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Abstract. Despite having a miniature brain—smaller than one cubic millimeter and comprising
roughly one million neurons—honey bees display a rich behavioral repertoire in which learning and
memory play a central role. This raises the question of whether their adaptive behavior extends be-
yond simple forms of learning, and whether the neural mechanisms underlying complex cognition
can be elucidated in this insect model. Elemental olfactory conditioning, where bees learn to asso-
ciate an odorant with a sucrose reward, has provided an unparalleled framework to dissect the neural
circuits underlying conditioned (odor) and unconditioned (sucrose) stimulus processing. This work
revealed how these pathways converge in the brain—particularly within the antennal lobes, lateral
horn, and mushroom bodies—and how learning reshapes neural coding, notably at the level of the
antennal lobe. Beyond elemental tasks, bees master non-elemental discriminations such as negative
patterning and biconditional learning, which require configural processing. Neural interference stud-
ies identify the mushroom bodies as essential for these higher-order functions. Even more complex
capacities have been demonstrated: bees categorize visual stimuli, learn abstract rules (sameness,
diVerence, above/below), transfer learning across sensory modalities, and display numerical compe-
tence, including rudimentary arithmetic and an understanding of zero. Together, these findings reveal
a degree of cognitive sophistication once thought unique to vertebrates and establish the honey bee
as a powerful system for investigating both basic and advanced cognitive processes, as well as their
neural foundations, within a miniature brain.
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1. Introduction

Karl von Frisch (1886–1982), who dedicated his life
to the study of honey bees, became renowned for
his discovery of the bee dance—a ritualized behav-
ior that allows a successful forager to inform nest-
mates about the distance and direction of a prof-
itable food source (e.g. von Frisch, 1965). Beyond

his groundbreaking work on dance communication,
von Frisch left behind a remarkably rich body of ev-
idence on honey bee behavior, encompassing stud-
ies on navigation, vision, olfaction, taste, magnetic
sensing, and more (ibid.). He often described honey
bees as a “magic well” for biological discoveries—
the more one draws from it, the more there
is to draw.
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Surprisingly, however, this fascination did not
extend to the cognitive abilities of bees. Reflecting
on communication behavior, von Frisch wrote: “The
brain of a bee is the size of a grass seed and is not
made for thinking. The actions of bees are mainly
governed by instinct” (von Frisch, 1962). It is strik-
ing that such a dismissive view of bee cognition came
from the very scientist most captivated by their be-
havioral complexity.

In recent decades, however, honey bees have
emerged as a valuable model for the study of learn-
ing and memory (Giurfa, 2007; Giurfa and Sandoz,
2012; Avarguès-Weber, Deisig, et al., 2011; Men-
zel, 1999). More recently, they have also gained
prominence in research on higher-order cognitive
capacities—abilities that were long considered the
exclusive domain of certain vertebrates known for
their advanced learning skills (Giurfa, 2013; Giurfa,
2015).

In this review, I will examine the key contribu-
tions of honey bee research to the fields of learning
and memory, and how this work has shaped our un-
derstanding of cognition. I will highlight both es-
tablished findings and open questions that illustrate
the extent to which honey bees have advanced our
knowledge of cognitive processing—at both the be-
havioral and cellular levels. In doing so, I aim to em-
phasize the power and potential of the honey bee as
a model in cognitive neuroscience.

2. Experimental access to learning and
memory in honey bees

Honey bees can be individually trained to solve a
wide variety of discrimination tasks. Several ex-
perimental paradigms have been developed to study
learning and memory in single honey bees. This indi-
vidualized approach is critical because learning and
memory are the products of individual experience.
It also enables a neurobiological analysis that can
be directly correlated with individual performance
scores.

I will describe two primary protocols widely used
to investigate learning and memory in honey bees,
selected for their experimental robustness and im-
pact: (1) Conditioning of approach flights to visual
targets in free-flying bees (in part 3); and (2) Olfactory
conditioning of the proboscis extension reflex (PER)
in harnessed bees (in part 4).

Both rely on the appetitive context of food search,
using sucrose solution as a reward mimicking nec-
tar. In these paradigms—and in various modified
versions tailored to specific experimental goals—the
basic design includes an acquisition (or training)
phase, during which bees are exposed to a stim-
ulus or perform a task that is reinforced, followed
by a test (or retrieval) phase, in which the same
stimulus is presented without reinforcement to as-
sess memory retention. To explore generalization
and discrimination capabilities, novel stimuli may
also be introduced during the test phase alongside
the trained stimulus. Additionally, testing in the
absence of the original stimulus allows for assess-
ment of stimulus transfer and cognitive flexibility
(see below).

3. Conditioning of approach flights to visual
targets in free-flying bees

Free-flying honey bees can be conditioned to re-
spond to various visual cues, including color, shape,
pattern, motion, and depth (von Frisch, 1914; Giurfa
and Menzel, 1997; Avarguès-Weber, Mota, et al.,
2012). In this protocol, each bee is individually
marked (typically with a colored spot on the thorax or
abdomen) and displaced by the experimenter to the
training site, where it receives a sucrose reward to en-
courage repeated visits (Figure 1a). This pre-training
phase occurs in the absence of training stimuli to
prevent uncontrolled associative learning. Once the
bee begins visiting the training site autonomously,
visual stimuli are introduced, and correct choices
are reinforced with sucrose. The resulting associa-
tions may be operant, classical, or a combination of
both: visual stimuli (CS) may become linked to the
reward (US), to the motor response (e.g., landing),
or both. Nevertheless, the task is predominantly
operant, as reinforcement depends on the bee’s
behavior.

A recent variant of this protocol involves virtual
reality setups, where bees walk or fly in a station-
ary position while being exposed to a dynamically
projected visual environment that responds to their
movements (a closed-loop setup) (Geng et al., 2022;
Lafon et al., 2022; Buatois, Laroche, et al., 2020; Bu-
atois, Pichot, et al., 2017; Schultheiss et al., 2017). In
this setting (Figure 1b), bees eYciently learn to dis-
criminate between virtual objects diVering in color
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Figure 1. Experimental protocols for the study of learning and memory in honey bees. (a) Visual
appetitive conditioning of free-flying bees. A bee marked with a green spot on the abdomen is trained
to collect sugar solution in the middle of a ring pattern. (b) Visual appetitive conditioning in a virtual
reality (VR) environment. Left: Global view of the VR system. 1: Semicircular projection screen made
of tracing paper. 2: Holding frame to place the tethered bee on the treadmill. 3: Tethered bee. 4: The
treadmill is a Styrofoam ball positioned within a cylindrical support (not visible) floating on an air
cushion. 5: Infrared mouse optic sensors allow to record the displacement of the ball and to reconstruct
the bee’s trajectory. The video projector displaying images (not visible) is placed behind the screen.
Right. Color discrimination learning in the VR setup. The bee had to learn to discriminate two vertical
stimuli based on their diVerent color and their association with reward and punishment. Stimuli
were green and blue on a black-and-white grating background. (c) Olfactory appetitive conditioning
of harnessed bees. Left: A bee immobilized in a tube displays the proboscis extension response (PER).
Right: Schematic of a conditioning protocol in which a rewarded odorant (CS¯) is paired with a sucrose
solution (unconditioned stimulus, US) delivered via a toothpick, while a non-rewarded odorant (CS¡) is
also presented. In a retention test, the CS¯ is presented without reward, and a PER to it indicates learning
(conditioned response). Adapted from Giurfa (2007).

and shape (Geng et al., 2022; Rusch et al., 2017), of-
fering new opportunities to study visual learning un-
der highly controlled experimental conditions.

4. Olfactory conditioning of the proboscis
extension reflex (PER) in harnessed bees

Harnessed honey bees can be conditioned to
respond to odorants in the laboratory setting (Bitter-
man et al., 1983). Each bee is restrained in an indi-

vidual holder that immobilizes its body while leav-
ing the antennae and mouthparts (mandibles and
proboscis) free to move (Figure 1c). When a hungry
bee’s antennae are touched with sucrose solution, it
reflexively extends its proboscis to drink—a behavior
known as the proboscis extension response (PER). In
naïve bees, odorants alone do not elicit this response.
However, if an odor is presented just before sucrose
(a forward pairing), an association is formed such
that the odor alone can later elicit PER (Figure 1c).
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