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Abstract

Animals are often required to estimate object sizes during several fitness-related activities, such as choosing mates, forag-
ing, and competing for resources. Some species are susceptible to size illusions, i.e. the misperception of the size of an
object based on the surrounding context, but other species are not. This interspecific variation might be adaptive, reflecting
species-specific selective pressures; according to this hypothesis, it is important to test species in which size discrimination
has a notable ecological relevance. We tested susceptibility to a size illusion in the guppy, Poecilia reticulata, a fish spe-
cies required to accurately estimate sizes during mate choice, foraging, and antipredator behaviours. We focussed on the
Delboeuf illusion, in which an object is typically perceived to be larger when surrounded by a smaller object. In experiment
1, we trained guppies to select the larger of two circles to obtain a food reward and then tested them using stimuli arranged
in a Delboeuf-like pattern. In experiment 2, we tested guppies in a spontaneous food choice task to determine whether the
subjective size perception of food items is affected by the surrounding context. Jointly, our experiments indicated that gup-
pies perceived the Delboeuf illusion, but in a reverse direction relative to humans: guppies estimated as larger the stimulus
that human perceived as smaller. Our results indicated susceptibility to size illusions also in a species required to perform
accurate size discrimination and support previous evidence of variability in illusion susceptibility across vertebrates.
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Introduction representation and this representation is in turn interpreted

by cognitive processes in the brain (Kelley and Kelley 2014).

Animals are often required to make adaptive decisions based
on the size of a given stimulus. For example, hermit crabs
decide whether or not to evict a rival based on the percep-
tion of the rival’s shell size (Dowds and Elwood 1983).
The female swordfish decides whether to mate with a male
based on the tail length of that male (Basolo 1990). The
rules underlying these decisions are often studied based on
optimality models with the assumption that the animal rec-
ognises the real size of the available options (McNamara
et al. 2001). However, visual information is often ambigu-
ous: indeed, 3D form or scene is translated into a 2D retinal
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This sensory process might cause misreading of information
(i.e., visual illusions; Kelley and Kelley 2014) that in some
cases, involves size perception.

Two size illusions commonly studied in humans are the
Delboeuf illusion and the Ebbinghaus—Titchener illusion,
whereby two same-sized objects are perceived as different
depending on the surrounding context. Humans tend to per-
ceive an object surrounded by a larger object to be smaller. A
body of literature reveals similar effects across vertebrates.
For example, rhesus monkeys, Macaca mulatta, and capu-
chin monkeys, Cebus apella, fall prey to the Delboeuf illu-
sion as humans do (Parrish et al. 2015). A study on an indi-
vidual bottlenose dolphin, Tursiops truncatus, has reported
that the subject perceived the Ebbinghaus—Titchener illu-
sion similarly to humans (Murayama et al. 2012). Likewise,
two teleost fish species have been reported to perceive the
Ebbinghaus-Titchener illusion (Sovrano et al. 2015) and
the Delboeuf illusion (Fuss and Schluessel 2017). However,
there are some exceptions: two independent studies on dogs,
Canis lupus familiaris, one study on baboons, Papio papio,
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and one study on grey bamboo sharks, Chiloscyllium gri-
seum, determined that these species are not sensitive to the
Delboeuf illusion (Parron and Fagot 2007; Byosiere et al.
2017; Fuss and Schluessel 2017; Miletto Petrazzini et al.
2017). The homing pigeon, Columba livia, instead, has been
reported to perceive the Ebbinghaus—Titchener illusion in
a reversed fashion compared to humans, estimating a tar-
get circle surrounded by large circles as larger (Nakamura
et al. 2014). Interestingly, in the chicken, Gallus gallus, two
distinct studies have reported evidence of susceptibility to
visual illusions in the same direction and in the opposite
direction relative to humans, respectively (Rosa Salva et al.
2013; Nakamura et al. 2014).

To date, the origin of the observed variability of suscepti-
bility to size illusions remains unclear. It has been proposed
that such variability might actually hinge on research meth-
odology (Feng et al. 2017). With respect to this issue, Par-
rish et al. (2015) found that, in monkeys, the perception of
the Delboeuf illusion is influenced by the procedure adopted
in the task and by the type of stimuli. When monkeys had to
discriminate the relative sizes of two target dots, they did not
demonstrate susceptibility to the illusion, perhaps because
they also based their choices on the sizes of the rings sur-
rounding the two target dots. Conversely, monkeys tested in
an absolute size discrimination task, in which they had to
classify a target dot as “large” or “small”, showed sensitivity
to the Delboeuf illusion as reported for humans.

Apart from methodological issues, the observed variabil-
ity in susceptibility to size illusions might be indicative of
species-specific perceptual mechanisms that have evolved
according to differential ecological demands (Feng et al.
2017). For instance, the perception of many visual illusions
requires overall perception of the target and its surrounding
context. However, animals may differ in the precedence of
global or local features when perceiving the world around
them. Chimpanzees display a rather robust global-to-local
precedence (e.g., Fujita and Matsuzawa 1990; Hopkins
1997) while pigeons have been shown to have a local-to-
global precedence (Cavoto and Cook 2001). Moreover,
significant individual differences in global-to-local prec-
edence have been reported within species (Pitteri et al.
2014), thereby complicating comparative investigation of
visual illusions. Insights into the role of ecological adapta-
tion may show up in the context of testing species with an
ecology that allows the formulation of hypotheses on the
susceptibility to size illusions. For example, it is conceivable
that species more often required to discriminate sizes for key
fitness-related activities might have been selected for accu-
rate size perception and be not susceptible to size illusions.

Here, we investigated the susceptibility to the Delboeuf
illusion in a teleost fish, the guppy, Poecilia reticulata.
The guppy is an interesting species for the study of size
illusions because it relies on size discrimination for many
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fitness-related decisions. First, under threat of predation,
guppies exploit the size-association strategy, which requires
the ability to discriminate between social companions, in
terms of size (Croft et al. 2009). Individual guppies join
social groups formed by conspecifics with a body size simi-
lar to their own. This increases individual survival because
predators attacking groups with same-sized individuals show
reduced rates of capture. Second, vision plays an impor-
tant role in guppies’ foraging (Rodd et al. 2002; Birk and
White 2014); this species has been reported to make very
accurate size discriminations while choosing among food
items (Lucon-Xiccato et al. 2015; Lucon-Xiccato and Dadda
2017a), demonstrating the ability to discriminate between
food items with a 0.75 size ratio, a threshold unattained even
by some mammals observed in similar tasks (cats: Banszegi
et al. 2016; dogs: Ward and Smuts 2007; horses: Uller and
Lewis 2009; prosimians: Santaca et al. 2017). It is for the
sake of reproduction, that guppies have shown their out-
standing ability to discriminate among sizes. Males are char-
acterised by a variable pattern of orange and black spots on
body flanks (Houde 1997). Females precisely estimate the
size of males’ spots to choose among available mates (Houde
1997; Magurran 2005), managing to distinguish even subtle
variations in male spots due to different diets (Karino and
Shinjo 2004). Producing orange and black spots is costly for
males; thus, males that express more colours are in better
condition (Rahman et al. 2013). As genes related to condi-
tion are hereditary in this species, females choosing more
colourful males achieve an indirect genetic advantage that
consists of producing offspring with better genes and thus
in better condition (Evans et al. 2004). In this species, males
contribute to reproduction only via genes and there are not
direct benefits of mate choice because males do not provide
females with, for example, a territory and do not engage
in parental care. Therefore, indirect genetic advantages that
result from choosing colourful males are used by females
to increase their reproductive fitness (Houde 1997; Magur-
ran 2005). Moreover, several males show a Delboeuf-like
pattern in colour spots with a black spot surrounded by an
iridescent spot (Fig. 1a). Iridescent spots are not costly for
males, at least in some guppy populations (Devigili et al.
2012; Rahman et al. 2013). This pattern might cause females
to overestimate the size of the central, black spot. Though
the discrimination of colour spots is less studied in males,
there is evidence to suggest that they perform such dis-
crimination to evaluate rivals (Gasparini et al. 2013). Last,
females also base their reproductive choice on male tail size,
showing a preference for males with larger tails (Bischoff
et al. 1985), which may also provide selective pressure for
enhanced size discrimination abilities.

To investigate guppies’ susceptibility to the Delboeuf illu-
sion, we adopted two methodological approaches commonly
used in comparative perception studies: a discrimination



Animal Cognition (2019) 22:291-303

293

(@) T B

10 cm

20 cm

w
n
-
3

(b) ] (c)

L e

wo g

J
/R

w7z

[E———\

50 cm

Fig. 1 a Example of the colour pattern displayed by male guppies in which the central, black spot is surrounded by an iridescent spot, b view
from above of the apparatus used in the two experiments, and ¢ perspective of a subject approaching the two stimuli during the experiment

learning task with two-dimensional objects as stimuli (Par-
rish et al. 2015; Byosiere et al. 2017) and a spontaneous
choice task with food items as stimuli (Parrish and Beran
2014; Santaca et al. 2017). We chose this twofold approach
because several studies have highlighted the importance of
using multiple tasks to investigate a given species’ cognitive
characteristics (Prétot et al. 2016a, b; Gatto et al. 2017).

Experiment 1—discrimination learning
Experiment overview
We initially trained guppies to select the larger of two dif-

ferently-sized target circles surrounded by concentric rings
(training phase). The ratio between the areas of the two

target circles was 1:0.5, calculated as ‘area of the larger cir-
cle/area of the smaller circle’. In the test phase, which took
place after that the guppies attained the learning criterion,
we presented guppies with both discrimination trials (three
types of trials, with area of the stimuli differing by a ratio
1:0.5, 1:0.66 or 1:0.75) and illusory trials.

If fish perceive the Delboeuf illusion as humans do,
we predicted that their size-judgment performance would
be impacted by the outer ring size in two different ways.
First, in some of the discrimination trials, we presented a
condition in which a large ring circumscribed the larger
target circle and a small ring circumscribed the smaller
target circle (hereafter ‘congruent trials’; see Fig. 2). This
pattern was expected to facilitate an assimilation effect of
the smaller target circle with the surrounding small ring,
and a contrast effect of the larger target circle in the larger
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Fig.2 Examples of the stimuli used in the experiments. a In experiment 1, we used white cards with printed orange target circles. b In experi-
ment 2, we used cards with a black background, displaying a white circle and a piece of food pasted in the middle of it

surrounding circle. Both effects were expected to reduce
the subjective size difference of the two target circles. In
other discrimination trials (hereafter ‘incongruent trials’),
the condition was reversed, with a large ring that circum-
scribed the smaller target circle (a condition that facilitates
the contrast effect) and a small ring that circumscribed
the large target circle (assimilation effect). This is sup-
posed to increase the subjective size difference between
the two target circles. Hence, if guppies are susceptible to
the Delboeuf illusion, one might expect them to be facili-
tated in size judgments in incongruent trials compared to
the congruent trials (Prediction 1; see Parrish et al. 2015).
Second, for the illusory trials, the stimuli were two same-
sized target circles surrounded by concentric rings which
differed in size. The stimuli of the illusory trials produce
a size illusion in humans, causing the target circle sur-
rounded by the larger ring to be perceived as smaller. If
guppies—trained to select the larger circle—were sus-
ceptible to the Delboeuf illusion as humans are, then one
would expect them to choose the target circle surrounded
by the smaller ring in illusory trials (Prediction 2).
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Materials and methods
Experimental subjects

We used 12 female and 12 male guppies, which were adult
(6-8-months old) at the time of the experiment. We col-
lected these guppies from a large (> 5000), self-sustaining
population in an artificial warm-water pond in Padova,
Italy. This population descends from wild guppies col-
lected from the lower Tacarigua River (Trinidad) in 2002.
Two months before the start of the experiment, we col-
lected the subjects and moved them to the laboratory, in
400-L tanks. We provided these maintenance tanks with
natural vegetation (Hygrophila corymbosa and Taxiphyl-
lum barbieri) and a gravel bottom, and we kept a 12:12-h
light:dark photoperiod. Biomechanical filtres and a heating
system set at 26 + 1 °C maintained a constant water condi-
tion. We fed the guppies three times per day, alternating
commercial food flakes and live brine shrimp, Artemia
salina, nauplii.
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Apparatus

Like previous studies, we tested each subject in a 20 x50 cm
glass tank (Dadda et al. 2015; Lucon-Xiccato et al. 2015;
Lucon-Xiccato and Dadda 2017a; Fig. 1b, ¢). The tank con-
tained 28 cm of water and had a bottom made of gravel. An
air stone aerated the water; we removed the air stone during
the trials to avoid affecting the choice of the subjects. Green
plastic panels covered the long walls of the tank and white
panels covered the short walls, where we presented the stim-
uli during the trials. Two transparent plastic panels formed
a pair of trapezoidal lateral compartments (10 X5x25 cm
each) in the middle of the tank. Each lateral compartment
housed plants and two social companions. The social com-
panions were immature fish because we have previously
observed that immature fish interact less with the subjects
than adult fish, and thereby do not interfere with the experi-
ments. To further minimise social deprivation and provide
adult social stimuli, we also placed one 28 X5 cm mirror in
each lateral compartment, as guppies seem to perceive their
mirror images as other fish (Cattelan et al. 2017; Lucon-Xic-
cato and Dadda 2017b). Holes on the transparency allowed
for water exchange between the lateral compartments and
the main compartment of the tank. Because of the lateral
compartments, the central portion of the tank formed a nar-
row 10-cm corridor; this corridor forced the subject to swim
in the middle of the tank while approaching the stimuli (see
Procedure). We placed a 15-W fluorescent lamp oriented
downward above the apparatus to provide illumination
(12:12-h light:dark cycle). We performed the experiment in
a dark room. Because of the plastic walls of the tank and the
strong light above the water surface, we expected the gup-
pies to be unable to see the experimenter and not be affected
during their choice.

Stimuli

We used orange target circles surrounded by black concen-
tric rings as stimuli. We chose orange target circles because
guppies are attracted by orange objects (Rodd et al. 2002)
and this was expected to improve subjects’ performance
(Lucon-Xiccato and Bisazza 2014; Gatto et al. 2017). We
drew the stimuli using Microsoft Office Software to precisely
determine the size of each circle and ring (measured as the
diameter by the software). Using a spreadsheet, we calcu-
lated the area of the circles and the rings from the diameter,
and paired stimuli according to ratios useful for the experi-
ment (see below). We printed the stimuli on 3 X3 cm white
cards. During the trials, we presented two stimuli to the sub-
ject by affixing each card to the terminal part of a transparent
panel (3.5 X 15 cm). An L-shaped support allowed the panel
to be placed on the short wall of the tank.

We used stimuli with different combinations of target cir-
cles and surrounding rings across the different phases of the
experiment. In each trial of the training phase, the stimuli
were two differently sized target circles (ratio between areas
of the two circles 1:0.5; Fig. 2a). In half of the trials, we used
identical surrounding rings for both stimuli (either large or
small surrounding rings). In the remaining half of the tri-
als, we used rings with different size: in particular, in one
quarter of the trials, we used a large ring that surrounded
the larger target circle and a small ring that surrounded the
smaller circle; in the remaining quarter of the trials, we used
a large ring that surrounded the smaller circle and a small
ring that surrounded the larger circle. The diameter of the
circles and the rings varied from 0.57 to 1.17 cm and from
1.58 to 2.35 cm, respectively.

During the test phase, we presented subjects with a dis-
crimination task with four types of trials (Fig. 2a), alternat-
ing trials of each type according to a predetermined pseudo-
random schedule. In one type of trials (60 trials overall), the
stimuli differed in size with a 1:0.5 ratio, as in the training
phase. We also presented two more challenging types of
trials: 20 trials with 1:0.66 ratio between the sizes of the
stimuli and 20 trials with 1:0.75 ratio between the sizes of
the stimuli. We arranged stimuli for these latter two types of
trials in four conditions: a condition with a large ring encom-
passing the larger target circle and a small ring encompass-
ing the smaller target circle (congruent trials), and another
condition with a large ring surrounding the smaller target
circle and a small ring surrounding the larger target circle
(incongruent trials). The congruent and incongruent trials
allowed us to analyse the impact of the outer rings on the
subjective size estimation of target stimuli with true physical
differences (Prediction 1; Parrish et al. 2015). The diameter
of the target circles and the rings used in these discrimina-
tions varied from 0.70 to 1.19 cm and from 1.52 to 2.35 cm,
respectively. The fourth type of trials presented in the test
phase consisted of 20 illusory trials, in which the size of the
two target circles was identical, but the rings varied. The
diameter of the circles and the rings used in the illusory
trials varied from 1.22 to 1.47 cm and from 1.5 to 2.82 cm,
respectively.

Procedure

We adapted a procedure previously used to study trained
numerical abilities in guppies (Dadda et al. 2015) that con-
sisted of three phases: a habituation phase, a training phase
and a test phase. For the habituation phase, we placed each
individual subject in an experimental tank with four imma-
ture social companions for a period of 2 days (we removed
the companions before the beginning of the test phase). Dur-
ing the first day of habituation, we fed the fish eight times
with a procedure simulating the one of the following phases:
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we placed a single transparent panel with a card randomly
chosen from the set of the stimuli in front of one short side
of the tank (alternating the two sides between trials). Using
a Pasteur pipette, we delivered a small amount of food (brine
shrimp nauplii) to the subject when it approached the card.
During the second day of habituation, we performed 12
habituation trials using two cards with differently sized tar-
get circles. Here, we pasted the food reward (a small piece
of commercial flake) on the panels holding the card, above
both stimuli, above water level. We also affixed the reward
on the panel with the wrong stimulus to prevent the fish from
using the visual food cue to select the correct stimulus. We
did not expect the olfactory cues afforded by the food to
affect fish behaviour because the food was outside the water
when guppies were making the choice and also because the
food was present above both stimuli. After placing the pan-
els in the water, we refrained from touching them to avoid
affecting the subject’s choice. When the subject approached
(swam at less than 1 body length) the card with the larger
target circle, we delivered the food by immersing the panel
with the larger target circle in the water. We simultaneously
and gently removed the panel with the smaller target circle.
In the event that the subject selected the smaller stimulus, we
continued the trials until it corrected its choice and obtained
the food reward. We counterbalanced both the relative left/
right position of the two stimuli and the use of the two sides
of the tank to present the stimuli across trials.

In the training phase, we administered 12 daily trials (6
in the morning and 6 in the afternoon) for a period of up to
10 days with the size of the stimuli differing with a 1:0.5
ratio. We conducted the trials as described for the second
day of the habituation phase, with a single exception: if the
subject chose the smaller stimulus, we removed both cards
and did not provide a reward. We set the learning criterion
at 70% correct choices over two consecutive days (17 out of
24 trials). This learning criterion was statistically signifi-
cant (chi-squared test: y>=4.167, P=0.042) and previously
used for experiments involving this species (e.g., Miletto
Petrazzini et al. 2018).

In the test phase, we collected data aimed at the analysis
of the sensitivity to the illusion. We administered 12 trials
per day for 10 days, following the procedure laid out in the
training phase. We randomly alternated the four types of
stimuli (discrimination trials with 1:0.5, 1:0.66 or 1:0.75
ratios between the sizes of the two target circles, and illusory
trials) and the conditions of the discrimination trials (con-
gruent and incongruent trials). We administered the food
reward in response to correct choices in the trials with 1:0.5
ratio between size of the target circle but not in the other tri-
als. Undergraduate students unaware of the study hypothesis
collected the data. A female subject ceased to participate
after 5 days of the test phase; we analysed its performance
only up to that point.
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Statistical analysis

We analysed the data in R version 3.4.0 (The R Foundation
for Statistical Computing, Vienna, Austria, http://www.r-
project.org). Initially, we performed a repeated measures
analysis using a generalised mixed-effects model for bino-
mial data on the choice of the larger stimulus in the discrimi-
nation trials and on the choice of the stimulus perceived as
larger by humans in the illusory trials. In this model, we
tested for the effect of the day of training to ensure that the
subjects’ performance was constant, for the effect of the sex,
and for the effect of the type of stimuli (discrimination trials
with ratios between sizes of 1:0.5, 1:0.66 and 1:0.75, and
illusory trials). Then, we used one-sample ¢ tests to compare
the choice of the larger target circles and, for the illusory
trials, the choice of the target circle that humans perceive
as larger with chance (50%) in the entire test phase. A one-
sample ¢ test on the illusory trials was also performed on the
first day of the test phase only; this latter analysis was based
on two choices per fish and could, therefore, have reduced
power due to binomial error but was useful in case of large
effect sizes to confirm our findings. We also tested for cor-
relation between individual performance in the illusory trials
and in the discrimination trials with differently sized target
circles using Pearson correlation test. We checked the data
for normality before conducting these analyses.

Results

The repeated measures analysis showed that the perfor-
mance of guppies was stable across the 10 days of training
(;(29 =8.838, P=0.452) and did not vary as a function of sex
(¥*,=0.071, P=0.790). The performance of guppies var-
ied according to the type of trial (discrimination trials with
1:0.5, 1:0.66 and 1:0.75 ratios between sizes, and illusory
trials; ;(23 =18.008, P <0.001). Tukey post hoc test revealed
no significant difference between the guppies’ performance
in the trials of the three size discriminations (1:0.5 versus
1:0.66 ratio: P=0.894; 1:0.5 versus 1:0.75 ratio: P=0.860;
1:0.66 versus 1:0.75 ratio: P>0.999), but in the illusory tri-
als, the guppies’ choice of the stimulus that humans perceive
as larger was significantly lower than the choice of the larger
stimulus in the size discrimination trials (versus 1:0.5 ratio:
P <0.001; versus 1:0.66 ratio: P=0.021; versus 1:0.75 ratio:
P=0.025). The repeated measures analysis also showed a
significant sex x day interaction (y%9=21.931, P=0.009).
There was no impact of sex on the perception of the illusion
because the sex X type of trial and the day X sex X type of trial
interactions were not significant ()(23 =1.532, P=0.675; and
;(227 =34.568, P=0.150, respectively). The day X type of trial
interaction was not significant (y%,,=21.604, P =0.757).
Data of individual subjects from experiment 1 are shown
in Table 1. In the test trials in which the stimuli were circles
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Table 1 Results of individual

. . . Subject Sex
subjects in experiment 1:

1:0.5 size ratio

1:0.66 size ratio 1:0.75 size ratio Ilusory trials

percentage of choices for the 1 Female 53.33
ettt 5 e
trials and percentage of choices 3 Female 50
for the target circle that humans 4 Female 63.33
perceive as larger in the illusory 5 Female 61.67
trials 6 Female 66.67*
7 Female 58.33
8 Female 63.33%
9 Female 58.33
10 Female 65*
11 Female 45
12 Female 50
13 Male 56.67
14 Male 60
15 Male 55
16 Male 48.33
17 Male 63.33%
18 Male 58.33
19 Male 60
20 Male 56.67
21 Male 76.67*
22 Male 56.67
23 Male 60
24 Male 60

70 70 40
60 70 40
55 50 45
70 70 40
60 45 50
50 40 50
35 60 45
65 65 35
40 75% 60
55 45 55
65 55 55
55 70 40
60 60 45
55 55 50
60 55 40
55 65 40
35 55 50
70 65 45
50 55 55
40 45 40
50 30 50
65 60 50
80* 65 60
70 40 55

Asterisks indicated significant differences from chance (50%; chi-square test)

with 1:0.5 ratio between the size, guppies chose the larger
stimulus more often than expected by chance (one-sample ¢
test: 1,3 =6.832, P<0.001; Fig. 3). Guppies also chose the
larger target circle in the two novel and unrewarded types
of trial with a difference between the size of the target cir-
cle (0.66 size ratio: t,3=2.967, P=0.007; 0.75 size ratio:
1,3=2.905, P=0.009; Fig. 3), indicating that they were able
to generalise the rule learned in the training phase, even
when confronting with novel and harder to identify ratios.

When we considered the discrimination trials with 1:0.66
and 1:0.75 ratios with different surrounding circles, we
found that guppies did not show a significant preference for
the larger stimulus in the incongruent trials (mean + standard
deviation: 55.83 +17.42% choices for the larger stimulus;
one-sample ¢ test: 53 =1.640, P=0.115); conversely, gup-
pies showed a significant preference for the larger stimulus in
the congruent trials (59.00+12.85%; t,;=3.415, P=0.002).
This result indicated that the presence and size of the sur-
rounding circles influenced the guppies’ choice of the larger
stimulus, thereby suggesting susceptibility to the Delboeuf
illusion (Prediction 1), though in a reverse direction relative
to the illusion as it has been described for humans.

In the illusory trials (Prediction 2), guppies did not show
a significant choice for the stimulus that humans perceive as

larger (t,3=1.877, P=0.073; Fig. 3). The analysis restricted
to the first day of the testing phase did not show a signifi-
cant choice for the stimulus that humans perceive as larger
(t,3=1.000, P=0.328). The preference for the stimulus that
humans perceive as larger did not correlate significantly with
the preference for the larger circles in the discrimination tri-
als with 1:0.5, 1:0.66 and 1:0.75 ratio between sizes (1:0.5:
ryy =—0.171, P=0.426; 1:0.66: r), =0.034, P=0.875; and
1:0.75: r,,=0.280, P=0.185).

Experiment 2—spontaneous food choice
Experiment overview

In experiment 2, we exploited the guppies’ spontaneous pref-
erence for larger food items to assess their susceptibility to
the Delboeuf illusion. In the test phase of experiment 2, we
presented guppies with two target food items circumscribed
by circles drawn on the background. In some of the trials
(size discrimination trials), the food items were differently
sized (1:0.66 ratio between surface area) and the surround-
ing circles were all the same size; here, we expected guppies
to choose the larger food item (Lucon-Xiccato et al. 2015;
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Fig.3 Results of experiment 1. Percentage of choice (mean =+ stand-
ard error) for the larger target circle in the discrimination between tar-
get circles with different sizes and percentage of choice for the target
circle that humans perceive as larger

Lucon-Xiccato and Dadda 2017a). In the remaining trials
(illusory trials), the food items were identical (in terms of
size) but the surrounding circles were differently sized; here,
we expected guppies to exhibit a preference for one of the
two food items if they perceived any sort of traditional (or
reversed) Delboeuf illusion.

Materials and methods
Experimental subjects

We tested 16 adult female guppies of the same strain used in
experiment 1; of these fish, 4 did not complete the experi-
ment and we, therefore, did not analyse their performance
(final sample size: 12 guppies; see below). Because we used
different individual subjects, the data of the two experiments
are independent. We did not test males because experiment
1 furnished us with no evidence of sex differences in the
perception of the illusion and because a previous study
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had already reported an absence of sex differences associ-
ated with choosing differently sized food items in guppies
(Lucon-Xiccato et al. 2015).

Apparatus and stimuli

We performed this experiment in the same apparatus
described in experiment 1 (Fig. 1b, ¢). The stimuli were
3% 3 cm plastic cards with a black background (as opposed
to the rings characterising the stimuli of experiment 1) and a
central white circle. The diameter of the central white circle
was either @ 2.2 cm (‘large’) or 0.7 cm (‘small’). The size of
the white circle varied across trials to induce illusory stim-
uli. In the middle of the white circle, we pasted the target,
a small piece of food (GVG mix, Sera GmbH, Heinsberg,
Germany), by adding a drop of water and letting it dry. We
cut the food items with a surgical scalpel guided by circular
moulds printed on paper. We used food items of two distinct
diameters: 0.43 cm (surface area: 0.145 cm?) and 0.35 cm
(surface area: 0.096 cm?).

In the size discrimination trials of the test phase, we used
two differently-sized food items, pasted on two cards with
same-sized inducer circles. The ratio between the areas of
the two food items was 1:0.66, the same ratio used in previ-
ous studies on Delboeuf illusion among mammals (Miletto
Petrazzini et al. 2017; Santaca et al. 2017). In the illusory tri-
als, we used two same-sized food items (diameter 0.43 cm)
pasted on different sized surrounding circles (Fig. 2b).

According to this experimental design, the stimuli in
the illusory trials differed for the surrounding circle sizes,
whereas the other stimuli had always an identical surround-
ing circle. In case of a preference for one of the two stimuli
in the illusory trials, guppies might have made a choice
based only on the size of the surrounding circle, regardless
of the size of the food item. To rule out this possibility, we
introduced a control phase at the end of experiment 2: we
presented guppies with control trials with the external circles
used in the illusory trials, but in the absence of food items.
We alternated these control trials with the size discrimina-
tion trials as in the previous phase.

Procedure

Following previous studies that relied on this paradigm
(Lucon-Xiccato et al. 2015; Lucon-Xiccato and Dadda
2017a), we used a three-step procedure (habituation, test
and control phase). Seven days before the experiment began,
we moved each subject into an experimental tank together
with the social companions (see “Experiment 1—discrimi-
nation learning”). For 3 days, we fed the fish three times
per day from alternating short sides of the tank using a Pas-
teur pipette. On the 4th day, we fed the subjects four times;
in these trials, we presented an empty stimulus card right
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before administering the food. On days 5 and 6 of the habitu-
ation phase, we fed the subjects six times per day using one
card with small pieces of food pasted onto it. We employed
a longer period of habituation relative to experiment 1 to
habituate the subjects to touching the card and eating the
food pasted onto it. Four fish did not become habituated to
feeding from the card; we discarded them from the experi-
ment and substituted with new subjects. We did not feed the
subjects on the last day of the habituation phase to motivate
them to perform the trials in the test phase that followed.

In the test phase, we tested guppies for 48 trials subdi-
vided across 6 days. Overall, each guppy participated in 32
size discrimination trials and 16 illusory trials. We deter-
mined the order of these trials according to a pseudo-random
schedule. During each trial, we simultaneously placed two
cards in one short side of the tank and left subjects free to
select one of them. We removed the card that the subject did
not choose and left the chosen card in the water until the fish
consumed the food. We scored the subject’s choice as the
first card that it touched.

The control phase started 1 day after the test phase.
Guppies underwent 64 trials subdivided over 8 days. We
administered 32 discrimination trials and 32 control trials
following the procedure of the previous phase. In the control
trials, we scored the subject’s choice as the first card that it
touched. One subject stopped participating during the con-
trol phase; we, therefore, evaluated its performance only up
to the test phase. Other procedural details were identical to
those of experiment 1.

Statistical analysis

We performed the analysis similarly to our analysis of
experiment 1: we used a repeated measures analysis to study
the trend in performance across the days of the test phase,
followed by one-sample ¢ tests to compare the choice of a
stimulus with chance level (50%), a paired-sample ¢ test to
compare the choice among the different types of stimuli, and
a Pearson correlation to compare individual performance
between discrimination trials and illusory trials.

Results
Test phase

The repeated measures analysis showed that the perfor-
mance of guppies was stable across the days of the test
phase ()(25=0.536, P=0.991). There was a significant
effect of trial type (y*, =82.123, P <0.001): guppies chose
the stimulus with the larger target circle in the discrimina-
tion trials more frequently than they chose the stimulus that
humans perceive as larger in the illusory trials (Fig. 4a). The
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Fig.4 a Results of experiment 2. Percentage of choice (mean + stand-
ard error) for the larger food item in the discrimination task with
1:0.66 ratio between sizes and percentage preference for the food
item that human perceive as larger in the illusory trials. b Results of
control phase of experiment 2: percentage of choice (mean + standard
error) for the larger food item in the discrimination task with 1:0.66
ratio between sizes and percentage of choice for the larger surround-
ing circle in control trials

interaction between day and type of trial was not significant
(r*s=3.180, P=0.672).

Data of individual subjects from experiment 2 are
shown in Table 2. In the size discrimination trials (ratio
between the size of the stimuli 1:0.66), guppies showed a
significant preference for the larger food item (one-sample
t test: ¢,; =12.202, P <0.001; Fig. 4a). We found that gup-
pies chose the larger food item more frequently when the
surrounding circle was small (choice for the larger item
with small surrounding circle: 71.35+9.02%; with large
surrounding circle: 60.94 +7.60%; paired-sample ¢ test:
t;,=2.600, P=0.025).

In the illusory trials, guppies showed a marked preference
for the food item surrounded by the larger circle, i.e. for
the stimulus that humans perceive as smaller (¢,;,=6.611,
P <0.001; Fig. 4a). This result was additionally confirmed
in the analysis of the first test day (¢;, =5.745, P <0.001),
which indicated a particularly strong effect that could be
detected even with a small number of trials. The prefer-
ence for the stimulus that humans perceive as smaller was
negatively correlated with the preference for the larger food
item in the discrimination trials (7, = — 0.620, P=0.031),
which indicated that individual guppies with greater size
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Table 2 Results of individual subjects in experiment 2: percentage of
choices for the larger food item in the size discrimination task and
percentage of choice for the food item that humans perceive as larger
in the illusory trials

Subject Size discrimination trials Illusory trials
(1:0.66 ratio)
1 65.63 12.5%
2 65.63 375
3 71.88* 18.75
4 68.75% 12.5%
5 68.75% 18.75
6 62.5 56.25
7 59.38 25
8 62.5 18.75
9 62.5 25
10 68.75% 12.5%
11 62.5 31.25
12 75% 0*

Asterisks indicated significant differences from chance (50%; chi-
square test)

discrimination performance were more sensitive to the illu-
sory effect.

Control phase

The repeated measures analysis showed that the performance
of guppies was stable across the days of the control phase
(;(27=O.916, P=0.996). There was a significant effect of
trial type (;(21 =5.550, P=0.019): guppies chose the larger
food item in the discrimination trials more often than they
chose the stimulus with the smaller circle (Fig. 4b). The
interaction between day and type of trial was not significant
(r*;=3.422, P=0.843).

In the size discrimination trials (ratio between the size
of the stimuli 1:0.66), guppies showed a significant prefer-
ence for the larger food item (one-sample ¢ test: #,,=8.181,
P <0.001; Fig. 4b). In the control trials (without food items),
guppies did not show any significant preference, though
they tended to choose the stimulus with the smaller circle
(t,0=2.014, P=0.072; Fig. 4b). This excluded the possibil-
ity that the results of the test phase were due to any sort of
spontaneous bias for the surrounding circle itself.

Discussion

There is an increasing evidence of substantial interspecific
variability in susceptibility to size illusions, but the causes
of this variability remain unknown. We investigated suscep-
tibility to the Delboeuf illusion in the guppy, a species that
performs very accurate size discrimination for fitness-related
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decisions and thus might not be susceptible to size illusions.
Our study indicates that guppies are susceptible to the Del-
boeuf illusion, but that the direction of such size mispercep-
tion is reversed relative to humans; guppies seem to perceive
as larger the stimulus that humans and non-human primates
perceive as smaller (e.g., Parrish and Beran 2014; Parrish
et al. 2015). This finding suggests that interspecific vari-
ability in size illusion perception may be unrelated to the
need to accurately perform size discrimination tasks of a
given species.

In experiment 1 (discrimination learning), guppies
learned to discriminate between the stimuli used during
the training phase (circles with 1:0.5 ratio between surface
areas). In the test phase, guppies also succeeded at the two
more challenging types of trial (1:0.66 and 1:0.75 ratio
between areas), which squares with the finding of a pre-
vious study (Lucon-Xiccato et al. 2015). In the congruent
and incongruent size discrimination trials of the test phase,
we found evidence that guppies showed a facilitation effect
due to the Delboeuf illusion (Prediction 1) in the reversed
direction relative to humans. Guppies chose the larger tar-
get circle at a rate above chance when it was surrounded
by a large ring and the small target circle was surrounded
by a small ring; conversely, guppies failed to discriminate
between stimuli when the larger target circle was surrounded
by a small ring and the smaller target circle was surrounded
by a large ring. In the illusory trials of the test phase (Predic-
tion 2), in which the two target circles were the same size,
we found no significant preference both in the entire sam-
ple of subjects and in a tentative analysis at the individual
level. It should be noted that, on this point, our analysis
might not be conclusive. It is possible that guppies have
shown a preference for the target circle surrounded by the
larger circle, as we would have expected in case of a reversed
Delboeuf illusion, but we lacked sufficient statistical power
to reject the null hypothesis. Indeed, the group statistic P
value approached the threshold for statistical significance
(P=0.073). Moreover, in the individual-level analysis, a
fish should have chosen a stimulus in 15 out of 20 trials
(75%) to achieve data indicating a significant preference.
This choice accuracy is uncommon in fish experiments,
and guppies showed it only when required to discriminate
between stimuli with areas that differed according to a 0.5
ratio (Lucon-Xiccato et al. 2015). Because the illusory effect
was not expected to be strong enough to make two identical
stimuli appear as if one were twice the size of the other, the
individual-level analysis was perhaps unlikely to detect a
significant result using this experimental design.

One could argue that, in experiment 1, fish made their
choices on the basis of the size of the concentric rings, as
monkeys evidently did when tested on a similar discrimi-
nation task (Parrish et al. 2015). This might have yielded
an increase in the chance to select the larger circle in the
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‘congruent’ condition, as actually did occur. However, if fish
relied meaningfully on this cue, we should also have found
a preference for the larger ring in the incongruent condition,
but this was not observed in our study. Hence, although we
cannot exclude the possibility that this cue played a role in
our training phase, we do not believe that it can account for
our data on its own. As advanced in a study with baboons
(Parron and Fagot 2007), one may alternatively suppose that
subjects only focused on the target stimuli, virtually ignoring
the outer rings, and thereby explaining the non-significant
preference in the presence of the illusory pattern with identi-
cal targets. Although it is possible that the attention of some
subjects was largely focused on the target stimuli, the low
performance demonstrated in the incongruent condition does
not support this hypothesis.

Regarding sex differences, one might expect that females
would demonstrate smaller susceptibility to size illusions
relative to males because females of this species must be
able to perform accurate size discriminations more fre-
quently than males do (i.e., during mate choice). However,
the results of experiment 1 seem to exclude the presence of
sex differences in the perception of the illusion.

In experiment 2 (spontaneous food choice), guppies
demonstrated a preference for the larger food item (1:0.66
ratio). The accuracy in choosing the larger food item (66%)
was greater compared to the accuracy in choosing the larger
target circle in experiment 1 (57%). Because we used identi-
cal apparatuses in the two experiments, this difference may
be due to individual differences between the subject sam-
ples used in the different experiments (Lucon-Xiccato and
Bisazza 2017) or to the type of stimuli. In particular, the
food stimuli used in experiment 2 might be more salient
for guppies than the two-dimensional objects printed on the
cards used in experiment 1. In the illusory trials of experi-
ment 2, guppies showed a marked preference for the food
item surrounded by the larger circle. The control phase of
experiment 2 excluded that guppies focussed on the external
ring during their choice. Further, individual-level analysis
found four subjects that significantly choose the food item
surrounded by the larger circle, despite the high threshold for
significance in this experiment. Moreover, seven of the eight
remaining subjects showed a preference that was similar in
direction but not as strong. The illusory effect seems sub-
stantially greater than that observed in experiment 1. This
might be due to the stimuli’ greater salience in experiment
2; alternatively, guppies might use different strategies to dis-
criminate between objects (experiment 1) and food items
(experiment 2; Lucon-Xiccato et al. 2015), and distinct strat-
egies might account for the differential illusory effect.

Considering both experiments, we found two significant
pieces of evidence that guppies are susceptible to a reverse
Delboeuf illusion (comparison of congruent and incongru-
ent trials in experiment 1 and analysis of illusory trials in

experiment 2) and a third analysis that, while not conclusive,
was not significant but apparently consistent with the other
two (illusory trials of experiment 1). Therefore, we believe
that the most reasonable interpretation of the whole study
indicates that guppies perceive (and are, therefore, suscep-
tible to) a reversed Delboeuf illusion. It is worth remember-
ing that we used two methodological approaches, one that
employed a training procedure (experiment 1) and another
that relied on a free choice test (experiment 2); furthermore,
the type of stimuli was different (two-dimensional objects
in experiment 1 and food items in experiment 2). Using dif-
ferent methods to test the same hypothesis is important to
ensure that the results are unaffected by the methodology
adopted (Agrillo and Miletto Petrazzini 2012). In this sense,
the relatively analogous results between the two experiments
here reportedly strengthen the claim of susceptibility to a
reversed Delboeuf illusion in this species.

One would hardly anticipate the susceptibility to the
Delboeuf illusion in guppies because of the importance of
accurate size discrimination in the guppies’ ecology: one
would instead expect to find that guppies were not sus-
ceptible to the illusion because this would increase size
estimation accuracy. Hence, our results do not support the
hypothesis that the ecological demand for high accuracy in
size discrimination causes selection against sensitivity to
illusions. The reversed illusion was even more unexpected
considering the literature on other teleost fish species. In
the other teleosts for which the Delboeuf illusion has been
investigated, the damselfish, Chromis chromis, three out of
the five subjects were found to perceive the illusion in the
same direction that humans did, whereas the remaining two
subjects showed a similar, though not significant, trend (Fuss
and Schluessel 2017). Furthermore, damselfish and another
teleost fish, the redtail splitfins, Xenotoca eiseni, showed a
human-like perception of a closely-related size illusion, the
Ebbinghaus-Titchener illusion (Sovrano et al. 2015; Fuss
and Schluessel 2017). The comparison between these prior
studies and the present study seems to indicate the existence
of species-specific differences in the susceptibility to size
illusions within teleost fish, which squares with the broad
variation previously observed in warm-blooded vertebrates
(Feng et al. 2017).

Reversed perception of size illusions has also been identi-
fied in birds (Nakamura et al. 2008, 2014; Watanabe et al.
2011, 2013). These results have often been interpreted in
the light of different sensitivities to assimilation-contrast
effects. Indeed, in humans the illusion is believed to be due
to a combination of assimilation and contrast effects (King
1988). When the ring is close to the target circle ‘X’, then
the ring is meant to assimilate, leading to a perception of
‘X’ as larger; whereas when the ring is far from the target
circle ‘Y, then the ring is meant to contrast, leading to an
underestimation of ‘Y’ in size. It has been proposed that
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some bird species are more sensitive to assimilation effects
(Watanabe et al. 2011), and thereby perceive a reversed illu-
sion (as the stimulus assimilated to the larger ring is meant
to appear larger than the one assimilated to the smaller ring).
It is possible that these perceptive mechanisms are under
selective pressures other than those promoting accurate size
discrimination, and this caused the results observed in gup-
pies. Alternatively, it is worth noting that the assimilation
mechanism adopted to solve the task might also depend on
the stimuli and the experimental procedure, as evidenced by
the presence of conflicting results between different studies
of the same species (Nakamura et al. 2014; Rosa Salva et al.
2013).

Another novel finding of experiment 2 was that the sensi-
tivity to the illusion of each subject was related to its ability
to solve the size discrimination task. In humans, it has been
often reported that individuals exhibit different cognitive
performance and that these individual differences correlate
across similar tasks (Hunt et al. 1973). Conversely, in fish,
the study of individual differences is less developed (for a
recent review, see Lucon-Xiccato and Bisazza 2017) and
there are no clear results regarding the perception of visual
illusions. Interestingly, three independent studies (two on
guppies and one on another poeciliid fish) have reported
that the performance of individual fish covaries across dif-
ferent quantity discrimination tasks, including a food size
discrimination task (guppies: Miletto Petrazzini and Agrillo
2016; Lucon-Xiccato and Dadda 2017a; Gambusia affinis:
Etheredge et al. 2018). These results seem analogous to
those of experiment 2 and can be interpreted as an indica-
tion of the relevance of individual differences in the abil-
ity of fish to process quantity information that also affects
the perception of size illusions. This effect clearly requires
confirmation by studies specifically aimed at investigating
individual differences. These studies should test the same
set of individuals in multiple tasks, such as with diverse size
illusions and/or with different versions of the same illusory
pattern, to assess whether the within-individual variance in
performance explains a substantial proportion of the total
variance in performance relative to the variance between
individuals.

In conclusion, our study has provided the first evidence
of reversed perception of a visual illusion in a fish species.
Future studies should try to confirm this susceptibility to size
illusion in guppies using different illusory patterns and dif-
ferent paradigms, such as those based on a single choice that
allow testing a large number of subjects. Critically, future
studies should also try to understand the causes of interspe-
cific and intraspecific variability in size illusions. For exam-
ple, it would be interesting to compare individuals of the
same species that have experienced different developmental
conditions to test whether intraspecific variability is due to
ontogenetic factors. Alternatively, it would be compelling
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to study species with different ecological demands to test
hypotheses based on the selective pressures that might act on
the perceptual mechanisms for processing size information.
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