different
275 genetically selected lines. (A) The experimental set up illustrating the location of
276 feeders in relation to the location of the colony entrance (top right, white) within the
277  experimental arena (large rectangle). The familiar feeder (red) was provided on day 1
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278 and on all subsequent days. Novel feeder X (blue) was presented on day 2, novel

279 feeder Y (purple) on day 3, and novel feeder Z (orange) on day 4. See supplemental
280 table 2 for associated odors. Visitation to novel feeders were combined for statistical
281 analysis. (B) Proportion of dances (N=667) or follows (N=1201) across 6 colonies

282  performed by bees from each line, relative to their abundance in the mixed colony (350
283  high, 350 low, 700 control). We accounted for the difference in abundance of each

284  selected line by dividing the number of observed control dancers by 2 before calculating
285 these proportions. (C) Proportion of dances performed per LI line type that were either
286 followed by at least one individual (colored) or not followed by any other bees (black).
287 (D) Proportion of dances by LI line type that were followed (from panel B) broken down
288 Dby LI of the follower. (E) Relationship between number of followers and duration of a
289 dance by line. Point and line colors indicate LI of dancer. Best fit line represents the

290 GLM, shaded area represents the 95% confidence interval. (F) Rate of turns per second
291 in adance by line. The large black dot in the box is the mean, the box is 25-75% of the
292  data, whiskers represent 95% of the data. The violin shapes illustrate distribution of the
293 data. Different letters above violins indicate statistically significant differences according
294  to a post hoc Tukey test.

295

296

297 DISCUSSION

298 By combining techniques from experimental psychology and behavioral ecology,

299 we have developed a system for investigating how variation in individual learning

300 behavior drives collective cognition. We utilized this system to demonstrate that a

301 laboratory-selected heritable learning behavior with natural individual variation scales to
302 shape the collective performance of a honey bee colony on foraging tasks. In the lab,
303 high LI honey bees learn to ignore familiar odors that they experienced without

304 reinforcement, while readily learning novel odors. When a stimulus is rewarding, high LI
305 bees exhibit increased attention to that information. One interpretation of reduced

306 learning to a familiar, unrewarding, stimulus is that pre-exposure reduces attention to,
307 and thus associability of, that stimulus. This interpretation is an extension of conditioned
308 attention theory?324, which proposes that latent inhibition is induced by allowing animals
309 to focus their attention on important information'2%26, Our observations of field

310 behavior of low and high LI individuals and colonies are consistent with this

311  interpretation, whereby high LI individuals have stronger attention capacities to food
312 compared to low LI individuals. Once high LI individuals have found a food location,
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313 they continue to revisit it, ‘attending’ more strongly to reinforced feeders over new ones.
314  The increased impact of the resource on these bees could translate into stronger, more
315  vigorous dances. In contrast, low LI individuals learn and visit both known and new

316 feeders equally, dividing their attention across resources and acting more like generalist
317  foragers. In mixed colonies, this broadened attention by low LI individuals may therefore
318 make them the perfect audience for the high LI dancers, driving them to prefer feeders
319 that high LI individuals preferentially visit. In fact, individual phenotypes that emerge
320 from these lines in natural conditions seem to be collectively complementary “finders”
321 and “refiners”, where high LI bees discover food and direct other bees to that location,
322  while the low LI bees refine that information, finding the most rewarding resource by
323 sampling a broader spectrum of available resources (Lemanski et al. In Review). Under
324 natural conditions, where queens mate with many different drones, most colonies would
325 possess both types of learners, perhaps more closely resembling our mixed colonies?”.
326  We propose that this diversity of ‘attention’ aspect of individual cognitive phenotypes
327 may enhance the overall efficacy with which a colony finds and exploits resources?®. In
328 summary, our work indicates that individual cognition scales to shape the collective

329  cognition of animals solving critical ecologically relevant tasks.

330
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331 METHODS

332  Obtaining queens and drones

333 To obtain queens for producing selected lines of a specific LI behavior, we

334 performed the LI assay as outlined in'%2% on mature virgin queens 10 days after

335 emergence. Briefly, we familiarized bees to an odor by puffing it at them 40 times every
336 5 minutes, then used the proboscis extension reflex to test their ability to learn to

337 associate a food reward to the familiar versus a novel odor. Tested queens were placed
338 into individually labelled queen cages and returned to a queenless colony until

339 insemination, which typically occurred within a week of testing. To obtain fertile drones,
340 we collected them from their returning unsuccessful mating flights at the entrance of
341  colonies. We placed them into cages overnight in a queenless colony for LI testing the
342 next day. After testing, drones were marked for individual identification and placed into a
343 cage and placed into a queen bank for no longer than 3 days until inseminations

344  occurred.

345

346  Queen Inseminations

347 We used instrumental insemination to inseminate a queen with sperm from a
348 single drone. We inseminated a high LI queen with a high LI drone, and a low LI queen
349  with a low LI drone®®%°, LI varies across individuals. However, for this behavioral

350 selection, we used the highest and lowest LI scoring individuals to create the high and
351 low colonies, respectively. We then introduced queens to small queenless colonies,
352 then allowed the queens to produce workers for 1 month. Colonies were checked

353 weekly to eliminate the possibility of supersedure.

354

355  Cohoused Worker Preparation and Testing

356 To test the LI of foragers from each LI line, we placed frames of capped pupae
357 from 3 high and 3 low LI colonies into 34°C incubators for 18 hours. After 18 hours, we
358 used water based acrylic paint pens (Montana brand) to mark the abdomens of the

359 eclosed bees with a color indicating their natal colony. Half of the bees were then

360 returned to their natal colony and half were placed into an established control colony of
361 an open-mated queen. Fewer bees were recovered from the established colony as


https://doi.org/10.1101/761676
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/761676; this version posted September 10, 2019. The copyright holder for this preprint (which was

362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY-NC-ND 4.0 International license.

many are recognized as non-nestmates and rejected. After 2 weeks, colonies were
monitored every day until marked bees began to forage, ~21 days after emergence.
Returning nectar foragers were collected and tested for LI.

Field Colony Experimental Setup

To explore the colony-level foraging behavior of the LI lines, we set up 4
treatment colonies for each of the colony types: a high LI colony, a low LI colony, a
50/50 mixed colony, and a control. We ran weekly field experiments for 6 weeks. For
ease of identification, we always marked individuals from high LI colonies red, orange,
and pink, and individuals from low LI colonies green, blue, yellow, and white. We
continued to mark emerging bees from the same frames until we had 650 bees to form
a colony, which took typically 2-3 days. To achieve relatively normal conditions for
typical honey bee behavior, we supplemented workers from an unselected colony
(control bees), who were not marked. For colony set up, see Supplemental Table 1.
Bees were then placed into 4 different treatment colonies consisting of ~1300 bees:
high plus controls, low plus controls, 50/50 mixed high/low plus controls, and only
control colony. Bees were provided a honeycomb and remained inside for 5 days before
being placed for field experimentation. We then placed nucleus colonies into outdoor
flight cages (3.05m x 12m) and replaced the honeycomb frame with an empty frame to
induce foraging the night before the experiment. Water was provided as needed. We
ran high, low, mixed, and control colonies concurrently in 4 different tents.

We used a familiar and novel feeder foraging assay to characterize colony level
foraging behavior®' . We placed a feeder with 1M sucrose on Day 1, which remained in
the same location all week and became the ‘familiar’ feeder (Figure 2). We then placed
one novel feeder in different locations each day (Day 2 (X), Day 3 (Y), and Day 4 (2)).
Feeders had unique colors and unique odors and remained consistent throughout the
experiment (Supplemental Table 2).

Mixed Colony Round Dance Preparation and Data Collection
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392 To evaluate round dance behavior of each of the selected lines, we created 6
393  50/50 mixed colonies as detailed above. To induce foraging behavior, we placed the
394  colonies in a climate controlled indoor room for 10 days to allow bees to age which

395 increases foraging behavior. After 10 days, we then placed all bees from each colony
396 into a two-frame observation hive with glass walls. All comb surfaces were visible. We
397  video recorded round dance behavior using a Panasonic HC-WXF991K, starting the
398 recording 15 minutes before feeders were placed in the flight cage. For distances from
399 the colony entrance, see figure 4A. We followed the same feeder placement pattern

400 across 4 days, from Monday to Thursday, in Figure 4A. Round dance data was then

401  extracted visually from watching videos. We recorded the LI line of the dancer according
402 to the color marking on her thorax color, the feeder she visited according to the color
403 mark on her abdomen (which also distinguished her as having visited a feeder),

404  duration of the round dance, the LI line of the round dance followers, and the number of
405 turns in a dance during the first 20 s of the dance, or less if the dance ended before 20 s
406 elapsed. As the feeders were less than 12 m away from the colony, bees performed

407  round dances which lack distinct ‘runs’ and often have incomplete turns. Video watchers
408 were blind to the thorax and abdomen color associations between LI line and feeder
409 visitation, respectively.

410
411  Data Analysis Methods
412 To test whether bees exhibited a similar LI score as their parents regardless of

413  where they were housed after emergence, we used a generalized linear model. We

414  used LI score as the response variable, which fit a log-linear distribution, so we used a
415  gaussian family with a log link. Our fixed predictor variables were the line from which the
416  bees originated (high or low) and the colony type that they were placed in after

417  emergence (either their natal colony or a control colony).

418 To evaluate the effect of colony composition on colony-level foraging behavior to
419 novel and familiar feeders, we performed a general linear model with a gaussian error
420 distribution on number of visits, with line and feeder as fixed predictor variables, as well
421  as the interaction between line and feeder. We performed a generalized linear model
422  with a binomial error distribution with a logit link function on percent revisitation, as it
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was a proportion comparing the number of revisits divided by the total number of visits.
Line and feeder were fixed predictor variables, as well as the interaction between the
line and feeder.

To explore whether the selected LI line of a forager bee influenced which feeder
it visited while in the mixed colony, we used a general linear model with a gaussian
error distribution on number of visits, with year, selected line and feeder as a fixed
predictor variables, as well as the interactions between these three. We did find a
significant three-way interaction between year, selected line, and feeder, which we
present in Supplemental Table 5. Therefore, we treat years independently and
performed two different GLMs with selected line and feeder as our fixed predictor
variables, as the workers from the different years came from a new set of selected
queens and drones, colonies were in nucleus Langstroth hive boxes in 2017 but were
placed in observation colonies in 2018, as well as differences in weather.

To compare the round dance behavior among the selected lines, we examined
the effect of dancer selected line on the duration of the round dance, intensity of
dancing, number of turns by dancers, and number of followers of each dance using
generalized linear models. To analyze whether the duration of the round dance differed
across the learning lines, the duration of the round dance response variable fit a log-
normal distribution, so we used a generalized linear mixed model with a gaussian family
and a log link. The LI of the dancer was our fixed predictor variable. To evaluate which
lines attracted more dancers, we used a chi-square test to compare the proportion of
dances that attracted no followers across the lines. To evaluate whether there were
differences in the number of turns the dancers from each line performed, we used a
linear mixed model because the response variable - the number of turns per second,
was normally distributed. Finally, we used a negative binomial mixed regression model
using the package MASS?? to understand how duration of a dance and the LI of the
dancer interacted to predict the number of followers. 159 dances out of 908 total dances
had no followers, requiring a zero-inflated model approach. We analyzed only bees that
had paint marks on their abdomens, ensuring that they had visited a feeder.

We used an Analysis of Deviance Wald chi-square test using the function Anova
in the MASS?32 package to further evaluate the overall effect of each fixed predictor
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variable and interaction. We used the Ime4 package?? to perform these tests unless
otherwise noted. Post hoc tests were performed to determine the relationships between
the different levels of fixed predictor variables and their interactions using the package
emmeans34. We use R for analysis.

Data Availability: Data will be available on FigShare and code will be available
on Github upon publication. Data and code available upon request by reviewers.

Ethical Compliance: Honey bees (Apis mellifera) were used in this study.
Queens (reproductive females) and drones (males) were behaviorally selected using lab
assays to create selected lines of colonies. Worker honey bees (non-reproductive
females) were tested in the field. All colonies were kept with typical honey bee
practices. There was no ethics committee involved in approving the animal husbandry
protocol.
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