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How different visual systems process images and make perceptual errors

can inform us about cognitive and visual processes. One of the strongest

geometric errors in perception is a misperception of size depending on the

size of surrounding objects, known as the Ebbinghaus or Titchener illusion.

The ability to perceive the Ebbinghaus illusion appears to vary dramatically

among vertebrate species, and even populations, but this may depend on

whether the viewing distance is restricted. We tested whether honeybees

perceive contextual size illusions, and whether errors in perception of size

differed under restricted and unrestricted viewing conditions. When the

viewing distance was unrestricted, there was an effect of context on size per-

ception and thus, similar to humans, honeybees perceived contrast size

illusions. However, when the viewing distance was restricted, bees were

able to judge absolute size accurately and did not succumb to visual illu-

sions, despite differing contextual information. Our results show that

accurate size perception depends on viewing conditions, and thus may

explain the wide variation in previously reported findings across species.

These results provide insight into the evolution of visual mechanisms

across vertebrate and invertebrate taxa, and suggest convergent evolution

of a visual processing solution.
1. Introduction
Our visual system allows us to process and assess our environment by provid-

ing information such as object size, shape, texture, colour and movement [1].

Visual illusions, classified as errors of perception, are informative for under-

standing variation in visual processing in both human and non-human

animals [1]. One illusion which has been studied extensively in humans is

the Ebbinghaus illusion (e.g. [2,3]). It is considered one of the strongest

geometric illusions that humans perceive [1,4–6] and occurs where environ-

mental context causes an object to appear relatively larger when surrounded

by smaller objects, or relatively smaller when surrounded by larger objects

[1,4,7] (figure 1). Humans generally perceive the world using global processing,

which is the tendency to process the overall image of a scene rather than separ-

ately processing the individual elements which form it, which is known as local

processing [8]. Global processing has been proposed to promote the perception

of illusions, while local processing does not [1].

The ability to perceive contextual size illusions varies across vertebrates.

Among those species currently known to be able to perceive the Ebbinghaus

illusion are bottlenose dolphins [9], redtail splitfins [10], bower birds [11,12]

and domestic chicks [13]. Baboons, however, do not perceive this illusion,
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(b)

(a) (i) (ii)

Figure 1. (a) A well-known example of the Ebbinghaus or Titchener circle
illusion: two identical central targets are made to look smaller (i) when sur-
rounded by large, distant circles (inducers) than when surrounded by small
and close inducers (ii). (b) A representation of the Delboeuf Illusion: a larger
circle (annulus) surrounds a central target, resulting in it appearing smaller
than when surrounded by a smaller annulus [7].
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thereby allowing them to accurately judge size regardless of

context [6]. Interestingly, some species such as pigeons, ban-

tams and domestic dogs perceive the opposite illusion, an

assimilation illusion, where the central target size is perceived

as being closer in size to the inducers which surround it [14–16].

Remarkably, not only does the Ebbinghaus illusion vary

between species, but also within a single species. The Himba,

an isolated remote human culture from northern Namibia,

experience a strongly reduced effect of the size illusion

compared with Western and urbanized populations [17–19].

Similar in nature to the Ebbinghaus illusion is the Del-

boeuf illusion [7] (figure 1b). The Delboeuf illusion relies on

the misperception of size due to context [7]. A well-known

example of this illusion is the tendency for identical meal

portions to look smaller on a large plate and larger on a

small plate [20,21]. Humans, chimpanzees [20,22], capuchin

monkeys and rhesus monkeys [23] are vulnerable to this

illusion, while domestic dogs are not [16,24]. In humans, this

size illusion is thought to involve region V1 cortical represen-

tations of target size and context [25]. The differences

regarding susceptibility to size illusions observed between

species is potentially due the ability of species to process

visual images locally or globally [8], as baboons and Himba

people do not perceive the illusion [6,17] and demonstrate a

local precedence [17,18,26]. Interestingly, pigeons can flexibly

shift between local and global processing [27], and, as

mentioned, perceive the illusion as an assimilation illusion [15].

Another potential explanation for the differences in per-

ceiving these size illusions is the variance in testing

methods for respective studies, specifically the restriction of

the viewing distance (as discussed in [10]). For example,

studies on pigeons, bantams and domestic dogs required

the participants to touch the correct stimulus with their

nose or beak (dogs [16,24]; birds [14,15]), forcing subjects to

view illusions at a close range [10]; and for baboons, the
viewing distance was restricted to 49 cm away from the

screen displaying illusions [6]. Indeed, in humans, the Ebbin-

ghaus illusion is reduced or reversed to an assimilation

illusion when participants are forced to view the illusions at

close range [28,29]. Thus, it appears that promoting a

restricted distance on animals and humans may have a sig-

nificant impact on whether size illusions are able to be

perceived, although this has not been formally evaluated

using a within-species study.

The honeybee is an important model species for testing

visual and cognitive tasks due to the readily accessible way

in which individuals can be trained [30–34], which permits

high-value comparative analyses to vertebrate systems [35].

Honeybees can accurately discriminate stimulus sizes when

presented on homogeneous backgrounds, and have the

capacity to learn and apply ‘larger/smaller’ size rules

[36,37]. While this demonstrates sophisticated visual cogni-

tion in a miniature brain with regard to size perception,

stimuli in both previous size discrimination experiments

were presented on a background of consistent colour, shape

and size [36,37]. Thus, the bee’s ability to judge size in vari-

able contexts remains unresolved; yet bees forage in

complex, dynamic environments where the context in

which flowers are encountered often changes. Honeybees

express a global preference [38] when processing complex

stimuli made up of multiple elements, and may therefore be

sensitive to size illusions based on variation of the contextual

surrounding cues.

In this study, we use contextual size illusions based on the

Delboeuf illusion to determine how context and self-regulation

of the viewing distance may impact a bee’s ability to accu-

rately judge size. We consequently trained bees to choose

larger- or smaller-sized stimuli, and tested contextual size jud-

gement considering either restricted or unrestricted viewing

conditions by employing stimuli potentially promoting size

illusions.
2. Material and method
(a) Study site and species
Experiments were conducted at the University of Melbourne

between April 2015 and May 2017. Free-flying Apis mellifera for-

agers (experiment 1: n ¼ 10; experiment 2: n ¼ 10) were marked

with a coloured mark on the thorax to identify individuals used

in respective experiments [38].

(b) Experimental procedure
Training and test stimuli were composed of a central black square

target presented on a white square acting as the surrounding

annulus/inducer (figure 2). All stimuli were covered with 80 mm

Lowell laminate. One bee was tested at a time during the training

and testing phases. A counterbalanced design was used for both

the unrestricted and restricted viewing distance experiments (see

below), where in each experiment one group of bees was trained

to associate larger stimulus sizes with a reward (n ¼ 5), while a

second group was trained to associate smaller stimulus sizes with

a reward (n ¼ 5), on a background of constant size. Previous

work established that bees learn either size relation to a similar

performance level [36,37]. Thus, the pseudorandomized counterba-

lance was done to exclude any potential preference effects on the

test results. We used a rotating screen apparatus to promote an

unrestricted viewing condition and a Y-maze apparatus to create

the restricted viewing condition. Previous work has demonstrated

http://rspb.royalsocietypublishing.org/


learning phase

test phases

training set
80 conditioned choices

1 × 1
1 cm2

2 × 2
4 cm2

3 × 3
9 cm2

4 × 4
16 cm2

two sizes randomly chosen from the following set:

learning test
20 unreinforced choices

transfer test 1
20 unreinforced choices

transfer test 2
20 unreinforced choices

ps
eu

do
ra

nd
om

 o
rd

er

ve
rs

us

ve
rs

us

ve
rs

us

ve
rs

us

ve
rs

us

ve
rs

us

transfer test 2
20 unreinforced choices

transfer test 1
20 unreinforced choices

learning test
20 unreinforced choices

training set
80 conditioned choices

two novel sizes:

trial 1

trial n

trial 80

two targets of tthe same size on different background sizes:

two targets of different size on backgrounds of different size:

target
stimuli

background
stimuli

6 × 6
36 cm2

6 × 6
36 cm2

6 × 6
36 cm2

6 × 6
36 cm2

1.5 × 1.5
2.25 cm2

3.5 × 3.5
12.25 cm2

target
stimuli

background
stimuli

6 × 6
36 cm2

6 × 6
36 cm2

1.5 × 1.5
2.25 cm2

target
stimuli

background
stimuli

5.5 × 5.5
30.25 cm2

1.5 × 1.5
2.25 cm2

2.5 × 2.5
6.25 cm2

3.5 × 3.5
12.25 cm2

target
stimuli

background
stimuli

6 × 6
36 cm2

3 × 3
9 cm2

3.5 × 3.5
12.25 cm2

Figure 2. The stimuli used for the training and testing phases of both experiments showing the dimensions and surface area of target and background stimuli. In
the learning phase, 80 appetitive and aversive choices were conducted with four stimulus sizes (side edges: 1, 2, 3, 4 cm) presented on a consistent background
(side edge: 6 cm). Two different sizes of target stimuli were simultaneously presented to bees during the learning and test phases. The unreinforced learning test
presented bees with novel sizes (side edges: 1.5, 3.5 cm). In transfer test 1, two central targets of the same size (side edges: 1.5 cm) were presented to bees on a
background of different sizes (side edges: 2.5, 5.5 cm) to create the effect of a visual illusion where the central target on the larger background appeared smaller in
context, and the central target on the smaller background appeared larger in context. In transfer test 2, a larger central target (side edge: 3.5 cm) was displayed on
a larger background (side edge: 6 cm), while a smaller central target (side edge: 3 cm) was displayed on a background which was small (side edge: 3.5 cm) in order
to create the effect of the smaller central target appearing larger and the larger central target appearing smaller due to the surrounding context.
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that there is no significant difference in results for processing

of complex visual patterns (non-illusionary stimuli) between a

rotating screen and Y-maze [39].
(i) Experiment 1: unrestricted viewing distance
Apparatus
Honeybees were trained to visit a vertical rotating screen made

of grey Plexiglas, 50 cm in diameter (figure 3a). By using this
screen, the spatial arrangement of stimulus choices could be ran-

domly changed, thus excluding positional cues. Stimuli were

presented vertically on 6 � 8 cm grey Plexiglas hangers with a

landing platform attached below the presentation area. Hangers

and surrounding screen areas were washed with 30% ethanol

between foraging bouts and before each test to prevent the use

of olfactory cues. Consistent with protocol for the rotating

screen [39], four stimuli (two identical correct stimuli; two iden-

tical incorrect stimuli) were presented simultaneously above

http://rspb.royalsocietypublishing.org/
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Figure 3. (a) An image of the rotating screen used for Experiment 1 with labels to show basic parts of the apparatus. (b) A diagram of the Y-maze used in
Experiment 2 with labels showing the basic parts of the apparatus. A bee enters through the small hole into the decision chamber where it is presented
with two stimuli behind Plexiglas windows and must make a decision on which pole to land on for a reward. (Online version in colour.)
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landing platforms on the hangers, which could be positioned in

different random spatial positions and were randomly changed

between choices [36].
Procedure
Bees were first trained to land on platforms without stimuli present.

Once individual bees were able to land on the platforms, the train-

ing stimuli were introduced. By using the rotating screen, bees were

able to make choices at any distance from the stimuli, flying as

far away or as close as they elected prior to making a decision

on where to land. By using this design, we intentionally did not

control the viewing distance for bees, but allowed individuals to

self-regulate their distance prior to making a decision (figure 3a).

The experiment consisted of four parts (figure 2). During the

learning phase, the target stimuli varied in size (side edges: 1, 2,

3, 4 cm; figure 2) but were displayed on a background of consist-

ent size (side edge: 6 cm). Bees were presented with two different

target sizes during each bout (return from hive to apparatus) and

we recorded each correct or incorrect response for a total of 80

appetitive and aversive choices. Stimulus sizes and positions

were pseudorandomized and changed between bouts. The
sizes of the target stimuli were determined by rolling a die and

stimulus positions on the rotating screen were determined by

rotating the screen. Stimulus sizes always maintained the

size rule for respective groups. A 10 ml drop of either a 50%

sucrose solution (correct choice) or a 60 mM quinine solution

(incorrect choice) were used as rewarding and punishing

outcomes, respectively, during the training phase (figure 2), as

this promotes enhanced visual discrimination performances in

free-flying honeybees [40]. The procedure followed the logic of

size-rule learning [36] where target stimulus sizes were pseudor-

andomly allocated such that the exact nature of a given stimulus

(e.g. side edges: 2 or 3 cm) was ambiguous as correct or incorrect

depending on whether it was larger or smaller in size compared

with the alternative stimulus presented in a given phase of the

conditioning. This training protocol is a form of differential con-

ditioning which promotes processing of the entire image

[38,41,42]. Once a bee made a correct choice, it was collected

onto a Plexiglas spoon providing 50% sucrose solution and

placed behind an opaque barrier 1 m away from the screen

while stimulus sizes and positions were pseudorandomly chan-

ged, and platforms and surrounding areas were cleaned. If a

bee made an incorrect choice, it would taste the bitter quinine

http://rspb.royalsocietypublishing.org/
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solution and then was allowed to continue making choices until

a correct choice was made, at which point the same procedure for

a correct choice would be followed.

Following the learning phase, we conducted an unreinforced

learning test for 20 choices to determine if honeybees had learnt

the relational size rule (figure 2). Stimulus target sizes were

chosen to be novel and interpolated from the training set (side

edges: target, 1.5, 3.5 cm; background, 6 cm). Novel sizes were

used to determine if rule learning, rather than a simple associat-

ive mechanism [36], was responsible for observed performance.

Following the learning test, two transfer tests were conducted

in pseudorandom order. The role of the two sets of stimuli in

each of the transfer tests was to induce the potential perception

of an illusionary image as demonstrated in other animal

models described above (figures 1 and 2). In transfer test 1,

bees were presented with central targets of the same size (side

edges: 1.5 cm), displayed on backgrounds of different sizes

(side edges: 2.5, 5.5 cm). We hypothesized that if bees could

accurately judge size regardless of context, there would be no

significant difference in the number of choices between the two

stimuli. However, if bees perceived an illusion and were trained

to associate smaller-sized stimuli with a reward, they should

choose the central target on the larger background, as it looks

smaller in context. Similarly, if the bees trained to associate

larger stimuli with a reward perceived an illusion, they should

choose the central target on the smaller background as it looks

larger in context. In transfer test 2, bees were presented with a

small central target on a small background (side edges: target:

3 cm; background 3.5 cm) against a larger central target on a

larger background (side edges: target: 3.5 cm; background

6 cm). This test was designed to determine the potential strength

of the illusion in bees. Indeed, in the first transfer test, the target

size was identical and therefore ambiguous for the bees, which

could potentially facilitate the perception of the illusion. In the

second transfer test, a difference in sizes between targets is main-

tained but might be compensated by the illusion triggered by the

difference in the background sizes. In this test, if bees trained to

both smaller and larger rules did not perceive an illusion, they

should choose the respective stimulus in which the central

target maintains the correct size relationship, regardless of the

size of the background. However, if bees perceived a size illu-

sion, those trained to a ‘smaller than’ rule should choose the

stimulus on the larger background, as it looks smaller in context,

and bees trained to a ‘larger than’ rule should choose the stimu-

lus on the smaller background as it appears larger in context

[43–45]. If bees perceived an assimilation illusion, central targets

would appear more similar in size to the surroundings (inducer).

Thus bees in the respective transfer tests trained to larger sizes

would choose the stimulus with a larger surrounding as the

target size also appeared larger, and vice versa for bees trained

to smaller sizes.

During all three tests (learning test, transfer test 1 and transfer

test 2) stimuli were presented without rewarding or punishing out-

comes for respective choices, as we used water drops as a neutral

substance for tests. We recorded 20 choices (touches of a platform)

for each of the three tests. The sequence of the transfer tests was

randomized and refresher choices were given between tests for

the duration of one bout to maintain bee motivation [36,46].

(ii) Experiment 2: restricted viewing distance
The procedure for experiment 2, testing potential illusionary

perception with restricted viewing distance, was largely the same

as experiment 1 except for the apparatus mediating viewing con-

ditions. Honeybees were trained to enter a Y-maze (figure 3b;

as described in [47,48]). Stimuli were presented on grey back-

grounds located 6 cm away from the decision lines. At the

position of the decision lines, a transparent Plexiglas barrier

was placed such that individual bees could view stimuli at the
set distance of 6 cm but were unable to fly any closer, thus

restricting their viewing distance to 6 cm (potential maximum

distance from the entrance hole is 12 cm). Sucrose or quinine

was placed on respective poles directly in front of the Plexiglas

barrier so that bees would learn to associate stimuli with either

a reward or punishment. Poles were replaced when touched by

a bee and cleaned with ethanol to exclude olfactory cues. Two

stimuli, one correct and one incorrect, were presented simul-

taneously in each arm of the Y-maze on the grey plastic

background. The size and side of correct and incorrect stimuli

were randomly changed between choices. If a bee made an incor-

rect choice and started to imbibe the quinine, it was allowed to

fly to the pole in front of the correct stimulus to collect sucrose

to maintain motivation; but only the first choice was recorded.

Once the bee had finished drinking the sucrose, it was free to

fly back to the hive or make another decision by re-entering

the maze. During the unreinforced tests, a drop of water was

placed on each of the poles placed in front of the stimuli.

Twenty choices (touches of the poles) were recorded.
(c) Statistical analysis
(i) Learning phase:
To test for the effect of training on bee performance (number of

correct choices), data from the learning phase of 80 choices

were analysed with a generalized linear mixed-effects model

(GLMM) with a binomial distribution using the ‘glmer’ package

within the R environment for statistical analysis [49]. We initially

fitted a full model with trial number as a continuous predictor,

and group as a categorical predictor with two levels (trained to

larger or smaller), plus an interaction term between predictors

with subject as a random factor to account for repeated choices

of individual bees. As the interaction term was not statistically

significant in experiment 2, it was excluded from the final model.
(ii) Testing phase:
To determine whether bees were able to learn the size rules of ‘smal-

ler than’ and ‘larger than’ from the learning test data, we employed

a GLMM including the intercept term as a fixed factor and subject

as a random term. The proportion of ‘correct’ choices (MPCC)

recorded from the learning tests were used as a response variable

in the model. The Wald statistic (z) tested if the mean proportion

of correct choices recorded from the learning test, represented by

the coefficient of the intercept term, was significantly different

from chance expectation (i.e. 50% of correct choices).

The two unreinforced transfer tests (transfer test 1: targets of

the same size on different background sizes; transfer test 2: large

target on large background and small target on small back-

ground) were analysed using the same analyses employed for

the learning test. For this analysis a ‘correct choice’ was defined

as the choice for a stimulus suggesting the perception of a

contrast illusion.
(iii) Comparison between experiments:
To determine if there was a significant difference between the

learning curve functions of the learning phases in experiments 1

and 2, we used a GLMM with bee response (correct or incorrect)

as a binary predictor, and trial number, viewing condition and

the interaction term as fixed factors. Subject (bee) was included

as a random factor. We also tested for differences between the

pairs of unreinforced tests (learning test, transfer test 1 and trans-

fer test 2) using the same model structure with bee response as a

predictor and experiment (unrestricted or restricted viewing dis-

tance) as a factor. All statistical analyses were performed in the

R environment using the ‘nlme’ and ‘mass’ packages [49].

http://rspb.royalsocietypublishing.org/
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3. Results
(a) Experiment 1: unrestricted viewing distance
There was a significant increase in the number of correct

choices made over the 80 conditioned choices during the

learning phase (trial number: z ¼ 3.823, p , 0.001;

figure 4a), with a significant interaction between group and

trial (z ¼ 22.087, p ¼ 0.037) and no significant effect of

group (z ¼ 1.184, p ¼ 0.236). For individual bee performance

see electronic supplementary material, figure S1.

In the learning test, bees consistently chose the correct

stimulus in 66.5+3.0% (mean+ s.e. of the mean) of choices,

significantly higher than chance expectation (z ¼ 4.577, p ,

0.001; mean proportion of correct choices (MPCC) ¼ 0.665,

95% confidence intervals (CIs): 0.595, 0.731; figure 4b).

During transfer test 1 presenting target stimuli of identical

sizes, bees chose the stimulus suggesting contrast illusionary

perception in 63.0+ 3.8% of choices, significantly higher than

chance (z ¼ 2.592, p , 0.010; MPCC ¼ 0.630, CIs: 0.524, 0.725;

figure 4b).

Likewise, in transfer test 2, bees presented with two cen-

tral targets of different sizes on backgrounds of different sizes

chose the contrast illusion stimulus in 64.7+4.1% of choices

(z ¼ 3.506, p , 0.001; MPCC ¼ 0.647, CIs: 0.565, 0.735;

figure 4b). For individual bee performance see electronic

supplementary material, figure S2.

Group was not a significant factor for any of the tests

(p . 0.05 in all cases).

(b) Experiment 2: restricted viewing distance
As in experiment 1, there was a significant increase in the

number of correct choices made over the 80 conditioned choices

during the learning phase (trial number: z ¼ 5.411, p , 0.001;

figure 4a) and no difference between groups (z ¼ 0.321,

p ¼ 0.748). For individual bee performance see electronic

supplementary material, figure S3.

In the learning test, bees selected the correct stimulus in

66.5+2.0% of trials. The mean number of correct choices

was significantly different from chance (z ¼ 4.310, p , 0.001;

MPCC ¼ 0.655, CIs: 0.587, 0.719; figure 4b).

During transfer test 1 presenting target stimuli of identical

size on backgrounds of different sizes, bees chose the contrast

illusion stimulus in 50.0+1.1% of choices, which did not differ

significantly from chance expectation (z ¼ 0.000, p ¼ 0.944;

MPCC¼ 0.500, CIs: 0.431, 0.569; figure 4b).

During transfer test 2 presenting two central targets of

different size on backgrounds of different size, bees chose the

contrast illusion option based on their training group in

35.0+2.2% of choices (z ¼ 24.176, p , 0.001; MPCC ¼ 0.350,

CIs: 0.286, 0.418; figure 4b), thus choosing the correct relative

target size in 65.0+2.2% of choices regardless of the annulus

size. For individual bee performance see electronic

supplementary material, figure S4.

Group was not a significant factor for any of the tests

(p . 0.05).

(c) Comparison of experiments
There was no significant difference between the slopes of the

learning phase in experiments 1 and 2 (viewing condition x

trial number: z ¼ 21.749, p ¼ 0.080; figure 4a), and in the per-

formance of bees (z ¼ 21.023, p ¼ 0.306; figure 4b) during the

training phase, but there was a significant effect of trial on
bee performance (z ¼ 3.520, p , 0.001). There was a signifi-

cant difference between experiments in the results of

transfer tests (transfer test 1: Z ¼ 22.406, p , 0.020; transfer

test 2: Z ¼ 25.824, p , 0.001; figure 4b) as bees trained

using the rotating screen perceived illusions in both tests,

whereas bees trained using the Y-maze did not.

4. Discussion
While the ability to perceive size illusions varies across ver-

tebrate species, it appears that the experimental method,

specifically the restriction of the viewing distance, may influ-

ence results in some experiments [6,14–16,24]. We formally

tested and compared the potential ability of honeybees to per-

ceive size illusions under restricted or unrestricted viewing

conditions. Bees in the unrestricted viewing conditions per-

ceived contrast illusions, while independent bees under

restricted viewing distance conditions did not exhibit choices

consistent with the perception of an illusion. These results

demonstrate that visual perception is influenced by the ability

of bees to choose their own viewing distance and show that

context is a relevant factor in accurate size discrimination.

Differences in perception can potentially be explained by

the capacity of a species or individual to process visual cues

locally or globally [6,8,26]. Local (or featural) processing

seems to allow species to accurately judge size by ignoring sur-

rounding information (inducers), while global processing

allows the perception of illusions whereby the surrounding

information is incorporated into the overall image [1,6]. Honey-

bees have demonstrated the ability to process both locally and

globally, but do show a preference for global processing [38,50].

The honeybee’s preference to process globally could explain

why bees were able to perceive illusions in an unrestricted

viewing context. Indeed, the current study shows that illusion

effects are influenced by viewing conditions, and thus suggests

that local–global processing effects observed in different

animal species may be strongly influenced by viewing context.

Illusionary size perception in the unrestricted viewing

condition may also be influenced by visual angle. Bees

could have been mediating their distance during the transfer

tests in the unrestricted viewing condition in order to place

the white square surroundings at an equivalent visual

angle, and thus choose the target with the larger or smaller

visual angle [51] (see electronic supplementary material,

S1). However, this is very unlikely due to the very large or

very small distances and visual angles (below the minimum

threshold for detection [52]) bees would need to view stimuli

from to match the visual angles of the white surroundings. In

addition, if bees were mediating visual angle to match back-

ground sizes, this would mean bees were ‘fooled’ into trying

to match visual angles to make decisions on relative size. We

could thus still conclude that context is a relevant factor for

free-flying bees to judge size. Additionally, the ratio of

white to black area could potentially have been a cue for

bees; however, we consider this unlikely for three reasons.

First, bees were trained to the difference in the local cues (tar-

gets) with a white background of consistent size, which

promoted size-rule learning of the target [36,37]. Second,

during the learning test bees would have needed to be able

to discriminate a very small difference of 5.7% between

black–white ratios for success in this experiment, which

is unlikely in a rule-learning context. Finally, bees in both

viewing conditions were trained using the same stimuli and

http://rspb.royalsocietypublishing.org/
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Figure 4. (a) Performance during the learning phase in experiments 1 and
2. Dashed line at 0.5 indicates the chance level performance. Solid black line
indicates the line of best fit for data points in the unrestricted viewing con-
dition and the dashed black line indicates the line of best fit for the restricted
viewing condition. The surrounding violet (unrestricted condition; solid line)
and blue (restricted condition; dashed line) areas indicate 95% CI boundaries.
Increase in performance during the learning phase was significant for both
experiments but learning regression lines were not significantly different
from each other. (b) Performance during the three testing phases: learning
test, transfer test 1, and transfer test 2 for bees in experiments 1 (violet,
left bars) and 2 (blue, right bars). For the learning test, performance is
measured by proportion of choices for the correct size option; for the transfer
tests, performance is measured by the proportion of choices for the illusionary
option. Dashed line at 0.5 indicates chance level performance and * indicates
performance significantly different from chance. Data shown are means +
95% CI boundaries for all three unreinforced tests. Ten bees were used for
each test in each experiment. (Online version in colour.)
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conditioning framework; however, the test results from the

two viewing conditions differed significantly. The bees in

the restricted viewing condition could not be using the

white–black ratio, and so it seems likely that the bees in

the unrestricted viewing condition were learning the same

cues as those in the restricted condition.

Studying comparative perception of visual illusions

allows us to make inferences about the evolution of the
visual sensory system. Parallels found across species for the

ability to perceive similar illusions suggests a conserved or

convergent visual processing solution [5,10]. In mammals

and primates, current research suggests that the ability to per-

ceive the Ebbinghaus illusion through specific perceptual

mechanisms is due to the recent evolution of this trait

[6,10,15]. Illusionary perception in primates is potentially

due to the neural substrate located in the neocortex, where

the dorsal and ventral streams, two independent neural path-

ways, are responsible for visual awareness and action control

[53]. In non-mammalian species, such as birds, these neural

circuits are organized differently, perhaps due to evolution-

ary differences [54]. This may also have resulted in

differences among species regarding the ability to perceive

a size illusion and, additionally, the type of illusion which

is perceived (contrast or assimilation) in the Ebbinghaus illu-

sion [10]. However, as discussed, this may simply be due to

differences in testing procedure [5,10]. Some research

suggests that the perception of visual illusions is indeed a

conserved ability in both ‘lower’ and ‘higher’ vertebrates.

[5,10]. With the addition of honeybees to species with

known perception of size illusions, we suggest that conver-

gent evolution of a visual processing solution is more likely

to be the explanation as to why we see this error of perception

in both vertebrates and now an invertebrate. However, this

hypothesis requires testing, particularly the ability of other

invertebrate species to perceive the Ebbinghaus illusion.

Coupled with studies of other illusions perceived by bees,

our research provides additional insight into the honeybee’s

visual system and cognitive processing. Honeybees perceive

illusionary contours [55–57], the Benham illusion [58] and

the Craik–O’Brien–Cornsweet illusion [59], which are

spatial, movement and colour illusions, respectively. Illusion-

ary perception is potentially important for honeybee

perception and assessment of the complex, dynamic environ-

ments in which they live. For example, perceiving the relative

size of an object is important for assessing distance, thus

manipulation of object size can impact distance estimation

[1]. However, illusions may also be perceived because it is

difficult to process all of the sensory information available

in a complex environment. Focusing on a small number of

reliable cues can be used to inform behaviour; thus, the infor-

mation immediately surrounding an object of interest can

result in the distortion of sensory cues, such as size [1]. Size

perception is a classic problem in animal perception

[6,36,37,60], and our new finding that viewing context pro-

motes very different outcomes within species provides for

new avenues for exploration in future studies.
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