Honey bees selectively avoid difﬁcult choices
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ften a correct choice can only be estimated rather than absolutely known. To aid in this estimation, humans are able
to monitor their degree of uncertainty and use that knowledge to
improve their decisions (1, 2). The ability to monitor one’s own
cognitive processes is considered a form of metacognition (1, 2).
When uncertain, humans will often defer choosing and seek
more information rather than risk the consequences of a wrong
choice. Whether the ability to monitor uncertainty exists in
nonhuman animals is currently highly contentious. Smith et al.
(3, 4) developed the opt-out paradigm to test uncertainty monitoring in animals in which an animal must solve a discrimination
task that varies in difﬁculty. The animal is rewarded when correct
and punished for an incorrect choice. A third option is then introduced where the animal can “opt out” by responding in some
different way to avoid the discrimination task, thereby usually
beginning a new trial. If animals opt out more on difﬁcult than
easy tasks, if opting out improves performance on difﬁcult tasks,
and if they can apply the opt-out strategy to a novel task, then
this has been taken as evidence that animals can modify their
decision-making strategy based on their degree of uncertainty.
This result has been reported for nonhuman primates, dolphins,
dogs, and rats (3–12). However, some strongly argue that all
comparative studies using opt-out paradigms can be explained
through associative mechanisms that do not require judgments of
uncertainty (3, 13–15).
Because two alternative mechanisms have been proposed to
explain the same behavioral data, Morgan’s Canon (16) cautions
that when presented with two alternative explanations, we are
obliged to choose the simpler of the two. However, directly
comparing these hypotheses is difﬁcult because there is no
agreed neural model for uncertainty processing. Therefore, it is
challenging to judge which explanation is truly the simpler. Here
www.pnas.org/cgi/doi/10.1073/pnas.1314571110

we contribute to the debate by examining how an invertebrate,
the honey bee, performed in the opt-out paradigm. We found
that bees met all of the necessary criteria considered indicative of
uncertainty monitoring. Bees have a far smaller brain than any
mammal, and we hypothesize how uncertainty monitoring might
be achieved by this animal.
Results
To assess how honey bees responded to choices based on limited
information, we examined their performance in a visual discrimination task in which task difﬁculty was varied. We combined
a conﬁgural-learning task, where bees had to learn stimuli placed
above or below a referent (17), with the option to opt out of
trials (5) to determine if bees adaptively changed behavior in
response to task difﬁculty.
We trained free-ﬂying bees to enter a two-chamber test apparatus (Fig. 1). During training, stimuli were placed either in
the ﬁrst decision chamber or the second. During testing, both
chambers contained stimuli. The stimuli were two variable targets that were positioned either above or below a reference bar
(cf. ref. 17) (Fig. 1B). One group of bees was trained that the
above target contained 2 M sucrose (reward) and the below
target contained 50 mM quinine (punishment) (18). For the
second group, the contingency was reversed. During this stage,
bees were trained with ﬁve different targets that differed in
shape, size, and color. We changed targets and vertical position
of targets and reference bars pseudorandomly to eliminate the
possible use of associative cues. In other words, the shape, color,
and size of targets changed from trial to trial and the distance of
the targets from the bottom of the chamber and with respect to
the reference bars varied from trial to trial. This format ensured
that low-level cues, such as cumulated area (the area covered by
both reference bar and target) or conﬁgural identity (the shape
and orientation of both target and reference bar together), were
not informative for solving the task (Fig. 1B) (17). Bees’ performance increased over six blocks of ﬁve trials (Fig. 2A)
(ANOVA for repeated measures; n = 33 bees; block effect:
F5, 155 = 18.127, P < 0.001). There was no difference in performance between below- and above-trained groups (F1, 31 = 0.422,
Signiﬁcance
Here we show that honey bees (Apis mellifera) can adaptively
alter their behavior in a choice test in response to trial difﬁculty. Bees preferentially opt out of difﬁcult trials and by doing
so, improve their success rate. We discuss whether this choice
involves assessing degree of uncertainty (considered a deﬁnition of basic metacognition) or whether this task might be
solved by associative mechanisms. We propose a hypothesis
for how uncertainty might be processed within the known
circuitry of the insect brain to frame the concept of uncertainty
as a topic for neurobiological analysis.
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Human decision-making strategies are strongly inﬂuenced by an
awareness of certainty or uncertainty (a form of metacognition) to
increase the chances of making a right choice. Humans seek more
information and defer choosing when they realize they have
insufﬁcient information to make an accurate decision, but whether
animals are aware of uncertainty is currently highly contentious.
To explore this issue, we examined how honey bees (Apis mellifera)
responded to a visual discrimination task that varied in difﬁculty
between trials. Free-ﬂying bees were rewarded for a correct
choice, punished for an incorrect choice, or could avoid choosing
by exiting the trial (opting out). Bees opted out more often on
difﬁcult trials, and opting out improved their proportion of successful trials. Bees could also transfer the concept of opting out
to a novel task. Our data show that bees selectively avoid difﬁcult
tasks they lack the information to solve. This ﬁnding has been
considered as evidence that nonhuman animals can assess the
certainty of a predicted outcome, and bees’ performance was comparable to that of primates in a similar paradigm. We discuss
whether these behavioral results prove bees react to uncertainty
or whether associative mechanisms can explain such ﬁndings. To
better frame metacognition as an issue for neurobiological investigation, we propose a neurobiological hypothesis of uncertainty
monitoring based on the known circuitry of the honey bee brain.

using a novel target for ﬁve additional trials to determine if they
could generalize the task to a novel target (stage 2) (Fig. 1B). In
this stage bees chose the correct target 80 ± 1.9% (mean ± SEM:
n = 23 bees) of the time, indicating they had successfully learned
the task (Fig. 2A). This result was signiﬁcantly different from
chance (assumed distribution of 50%) considering the ﬁrst
choice (binomial test: P < 0.001) or cumulative choices (one
sample t test: t21 = 20.120, P < 0.001), corroborating previous
ﬁndings (17).
In stage 3 we tested bees for a further 50 trials that varied in
difﬁculty (Fig. 1B). For easy trials, the target was clearly above or
below the reference bar, and did not overlap with the reference
bar (stage 3) (Fig. 1B). For hard trials, targets were offset, but
overlapping, with the reference bar (stage 3) (Fig. 1B). For impossible trials (so-called because objectively they had no correct
answer and therefore were rewarded pseudorandomly), the
centers of both targets were in line with that of the reference bar
(stage 3) (Fig. 1B). Bees performed better on easy trials than on
hard or impossible trials (Fig. 2B) (ANOVA for repeated measures; n = 16; F2, 26 = 19.94, P < 0.001).
Training and testing through stages A and B often took more
than 3 h, because the duration of training was determined by the
rate at which bees returned to the apparatus from their colony.

Fig. 1. Experimental set-up and design. (A) Design of decision chambers. (B)
Experimental design. Stage 1: The reference was the same on both left and
right sides: a horizontal black bar 5-cm long and 2-cm high. Targets were the
same on both sides but variable between trials. Five of the possible six targets were used during this stage. Reward (2 M sucrose) or punishment
(quinine) was placed in a translucent microcentrifuge tube in the center of
the targets (white trapezoid). Within a trial, stimulus pairs were identical
except for vertical position relative to the reference bar and relative to the
bottom of the chamber. Between trials, targets and positions of targets and
reference bars were varied so that bees could only learn the above/below
relation of targets to the references as predictors of reward. Approximately
half of the bees were rewarded on the above relation and half on the below
relation. Stage 2: The transfer tests were unrewarded and used a novel
target not used in stage 1. Stage 3: Difﬁculty was varied by changing the
distance between the target and the horizontal of the reference bar. For
easy trials, the target was clearly above or below the reference bar and did
not overlap with the reference bar. For hard trials, targets overlapped, with
the reference bar. For impossible trials the center of both targets were in
line with that of the reference bar. Stage 4: test of generalization of the optout rule. Bees were trained to learn new targets associated with reward and
punishment. Posttraining bees were tested with confusing and unrewarded
targets merging features of both learned targets.

P = 0.521). Data were therefore pooled and presented together
from Fig. 2A onwards. All bees that performed at ≥ 80% correct
on the ﬁnal 10 trials of stage 1 (23 bees) were subsequently tested
19156 | www.pnas.org/cgi/doi/10.1073/pnas.1314571110

Fig. 2. Performance of bees. (A) Percentage of correct choices as a function
of blocks of ﬁve trials (stage 1) and performance in nonrewarded transfer
test (stage 2). (B) Performance on tests varying in difﬁculty (stage 3). Bees
performed better on easy (83.8 ± 2.5%) than on hard (52.4 ± 2.5%) or impossible (44.5 ± 7%) trials. (C) Proportion opting out relative to easy (horizontal bars) and SE (vertical bars). Bees tended to opt out more on hard and
impossible trials than on easy trials (stage 3). Bees also opted out signiﬁcantly more on difﬁcult trials (average of hard and impossible trials) than on
easy trials. (D) Performance on unforced and forced trials (stage 3). Bees
performed better on unforced hard trials than forced hard trials. Bees performed better overall on easy trials (ANOVA for repeated measures; n = 10;
F1, 9 = 6.028, P < 0.036), and performed similarly on forced and unforced easy
trials (ANOVA for repeated measures; n = 10; F1, 9 = 0.459, P = 0.515). This
result is consistent with most bees being in a low-uncertainty state for the
majority of easy trials. All bars in all panels represent mean values and all
error bars represent SEM.
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that bees opted out selectively when their likelihood of successfully solving the task was lowest.
To assess whether bees could transfer the concept of opting
out to a novel difﬁcult task, the 10 bees that completed stage 3
received training (similar to stage 1) for an additional 20 trials on
a novel task (stage 4) in which they had to discriminate two
targets (Fig. 1B). After 20 training trials, we tested these 10 bees
with unrewarded “confusing” targets, which were a combination
of both trained targets (Fig. 1B) (stage 4). We hypothesized that
if bees were uncertain about the outcome of choosing these new
targets, they would opt out of decisions that contained them. Of
the 10 bees that completed stages C and D, no bees opted out
during training, suggesting they did not select to opt out in response to a novel stimulus. However, 4 of 10 bees opted out
when presented with the “confusing” targets on their ﬁrst trial of
test stage 4, and at least three of the ﬁve test trials with the
confusing targets (Fig. 3).
Discussion
Although individual bees differed in performance, we have
shown that some bees individually, and as a group, signiﬁcantly
altered their choice behavior in response to variation in task
difﬁculty. Bees showed: (i) greater likelihood of opting out in
hard compared with easy trials; (ii) better performance in unforced than forced hard trials; and (iii) transferred opting out to
a new situation.
Performance differed greatly among bees tested (Fig. 3), but
the individuals that opted out signiﬁcantly more on difﬁcult trials
than easy trials also ranked highly on performance difference
between unforced and forced trials and the generalization test
(Fig. 3). This ﬁnding suggests the bees opting out most in the
hard trials were those most capable of solving the hard task,
rather than bees that could not discriminate the hard trials and
avoided them.
Variation in performance between bees has been documented
in every prior study of bee cognition, including rule learning (17,
20), contextual learning (21), categorization (22), and counting
(23, 24). Indeed, animal cognition studies in general report great
heterogeneity in performances between subjects (4–9, 11, 25).
Therefore, it is little surprise that only some of the bees exposed
to our arduous testing regime individually showed adaptive use
of the opt-out rule in hard trials. These interindividual differences

Fig. 3. Comparison of performances across tests for individual bees. Top row: bee identiﬁcation number. Second row: Difference between probability of
opting out on difﬁcult trials (average of hard and impossible) minus probability of opting out on easy trials. Bees are ordered in increasing ranking of opt-out
differential. Shading represents ranking for each category (row). lighter/whiter represents better performance. Third row: Performance difference between
unforced trials and forced trials. Fourth row: Performance on transfer of opt-out concept ﬁrst trial (+, opted out; −, made choice and did not opt out). Fifth
row: cumulative performance on transfer of opt-out concept (ﬁve unrewarded trials). Sixth row: χ2 values for probability of opting out in hard vs. easy trials.
Seventh row: P values for each χ2 test. Dashed line box: indicates best performances/measurements in each behavioral test. Dotted line box: indicates 7 of 10
bees that opted out more on difﬁcult trials than easy trials.
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Of the 23 bees that completed stages A and B, only 16 returned
for stage 3 and only 10 completed all 50 trials of this stage, which
usually took another 4 h or more to complete. During stage 3
targets were presented alternately in the ﬁrst and second decision chamber (Fig. 1A). When presented in the ﬁrst decision
chamber bees had the option to opt out and ﬂy through to the
second chamber, where a different set of targets were present.
When presented in the second chamber bees had no option to
opt out and their choice was forced. We used χ2 analyses to
compare the rates of opt out on easy, hard, and impossible trials.
As individuals, 3 of 10 bees opted out more in hard than easy
trials (Fig. 3, row 6). Independent χ2 values can be summed, and
summing values for individual bees (19) (Fig. 3, row 6) showed
that as a group these 10 bees opted out more often on difﬁcult
trials (hard and impossible) than on easy trials (additive χ2; χ2 =
25.349, df = 10, P = 0.005). In addition, bees opted out more
often on hard or impossible trials than on easy trials (Fig. 2C)
(additive χ2; χ2 = 31.268, df = 20, P = 0.052). Bees could potentially have solved this task either by learning to attend to the
position of the target relative to the references (above or below),
or by attending to the geometry of the references and targets as
compound stimuli, but regardless of the speciﬁc strategy bees
used to solve the task, as a group bees opted out more on difﬁcult than easy trials.
Bees performed poorly on difﬁcult tasks and opted out more
(Fig. 2 B and C), but did opting out improve performance? To
answer this question, we compared how often bees correctly
solved the task in hard trials where bees could opt out (unforced
trials) with hard trials where bees could not opt out (forced trials). Unforced trials were those in the ﬁrst decision chamber
because bees had access to the exit port and could therefore opt
out. Forced trials were those in the second decision chamber
because there was not an exit port to use (Fig. 1A). If bees were
using the opt-out option adaptively and selectively, then they
should perform better on unforced hard trials than forced. If,
however, bees opted out more on difﬁcult trials because they had
simply learned to generally avoid this conﬁguration irrespective
of trial-speciﬁc certainty, then bees would be predicted to show
the same level of performance in forced and unforced hard trials.
Pooling data from all 10 bees, bees performed better on unforced hard trials than forced hard trials (ANOVA for repeated
measures; n = 10; F1, 9 = 6.028, P = 0.036) (Fig. 2D), indicating

could involve variation in motivation, cognitive ability, choice
strategy, or any combination of these. The proportion of bees able
to generalize the opt-out rule to a novel task in our study was
similar to that reported for primates (5).
Our data suggest some bees appeared capable of adapting their
decision strategy in response to variation in task difﬁculty by
adaptively using the option to opt out. Previously it has been
shown that bees responded to variation in task difﬁculty or task
risk by slowing down to improve accuracy (18, 26), and in an
ethological setting bees responded to a cryptic predation risk by
shifting their foraging strategy, perhaps akin to opting out of difﬁcult discriminations in our assay (27). These ﬁndings raise the
question of how bees are doing this. Adaptive use of an opt-out
option in hard trials has been interpreted as evidence that animals
are able to react to their degree of uncertainty (4). However, it has
been argued that behavioral results like this can be explained by
simple associative mechanisms that do not require uncertainty
monitoring. Le Pelley (14) proposes that by an associative learning
mechanism, conditioned response strengths (both positive and
negative) will be associated with different learned stimuli in the
discrimination task. The perceptual system is assumed to be noisy
so that no stimulus is expected to be recognized perfectly, and
learned responses can be generalized to similar stimuli (28).
Through training, difﬁcult stimuli will become associated with
a high likelihood of punishment because of the high error rate in
these trials. Although not itself rewarding, the opt-out response
still has a conditioned response strength because it provides a way
to avoid punishment. These assumptions alone are sufﬁcient to
predict that animals will opt out more for hard trials than easy in
certain paradigms, and that performance should be better in unforced than forced hard trials (14, 15).
Two different mechanisms have therefore been proposed to
explain the same behavioral phenomenon, and we are obliged to
reject the more complex. However, objectively assessing which
mechanism is most complex is presently difﬁcult because, although the neurobiology of associative learning is well understood in bees, we have no neurobiological model of how
uncertainty monitoring (if it occurs) might operate. Kepecs et al.
(29) argue that uncertainty estimation is no more complex than
simply recognizing and responding to a stimulus. If neural computations of the match between a new and a learned stimulus
operate according to Bayesian theory, then a certainty estimate of
the match would be intrinsic to that calculation. In rats, single
neurons in the orbitofrontal cortex show ﬁring patterns that correlate with degree of certainty modeled in this way (29).
The circuitry of learning in bees is much simpler than that of any
mammalian system. Because of this ﬁnding, honey bees could prove
to be a valuable system for determining conclusively whether simple
animal brains can assess degree of certainty. In honey bees, associative learning occurs in a circuit involving the 170,000 Kenyon
cells of the mushroom bodies and the extrinsic neurons, which
output from the mushroom bodies to premotor regions (30–32).
Stimuli are coded as a sparse cross-ﬁber pattern within the Kenyon
cell population. Kenyon cells and extrinsic neurons are linked by
a convergent connection matrix that is plastic and modiﬁable by
experience, according to Hebbian processes (33, 34). Learning
involves changing synaptic weights between the Kenyon cells activated by the learned stimulus and extrinsic neurons triggering the
learned response (34, 35). In a differential conditioning paradigm in
which a bee is trained that one stimulus is rewarded and one not,
during learning the sensory representations of the two stimuli diverge (36, 37). Each stimulus activates different motor responses,
and divergent sets of extrinsic neurons (34).
An ambiguous stimulus between the two learned stimuli would
potentially coactivate both possible motor responses. It has been
proposed that resolution of this conﬂict is likely achieved by
mutual inhibition between neurons in the extrinsic neuron population, so that only a single dominant motor pattern is activated
19158 | www.pnas.org/cgi/doi/10.1073/pnas.1314571110

(33–35). If this assumed neurocomputational framework is correct, then the degree of match between a stimulus and a learned
stimulus-response contingency is an intrinsic part of the associative mechanism. Certainty would correlate with the extent of
coactivation of incompatible motor responses by the activated
extrinsic neurons, the degree to which those competing possible
outputs could be resolved by mutual inhibition, and the strength
of the consensus motor output. In theory this correlation could
operate as a neural signal of degree of uncertainty that requires
minimal circuit elements over and above those required for associative learning. We do not know what elements in the bee brain
might then allow an uncertainty estimate to inﬂuence likelihood of
choice or opting out. In vertebrates, the neuromodulators acetylcholine and noradrenaline are involved in modulating choice by
uncertainty (38, 39). Therefore, we propose that experimental
testing of whether or not uncertainty estimation guides bee behavior should focus on computation within the association matrix
between the Kenyon cell and extrinsic neuron populations of the
bee brain, and the roles of neuromodulators in this system.
In summary, we have shown that honey bees are able to selectively avoid making choices when information is limited, and
by doing so they improve their success in a choice test. This
ﬁnding shows that even simple invertebrates are capable of
making complex and adaptive decisions, and are sensitive to
variation in task difﬁculty. Such behavior could be explained by
direct assessment of uncertainty, or by associative mechanisms
that weight the outcomes of hard and easy trials differently.
However, the neural computation of uncertainty may be no more
complex than that needed for classiﬁcation and association.
Determining whether simple invertebrates monitor uncertainty
in decision making—or simply appear to do so—can only be
addressed by electrophysiological testing of a neurobiological
model for uncertainty monitoring. However, whichever computational strategy is used, our data suggest that a capacity to respond adaptively to difﬁcult choices may be more general than
has been previously thought.
Materials and Methods
Experiments were performed with bees maintained at Macquarie University
(Sydney) between December 2012 and April 2013 (the Southern Hemisphere
summer). Bees were of the standard commercial stock available to Australia
(mostly a Ligustica background) containing a naturally mated queen. Our
experiments used forager bees from colonies within an open-space bee yard,
each containing ∼30,000 bees. Forager bees were attracted to the testing
apparatus with a sucrose solution. Individual bees were marked on their
thorax with paint and trained from their hive to ﬂy to the decision chambers
located several meters away. Cylindrical open-topped decision chambers
were illuminated by sunlight and covered with insect screen through which
an observer recorded decisions. The entrance was a 4-cm hole and the inner
dimensions were 20 cm × 25 cm. The inside of each cylinder provided
a white, UV-reﬂecting background for targets.
The training targets in stages A, B, and C (Fig. 1B) were a 4 × 4-cm vertical
grating and a 4 × 4-cm radial three-sectored pattern that were achromatic
“black,” a 4 × 4-cm cyan-magenta-yellow-black (CMYK) yellow cross, 4-cmdiameter CMYK orange circle, a 5 × 2.5-cm CMYK violet diamond, and a 3 ×
5-cm CMYK magenta rectangle. All targets were printed with a high-resolution laser printer. Targets, feeding tubes, and quinine and sugar solutions
were all replaced between each learning trial.
Training Protocol. A differential conditioning protocol was used in training.
Paired targets were placed relative to a 2 × 4-cm black rectangular reference
bar. The target placed above the reference bar offered 50 μL 2 M sucrose
solution. The target below the reference bar offered 50 μL 50 mM quinine
hydrochloride dihydrate solution (which is aversive to bees). A separate
group of bees were trained with the reverse contingencies. Reward and
punishment were offered in a cut transparent microcentrifuge tube attached to the targets. In each trial the ﬁrst choice of a bee was recorded.
Bees were ﬁrst trained to the ﬁrst and second decision chambers using one
of the targets above for two trials in each where they received two correct
conﬁgurations with reward. This process was to ensure that the bees knew
that the targets could be located within the second chamber. Bees were
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quinine + air puff). Targets for the generalization test were each three
tear-drop diamonds arranged radially and were colored HSB (hue, saturation, brightness: 242, 38, 67) and HSB (54, 56, 89). Trials alternated between the ﬁrst and second decision chamber to ensure the bees were
aware that these targets could be located within either chamber. A choice
was recorded when a bee either landed on a target or ﬂew through the
exit port (opting out). At either point, the bee was released to begin a new
trial. This process was repeated ﬁve times per bee.

Generalization Test. During generalization tests (stage 4) (Fig. 1B), bees were
trained with two targets one rewarded (2 M Sucrose) and one punished (50 mM

ACKNOWLEDGMENTS. We thank Martin Giurfa, Jeremy Niven, Gidon Felsen,
and Ken Cheng for comments on earlier drafts. C.J.P. was funded by an
Endeavour Awards Postdoctoral Fellowship.

1. Nelson TO (1996) Consciousness and metacognition. Am Psychol 51(2):102–116.
2. Dunlosky J, Metcalfe J (2009) Metacognition (Sage Publications, Thousand Oaks, CA).
3. Smith JD, Beran MJ, Couchman JJ, Coutinho MVC, Boomer JB (2009) Animal metacognition: Problems and prospects. Comparative Cognition and Behavior Reviews 4:
40–53.
4. Smith JD, et al. (1995) The uncertain response in the bottlenosed dolphin (Tursiops
truncatus). J Exp Psychol Gen 124(4):391–408.
5. Hampton RR (2001) Rhesus monkeys know when they remember. Proc Natl Acad Sci
USA 98(9):5359–5362.
6. Smith JD, Redford JS, Beran MJ, Washburn DA (2010) Rhesus monkeys (Macaca mulatta) adaptively monitor uncertainty while multi-tasking. Anim Cogn 13(1):93–101.
7. Suda-King C (2008) Do orangutans (Pongo pygmaeus) know when they do not remember? Anim Cogn 11(1):21–42.
8. Foote AL, Crystal JD (2012) “Play it Again”: A new method for testing metacognition
in animals. Anim Cogn 15(2):187–199.
9. Foote AL, Crystal JD (2007) Metacognition in the rat. Curr Biol 17(6):551–555.
10. McMahon S, Macpherson K, Roberts WA (2010) Dogs choose a human informant:
metacognition in canines. Behav Processes 85(3):293–298.
11. Castro L, Wasserman EA (2013) Information-seeking behavior: Exploring metacognitive control in pigeons. Anim Cogn 16(2):241–254.
12. Beran MJ, Smith JD (2011) Information seeking by rhesus monkeys (Macaca mulatta)
and capuchin monkeys (Cebus apella). Cognition 120(1):90–105.
13. Crystal JD, Foote AL (2009) Metacognition in animals. Comparative Cognition and
Behavior Reviews 4:1–16.
14. Le Pelley ME (2012) Metacognitive monkeys or associative animals? Simple reinforcement learning explains uncertainty in nonhuman animals. J Exp Psychol Learn
Mem Cogn 38(3):686–708.
15. Jozefowiez J, Staddon JER, Cerutti DT (2009) Metacognition in animals: How do we
know that they know? Comparative Cognition and Behavior Reviews 4:29–39.
16. Morgan CL (1894) An Introduction to Comparative Psychology (W. Scott, London).
17. Avarguès-Weber A, Dyer AG, Giurfa M (2011) Conceptualization of above and below
relationships by an insect. Proc Biol Sci 278(1707):898–905.
18. Chittka L, Dyer AG, Bock F, Dornhaus A (2003) Psychophysics: Bees trade off foraging
speed for accuracy. Nature 424(6947):388.
19. Box GEP, Hunter JS, Hunter WG (2005) Statsitics for Experimenters, Design, Innovation
and Discovery, 2nd Edition, (Wiley & Sons Inc., Hoboken, NJ).
20. Giurfa M, Zhang S, Jenett A, Menzel R, Srinivasan MV (2001) The concepts of
‘sameness’ and ‘difference’ in an insect. Nature 410(6831):930–933.
21. Zhang S, Schwarz S, Pahl M, Zhu H, Tautz J (2006) Honeybee memory: A honeybee
knows what to do and when. J Exp Biol 209(Pt 22):4420–4428.

22. Benard J, Stach S, Giurfa M (2006) Categorization of visual stimuli in the honeybee
Apis mellifera. Anim Cogn 9(4):257–270.
23. Chittka L, Geiger K (1995) Can honey bees count landmarks? Anim Behav 49(1):
159–164.
24. Dacke M, Srinivasan MV (2008) Evidence for counting in insects. Anim Cogn 11(4):
683–689.
25. Call J, Carpenter M (2001) Do apes and children know what they have seen? Anim
Cogn 3:207–220.
26. Dyer AG, Chittka L (2004) Bumblebees (Bombus terrestris) sacriﬁce foraging speed to
solve difﬁcult colour discrimination tasks. J Comp Physiol A Neuroethol Sens Neural
Behav Physiol 190(9):759–763.
27. Ings TC, Chittka L (2009) Predator crypsis enhances behaviourally mediated indirect
effects on plants by altering bumblebee foraging preferences. Proc Biol Sci 276(1664):
2031–2036.
28. Spence KW (1937) The differential response in animals to stimuli varying within
a single dimension. Psychol Rev 44(5):430–444.
29. Kepecs A, Uchida N, Zariwala HA, Mainen ZF (2008) Neural correlates, computation
and behavioural impact of decision conﬁdence. Nature 455(7210):227–231.
30. Menzel R (2001) Searching for the memory trace in a mini-brain, the honeybee. Learn
Mem 8(2):53–62.
31. Huerta R, Nowotny T (2009) Fast and robust learning by reinforcement signals: Explorations in the insect brain. Neural Comput 21(8):2123–2151.
32. Perry CJ, Barron AB (2013) Neural mechanisms of reward in insects. Annu Rev Entomol
58:543–562.
33. Huerta R, Vembu S, Amigó JM, Nowotny T, Elkan C (2012) Inhibition in multiclass
classiﬁcation. Neural Comput 24(9):2473–2507.
34. Strube-Bloss MF, Nawrot MP, Menzel R (2011) Mushroom body output neurons encode odor-reward associations. J Neurosci 31(8):3129–3140.
35. Bazhenov M, Huerta R, Smith BH (2013) A computational framework for understanding decision making through integration of basic learning rules. J Neurosci
33(13):5686–5697.
36. Galizia CG, Menzel R (2001) The role of glomeruli in the neural representation of
odours: Results from optical recording studies. J Insect Physiol 47(2):115–130.
37. Faber T, Joerges J, Menzel R (1999) Associative learning modiﬁes neural representations of odors in the insect brain. Nat Neurosci 2(1):74–78.
38. Yu AJ, Dayan P (2005) Uncertainty, neuromodulation, and attention. Neuron 46(4):
681–692.
39. Daw ND, Niv Y, Dayan P (2005) Uncertainty-based competition between prefrontal and
dorsolateral striatal systems for behavioral control. Nat Neurosci 8(12):1704–1711.

Perry and Barron

PNAS | November 19, 2013 | vol. 110 | no. 47 | 19159

PSYCHOLOGICAL AND
COGNITIVE SCIENCES

prevented from re-entering the ﬁrst chamber after they entered the second.
In stage 1 of the experiment (Fig. 1B), if a bee chose the correct target (e.g.,
above the reference bar), they were allowed to drink ad libitum 2 M sucrose.
If incorrect (e.g., below the reference bar), as soon as they were observed
tasting the quinine solution with their proboscis an air puff was applied until
the bee released from the target. Trials alternated between the ﬁrst and
second chamber of the apparatus in order for bees to learn that ﬂying
through the ﬁrst chamber led into a second decision chamber (Fig. 1A).

