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Individual animals allowed the opportunity to learn generally outperform those prevented
from learning, yet, within a species the capacity for learning varies markedly. The
evolutionary processes that maintain this variation in learning ability are not yet well
understood. Several studies demonstrate links between fitness traits and visual learning,
but the selection pressures operating on cognitive traits are likely influenced by multiple
sensory modalities. In addition to vision, most animals will use a combination of hearing,
olfaction (smell), gustation (taste), and touch to gain information about their environment.
Some animals demonstrate individual preference for, or enhanced learning performance
using certain senses in relation to particular aspects of their behaviour (e.g., foraging),
whereas conspecific individuals may show different preferences. By assessing fitness
traits in relation to different sensory modalities we will strengthen our understanding
of factors driving observed variation in learning ability. We assessed the relationship
between the olfactory learning ability of bumble bees (Bombus terrestris) and their
foraging performance in their natural environment. We found that bees which failed to
learn this odour-reward association had shorter foraging careers; foraging for fewer days
and thus provisioning their colonies with fewer resources. This was not due to a reduced
propensity to forage, but may have been due to a reduced ability to return to their
colony. When comparing among only individuals that did learn, we found that the rate
at which floral resources were collected was similar, regardless of how they performed
in the olfactory learning task. Our results demonstrate that an ability to learn olfactory
cues can have a positive impact of the foraging performance of B. terrestris in a natural
environment, but echo findings of earlier studies on visual learning, which suggest that
enhanced learning is not necessarily beneficial for bee foragers provisioning their colony.

Keywords: bumblebee behavior, cognitive ecology, olfaction, pollinator behaviour, resource collection, social
insects

INTRODUCTION

An animal’s capacity for learning can influence essentially every aspect of its behaviour, including
its ability to find food, attract mates, and avoid predators (Nowicki et al., 2002; Lönnstedt et al.,
2012; Sergio et al., 2014). Individuals given the opportunity to learn associations between sensory
cues and risk/reward outcomes generally outperform those prevented from learning (e.g., higher
mating success, growth, reproductive output; Dukas and Bernays, 2000; Dukas and Duan, 2000;
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Lönnstedt et al., 2012; Ward-Fear et al., 2016). Ultimately,
learning enables individuals to respond to environmental
change within their lifetime (Greenlees et al., 2010;
Ward-Fear et al., 2016).

Despite these apparent advantages of learning, considerable
variation in learning capacity can often be observed among
individuals within the same species (e.g., Chittka et al., 2003;
Raine et al., 2006b; van den Berg et al., 2011; White and
Brown, 2014). This intraspecific variation exists because being a
“good learner” does not always provide an overall fitness benefit.
Cognitive function has a metabolic cost (Foley and Lee, 1991) and
inherently fast-learning individuals may face trade-offs between
learning and other cognitive functions (Hermer et al., 2018)
or other energetically demanding processes including longevity,
immune function and reproduction (Dukas, 1999; Mallon et al.,
2003; Mery and Kawecki, 2003, 2004; Burger et al., 2008; Burns
et al., 2011; Jaumann et al., 2013). Learning can also have an
opportunity cost; the time taken for a foraging animal to learn
its preferred food source and the subsequent commitment to
the learned food source can mean it forgoes exploitation of
other resources (Eliassen et al., 2007; Evans and Raine, 2014).
While it is clear that these trade-offs can affect the learning
abilities of individuals, the evolutionary processes that maintain
this variation in learning ability within natural populations are
not yet well understood (Raine et al., 2006a; Morand-Ferron and
Quinn, 2015; Morand-Ferron, 2017; Boogert et al., 2018).

Links between learning performance and fitness traits under
natural conditions have, so far, only been investigated in few
species and all these studies focus on visual learning (Raine and
Chittka, 2008; Evans et al., 2017; Huebner et al., 2018; Madden
et al., 2018). The selection pressures operating on cognitive traits
are likely influenced by multiple sensory modalities. In addition
to visual cues, most animals will use a combination of sound,
taste, touch, and/or smell when forming learnt associations
(Dukas, 2008; De Agrò et al., 2020; Flanigan et al., 2021).
The relative importance of different sensory modalities can
sometimes be obvious with regards to species ecology; depending
on whether the animal is active at day or night, either vision or
olfaction are often a more prominent modality than the other
(Balkenius et al., 2006). But the salience of different modalities
can also depend on context and/or environment (Maaswinkel
and Whishaw, 1999; Andersson and Dobson, 2003; Kaczorowski
et al., 2012), and reliance on a particular cue can adaptively
shift depending on environmental conditions (Spaethe et al.,
2001; Kaczorowski et al., 2012). To add to this complexity,
individual animals can favour different sensory cues than their
conspecifics (Smith et al., 2004; Raine and Chittka, 2007; Sato
et al., 2014), and can also exhibit better learning performance
when using a particular sensory modality (Kunze and Gumbert,
2001; Smith and Raine, 2014). The relationship between learning
ability and fitness may therefore differ depending on the sensory
modality used to assess learning. By assessing fitness traits
in relation to different sensory modalities we will strengthen
our understanding of factors driving observed differences in
learning ability.

Bumble bees are a useful study system for investigating
fitness traits and learning though different sensory modalities,

because foragers rely on multiple sensory inputs, which serve
different functions. For instance, bumble bees rely on both
learnt visual and olfactory cues when locating and evaluating
their food sources (Chittka and Raine, 2006). Attraction to
flowers at a distance is primarily due to the visual cues of the
flowers (Manning, 1956; Heinrich, 1976), whereas floral scents
provide a localised cue which a bee uses to discriminate between
similar flowers and to reject flowers recently depleted of nectar
(Manning, 1956; Wright and Schiestl, 2009). The presence of a
learned floral scent determines whether a foraging bee alights
and/or probes for nectar (Manning, 1956; Kunze and Gumbert,
2001). Foragers use olfactory and tactile cues to communicate
with each other, both directly and indirectly (Dornhaus and
Chittka, 2001; Saleh et al., 2006). For example, bees in the nest
learn the floral scents carried by incoming foragers, which can
influence their subsequent foraging choices (Molet et al., 2009).
Foragers can also learn to use the scents produced and deposited
on flowers by other bees (cuticular hydrocarbon footprints), to
avoid recently visited flowers (Goulson et al., 1998; Stout and
Goulson, 2001; Pearce et al., 2017).

Using proboscis extension response (PER) conditioning we
assessed the olfactory learning performance of foraging naïve
Bombus terrestris individuals in the lab, then monitored their
subsequent foraging performance in a natural environment. In
doing so, we gained insight into how odour learning affects
foraging success and colony provisioning (both proxy measures
of colony fitness). We discuss our results in relation to visual
learning in B. terrestris, which has previously been assessed in
conjunction with foraging performance (see: Raine and Chittka,
2008; Evans et al., 2017).

MATERIALS AND METHODS

Experimental Setup
Five B. terrestris colonies (obtained from Biobest—Westerlo,
Belgium) were each housed in split colony boxes (Figure 1A),
which enabled us to assess the olfactory learning performance
of foraging naïve bees in the lab and subsequently monitor
the foraging performance of the same individuals in a natural
environment. Each box was divided in half with mesh (mesh
size: 1 × 1 mm), allowing olfactory and/or tactile connections
to be maintained between bees and brood on either side of the
colony box. One side of the box (internal side) was connected to
an enclosed foraging arena (140 × 240 × 120 mm) containing a
gravity feeder of sucrose solution (50% v/v) provided ad libitum,
and 3 g per day of defrosted honey bee-collected pollen (sourced
from Koppert Ltd., United Kingdom). The other (external) side
was connected to the outside environment through a tube leading
to an exit/entrance hole in the laboratory window (Figures 1D,E),
allowing bees on this side to forage naturally (Figure 1F).

At the beginning of the trial, each colony had a queen, brood
and an average of 30 workers (range = 23–37), which were
divided evenly between the two sides of the colony box. Each
queen was moved between sides of the colony box every 24 h
to encourage normal queen-right colony behaviour and reduce
aggression when tested worker bees were moved between sides
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FIGURE 1 | | Diagram showing experimental setup. (A) Divided colony box with a mesh partition, which contained the split colonies (colourless, transparent lid
removed for clarity). (B) Bees identified as foragers, based on frequency of foraging in an indoor foraging arena, were harnessed and tested on their olfactory
learning ability using proboscis extension response (PER) conditioning paradigm. (C) Assessed individuals were tagged with an RFID tag to enable us to track their
subsequent foraging performance. (D) After being assessed the bees were transferred to the (external) side of their divided colony box that was connected to the
laboratory window. (E) Each window exit/entrance was marked with a unique pattern to assist retuning foragers in finding their colony. (F) The RFID reader system
allowed us to record the foraging behaviour of the bees in the rural/urban landscape surrounding Royal Holloway University of London (Egham Hill, Egham TW20
0EX, United Kingdom). The RFID tag on the bee in image (F) has been added digitally for illustrative purposes. Photos (B,C) provided by Dylan Smith and Brian
Cutting, respectively.

(Schmid-Hempel and Schmid-Hempel, 1998; Evans et al., 2017).
For the purpose of identification, newly emerged workers on
the internal side were marked daily with uniquely identifiable
numbered tags (Opalith tags; Christian Graze KG, Germany).
Foraging individuals were identified in the foraging arena,
assessed in an olfactory learning paradigm (described below),
then re-tagged with an Radio Frequency Identification (RFID) tag
(details below; Figure 1C) and transferred to the external side of
the colony box. Workers emerging in the external side had one
of their wings clipped to prevent them from flying and foraging,
thus ensuring that only our tested bees (from the internal side)
could forage outside. To encourage foraging in our initially small
colonies, the external side was provided with no pollen, and
only enough sucrose solution to fill three nectar pots—pipetted
directly into nectar pots (for a more detailed description of the
setup see: Evans et al., 2017).

Assessing Olfactory Learning
Performance of Foragers
The five foraging arenas (each connected to the internal side of a
different split colony box) were visually checked throughout the

day and the identities of any bees on the sucrose or pollen feeders
were recorded. Bees were defined as foragers if they had been
observed on a feeder on at least three separate occasions, across
multiple days. Bees that met these criteria (n = 93 across the five
colonies) were assessed on their olfactory learning performance.

Olfactory learning performance was assessed using a PER
absolute conditioning paradigm (Riveros and Gronenberg, 2009;
Evans et al., 2016). Identified foragers were caught and chilled
on ice until they became quiescent and then harnessed within
plastic syringe tubes (Figure 1B). The bees were fed with sucrose
solution (50% v/v) 3 h after being harnessed. When feeding, their
antennae were touched with a pipette containing sucrose. If the
bee responded by extending its proboscis it was presented with
sucrose solution for 2 s. Each bee was given four opportunities
to feed. The harnessed bees were left overnight in a ventilated
container. The following morning (ca. 18 h after harnessing)
we again checked their responsiveness to sucrose. If the bee
responded it was given a small droplet of sucrose and progressed
to the training phase. If a bee failed to respond after four attempts
it was removed from the trial (n = 7/93; 7.5%).

A bee was assessed on its ability to learn to associate a fruit
odour—lemon (essential oil, Calmer solutions), with a sucrose
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reward. Lemon was chosen as our conditioning odour as it
is unlikely that these bees would encounter this odour while
foraging outside after their learning assessment (as this could
potentially influence their foraging decisions). Prior to every
training event each harnessed bee was placed individually in an
odour extraction hood. The odour stimulus was released from an
odour tube, containing 1 µl of the essential oil on filter paper. The
volume of air, flow rate, and duration of the odour presentation
was controlled by a Programmable Logic Controller computer.
During each trial a bee was exposed to 5 s of unscented air then
10 s of odour-containing air. The bee was presented with 0.8 µl
of sucrose solution (using a Gilmont syringe) after approximately
6 s of exposure to the odour-containing air (Evans et al., 2016).

Each bee was subjected to 15 trials in which it was exposed
to the odour, with a 12 min interval between trials. After
each trial we recorded the bees’ response; whether it extended
its proboscis before being presented with reward (conditioned
response or learning event), after it was presented with reward
(unconditioned response or non-learning event), or not at all
(unresponsive). Bees that did not respond for three consecutive
trials were removed from the experiment as they were assumed
to be senescing or otherwise no longer responding to foraging
cues (n = 6/86; 7%). On completion of the 15 trials all the bees
were removed from their harnesses and tagged with an RFID
tag (Microsensys GmbH: mic3-Tag; Figure 1C), on the back of
their thorax over the top of their Opalith tag. Each bee was then
placed within the external side of its corresponding colony so
that their foraging could be monitored outside the laboratory in
a natural environment.

Foraging Performance in a Natural
Environment
A pair of RFID readers (Microsensys GmbH: Maja IV reader
modules with optimized antenna for mic3-Tag transponders)
were attached to the entrance of each colony which recorded
when our previously tested and RFID-tagged foragers left and
re-entered their nest. This experimental set up yielded data on
individual foraging trip frequency and duration. Each colony was
also observed for 3 h a day between: 09:00 and 12:00, 12:00 and
15:00 or 15:00 and 18:00, for the duration of the trial (5 days
a week for 4 weeks), to estimate the nectar and pollen loads
collected by our tagged bees. To control for differences in forager
activity levels over the course of a day, the observation period was
randomised across colonies. We recorded the mass of any RFID-
tagged bee leaving or entering their colony, as they walked over a
balance pan (Ohaus AdventurerTM Pro, Ohaus NavigatorTM, and
Sartorius Practum 213-IS x 2 all accurate to the nearest 0.001 g).
Using the balance’s dynamic weighing function (designed for
weighing moving animals), three mass recordings were taken for
each bee and the average of these values used in the analysis.
A stopwatch synchronized with the time on the RFID readers was
used to record the time of each bee observation, enabling us to
identify individuals. The size of pollen loads brought back to the
colony were non-invasively estimated, so as not to disrupt normal
foraging activity. Each pollen load was classified as being either
small, medium, large, or very large, relative to the size of the bee
(Gill et al., 2012; Gill and Raine, 2014; Evans et al., 2017).

Analysis
Learning Performance
Learning performance scores were generated for bees tested with
the PER paradigm by summing each individual’s responses across
their 15 conditioning trials. Each correct response (i.e., when
a bee extended their proboscis in response to the odour prior
to being offered sucrose solution) was given a score of 1, so a
learning score of 14 is the maximum a bee could obtain given that
no learnt association could have been formed before the first trial.
The learning scores were split into four categories: A = 0 (non-
learners), B = 1–5, C = 6–10, and D = 11–14 (fastest learners).
Learning performance scores were not normally distributed
and non-parametric tests were used to assess differences within
and among colonies.

Individual Foraging Performance in a Natural
Environment
Foraging performance was quantified using the RFID data
log of when each tagged bee left and re-entered a colony.
These data were manually sorted to determine the number,
duration, and timing of the foraging trips made by each
bee. As we only tagged foragers, we assumed that all trips
away from the nest were foraging bouts (trips), provided that
the bee was gone for ≥ 8 min and, once they returned,
they stayed in the nest (to off-load pollen and/or nectar)
for ≥ 1 min. These thresholds were based on the duration
and sequence of activity of visually confirmed foragers during
the observation periods (Evans et al., 2017). Bees were only
included in our analyses if they completed at least five
foraging bouts.

For each forager we determined the colony that it foraged for
the most frequently—their “majority colony,” because all foragers
visited multiple colonies (mean ± SE = 4.09 ± 0.17 colonies).
This drifting is typical for closely situated bumble bee colonies
(Zanette et al., 2014), and is comparable to the extent of drifting
observed by others using a similar setup to assess foraging activity
(Gill et al., 2012; Gill and Raine, 2014; Stanley et al., 2016). For
50% of foragers their majority colony was also their natal colony.
On average, foragers performed 57.73 ± 3.92% of their foraging
trips for their majority colony, compared to 39.90 ± 5.39% for
their natal colony. For this reason “majority colony” was used in
all subsequent analysis.

Foraging Efficiency
All formal analyses were conducted in R v 3.0.2 (R Core
Development Team., 2014). Using a series of general linear
mixed models (GLMM’s, using the lme function in the package
nlme: Pinheiro et al., 2014), we determined whether learning
ability predicts nectar collection efficiency and/or pollen collection
efficiency. Our basic model contained just majority colony
as a random effect. This was compared with four different
candidate models that contained the basic model and one
of the following possible covariates as a fixed effect: worker
size, worker age, foraging experience, and the age of colony
when the forager was introduced (see Table 1 for variable
descriptions). We calculated AICc values (Akaike Information
Criterion—corrected for small sample size) for each model
(selMod function from the pgirmess package: Giraudoux, 2014)
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TABLE 1 | Descriptions of the response and predictive variables used in analyses.

Variable used in
model(s)

Variable description

Nectar collection
efficiency

Estimated amount nectar collected (mg/hr). Calculated by subtracting the mean outgoing mass from the mean incoming mass, the difference was
divided by the average time taken to complete observed trips (based on RFID data). Calculated for each bee returning to the colony without pollen.

Pollen collection
efficiency

A measure of pollen collected (pollen load/hr). Calculated by assigning a numerical value for pollen load size, i.e., small pollen = 1, medium = 2,
large = 3, very large = 4. For each bee, pollen load size was averaged across all bouts in which pollen was collected and divided by the average
time taken to complete observed trips (based on RFID data).

Mean daily number
of bouts

A measure of the number of foraging trips completed each day. Calculated for each bee by dividing the total number of foraging trips completed
(based on RFID data) by the total number of days foraged.

Mean bout duration A measure of time spent away from colony foraging (mins). Calculated for each bee by dividing the total time spent foraging (based on RFID data)
by the number of foraging trips recorded.

Number of days
spent foraging

A measure of foraging lifespan. Calculated for each bee by counting the number of days on which the bee foraged (based on RFID data).

Majority colony The colony for which each bee completed the majority of its foraging trips.

Colony age The number of days since the colony arrived in the lab at the time each bee was assessed.

Worker size A mean of all body mass recordings obtained for each bee when they left their colony to forage. Body mass was measured using the dynamic
weighing function on a balance. Bees that were not observed when exiting the colony (usually bees that completed very few foraging bouts) were
assigned a value based on the mean bee mass for their natal colony (n = 11).

Worker age Age of worker when odour learning performance was tested. Determined by the number of days since emergence, or if the bee was already
present when the colony arrived in the lab (n = 10), its age was estimated by adding 5 days to the colony arrival date.

Foraging
experience

The mean number foraging trips completed by a bee prior to (and including) the foraging trip recorded by an observer. For example, if a bee’s
pollen/nectar load was recorded by an observer on its 5th, 22nd, 35th, and 40th foraging trips, these were averaged to give an experience score of
25.5 (i.e., 5 + 22 + 35 + 40 = 102/4)

and selected the model with the lowest AICc value. Olfactory
learning performance was added (as a factor) to the best model to
determine whether it significantly lowered (i.e., 1AICc > 2 units:
Burnham et al., 2011) the model’s AICc. If it did, we concluded
that learning performance was predicting the response variable.
This bottom-up model building approach is more conservative
than a stepwise deletion, but given our limited sample size it
is more appropriate as it avoids over-parameterization inherent
in small data sets (Raihani and Bshary, 2012). The fit of the
best model was checked by plotting the fitted values against the
residual values of the model.

Foraging Activity
Mean daily number of bouts and mean bout duration were
log10 transformed (to normalise residuals) and analysed with a
general mixed model as described above. A generalised linear
mixed model (using the glmer function in package lme4: Bates
et al., 2014) was used to analyse count data (assumed to have
a Poisson error distribution) for number of days spent foraging.
A basic model was generated and then compared with three
additional models that contained either: worker size, worker age,
and majority colony age, in addition to the basic model. Learning
performance was added to the model with the lowest AICc. The
fit of the best model was checked by plotting the fitted values
against the residual values of the model.

RESULTS

Learning Performance
We assessed the olfactory learning performance of 80 foragers
(mean = 16, range = 13–19 foragers per natal colony) across
five colonies. Seventy-five percent of the bees (n = 60) exhibited

at least one learnt response. The proportion of correct choices
increased with trial number across all five colonies; rising from 0
to 8% in trial 2 to 6–46% in trial 7, and finally 50–77% in trial 15
(Figure 2A). Whilst learning performance varied within colonies,
there was no significant variation in learning performance among
colonies (Kruskal-Wallis, H4 = 6.064, p = 0.19; Figure 2B).
Forager learning performance was not predictably affected by
factors such as worker age (Spearman’s ρ = −0.021, p = 0.92;
Supplementary Figure 1A), worker body mass (Spearman’s
ρ = −0.145, p = 0.46; Supplementary Figure 1B) or colony age
(Spearman’s ρ = 0.037, p = 0.53; Supplementary Figure 1C).

Individual Foraging Efficiency in a
Natural Environment
Individual patterns of foraging activity were recorded when each
RFID-tagged bee left and returned to their nest. We found
that 48.8% (n = 39/80) of our tagged bees completed at least
five foraging bouts (flights outside the colony lasting at least
8 min). During daily observations, we recorded the efficiency
of pollen/nectar collection in 10.27% of the foraging bouts
undertaken by 84.6% (n = 33/39) of the tagged foragers. The
number of foraging bouts for which pollen/nectar collection
was observed per bee ranged between 2 and 22, and was
directly proportional to the total number of foraging bouts
undertaken by each bee (Spearman’s ρ = 0.73, n = 33,
p < 0.001).

Twenty two tagged bees were further classified as nectar
(n = 15) and/or pollen (n = 14) foragers, based on having recorded
at least two nectar or pollen-collecting bouts (range = 2–17)
during our observations. Thirty two percent (n = 7/22) of these
bees foraged for both nectar and pollen, in separate trips. The
nectar and pollen collection rates of these bees were positively
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FIGURE 2 | (A) Proportion of conditioned (learnt) responses of Bombus
terrestris individuals from five (natal) colonies during 15 sequential proboscis
extension response (PER) trials. (B) Variation in learning performance (learning
score) of the five natal colonies based on the number of learnt responses per
bee. In each box the thick horizontal bar is the colony median, whilst the lower
and upper edges represent the 25 and 75% quartiles, respectively. Whiskers
indicate the maximum and minimum values that are not outliers. The numbers
of bees tested per colony = 13, 15, 19, 16, and 17, respectively.

correlated (Pearson’s Correlation, r = 0.81, n = 7, p = 0.03), but
this relationship was driven by a single bee that collected both
floral resources at a high rate (Supplementary Figure 2).

Our best model provides no strong evidence that olfactory
learning performance predicts nectar collection efficiency or
pollen collection efficiency (Table 2). For nectar collection, the
best model was the basic model (which represents the null
hypothesis). For pollen collection, although the best model did
include learning score, the AICc score of this model was not
significantly (>2 AIC units) lower than that of the basic model
(1AICc 0.57; Table 2; raw data presented in Supplementary
Figure 3 for nectar and pollen collection).

Individual Foraging Activity in a Natural
Environment
When comparing all bees, a binomial test indicates that
there was no difference in the proportion of non-learners
(0.50) and learners (0.55) to forage (p = 0.90, 95% CI [−0.34,
0.24]). Assessed bees foraged for between 1 and 15 days
(mean ± [SE] = 5.64 ± 0.58), completing between 1 and
26 foraging bouts per day (mean ± [SE] = 10.37 ± 0.98),
with each bout lasting between 28.67 and 184 min
(mean ± [SE] = 67.46 ± 5.57). Once foraging outside of the

TABLE 2 | Candidate models to predict the nectar and pollen collection efficiency.

Nectar collection Pollen collection

AICc 1 AICc AICc 1 AICc

Basic 162.62* 0.00 49.59* 0.57

Best model + Learning score 162.89 0.27 49.02 0.00

Experience 165.96 3.33 52.44 3.43

Colony age 166.08 3.46 53.38 4.36

Worker mass 166.26 3.64 53.63 4.61

Worker age 166.32 3.69 53.52 4.50

The basic model contained only the intercept and majority colony as a random
factor. All other models contained the basic model and the additional factors
specified in the model name (Experience, Colony age, Worker mass or Worker age).
The model with the lowest AICc value out of the five initial models (indicated with an
asterisk) had learning score (LPI) added to it to determine whether this significantly
decreased the AICc value (i.e., 1AICc > 2). The best model (based on the AICc
value) is shown in bold. The basic model is considered the best if no model has a
significantly lower AICc (i.e., decreased 1AICc > 2 units).

TABLE 3 | Candidate models to predict the mean number of foraging bouts
conducted per day, mean foraging bout duration, and number of days spent
foraging by tested foragers.

Mean bouts Mean bout No. of days

per day duration foraged

AICc 1 AICc AICc 1 AICc AICc 1 AICc

Basic 81.58 24.88 54.21 11.00 224.41 1.63

Worker age 83.39 26.59 55.64 12.43 226.54 3.76

Worker mass 83.99 27.29 56.70 13.49 225.48 2.70

Colony age 56.70* 0.00 43.21* 0.00 222.78* 0.00

Best model + Learning score 58.47 1.76 45.23 2.01 223.34 0.56

The basic model contained only the intercept and majority colony as a random
factor. All other models contained the basic model and the additional factors
specified in the model name (worker age, worker mass or colony age). The model
with the lowest AICc value out of the four initial models (indicated with an asterisk)
had learning score (LPI) added to it to determine whether this significantly reduced
the AICc value (i.e., decreased 1 AICc > 2). The best models (based on the AICc
value) are shown in bold.

laboratory, 97% of the bees continued foraging for consecutive
days, with the exception of one bee that had two, 1-day breaks
during its 15 days of foraging.

Comparing candidate models, learning performance was also
not a good predictor of mean number of bouts per day, mean bout
duration, or number of foraging days (Table 3; raw data presented
in Supplementary Figure 4). However, visual inspection of the
raw data suggested that learning per se did appear to affect
Number of foraging days as bees that showed some learning
(learning scores 1–5: mean days foraging = 7.08 ± 0.98 [SE];
learning scores 6–10: mean days foraging = 6.22 ± 0.83 [SE])
foraged for more days than non-learning individuals (mean days
foraging = 3.91± 1.19 [SE]) Figure 3A). Accordingly, when bees
were included in the models as non-learners or learners (i.e., a
binomial category), learning ability was a good predictor of days
foraged. The best model, which contained majority colony, age
and learning (model estimate for non-learners: 8.86 ± 4.71[SE]
and for learners: 14.66± 3.72[SE]) was a significant improvement
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FIGURE 3 | Box and whisker plot showing (A) the number of days spent foraging against olfactory learning performance index score, and (B) the number of days
spent foraging by non-learners vs. learners (raw data). High learning scores are indicative of fast learning individuals, whilst a score of zero means they showed no
sign of learning. The number of bees in each learning category: 0 = 11, 1–5 = 13, 6–10 = 9, and 11–14 = 6. In each box the thick horizontal line indicates the
median, whilst the lower and upper edges represent the 25 and 75% quartiles, respectively. Whiskers indicate minimum and maximum values that are not outliers.
Outliers (± 1.5*IQR) are represented by open circles. (A) learning score 0: mean days foraging 3.91 ± 1.19 [SE]; learning score 1–5: 7.08 ± 0.98 [SE]; learning score
6–10: 6.22 ± 0.83 [SE]; learning score 11–15: 4.83 ± 1.62 [SE], (B) Non-learners mean days foraging: 3.91 ± 1.19 [SE], learners: 6.32 ± 0.63 [SE].

on the basic model and all tested alternative models (1AICc 5.95;
Table 4; raw data are summarised in Figure 3B and presented in
full in Supplementary Figure 4). Learning was also added as a
binomial category in models for mean number of bouts per day
and mean bout duration, however, this did not alter the model’s
predictions (Supplementary Table 1).

DISCUSSION

To determine whether the olfactory learning abilities of
B. terrestris individuals predict their foraging performance
in a natural environment, PER conditioning was used to
assess olfactory learning in the laboratory before the foraging
performance of the same individuals was monitored in the
field. When comparing all individuals that demonstrated odour

TABLE 4 | Candidate models to predict the number of days spent foraging by
tested foragers.

No. days foraged

AICc 1 AICc

Basic 224.41 7.58

Worker age 226.54 9.72

Worker mass 225.48 8.66

Colony age 222.78* 5.95

Best model + learning
category (learner vs.
non-learner)

216.86 0.00

The basic model contained only the intercept and majority colony as a random
factor. All other models contained the basic model and the additional factors
specified in the model name (worker age, worker mass, or colony age). The model
with the lowest AICc value out of the four initial models (indicated with an asterisk)
had learning category (learner vs. non-learner) added to it to determine whether this
significantly reduced the AICc value (i.e., decreased 1AICc > 2). The best model
(based on the AICc value) is shown in bold.

learning, we found that their learning performance did not
predict their foraging efficiency (i.e., nectar or pollen collection
rates), daily foraging activity (numbers of bouts completed), or
forage-bout duration. The daily rate at which foragers collected
floral resources (nectar or pollen) was similar, regardless of
how they performed in the olfactory learning task. However,
olfactory learning per se predicted the duration of their
foraging career. Bees that demonstrated some ability to use
odour cues as a predictor of sucrose solution reward (learning
scores of 1–14) foraged for more days than non-learning
individuals (learning score = 0). Consequently, odour learning
individuals provided food resources for their colony over a
longer period of time.

It is not clear why the non-learning bees foraged for fewer
days compared to bees that exhibited some olfactory learning.
These bees did not have a lower propensity to forage in their
natural environment; they were just as likely to forage as bees
demonstrating learning. It is possible that these non-learning
individuals were in poor condition and therefore not motivated
to learn and more likely to not forage for long or to die
early. However, whilst these bees did not learn, they were still
responsive/motivated by sucrose throughout the laboratory PER
conditioning assessment. It is reasonable to expect that if the bees
had been in poor condition they would have been generally less
responsive. The non-learning bees were also a similar size and age
to their nest mates, meaning it is unlikely that they had a reduced
ability to detect the olfactory cues in the learning assessment
because they had lower olfactory sensitivity (Spaethe et al., 2007),
or because their olfactory systems were less developed (Ray and
Ferneyhough, 1997; Laloi et al., 2001). It is possible that the
bees demonstrating no olfactory learning were ill equipped for
foraging in their natural foraging environment. As well as being
important for flower selection, olfactory learning is likely to be
important for predator avoidance; enabling bees to detect and
avoid potentially lethal encounters with predatory insects (Reader
et al., 2006; Bray and Nieh, 2014; Li et al., 2014). Olfactory
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learning is also necessary for homing/navigation; olfactory cues
near the nest are learned as guides for returning foragers
(Foster and Gamboa, 1989; Saleh et al., 2007). Consequently,
these bees might have been more likely to succumb to predation
or become lost whilst foraging.

Despite the olfactory and visual sensory systems in bees
serving some distinct functions (Wright and Schiestl, 2009),
and there being differences in the way these cues are
learned and retained (Menzel and Greggers, 1985; Kunze
and Gumbert, 2001), the relationship between learning ability
and foraging performance among B. terrestris individuals was
similar, regardless of whether learning was assessed using an
olfactory (this study) or a visual (colour learning) task (the
latter results presented in Evans et al., 2017). Like olfactory
learning performance, visual learning performance did not
predict floral resource collection rates, daily foraging activity
levels, or foraging bout duration (Evans et al., 2017). However, we
did find differences in the relationship between olfactory/visual
learning performance and the amount of foraging undertaken
overall. When comparing only among individuals that learnt
the olfactory cues (i.e., non-learners were excluded), we found
that the duration of their foraging careers was not predicted by
how they performed in the olfactory learning task. In contrast,
visual (colour) learning performance did predict foraging career
duration, with the fastest visual learners foraging for fewer days
overall (Evans et al., 2017).

The shorter foraging careers of faster visual learners (Evans
et al., 2017) was thought to have resulted from the energetic
cost associated with enhanced cognitive performance, which
can negatively impact other energetically demanding processes
(Mery and Kawecki, 2003; Mery and Kawecki, 2004; Snell-Rood
et al., 2011; Jaumann et al., 2013). Another study provides
evidence of a “trade-off” in the opposite direction—increased
foraging time lowered olfactory learning performance (reversal
learning) among honey bees (Cabirol et al., 2018), further
support for an inverse relationship between learning and foraging
duration. In the current study, the fastest olfactory learners
also had a tendency to forage for fewer days than “average”
learners, although this trend was not statistically significant.
It is possible that this relationship was less pronounced in
the current study because of the smaller number of foragers
monitored (compared to Evans et al., 2017). It should be noted
that whilst PER is a well-established method of assessing classical
conditioning for honey bees and bumble bees (e.g., Takeda,
1961; Riveros and Gronenberg, 2009; Giurfa and Sandoz, 2012),
this is the first time the foraging performance of bees has
been assessed after completing PER. Our data suggest that the
PER assay could have affected the performance of foragers.
In comparison with the bees for which colour learning was
assessed (by Evans et al., 2017), 10% fewer individuals in
the olfactory PER assay foraged, and those that did forage
completed 25 percent fewer foraging bouts and foraged for
two thirds as long. Reducing the time the bees spend in a
harness for PER conditioning may improve results obtained
in future studies.

While we have shown that learning is associated with the
foraging career duration of B. terrestris workers, we have

not demonstrated a relationship between olfactory learning
performance and rate of resource collection by individual bees.
Such a relationship between these variables might be expected
because the ability to rapidly learn salient floral cues is thought
to enable foragers to better track changes in floral resources
that vary across time and space and among plant species
(Laverty, 1980; Menzel, 1993; Chittka, 1998). Even a slight
decrease in the time spent locating or handling each flower
may be an advantage because in a single day individuals will
visit thousands of flowers to support themselves and their
colony (Raine et al., 2006b). However, it is possible that any
benefits in flower-handling efficiency are negligible compared
to other time-intensive elements of foraging, including travel
between the colony and multiple resource patches (Lihoreau
et al., 2010, 2012). It is also possible that we have not used
the best measure for assessing foraging efficiency. In addition
to needing a sufficient quantity of food, bees require diverse
and high quality protein and micronutrients for maintaining
healthy workers and to rear their brood (Alaux et al., 2010;
Di Pasquale et al., 2013; Vaudo et al., 2016). In future, it
may be more useful to consider foraging efficiency in terms of
the quality of the floral resource (e.g., the sucrose content of
nectar and protein content of pollen), and/or the diversity of
pollen sources collected as well as the amount of pollen and
nectar collected.

Another possible explanation for our results is that the
ability to learn odours more quickly in the rural/residential
landscape surrounding the test site (Royal Holloway; Egham
TW20 0EX, United Kingdom) simply may not have conferred
an advantage in terms of foraging efficiency. Because of the
costs associated with learning, its adaptation is expected to
be fined-tuned to prevailing ecological (and social) conditions;
leading it to be more important in some environments than
others (Stephens, 1991; Dunlap and Stephens, 2016; Morand-
Ferron et al., 2019). This remains a possible explanation for
the apparent lack of relationship between individual learning
(either olfactory or visual) and foraging (olfactory assessed in this
study and visual in Evans et al., 2017), while (visual) learning
and nectar foraging performance of 12 B. terrestris colonies
were strongly correlated in an urban habitat in central London
(Raine and Chittka, 2008). In this urban experiment, bumble
bee colonies containing the fastest colour learning individuals
also brought in nectar at significantly higher rates in those
environmental conditions.

Overall our results suggest that olfactory learning plays a role
in foraging success for B. terrestris. Individuals that were able to
learn the scent-reward association had a longer foraging career
and as a consequence collected more floral resources for their
colony overall. The reason that non-learners foraged for fewer
days remains unclear, it was not due to a reduced propensity to
forage, and further work would be needed to determine if it could
have been due to a reduced ability of foragers to return to their
colony. We did not find statistical support for faster olfactory
learners being more efficient or active foragers. Instead our results
echo the findings of studies using visual learning (Evans et al.,
2017); that suggest a balance exists between the benefits and costs
associated with learning.
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