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pollen trips through experience
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Honey bee foragers must supply their colony with a balance of pollen and nectar to sustain optimal
colony development. Inter-individual behavioural variability among foragers is observed in terms
of activity levels and nectar vs. pollen collection, however the causes of such variation are still open
questions. Here we explored the relationship between foraging activity and foraging performance in
honey bees (Apis mellifera) by using an automated behaviour monitoring system to record mass on
departing the hive, trip duration, presence of pollen on the hind legs and mass upon return to the hive,
during the lifelong foraging career of individual bees. In our colonies, only a subset of foragers collected
pollen, and no bee exclusively foraged for pollen. A minority of very active bees (19% of the foragers)
performed 50% of the colony’s total foraging trips, contributing to both pollen and nectar collection.
Foraging performance (amount and rate of food collection) depended on bees’ individual experience
(amount of foraging trips completed). We argue that this reveals an important vulnerability for these
social bees since environmental stressors that alter the activity and reduce the lifespan of foragers may
prevent bees ever achieving maximal performance, thereby seriously compromising the effectiveness of
the colony foraging force.

Social insects are reliant on the forager caste to supply resources for the whole colony'. However, not all foragers
contribute equally to the collective effort of colony provisioning®, which raises the questions of how and why
such inter-individual variability is observed.

In social bees, adequate colony nutrition requires a supply of both pollen (rich in proteins and fat) and nectar
(simple carbohydrates)®. It has been argued that having different individuals specialised for nectar or pollen col-
lection is the most efficient strategy at the colony level®, due to the different spatio-temporal distributions of these
major nutritional resources in the field and to the need for specific behavioural skills to collect each of them. This
is generally assumed to be true for honey bees where pollen and nectar foragers are considered as different behav-
ioural castes’"!! that differ in their brain neuropeptide profiles'?, sucrose response threshold'®, ovary size'*, levels
of vitellogenin (a yolk precursor protein)'® and responses to social stimuli (pollen foragers rely more on dance
communication)'é. Together with evidence for genetic variation®!”!%, these observations suggest that pollen and
nectar collection are evolved specialisations within the foraging force of the colony!”'*?°. However, recent behav-
ioural studies suggest that the distinction between pollen and nectar foraging may not be absolute. A proportion
of the foragers seem to collect both resources, or may change specialisation as they age?"*. These studies, either
conducted on a very limited number of individuals (less than 30 bees)??,or in spatially restricted flight cages with
a few abundant artificial pollen or nectar sources?!, call for further investigations. So far, no study has analysed the
long-term foraging preferences of a large cohort of honey bees in the natural environment, and thus, data on how
foragers partition their effort between pollen and nectar collection across their lifetime are limited.

In addition to variation in the type of resource collected by foragers”"'?, some individuals forage more actively
than others*?*. Tenczar et al.”! reported that the majority of foraging trips were performed by a minority of
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Figure 1. Colony entrance with sensors. Bees entered and departed the hive using two different paths. On each
path, the bees were individually recognised (RFID), weighed (balance) and filmed (webcam). The entrance

and exit tubes were 1 cm diameter transparent plastic tubes. (1) automatic gates, (2) infrared emitter/receiver,
(3) RFID antennae, (4) balance, (5) Plastic bristles (forcing the passage of a bee from one direction only), (6)
landing platform (open on the outside), (7) webcam.

honey bee foragers, which they termed “elite bees”. In this study, however, the authors were not able to measure
bees’ foraging performance in terms of amounts or rates of nectar or pollen collection, but only on the number of
trips completed. Without this information, it is not possible to know if the most active foragers are also the most
successful. One potential cause of inter-individual variation in foraging performance is the amount of experience
gained by foragers over previous trips. Dukas?? and Schippers et al.** both showed that individual honey bees
improve their foraging performance with experience. While both studies recorded individual behaviour in detail
across the whole foraging career of individuals bees, they did so on a rather limited sample size and focused on
nectar resources only.

Here, we explored the nature and possible causes of variation in foraging activity and performance between
honey bee (Apis mellifera) foragers using an automated behavioural tracking system at the hive entrance to mon-
itor the foraging behaviour of a large number of bees (>260) from two colonies in the natural environment
(Fig. 1). The hives were located in a room and connected to the outside environment via a specially designed
entrance containing baffles that forced bees to exit the hive along one path and to enter using a different path. Our
system employed radio frequency identification (RFID) technology for the detection of arrival and departure
times of individual bees at the colony entrance*-*! and interpolation of individuals’ foraging trips®*. We also used
a digital camera to photograph returning foragers and digital balances to record their mass. From these data, we
analysed how individual bees differed in foraging performance throughout their entire foraging career.

Results

Bees varied in their tendency to collect pollen and non-pollen resources. We analysed the for-
aging activity of 564 bees for which we had information about the type of resource collected for at least one trip
(Table 1). These bees performed an average of 19 foraging trips in their lifetime (mean =+ SE, colony 1: 17 £ 1 trips,
N =295; colony 2: 21 + 1 trips, N =269) and their foraging span was less than a week (colony 1: 4.20 +0.18 days,
N =295; colony 2: 4.85+0.18 days, N =269).

On average 27% of bees foraged at least once for pollen (29% for colony 1, and 25% for colony 2, Table 1).
None of these bees foraged exclusively on pollen. All of them performed a combination of pollen trips (cases
when bees returned with pollen load) and non-pollen trips (cases when bees returned with no pollen load). We
considered them as “mixed foragers”. Non-pollen trips could be unsuccessful trips, or trips for nectar or water.
Incidences of pollen collection were distributed throughout the experiment and foragers varied in the number of
trips as well as in the percentage of pollen trips they performed on different days (Fig. 2A).

For non-pollen trips the difference in mass on departure and return to the colony was either positive of around
zero, and thus provides information about the amount of resources collected (mean & SE, =—0.56 +0.24 mg,
N =925). For pollen trips the mean mass difference was negative (mean = SE, —1.54 £ 12.5mg, N =136) despite
bees returning with large and obvious pollen loads. From this, we infer that foragers returning with pollen must
have expended mass (which we presume to be crop contents) during their pollen collection trip. Consequently,
we could not use mass to measure the amount of pollen collected. Mixed foragers were heavier when leaving the
hive for a pollen collecting trip than when leaving the hive for a non-pollen trip (Table 2b).
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Colony 1 | Colony2 | All
Non-pollen foragers | 208 202 410
Number of foragers Mixed foragers 87 67 154
Total 295 269 564
Non-pollen 2,159 1,076 3,235
Number of foraging trips Pollen e 13 >
NA 2,399 4,380 6,779
Total 4,929 5,594 10,523

Table 1. Number of foragers and foraging trips recorded per colony. The first five trips for each bee (orientation
flights) were excluded. A bee was considered as ‘non-pollen forager’ if it had never collected pollen. A bee was
considered ‘mixed forager” if it had performed at least one trip for pollen. NA indicates trips with unknown
identity of the collected resource (if any); bees recorded with only NA flights were excluded (see Material and
Methods).

Bees improved their foraging performance and likelihood of pollen collection, with expe-
rience. For each bee, we found a quadratic relationship between the probability of collecting pollen on a
foraging trip and the number of foraging trips already performed (LRTest: Chisq =56.324, df=1, P <0.001).
This indicates that bees tended to increase the collection of pollen during their first flights up to a maximum
where the probability of pollen collection thereafter decreased with additional foraging experience (Fig. 2A,
Wald ChiSq Test for Binomial GLMM,; linear predictor Chisq, ;,,5=97.07, P < 0.001; quadratic predic-
tor: Chisq, ,,;5=34.72, P <0.001). The probability of collecting pollen was similar between the two colonies
(Chisq; 555=3.03, P=0.082). However, we found a stronger quadratic decline in the proportion of pollen col-
lected with cumulative trips in colony 1 (tested during Australian autumn) than in colony 2 (tested in Australian
spring) (Chisq, ;5,5 =11.84, P < 0.001), suggesting that environmental conditions influenced pollen availability
and collection.

Foragers performed more trips per day until about day 9 after starting foraging (GLMM Poisson,
Chisq 5 400 =9.32, P=0.002). From this point, the number of trips performed each day per bee stabilised (GLMM
Poisson, Chisq, 53 =0.49, P =0.484). Piecewise regression using the estimated break point at day 9 produced a
better fit than a regression using the complete dataset (RSS,ecewise = 256661, RSSompicte_dataset = 280596, F = 60.99,
P <0.001, Fig. 2B)

Bees showed an increase in performance (weight difference between weight on arrival and weight on depar-
ture) for non-pollen trips with successive trip number (Fig. 2C, LMM, F; 955 = 6.45, P =0.016). A similar rela-
tionship was observed for foraging efficiency (mass difference between departure and arrival divided by the trip
duration, mg/min; Table S2, Fig. S2).

Most foraging trips were performed by a minority of elite bees. We examined the proportion
of foraging trips performed by each bee, relative to all the foraging trips of their colony. Visualisation of the
inter-individual variation in foraging effort seen in each colony using a Lorenz curve®? indicates that around
19% of the tagged foragers performed 50% of the total number of trips recorded (17.29% for colony 1, 20.45%
for colony 2; Fig. 3). Following Tenczar?!, we describe these very active bees as elite bees. We then examined the
skew of foraging activity between all foragers by computing a Gini index® with values comprised between 0 (if all
individuals contributed equally to the common task) and 1 (if only one individual performed the whole foraging
task). We obtained a Gini index of 0.49 for colony 1 and 0.46 for colony 2, meaning that in both colonies, not all
individuals contributed equally to the common foraging task.

Elite bees performed better than non-elite bees. When comparing the performance of elite and
non-elite bees we found a larger proportion (66%) of mixed foragers within the elite bees than within the non-elite
bees (17.5%) (Fig. S1A, colony 1: 72% of elite bees are mixed foragers, vs. 20% of non-elite bees: of mixed foragers:
X?=55.68, df =1, P < 0.0001; colony 2: 60% of elite bees are mixed foragers vs. 15% of non-elite bees: x*>=46.99,
df=1,P<0.0001).

For non-pollen trips, elite bees had a greater gain in mass during their foraging trip than non-elite bees, indi-
cating that elite bees returned more resources to the colony per trip (Fig. S1B). The differences in performance
of elite and non-elite bees could be explained by the differences in experience between these two groups. Models
considering individual experience on foraging performance showed a significant effect of experience, but no
significant effect of elite bees as a fixed factor (Table S2).

Discussion

We combined RFID tracking with video and mass recordings to explore the nature of variation in foraging perfor-
mance between individual honey bees, and the possible causes of that variation. We found that foragers differed
greatly in their lifetime foraging behaviour. Foraging performance and likelihood of collecting pollen increased
as bees gained experience.

Experienced foragers were more likely to collect pollen. In our study, scoring foragers that returned
with pollen loads was unambiguous, but for bees that lacked pollen loads the nature of their trip was unclear. For
bees that returned to the hive without pollen, we could not discriminate between an unsuccessful trip, a successful
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Figure 2. Changes of foraging performance with experience. (A) Probability for a bee to collect pollen on a
given trip according to experience. Estimated curves for each bee according to a binomial GLMM are shown

in colours (N =154 bees, linear predictor Chi, ,,,5=97.07, P < 0.001; quadratic predictor: Chi, , )5 =34.72,

P <0.001). (B) Total number of trips performed per bee across successive foraging days. Boxplot: the line shows
the median; boxes and the whiskers represent interquartile ranges; dots represent outliers (data greater than
third quartile 4 1.5% (interquartile range), or less than first quartile — 1.5* (interquartile range)). Blue lines
indicate the best fitted linear model obtained from a segmented regression analysis estimating break point at
day number 9. (C) Foraging performance (weight difference between end and start of a non-pollen trip) per
bee across successive trips. Bees performed better as they gained foraging experience. Only the non-pollen trips
were analysed here (N =277 bees). LMM: F, 4,5y= 6.45, P =0.016.

nectar collection or a successful water collection, and thus we classified trips as simply pollen or non-pollen.
No bee collected pollen exclusively, which was concordant with other observations of behavioural introgression
between pollen and nectar specialisations'>*!*>3-%7_In our data, however, it was striking that pollen collection
was performed by a minority of individuals, and usually only individuals that had accumulated substantial forag-
ing experience. If these foragers are lost to the colony (due to predation, adverse weather or exposure to pesticides
that disorient them®') there could be severe consequences for the pollen supply to the colony.
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a. log(trip duration) ~resource + (1 + resource|day) + (1 + resource|cohort/ID)
Intercept 97.49 (1.39) 7.67 38.20 <0.0001
Pollen trips 0.82(0.07) 81.75 —3.27 <0.0001

b. mass on departure ~log(trip duration) * resource + colony + (14 log(trip
duration)|day) + (1 + log(trip duration)|cohort/ID)

NP trip intercept 97.49 (1.39) 59.90 70.00 | <0.0001
NP trip slope —1.22(0.37) 141.60 | —3.27 0.001
P trip intercept 92.01 (2.95) 952.50 —1.87 0.063
P trip slope 1.44 (0.95) 879.80 2.82 0.005
Colony 2 93.24 (1.44) 6820 | —2.95 0.004

Table 2. Foraging strategies of mixed foragers. (a) Summary of linear model representing the trip duration
according to the type of resources collected by mixed foragers. Trip duration was natural-log transformed

to obtain a Gaussian distribution. Significant effects are in bold. Model selection shown in Table S2A. (b)
Summary of linear model representing the mass on departure according to the trip duration for mixed foragers.
Trip duration has been natural log transformed to obtain a Gaussian distribution. Significant effects are in bold.
Model selection shown in Table S2B.
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Figure 3. Lorenz curves of relative individual contributions to the colony foraging activity. For each colony,
bees were ranked by the lifetime number of trips they performed in ascending order. The fraction of each bee’s
contribution to the total number of the colony trips was cumulatively plotted in the Y axis. Black dotted lines
represent the distribution predicted by an evenly distributed contribution of each bee. Grey dotted horizontal
lines indicate the threshold of a contribution to 50% of the total activity. Vertical green dotted lines represent
the fraction of foragers, for each colony, for which this threshold was reached. In colony 1, light green, (N =296
foragers in total): 17.29% of the total of bees performed 50% of the total number of trips. In colony 2, dark
green, (N =270 foragers in total): 20.45% of the total of bees performed 50% of the total number of trips. See
Fig. S3 for a similar analysis showing the proportion of foragers that contribute to the number of trips per bee
per day.

We note however that our experimental design was constrained by the use of colonies at different times of
the year. The decline of pollen collection observed in experienced foragers of colony 1 (tested during Australian
autumn) suggests that pollen availability was lower at this time of the year. In addition, we used small colonies
with a minimum amount of brood because of the limitations imposed by the RFID sensors on forager traffic at
the entrance. Future experiments on full-size commercial honey bee colonies at different periods of the year will
be needed to assess the extent to which this pattern is dependent on season and population size.

Elite bees undertook the majority of the foraging trips.  All foragers tended to increase their number
of foraging trips per day as they gained experience, until they reached a plateau of activity towards the end of
their foraging career. However, all foragers did not contribute equally to the total foraging activity of their colony
(Fig. 3). Rather we noticed a strong skew with a minority of very active bees (here and previously referred to as
the elite bees?') undertaking the majority of the colony’s nectar and pollen foraging trips. In our study 19% of the
foragers completed more than 50% of the total number of foraging trips in their colonies. In the same species,
Tenczar et al.*! compared individual activity with total colony activity on a day-by-day basis because of a limit
in the accuracy of their RFID sensor detection. When applying this particular analysis to our data (Fig. S3), we
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found 12% of the workers performed more than 50% of the colony’s daily activity, which is within the same range
to the values reported by Tenczar et al. (around 20%)?'.

Elite bees performed better because they were more experienced. Prior social insect studies
observing similar skews in foraging activity either failed to identify any particular link between performance and
activity?"?, or simply reported a positive correlation between activity and efficiency®®*. In our data, we found a
clear relationship between individual performance and experience (Figs 2 and S2). The simplest explanation for
this is that through experience bees learn to improve their foraging performance, which is consistent with sugges-
tions from earlier studies?***4*4!. How this occurs is unknown, but cognitive studies have shown bees can learn to
improve their foraging skills through trial-and-error*, their navigation between known food sources**~*, their
discrimination of flowers (based on colours, shapes, odours or textures*®) and their flower handling*-*°. Any or
all of these factors could explain the improvements in natural foraging performance with experience we observed
in this study. Future experiments should also test whether environmental complexity (resource distribution, for-
aging distances, visual cues) affects the relationship between foraging experience and foraging performance, since
individuals may learn more while making fewer trips in environments with complex structures.

Implications for understanding the impact of stress on a colony.  We showed that the most active
and experienced bees are also the most efficient and high performing foragers in a colony. Tenczar et al.?! argued
that elite bees can be rapidly replaced by a ‘reserve’ of less active foragers, but these authors did not examine
individual foraging performance. Here we demonstrated that performance and efficiency is acquired through
experience. Therefore, while the activity of an elite bee can be taken over rapidly by other foragers, these new
foragers many not be as efficient until they have gained experience. Further, any stressors that shorten foragers’
lifespan, such as pesticides, pollutants, unbalanced diets, pathogens and viruses®"*1-%!, may prevent bees from
accumulating enough experience to maximise their foraging contribution to the colony, ultimately leading to the
recruitment of poorly efficient, precocious, foragers®. These interactions between stress, foraging force age com-
position, individual forager experience and performance deserve further study as they may help us understand
the process of colony failure.

Material and Methods

Experimental hive. Honey bees (Apis mellifera) were obtained from the research apiary of Macquarie
University (Sydney, NSW, Australia). The experimental hive was a four-frame nucleus hive (wooden box of
56 x 23 x 28 cm containing four standard Langstroth frames), placed in a dark room at the constant temperature
of 24°C. The hive contained two frames of honey and pollen, one frame of capped brood and one frame of poly-
styrene to fill the remaining space in the hive box.

The hive was connected to the outside environment via a specially designed entrance containing baffles that
forced bees to exit the hive along one path and to enter using a different path (Fig. 1). Each path was made of
transparent plastic tubes (1 cm diameter) that passed across an RFID antenna (Invengo, Guangzhou, China) and
a microbalance pan (A&D Company Ltd, Japan). To prevent bees entering or exiting through the wrong tube,
we attached inwardly tapering plastic bristles at the end of each tube. Bees landing at the entrance were funneled
toward the single entrance tube.

Sections of the entry and exit tubes ran across dynamic micro balances of 1 mg sensitivity). The balances cap-
tured the mass of bees as they entered and exited the hive. Sometimes several bees crossed the balance at the same
time and thus, the mass did not reflect the mass of just one individual. For this reason, we retained only values
between 60 and 150 mg, which we evaluated as a conservative realistic individual mass range for honey bees.
Examination of the videos of the entrance tunnel indicated that these limits were realistic.

Along the entrance path bees also passed beneath a webcam (Logitech), placed in a plastic box illuminated
with white LED light, in order to video record the entrance tube. A motion detection video recording software
(Netcam Studio X, Moonware Studios) was used to capture video footages of returning bees, thus allowing a
visual assessment of the presence or absence of pollen in the corbiculae on the bees’ legs).

Automatic gates (micro-controlled servos connected to infrared emitter/receiver) regulated the traffic of bees
within each path. The gates were placed at the beginning of the entrance and exit tubes. When a bee walked
through the tubes and broke the beam of an infrared emitter/receiver, the connected gate would close behind the
bee for 10 seconds. This time was an estimation of the maximum time needed for a bee to cross the RFID antenna
and the balance. The infrared beams and gates were all connected and monitored using a single-board microcon-
troller system (Arduino, Adafruit Industries, USA).

Experimental bees. This approach has been used to study bee behaviour for more than a decade? to exam-
ine the impact of environmental stressors on bee foraging behaviour**=!, or to reveal individual foraging strat-
egies?®. RFID systems utilise tags, each with a unique digital ID that can be attached to bees. RFID tags were
obtained from Invengo (Guangzhou, China). Each circular tag had a diameter of 4mm and a mass of 1 mg and
could be fixed to the bees” dorsal thorax with glue (Loctite, Gel Super Glue). Each RFID tag had a unique 12-byte
hexadecimal identifier that allowed us to track individual bees as they were detected by each antenna on exiting
and entering the hive.

The hive was established with about 500 background (untagged) bees of mixed ages and a queen taken from
a single colony. Newly emerged bees carrying individually programmed RFID tags were successively added to
this hive. To source newly emerged bees we collected brood frames from up to eight different colonies over the
course of the two experimental replicates to provide a diverse source of brood for the experiment. For each brood
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collection, frames were collected from two or three of the eight colonies. Brood frames were stored overnight in
an incubator maintained at 37 °C. The next morning RFID tags were glued to the thorax of the newly emerged
bees.

Tagged bees were added to the colony at different times. We defined a cohort as a group of bees tagged and
added to the colony over up to four successive days. Each cohort came from a combination of different hives in
order to increase diversity. Over the five weeks of the experiment, the hive received around 4,400 bees in total
distributed within three cohorts. Approximately 500 tagged bees were added every day for the first four days of
the experiment (first cohort). From day 21 of the experiment a further 1,800 tagged bees were added over four
days (450 bees a day, second cohort). From day 35 of the experiment a further 600 bees were added over four days
(150bees a day, third cohort).

The experiment was conducted twice: colony 1, from April-May 2015 (Australian autumn); colony 2, from
November-December 2015 (Australian spring). In colony 1, the queen died after two weeks and was replaced with
a queen mandibular pheromone substitute (BeeBoost, Hornsby beekeeping supply, Australia).

Bees foraged in the surrounding suburban Australian environment including several nature reserves and pri-
vate gardens. Such an environment provided nectar and pollen flow during the two seasons of the experiment,
with a predominance of flowering native trees and bushes such as different eucalyptus species.

Collating data on bee trips. RFID data for each trip included the RFID identification for the individual,
the date and time it left the hive, and the date and time of its return to the hive, thus enabling us to calculate the
duration of trips. Trips that lasted less than 10s were considered as non-foraging trips®* and removed from the
dataset. RFID readings were time-matched with readings from the balances to capture the mass of bees on depar-
ture and return to the colony. Difference in both mass measures gave an indication of resource collection (positive
values) or expenditure (negative values). Videos taken up to 20's before an entry RFID detection were inspected
to score whether the tagged returning bee carried pollen (P) on its legs (see Supplementary Materials Video S1 in
Dataset S2), no pollen (NP, see Supplementary Materials Video S2 in Dataset S2) or could not be reliably scored
(NA) (i.e. when the bee legs were occluded on the video due to body angle or to the simultaneous presence of
other bees in the entrance tube). The maximum time for a bee to travel from the webcam to the RFID antenna
was visually assessed as 20s.

Data reliability. A total of 8,640 bees were tagged during the two replicates of the experiment (4,390 for
colony 1 and 4,250 for colony 2). From the initial dataset, we excluded bees that performed only one trip and bees
that had only ‘NA as load type over all their trips. In the final dataset, 3,432 bees (1,728 for colony 1 and 1,704 for
colony 2) were retained. We speculate that the discrepancy between final bee counts and initial bees tagged is due
to many bees losing their tags within the hive, some of the tags being damaged during the tagging process and
rendered unreadable, and some bees not returning to the hive during their first trip, for reasons of health or ina-
bility to fly due to poor positioning of the tag. For each bee, we excluded the first five trips, which are more likely
orientation flights than foraging flights®*. A summary of our trip dataset is given in Table 1. The high number of
‘NA trips was mainly due to camera software issues, which was unfortunately most problematic for colony 2. The
complete final data set is provided in Dataset S1.

Data analyses. Data were analysed in R version 3.2.3 (operating via Rstudio, version 1.0.136%).

Differences between elite and non-elite foragers, in age at first foraging trip and in average mass on departure,
were tested with a Wilcoxon rank sum test. Differences in the proportions of mixed foragers in elite and non-elite
bees were tested with a Chi-square test.

The correlation between the average mass difference for non-pollen trips and bee activity was tested with a
linear mixed model (LMM) using the function “Imer” in the package Ime4® (p-values were extracted using the
package ImerTest).

The correlation between the total mass differences for non-pollen trips and bee activity was tested using linear
and quadratic mixed models, with “Imer”. We verified the existence of a quadratic relationship by comparing the
linear and the quadratic models using a Loglikelihood Ratio Test (LRTest®’). If the p-value was less than 0.05, we
kept the model with the lower log-likelihood value.

Variation in mass difference for non-pollen trips according to the number of trips was tested using linear and
logarithmic models with “Imer”. We verified the better fitting of the logarithmic relationship using the LRTest.

Variation in the number of foraging trips per day according to the number of foraging days were tested using a
GLMM four count data with Poisson distribution error using the function “glmer” in Ime4. After visual inspection
the trend between the number of foraging trips as a function of foraging days revealed an apparent stabilization of
foraging trips around after 9 days of experience. To test whether this stabilization was statistically significant, we
fitted a piecewise mixed model splitting the dataset into two different regressions which break point was deter-
mined using the function “segmented” in the package segmented®. We compared the fits of the models (piecewise
vs complete dataset GLMM) using the Residual Sum of Square (RSS) analysis. The lower the RSS the better the fit.

We estimated the probability of foraging for pollen according to experience (number of foraging trips) using
a GLMM with Binomial distribution error, using the function “glmer”. We verified the existence of a quadratic
relationship using the LRTest. Differences in mass at departure for non-pollen trips between non-pollen foragers
(bees that did not perform any pollen trip) and mixed foragers (bees that collected pollen at least once) were ana-
lysed using a GLMM with Poisson distribution error.

For all models, colony identity was included as a covariate and bee identity nested in cohort identity was
included as a random factor. Day identity was also included as a random factor to control for environmental vari-
ation between days. The colony of origin of the bees was found to have no effect when included as a fixed factor in
the models. We thus did not include colony of origin as a potential explanatory variable in our analyses.
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All minimum adequate models were selected by comparing their Akaike Information Criterion (AIC) to null

models® based on an analysis of variance (F test) in case of linear mixed model and analysis of deviance (Chisq
test) in case of a generalized linear mixed model using respectively the function “anova” of the stats package and
the function “Anova” of the car package (see details in Table S2). All the analyses of variance produced with the
package ImerTest were run using the default Satterthwaite degree of freedom approximation”.

References

1.
2.

3.

NN

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
. Gini, C. Measurement of inequality of incomes. Econ. . 31, 124-126 (1921).
34,
35.
36.
37.

38.

Winston, M. L. L. The biology of the honey bee. (Harvard University Press, 1991).

Modlmeier, A. P, Keiser, C. N., Watters, J. V., Sih, A. & Pruitt, ]. N. The keystone individual concept: an ecological and evolutionary
overview. Anim. Behav. 89, 53-62, https://doi.org/10.1016/j.anbehav.2013.12.020 (2014).

Pinter-Wollman, N., Keiser, C. N., Wollman, R. & Pruitt, J. N. The effect of keystone individuals on collective outcomes can be
mediated through interactions or behavioral persistence. Am. Nat. 188, 240-252, https://doi.org/10.1086/687235 (2016).

. Robson, S. K. & Traniello, J. E. A. Key individuals and the organisation of labor in ants. In Information Processing in Social Insects (eds

Detrain, C., Deneubourg, J. L. & Pasteels, J. M.), pp. 239-259, https://doi.org/10.1007/978-3-0348-8739-7_13 (Basel: Birkhauser
Basel, 1999).

. Michener, C. D. The bees of the world. (The John Hopkins University Press, 2000).

. Ollerton, J. & Waser, N. M. Plant-pollinator interactions: from specialization to generalization. (University of Chicago Press, 2006).

. Free, J. The behaviour of honeybees visiting flowers of fruit trees. J. Anim. Ecol. 29, 385-395 (1960).

. Robinson, G. E. & Page, R. E. Genetic determination of nectar foraging, pollen foraging, and nest-site scouting in honey bee

colonies. Behav. Ecol. Sociobiol. 24, 317-323, https://doi.org/10.1007/BF00290908 (1989).

. Page, R.E,, Scheiner, R,, Erber, J. & Amdam, G. V. The development and evolution of division of labor and foraging specialization in

a social insect (Apis mellifera L.). Curr. Top. Dev. Biol. 74, 253-286, https://doi.org/10.1016/S0070-2153(06)74008-X. (2006).

Page, R. E., Rueppell, O. & Amdam, G. V. Genetics of reproduction and regulation of honeybee (Apis mellifera L.) social behavior.
Annu. Rev. Genet. 46, 97-119, https://doi.org/10.1146/annurev-genet-110711-155610 (2012).

Shapira, M., Thompson, C. K,, Soreq, H. & Robinson, G. E. Changes in neuronal acetylcholinesterase gene expression and division
of labor in honey bee colonies. . Mol. Neurosci. 17, 1-12, https://doi.org/10.1385/JMN:17:1:1 (2001).

Brockmann, A. et al. Quantitative peptidomics reveal brain peptide signatures of behavior. Proc. Natl. Acad. Sci. USA 106,
2383-2388, https://doi.org/10.1073/pnas.0813021106 (2009).

Pankiw, T. & Page, R. E. Response thresholds to sucrose predict foraging division of labor in honeybees. Behav. Ecol. Sociobiol. 47,
265-267, https://doi.org/10.1007/s002650050664 (2000).

Amdam, G. V,, Csondes, A., Fondrk, M. K. & Page, R. E. Complex social behaviour derived from maternal reproductive traits.
Nature 439, 76-78, https://doi.org/10.1038/nature04340 (2006).

Nelson, C. M., Ihle, K. E., Fondrk, M. K., Page, R. E. & Amdam, G. V. The gene vitellogenin has multiple coordinating effects on
social organization. PLoS Biol. 5, 0673-0677, https://doi.org/10.1371/journal.pbio.0050062 (2007).

Niirnberger, E, Steffan-Dewenter, I. & Hirtel, S. Combined effects of waggle dance communication and landscape heterogeneity on
nectar and pollen uptake in honey bee colonies. Peer] 5, e3441, https://doi.org/10.7717/peer;j.344 (2017).

Page, R. E., Fondrk, M. K. & Rueppell, O. Complex pleiotropy characterizes the pollen hoarding syndrome in honey bees (Apis
mellifera L.). Behav. Ecol. Sociobiol. 66, 1459-1466, https://doi.org/10.1007/s00265-012-1400-x (2012).

Page, R. E. & Fondrk, M. K. The effects of colony-level selection on the social organization of honey bee (Apis mellifera L.) colonies:
colony-level components of pollen hoarding. Behav. Ecol. Sociobiol. 36, 135-144, https://doi.org/10.1007/BF00170718 (1995).
Amdam, G. V,, Norberg, K., Fondrk, M. K. & Page, R. E. Reproductive ground plan may mediate colony-level selection effects on
individual foraging behavior in honey bees. Proc. Natl. Acad. Sci. USA 101, 11350-11355, https://doi.org/10.1073/pnas.0403073101
(2004).

Siegel, A. J., Freedman, C. & Page, R. E. Ovarian control of nectar collection in the honey bee (Apis mellifera). PLoS One 7, 8-14,
https://doi.org/10.1371/journal.pone.0033465 (2012).

Tenczar, P, Lutz, C. C., Rao, V. D., Goldenfeld, N. & Robinson, G. E. Automated monitoring reveals extreme interindividual
variation and plasticity in honeybee foraging activity levels. Anim. Behav. 95, 41-48, https://doi.org/10.1016/j.anbehav.2014.06.006
(2014).

Dukas, R. Life history of learning: performance curves of honeybees in the wild. Ethology 114, 1195-1200, https://doi.org/10.1111/
j.1439-0310.2008.01565.x (2008).

Crall, J. D. et al. Spatial fidelity of workers predicts collective response to disturbance in a social insect. Nat. Commun. 9, 1-13,
https://doi.org/10.1038/541467-018-03561-w (2018).

Schippers, M.-P. et al. Lifetime performance in foraging honeybees: behaviour and physiology. J. Exp. Biol. 209, 3828-3836, https://
doi.org/10.1242/jeb.02450 (2006).

Streit, S., Bock, F. & Tautz, J. Automatic life long monitoring of individual insect behavior now possible. Zoology 106, 169-171
(2003).

Schneider, C. W, Tautz, J., Griinewald, B. & Fuchs, S. RFID tracking of sublethal effects of two neonicotinoid insecticides on the
foraging behavior of Apis mellifera. PLoS One 7, €30023, https://doi.org/10.1371/journal.pone.0030023 (2012).

Li, Z. et al. Viral infection affects sucrose responsiveness and homing ability of forager honey bees, Apis mellifera L. PLoS One 8,
€77354, https://doi.org/10.1371/journal.pone.0077354 (2013).

Gill, R. J. & Raine, N. E. Chronic impairment of bumblebee natural foraging behaviour induced by sublethal pesticide exposure.
Funct. Ecol. 28, 1459-1471, https://doi.org/10.1111/1365-2435.12292 (2014).

Feltham, H., Park, K. & Goulson, D. Field realistic doses of pesticide imidacloprid reduce bumblebee pollen foraging efficiency.
Ecotoxicology 23, 317-323, https://doi.org/10.1007/s10646-014-1189-7 (2014).

Lach, L., Kratz, M. & Baer, B. Parasitized honey bees are less likely to forage and carry less pollen. J. Invertebr. Pathol. 130, 64-71,
https://doi.org/10.1016/j.jip.2015.06.003 (2015).

Henry, M. et al. A common pesticide decreases foraging success and survival in honey bees. Science 336, 348-350, https://doi.
org/10.1126/science.1215039 (2012).

Lorenz, M. O. Methods of measuring the concentration of wealth. Publ. Am. Stat. Assoc. 9,209-219 (1905).

Walton, A. & Toth, A. L. Variation in individual worker honey bee behavior shows hallmarks of personality. Behav. Ecol. Sociobiol.
70,999-1010 (2016).

Konzmann, S. & Lunau, K. Divergent rules for pollen and nectar foraging bumblebees - a laboratory study with artificial flowers
offering diluted nectar substitute and pollen surrogate. PLoS One 9, €91900, https://doi.org/10.1371/journal.pone.0091900 (2014).
Russell, A. L., Morrison, S. J., Moschonas, E. H. & Papaj, D. R. Patterns of pollen and nectar foraging specialization by bumblebees
over multiple timescales using RFID. Sci. Rep. 7, 42448, https://doi.org/10.1038/srep42448 (2017).

Smith, A. R., Graystock, P. & Hughes, W. O. H. Specialization on pollen or nectar in bumblebee foragers is not associated with ovary
size, lipid reserves or sensory tuning. Peer] 4, 2599, https://doi.org/10.7717/peerj.2599 (2016).

Pinter-Wollman, N., Hubler, J., Holley, J. A, Franks, N. R. & Dornhaus, A. How is activity distributed among and within tasks in
Temnothorax ants? Behav. Ecol. Sociobiol. 66, 1407-1420, https://doi.org/10.1007/s00265-012-1396-2 (2012).

SCIENTIFIC REPORTS |

(2019) 9:6778 | https://doi.org/10.1038/s41598-019-42677-x 8


https://doi.org/10.1038/s41598-019-42677-x
https://doi.org/10.1016/j.anbehav.2013.12.020
https://doi.org/10.1086/687235
https://doi.org/10.1007/978-3-0348-8739-7_13
https://doi.org/10.1007/BF00290908
https://doi.org/10.1016/S0070-2153(06)74008-X.
https://doi.org/10.1146/annurev-genet-110711-155610
https://doi.org/10.1385/JMN:17:1:1
https://doi.org/10.1073/pnas.0813021106
https://doi.org/10.1007/s002650050664
https://doi.org/10.1038/nature04340
https://doi.org/10.1371/journal.pbio.0050062
https://doi.org/10.7717/peerj.344
https://doi.org/10.1007/s00265-012-1400-x
https://doi.org/10.1007/BF00170718
https://doi.org/10.1073/pnas.0403073101
https://doi.org/10.1371/journal.pone.0033465
https://doi.org/10.1016/j.anbehav.2014.06.006
https://doi.org/10.1111/j.1439-0310.2008.01565.x
https://doi.org/10.1111/j.1439-0310.2008.01565.x
https://doi.org/10.1038/s41467-018-03561-w
https://doi.org/10.1242/jeb.02450
https://doi.org/10.1242/jeb.02450
https://doi.org/10.1371/journal.pone.0030023
https://doi.org/10.1371/journal.pone.0077354
https://doi.org/10.1111/1365-2435.12292
https://doi.org/10.1007/s10646-014-1189-7
https://doi.org/10.1016/j.jip.2015.06.003
https://doi.org/10.1126/science.1215039
https://doi.org/10.1126/science.1215039
https://doi.org/10.1371/journal.pone.0091900
https://doi.org/10.1038/srep42448
https://doi.org/10.7717/peerj.2599
https://doi.org/10.1007/s00265-012-1396-2

www.nature.com/scientificreports/

39. Dornhaus, A., Holley, J. A., Pook, V. G., Worswick, G. & Franks, N. R. Why do not all workers work? Colony size and workload
during emigrations in the ant Temnothorax albipennis. Behav. Ecol. Sociobiol. 63, 43-51, https://doi.org/10.1007/s00265-008-0634-
0 (2008).

40. Dukas, R., Morse, D. H. & Myles, S. Experience levels of individuals in natural bee populations and their ecological implications.
Can. J. Zool. 497, 492-497, https://doi.org/10.1139/Z05-050 (2005).

41. Dukas, R. & Visscher, P. K. Lifetime learning by foraging honey bees. Anim. Behav. 48, 1007-1012, https://doi.org/10.1006/
anbe.1994.1333 (1994).

42. Capaldi, E. A. et al. Ontogeny of orientation flight in the honeybee revealed by harmonic radar. Nature 403, 537-40, https://doi.
org/10.1038/35000564 (2000).

43. Degen, J. et al. Exploratory behaviour of honeybees during orientation flights. Anim. Behav. 102, 45-57, https://doi.org/10.1016/j.
anbehav.2014.12.030 (2015).

44. Osborne, J. L. et al. The ontogeny of bumblebee flight trajectories: from naive explorers to experienced foragers. PLoS One 8, ¢78681,
https://doi.org/10.1371/journal.pone.0078681 (2013).

45. Klein, S., Pasquaretta, C., Barron, A. B., Devaud, J.-M. & Lihoreau, M. Inter-individual variability in the foraging behaviour of
traplining bumblebees. Sci. Rep. 7, 4561, https://doi.org/10.1038/s41598-017-04919-8 (2017).

46. Lihoreau, M. et al. Radar tracking and motion-sensitive cameras on flowers reveal the development of pollinator multi-destination
routes over large spatial scales. PLoS Biol. 10, €1001392, https://doi.org/10.1371/journal.pbio.1001392 (2012).

47. Woodgate, J. L., Makinson, J. C., Lim, K. S., Reynolds, A. M. & Chittka, L. Continuous radar tracking illustrates the development of
multi-destination routes of bumblebees. Sci. Rep. 7, 17323, https://doi.org/10.1038/s41598-017-17553-1 (2017).

48. Giurfa, M. Cognition with few neurons: higher-order learning in insects. Trends Neurosci. 36, 285-294, https://doi.org/10.1016/j.
tins.2012.12.011 (2013).

49. Laverty, T. M. Bumble bee learning and flower morphology. Anim. Behav. 47, 531-545, https://doi.org/10.1006/anbe.1994.1077
(1994).

50. Laverty, T. M. & Plowright, R. C. Flower handling by bumblebees: a comparison of specialists and generalists. Anim. Behav. 36,
733-740, https://doi.org/10.1016/S0003-3472(88)80156-8 (1988).

51. Gill, R. J., Ramos-Rodriguez, O. & Raine, N. E. Combined pesticide exposure severely affects individual- and colony-level traits in
bees. Nature 491, 105-109, https://doi.org/10.1038/nature11585 (2012).

52. Woodcock, B. A. et al. Country-specific effects of neonicotinoid pesticides on honey bees and wild bees. Science 356, 1393-1395,
https://doi.org/10.1126/science.aaal190 (2017).

53. Balbuena, M. S. et al. Effects of sublethal doses of glyphosate on honeybee navigation. J. Exp. Biol. 218, 2799-2805, https://doi.
0rg/10.1242/jeb.117291 (2015).

54. Maori, E. et al. IAPV, a bee-affecting virus associated with Colony Collapse Disorder can be silenced by dsRNA ingestion. Insect Mol.
Biol. 18, 55-60, https://doi.org/10.1111/j.1365-2583.2009.00847.x (2009).

55. DeGrandi-Hoffman, G. & Chen, Y. Nutrition, immunity and viral infections in honey bees. Curr. Opin. Insect Sci. 10, 170-176,
https://doi.org/10.1016/j.cois.2015.05.007 (2015).

56. Janmaat, A. F. & Winston, M. L. The influence of pollen storage area and Varroa jacobsoni Oudemans parasitism on temporal caste
structure in honey bees (Apis mellifera L.). Insectes Soc. 47, 177-182, https://doi.org/10.1007/PL00001698 (2000).

57. Mayack, C. & Naug, D. Energetic stress in the honeybee Apis mellifera from Nosema ceranae infection. J. Invertebr. Pathol. 100,
185-188, https://doi.org/10.1016/j.jip.2008.12.001 (2009).

58. Kohler, A., Pirk, C. W. W. & Nicolson, S. W. Simultaneous stressors: interactive effects of an immune challenge and dietary toxin can
be detrimental to honeybees. J. Insect Physiol. 58, 918-923, https://doi.org/10.1016/j.jinsphys.2012.04.007 (2012).

59. Cox-foster, D. L. et al. A metagenomic survey of microbes in honey bee colony collapse disorder. Science 318, 283-288, https://doi.
org/10.1126/science.1146498 (2007).

60. Sovik, E., Perry, C. ., Lamora, A., Barron, A. B. & Ben-Shahar, Y. Negative impact of manganese on honeybee foraging. Biol. Lett. 11,
20140989-20140989, https://doi.org/10.1098/rsbl.2014.0989 (2015).

61. Hladun, K. R., Smith, B. H., Mustard, J. A., Morton, R. R. & Trumble, J. T. Selenium toxicity to honey bee (Apis mellifera I.)
pollinators: effects on behaviors and survival. PLoS One 7, 1-10, https://doi.org/10.1371/journal.pone.0034137 (2012).

62. Perry, C. ], Sovik, E., Myerscough, M. R. & Barron, A. B. Rapid behavioral maturation accelerates failure of stressed honey bee
colonies. Proc. Natl. Acad. Sci. USA 112, 1-6, https://doi.org/10.1073/pnas.1422089112 (2015).

63. Jirgen Stelzer, R., Stanewsky, R. & Chittka, L. Circadian foraging rhythms of bumblebees monitored by radio-frequency
identification. J. Biol. Rhythms 25, 257-267 (2010).

64. Team RStudio. RStudio: Integrated Development for R (2016).

65. Linear, T. et al. The Ime4 Package. 1-6 (2003).

66. Kuznetsova, A., Brockhoff, P. & Christensen, R. ImerTest: Tests in Linear Mixed Effects Models. R Packag. version 3.0.0, https://
cran.r-project.org/package=ImerTest (2016).

67. Pinheiro, J. & Bates, D. Mixed-effects models in S and S-Plus (Statistics and computing). (Springer, 2000).

68. Muggeo, V. M. R. Segmented: an R Package to Fit Regression Models with Broken-Line Relationships. R News, 8/1, 20-25, https://
cran.r-project.org/doc/Rnews/ (2008).

69. Burnham, K. P. & Anderson, D. Model Selection and Multi-Model Inference. (Srpinger, 2002).

70. Satterthwaite, F. E. An approximate distribution of estimates of variance components. Biometrics Bull. 2, 110-114 (1946).

Acknowledgements

We thank Andrew Allen for his advices on statistical analyses. S.K. was funded by a PhD fellowship from the
French Ministry of Research and MQRS scholarship from Macquarie University. ].M.D. was funded by the
Agence Nationale de la Recherche (ANR-13-ADAP-0002). A.B.B. was funded by the Australian Research Council
(ARC Future Fellowship no. 140100452) and the United States Department of Agriculture ARS agreement no:
58-5342-3-004F. C.P. and M.L. were funded by the CNRS and a grant of the Agence Nationale de la Recherche to
ML (ANR-16-CE02-0002-01).

Author Contributions

S.K, E.S., CJ.P, M.L. and A.B.B. conceived the study and designed the experiment. S.K. and X.J.H. conducted the
experiments. S.K., C.P, M.L. and A.B.B. analysed the data. S.X., C.P, X.].H, C.J.P, E.S., JM.D., M.L. and A.B.B.
wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42677-x.

Competing Interests: The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2019) 9:6778 | https://doi.org/10.1038/s41598-019-42677-x 9


https://doi.org/10.1038/s41598-019-42677-x
https://doi.org/10.1007/s00265-008-0634-0
https://doi.org/10.1007/s00265-008-0634-0
https://doi.org/10.1139/Z05-050
https://doi.org/10.1006/anbe.1994.1333
https://doi.org/10.1006/anbe.1994.1333
https://doi.org/10.1038/35000564
https://doi.org/10.1038/35000564
https://doi.org/10.1016/j.anbehav.2014.12.030
https://doi.org/10.1016/j.anbehav.2014.12.030
https://doi.org/10.1371/journal.pone.0078681
https://doi.org/10.1038/s41598-017-04919-8
https://doi.org/10.1371/journal.pbio.1001392
https://doi.org/10.1038/s41598-017-17553-1
https://doi.org/10.1016/j.tins.2012.12.011
https://doi.org/10.1016/j.tins.2012.12.011
https://doi.org/10.1006/anbe.1994.1077
https://doi.org/10.1016/S0003-3472(88)80156-8
https://doi.org/10.1038/nature11585
https://doi.org/10.1126/science.aaa1190
https://doi.org/10.1242/jeb.117291
https://doi.org/10.1242/jeb.117291
https://doi.org/10.1111/j.1365-2583.2009.00847.x
https://doi.org/10.1016/j.cois.2015.05.007
https://doi.org/10.1007/PL00001698
https://doi.org/10.1016/j.jip.2008.12.001
https://doi.org/10.1016/j.jinsphys.2012.04.007
https://doi.org/10.1126/science.1146498
https://doi.org/10.1126/science.1146498
https://doi.org/10.1098/rsbl.2014.0989
https://doi.org/10.1371/journal.pone.0034137
https://doi.org/10.1073/pnas.1422089112
https://cran.r-project.org/package=lmerTest
https://cran.r-project.org/package=lmerTest
https://cran.r-project.org/doc/Rnews/
https://cran.r-project.org/doc/Rnews/
https://doi.org/10.1038/s41598-019-42677-x

www.nature.com/scientificreports/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:6778 | https://doi.org/10.1038/s41598-019-42677-x 10


https://doi.org/10.1038/s41598-019-42677-x
http://creativecommons.org/licenses/by/4.0/

	Honey bees increase their foraging performance and frequency of pollen trips through experience

	Results

	Bees varied in their tendency to collect pollen and non-pollen resources. 
	Bees improved their foraging performance and likelihood of pollen collection, with experience. 
	Most foraging trips were performed by a minority of elite bees. 
	Elite bees performed better than non-elite bees. 

	Discussion

	Experienced foragers were more likely to collect pollen. 
	Elite bees undertook the majority of the foraging trips. 
	Elite bees performed better because they were more experienced. 
	Implications for understanding the impact of stress on a colony. 

	Material and Methods

	Experimental hive. 
	Experimental bees. 
	Collating data on bee trips. 
	Data reliability. 
	Data analyses. 

	Acknowledgements

	Figure 1 Colony entrance with sensors.
	Figure 2 Changes of foraging performance with experience.
	Figure 3 Lorenz curves of relative individual contributions to the colony foraging activity.
	Table 1 Number of foragers and foraging trips recorded per colony.
	Table 2 Foraging strategies of mixed foragers.




