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Abstract

Optical illusions have long been used in behavioural studies to investigate the perceptual mechanisms underlying vision in
animals. So far, three studies have focused on ungulates, providing evidence that they may be susceptible to some optical
illusions, in a way similar to humans. Here, we used two food-choice tasks to study susceptibility to the Miiller-Lyer and
Delboeuf illusions in 17 captive individuals belonging to four ungulate species (Lama guanicoe, Lama glama, Ovis aries,
Capra hircus). At the group level, there was a significant preference for the longer/larger food over the shorter/smaller one
in control trials. Additionally, the whole group significantly preferred the food stick between two inward arrowheads over an
identical one between two outward arrowheads in experimental trials of the Miiller-Lyer task, and also preferred the food on
the smaller circle over an identical one on the larger circle in the experimental trials of the Delboeuf task. Group-level analy-
ses further showed no significant differences across species, although at the individual level we found significant variation
in performance. Our findings suggest that, in line with our predictions, ungulates are overall susceptible to the Miiller-Lyer
and the Delboeuf illusions, and indicate that the perceptual mechanisms underlying size estimation in artiodactyls might be
similar to those of other species, including humans.
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Susceptibility to optical illusions can result in individuals
failing to accurately process visual information and misin-
terpreting reality in the presence of specific environmental
cues (Gregory 1997, 1998). Size illusions, in particular,
occur when individuals misperceive the size of an object
due to the surrounding background (Shapiro and Todor-
ovic 2017). One of the best-known size illusions is the
Miiller-Lyer, which occurs when individuals perceive the
same line as being longer when in proximity of two arrow-
heads pointing inward, rather than outward. This illusion is
traditionally thought to occur because individuals wrongly
extrapolate three-dimensional information from two-
dimensional images, perceiving the line between inward-
pointing arrowheads as being farther, and thus longer, than
the one between outward-pointing arrowheads (Gregory
1963, 1966), although the exact mechanisms explaining
this illusion are still discussed (Howe and Purves 2005).
Another classical size illusion is the Delboeuf illusion,
which occurs when individuals perceive the same circle
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as being larger if surrounded by a smaller rather than by
a larger concentric circle (Coren and Girgus 2022). This
illusion is thought to occur because the smaller surround-
ing circle assimilates the internal circle, making it look
larger, whereas the larger surrounding circle contrasts it,
making it look smaller than in reality (King 1988).

Several studies have shown that humans are widely
susceptible to both the Miiller-Lyer and the Delboeuf illu-
sions (Shapiro and Todorovic 2017), although there might
be important intra-specific variation linked to cultural,
genetic and environmental factors (e.g., exposure to urban
environments: (Derggowski 2017). Since decades, how-
ever, researchers also investigate how non-human animals
perceive visual illusions (Révész 1924). As the perception
of illusions may often occur automatically in humans, and
as humans share a similar visual system to other species,
it is indeed possible that susceptibility to optical illusions
is widespread across animals (Feng et al. 2017). Study-
ing optical illusions in a comparative perspective may be
informative for several reasons. Comparing susceptibility
to optical illusions across species, for instance, is a non-
invasive way to acquire information on the similarity of
their visual systems, and to infer whether these systems
share a long evolutionary history in common or rather
emerged multiple times as the result of convergent evo-
lution (Fujita et al. 2017). If the same susceptibility to a
certain illusion is shared by different species, for instance,
it is possible to infer that similar neural mechanisms to
visually perceive the world were present already in the
common ancestor of these species (Feng et al. 2017). In
the same line, comparing susceptibility to optical illusions
across species is informative to understand the ecological
and environmental conditions in which such susceptibil-
ity might emerge, and infer the adaptive significance of
illusory perceptions (Fujita et al. 2017).

In species other than humans, there is important varia-
tion within and across species in susceptibility to optical
illusions. Therefore, it is not yet clear to what extent differ-
ent species share similar perceptual systems, and/or whether
such variation rather depends on specific contextual factors
(e.g., methodology, demographic characteristics of the study
subjects). So far, researchers have used a variety of optical
illusions (e.g., Miiller-Lyer, Delboeuf, Ebbinghaus, Kanisza,
Zbllner) to test different animal taxa, including insects, fish,
reptiles and mammals (Mascalzoni and Regolin 2011; Par-
rish 2021; Qadri and Cook 2015; Santaca et al. 2021; Wata-
nabe 2021). When tested with the Miiller-Lyer illusion, most
species appear to perceive the same line as being longer
when in proximity of two arrowheads pointing inward as
compared to outward (Feng et al. 2017), in a way similar
to humans, suggesting that susceptibility to size illusions is
phylogenetically widespread. However, when exposed to the
Delboeuf illusion, only some of the tested species (i.e., Pan
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troglodytes: Parrish and Beran 2014, Felis catus: Szenczi
et al. 2019, Pogona vitticeps: Santaca et al. 2019) appear to
perceive the same circle as being larger when surrounded
by a smaller than by a larger circle, as humans typically do.

The main aim of this study was to investigate how differ-
ent ungulate species (i.e., guanacos, Lama guanicoe, llamas,
Lama glama, Skudde sheep, Ovis aries, and Damara goats,
Capra hircus) perceive two optical size illusions: the Miiller-
Lyer and the Delboeuf illusions. By testing the susceptibil-
ity of these yet unstudied ungulate species to two different
illusions, we aimed to understand whether susceptibility to
size illusions is widespread across ungulates, as their visual
systems share a long evolutionary history in common and
they might rely on similar neural mechanisms to visually
perceive the world. In ungulates, eyes are positioned on the
side of the head, providing them with a wide field of view to
detect predators (Sugnaseelan et al. 2013), but likely reduc-
ing their ability to perceive depth and distance, as the over-
lap between the visual fields of both eyes is limited (Fowler
2011). While humans have an orbit convergence of 79.3° and
a binocular vision field overlap of 140°, ungulates (Equus
caballos, Ovis aries, Bos taurus, Capra hircus) have an aver-
age orbit convergence of 31° +6° and an average binocular
vision field overlap of 58° +5° (Heesy 2004). Although vis-
ual acuity may vary across ungulates species (Carroll et al.
2001), vision is considered the dominant sense in ungulates
(Fletcher and Lindsay 1968; Lindsay and Fletcher 1968),
playing a crucial role in environmental perception (Bald-
win 1979, 1981), individual recognition (Davis et al. 1998;
Lickliter and Heron 1984; Taylor and Davis 1998) and selec-
tion of ecological resources (Arnold 1966; Bazely and Ensor
1989). In ungulates, vision is indeed well-suited to detect
movement, identify objects (Caro 1994; Hirata et al. 2019)
and distinguish shapes and patterns (Baldwin 1981; Blake-
man and Friend 1986; Roitberg and Franz 2004; Schaeffer
and Sikes 1971).

In ungulates, to the best of our knowledge, researchers
have so far conducted three studies on the perception of
optical illusions. First, a bottlenose dolphin (Tursiops trun-
catus), previously trained to select the larger of two circles,
later preferred the circle that was surrounded by six smaller
rather than larger inducer circles, suggesting susceptibility to
the Ebbinghaus illusion (Murayama 2012). Second, horses
(Equus caballus) that spontaneously preferred a longer over
a shorter carrot stick also showed a preference for a car-
rot stick located between two inward-pointing arrowheads
over an identical one located between two outward-pointing
arrowheads, suggesting susceptibility to the Miiller-Lyer
illusion (Cappellato et al. 2020). Third, horses appeared to
be susceptible to a Ponzo illusion created by depth cues in
photographs (Timney and Keil 1996). Therefore, ungulates
appear to be a promising taxon to study optical illusions in
a comparative perspective.



Animal Cognition (2024) 27:40

Page3of 11 40

Although different ecological characteristics might be
linked to the emergence of differences in visual systems
(Wasserman et al. 2012), in this study, we hypothesized
that all the selected ungulate species would be suscepti-
ble to optical illusions, as already shown in dolphins and
horses (Cappellato et al. 2020; Murayama 2012), due to a
long common evolutionary history of their visual systems.
In particular, we predicted that guanacos, llamas, sheep
and goats would be susceptible to both the Miiller-Lyer (as
observed in horses: Cappellato et al. 2020) and the Delboeuf
illusions (like bottlenose dolphins, which are susceptible
to the similar Ebbinghaus illusion: Murayama 2012). We
anticipated that they would prefer the food stick between
two inward arrowheads over an identical one between two
outward arrowheads in the Miiller-Lyer task, and preferring
the food surrounded by a smaller circle over an identical one
surrounded by a larger circle in the Delboeuf task.

Methods

Ethics statement. The study was carried out in accord-
ance with German national regulations. The experimental
procedures were approved by the research coordinator at
the Leipzig Zoo, after a risk assessment conducted by the
research coordinator, together with the keepers working
with the study subjects. The experimental procedures were

Table 1 For the Miiller-Lyer and Delboeuf tasks, study subjects, spe-
cies, sex (F for females, M for males), age (in years), performance
(i.e. number of correct trials/number of trials) and p values of the cor-

considered to pose no risk to the animals and to provide
them with clear benefits in terms of enrichment. All the
animals participated on a completely voluntary basis, and
motivation to participate was ensured exclusively by the use
of highly preferred food that belonged to their regular diets.

Study subjects. We tested 17 subjects belonging to 4
ungulate species (Table 1), including 5 guanacos (Lama
guanicoe), 3 llamas (Lama glama), 5 Skudde sheep (Ovis
aries) and 4 Damara goats (Capra hircus). All subjects were
housed with conspecifics at the zoo of Leipzig, in Germany,
and were individually recognizable due to differences in
their morphological features (e.g., height, size, fur colour).
Study subjects included both males and females, and were
all adults (i.e., older than one year), except for one sheep
younger than one, who was only tested in the first task. The
daily diet of all species included hay, which was available
ad libitum, and fresh vegetables. None of the study sub-
jects had ever been tested in an optical illusion task before,
although all species had occasionally participated in enrich-
ment activities or in other non-invasive experimental tasks
(Caicoya et al. 2023; Schaffer et al. 2020, 2021).

Materials and procedures. We administered two tasks:
one to test the Miiller-Lyer illusion and one to test the Del-
boeuf illusion. To facilitate comparisons with previous stud-
ies, we followed the procedures used in literature with other
non-human species (i.e., Miiller-Lyer task: Cappellato et al.
2020; Delboeuf task: Parrish and Beran 2014). The tasks

responding binomial test (marked with an asterisk if significant) in
the experimental and control conditions

Species Subject Sex Age Miiller-Lyer task Delboeuf task
Experimental: Control: performance, p Experimental: Control: performance, p
performance, p performance, p

Guanacos Phibie F 13 22/24,<0.001* 37/48,<0.001* 10/12, 0.039* 18/24, 0.023*
Lolita F 5 21/24,<0.001* 32/48, 0.029* 9/12, 0.146 19724, 0.007*
Rike F 4 21/24,<0.001* 30/48,0.111 9/12, 0.146 15/24, 0.308
Lissitha F 7 20/24, 0.002* 37/48,<0.001* 10/12, 0.039%* 21/24,<0.001*
Maike F 5 17/24, 0.064 39/48,<0.001* 9/12, 0.146 19/24, 0.007*

Llamas Sanchio M 11 17/24, 0.064 38/48,<0.001* 6/12, 0.500 20/24, 0.002*
Krumel M 7 15/24, 0.308 33/48, 0.0133 9/12, 0.146 19/24, 0.007*
Flax M 7 18/24, 0.023* 37/48,<0.001* 6/12, 0.500 16/24,0.152

Goats Bacca F 6 17/24, 0.064 39/48,0.001* 10/12, 0.039* 16/24,0.152
Frangia F 2 18/24, 0.023* 37/48,<0.001%* 9/12,0.146 19/24, 0.007*
Nina F 1 21/24,<0.001%* 39/48,<0.001%* 9/12,0.146 20724, 0.002%*
Zampa F 1 19/24, 0.007* 33/48,0.0132 10/12, 0.039* 16/24,0.152

Sheep Trilli F 2 13/24, 0.839 37/48,<0.001%* 9/12,0.146 19/24, 0.007*
Bianca F 4 19724, 0.007* 39/48,<0.001%* 9/12,0.146 17/24, 0.064
Lady F 3 17/24, 0.064 42/48,<0.001* 9/12,0.146 20/24, 0.002%*
Goccia F 2 20/24, 0.002%* 42/48,<0.001* 9/12,0.146 20/24, 0.002%*
Fiocco M <1 21/24,<0.001* 40/48,<0.001* - -
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were carried out in the outdoor facilities of each species,
between 7.30 A.M. and 10.30 A.M., without changing the
overall daily routine of the study subjects. The general pro-
cedure for both tasks consisted in the experimenter present-
ing one cardboard to the study subject, either by attaching
it to the fence inside the enclosure using a wooden frame
(for the guanacos, who were tested in a facility surrounded
by 2 m high mesh), or by supporting it with both hands
(for the other species, whose facilities were surrounded by
a lower fence), so that the cardboard was at the subjects’
eye-level and perpendicular to the ground (Fig. 1a). To avoid
separating individuals during the tasks, we waited for one
study subject to be alone in proximity of the experimenter
and threw a small piece of food at approximately one meter
from the cardboard, so that after retrieving the food the sub-
ject faced the cardboard frontally. The subject could then
approach the cardboard and touch one of the two stimuli
attached to the cardboard (see below). As soon as the sub-
ject chose one stimulus by touching it with the muzzle or
lips, the experimenter allowed the subject to eat the cho-
sen stimulus, while moving the other out of reach. To avoid
providing inadvertent cues, the experimenter (i.e., the first
author) stood behind the cardboard, between the two stimuli,
and always looked straight ahead in front of her. As stimuli,
we used familiar food that subjects highly liked and usually
received in small quantities. For the Miiller-Lyer illusion, we
used carrots for all species. For the Delboeuf illusion, which

CONTROL ¢

CONTROL B

CONTROL A (big)

X1 X-1[-X-]

CONTROL B (small)

required stimuli with a larger diameter (see below), we used
celery for guanacos and lamas (which we painted orange
with sweet paprika, to make it visually more salient), and
carrots for sheep and goats (which we cut into semicircles
that we merged to create round stimuli), as sheep and goats
did not like celery. All trials were video-recorded and later
coded from the videos.

In the Miiller-Lyer task, all the illusions were presented
on black cardboards whose measure was adjusted to the size
of the study species: 90 X 60 cm for guanacos and llamas,
and 60 x40 cm for sheep and goats. On the right and left
halves of the cardboard, we presented two vertical carrot
sticks by attaching them by means of toothpicks (Fig. 1b).
Since the study species have a blind central area (Sugna-
seelan et al. 2013), the distance between the carrot sticks
was 60 cm for guanacos and llamas (as for horses: Cap-
pellato et al. 2020), and 40 cm for sheep and goats. Carrot
sticks were all equally large and thick (i.e., 1 cm), but their
length could vary, being either 20 or 13.5 cm for guanacos
and llamas, and 13.5 or 9 cm long for sheep and goats (so
that the same length ratio was maintained between longer
and shorter carrot sticks for all species). Depending on the
condition, we arranged white wooden sticks (7 X1 X1 cm
for guanacos and llamas, 5 X 1x1 cm for sheep and goats)
around the carrot pieces, to form arrowheads on the card-
board (Fig. 1b). All species were tested in six different con-
ditions (Fig. 1b). In the Experimental long condition, we

EXPERIMENT

Fig. 1 a General set-up of the two tasks, including a picture of the board used for the Miiller-Lyer task, b experimental and control conditions for

the Miiller-Lyer task and (c) for the Delboeuf task
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placed two identical longer carrot sticks (i.e., 20 or 13.5 cm,
depending on the species) on the cardboard: one with the
two arrowheads pointing inward, one outward. The Experi-
mental short condition was identical, except that we used
two identical shorter carrot sticks (i.e., 13.5 or 9 cm, depend-
ing on the species). The experimental conditions allowed
testing whether subjects perceived the Miiller-Lyer illusion,
perceiving the stick between the two inward arrowheads as
being longer than the other stick, and thus preferentially
selecting it (Gregory 1997). The four control conditions
allowed controlling that subjects reliably selected the longer
over the shorter carrot stick when arrowheads were posi-
tioned in different ways. In Control condition A, arrowheads
pointed inward for both carrots; in Control condition B,
they pointed outward; in Control condition C, they pointed
upward, and in Control condition D, they pointed downward.

In the Delboeuf task, all the illusions were presented on
grey cardboards measuring 45X 17 cm. On the right and left
halves of the cardboard, we painted two white circles that
could have a diameter of either 12.5 or 9.5 cm. The distance
between the centres of the plates was 30 cm. On the plates,
we presented 0.3-cm-thick food circles that could have a
diameter of either 4.5 or 3 cm and were attached by means
of toothpicks (Fig. 1c). All species were tested in three dif-
ferent conditions (Fig. 1¢). In the Experimental condition,
we placed two identical larger food items (i.e., 4.5 cm) on
a cardboard with a smaller (i.e. 9.5 cm) and a larger (i.e.
12.5 cm) circle. This condition allowed testing whether sub-
jects perceived the Delboeuf illusion, perceiving the food on
the smaller circle as being larger than the other one, and thus
preferentially selecting it (Coren and Girgus 2022). The two
control conditions allowed controlling that subjects reliably
distinguished food items of different sizes and consistently
selected larger over smaller ones. In Control condition A, we
placed a smaller (i.e., 3 cm) and a larger (i.e., 4.5 cm) food
item on a cardboard with two identical larger circles (i.e.,
12.5 cm); Control condition B was identical, but the smaller
and larger food items were placed on a cardboard with two
identical smaller circles (i.e., 9.5 cm).

Before being tested, all study subjects went through a
habituation phase and a pre-testing phase, to familiarize
them with the general procedure and ensure that they sponta-
neously maximized food intake by selecting the larger of two
quantities, respectively. In the habituation phase, subjects
were presented with a 6 cm long carrot piece attached to the
black cardboard for 6 trials a day, over 2 days, following the
general procedure described above. All subjects participated
in the habituation and retrieved the food in all the 12 trials.
In the pre-testing phase, subjects were simultaneously pre-
sented with a longer (i.e., 20 or 13.5 cm, depending on the
species) and a shorter carrot (i.e., 13.5 or 9 cm, depending
on the species) on a black cardboard without arrowheads,
and were tested until reaching criterion (i.e., selecting the

longer carrot in at least 10 out of 12 consecutive trials). In
both the habituation and the pre-testing phases, we pseudo-
randomized and counterbalanced across trials the position
of the food. Subjects required on average 16 +5 trials to
reach criterion (all goats: 12 trials; guanacos: 19 + 6, range:
12-26 trials; llamas: 21 + 3, range: 18-25 trials; sheep:
14 + 3, range: 12-20 trials). After the habituation and pre-
testing phases, we administered the Miiller-Lyer task (i.e.,
12 trials for each of the 6 conditions), presenting up to 6
trials per subject a day (i.e., one for each condition). Then,
we administered the Delboeuf task (i.e., 12 trials for each
of the 3 conditions), presenting up to 6 trials per subject a
day (i.e. two for each condition). In both tasks, we pseudo-
randomized and counterbalanced across trials the condition
we administered, and the size of the food that was larger or
could be perceived as being larger (never presenting it on the
same side for more than two trials in a row). As ungulates
often show a side bias (Fourie et al. 2021; Leliveld 2019), in
case of two consecutive wrong choices on the same side in
the control conditions, we administered two additional trials
in which only one food item was presented on the cardboard
without arrowheads, on the opposite side. As performance
in the Experimental conditions could not rely on olfactory
cues (as both stimuli had identical size), we included no
conditions to test subjects’ use of olfactory cues.

Data coding and analyses. For each trial, we coded sub-
ject identity, condition, number of trial for each subject
(i.e., 1 to 72 for the Miiller-Lyer task, 1 to 36 for the Del-
boeuf task), side chosen (i.e., left or right) and whether the
subject chose the side that was longer/larger (in the con-
trol conditions) or could appear longer/larger if subjects
perceived the illusion (in the experimental conditions). A
second observer naive to the experimental hypothesis re-
coded subjects’ choices in 190/1800 trials, from the videos.
Inter-observer reliability was excellent (Cohen’s k: k=0.97,
N=190, p<0.001).

We ran two generalized linear mixed models (Baayen
et al. 2008) in R, using the package glmmTMB (Berry et al.
2017). To this end, we built two datasets, one for each task,
entering one line for each subject and trial (N =1224 for
the Miiller-Lyer illusion, N =576 for the Delboeuf illusion).
Our binomial response was whether the focal subject chose
the side that was/could be perceived as longer (Miiller-Lyer
task, Model 1) or larger (Delboeuf task, Model 2). In both
full models, we entered as test predictors the interaction of
condition and species, and the main terms of the interac-
tion. We further included as controls the number of trial
and the side chosen, and as random factor the individual
identity. These models allowed assessing whether perfor-
mance varied across conditions, in a different way across
species, while controlling for trial number and side chosen.
Full models were then compared with likelihood ratio tests
to null models that were identical, but did not include test
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predictors (Dobson and Barnett 2018). In case of a signifi-
cant difference between the full and the null model, we used
the dropl function to assess which variables were signifi-
cant. We checked model assumptions, including residual
diagnostics and overdispersion, with the “DHARMa” pack-
age, and multicollinearity with the “performance” package
(maximum variance inflation factors for both models=1.01),
and detected no issues in the models presented.

As our models evidenced no variation in performance
across conditions (see Results), we further used Wilcoxon
signed-rank tests to assess whether performance in the
experimental conditions differed from chance level (0.50).
To this end, we built two datasets, one for each task, entering
one line for each subject (N=17 for the Miiller-Lyer illusion,
N =16 for the Delboeuf illusion), and specifying the mean
proportion of trials in which each subject chose the side that
could be perceived as being longer/larger. In this analysis, all
species were grouped together, as species had no significant
effect in the models (see Results). Finally we ran a binomial
test for each individual, to assess whether individual perfor-
mance in the experimental conditions differed from chance.

Results

Miiller-Lyer illusion task. In the Miiller-Lyer task, on aver-
age (mean =+ SD), subjects chose the carrot that was longer in
75 +4% of the control trials (Control condition A: 76 +5%;

Control condition B: 75 +4%; Control condition C: 81 +3%;
Control condition D: 77+ 12%), and the carrot that was
perceived as longer in 77 +7% of the experimental trials
(Experimental long condition: 74 +6%; Experimental short
condition: 80+ 7%). The full model did not significantly
differ from the null model (GLMM, X2 =27.99, df =23,
p=0.216), suggesting no significant effect of species and
condition, neither in interaction nor as main terms, on the
probability of choosing the side that was/could be perceived
as longer (Table 2). As these results suggest that perfor-
mance was similar across conditions, and species, we further
run a Wilcoxon test at the group level, to assess whether
performance in the Experimental and Control conditions
differed from chance, regardless of species. Wilcoxon tests
showed that, as a group, subjects performed above chance
level in the two Experimental conditions (both p <0.001)
and in the four Control conditions (all p <0.001), prefer-
ring the side that was/was perceived as longer in all condi-
tions (Fig. 2). At the individual level, binomial tests further
showed that in the Experimental conditions 11 out of 17
study subjects chose the side that was perceived as longer
significantly above chance level, whereas the other 6 sub-
jects preferred the side that was perceived as longer but did
not reach significance (Table 1).

Delboeuf illusion task. In the Delboeuf task, on average,
subjects chose the food that was larger in 77 +3% of the
control trials (Control condition A: 75 + 3%; Control condi-
tion B: 78 +2%), and the food that was perceived as larger

Table 2 For both models,

. Models, predictors and controls
estimates, standard errors

Estimate SE 2.5% t0 97.5% CI df LRT P

(SE), confidence intervals

(Cls), likelihood ratio tests
(LRT), degrees of freedom

(df), and p-values for each test
predictor and control (in italics);
reference categories are in
parentheses

Model 1: Miiller-Lyer task
Intercept

Condition (control B)
Condition (control C)
Condition (control D)
Condition (experimental long)
Condition (experimental short)
Species (guanacos)

Species (lamas)

Species (sheep)

Trial number

Choice.side

Model 2: Delboeuf task
Intercept

Condition (control B)
Condition (experimental)
Species (guanacos)

Species (lamas)

Species (sheep)

Trial number

Choice.side

1.38 0.26 0.88 to 1.88 - - -
- 0.06 0.23 -0.52t00.39 5 4.20 0.521
0.28 0.24 -0.19t00.76
0.10 0.24 —0.36t0 0.56
—-0.03 0.23 —0.49100.43
0.29 0.24 —0.19t00.77
- 0.04 0.19 —0.411t00.34 3 4.61 0.202
-0.22 0.21 —0.631t00.20
0.24 0.20 —0.14t0 0.63
—-0.05 0.02 —0.09to - 0.01 1 6.77 0.009
0.23 0.14 —0.04 t0 0.50 1 2.72 0.099
0.80 0.31 0.19 to 1.41 - - -
0.14 0.25 —0.34t00.62 2 1.03 0.596
-0.10 0.24 —0.57t00.36
0.14 0.27 —0.391t0 0.66 3 1.95 0.584
-0.24 0.29 —0.801t00.33
0.10 0.28 —0.46 t0 0.65
0.03 0.03 —0.021t00.09 1 1.42 0.234
0.24 0.20 —0.15t0 0.64 1 1.48 0.224
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Probability of choosing the food that was/ was perceived as longer

Midiller-Lyer illusion

Fig.2 For each condition, mean probability of selecting the food that
was longer (in the Control conditions) or was perceived as longer
(in the Experimental conditions) in the Miiller-Lyer illusion task,
across study species. The thick black lines of the box plots represent
the mean probabilities for each condition, as estimated by the fitted
model (which was like Model 1, but unconditional on all the other
factors that were standardized). The ends of the boxes represent the
estimated standard errors, and the ends of the whiskers represent the
95% confidence intervals. The grey dotted line represents chance
level. Please note that we opted to separately depict all conditions,
although there was no significant effect of condition on performance
in Model 1

in 73 +9% of the experimental trials. The full model did not
significantly differ from the null model (GLMM, X2 =6.60,
df=11, p=0.830), suggesting no significant effect of species
and condition on the probability of choosing the side that
was/was perceived as larger (Table 2). As above, we thus
run a Wilcoxon test at the group level, to assess whether
performance in the Experimental and Control conditions
differed from chance, regardless of species. Wilcoxon tests
showed that, as a group, subjects performed above chance
level in the Experimental condition (p < 0.001) and in both
Control conditions (both p <0.001), preferring the side that
was/was perceived as larger in all conditions (Fig. 3). At the
individual level, binomial tests further showed that in the
Experimental condition 4 out of 16 study subjects chose the
side that was perceived as larger significantly above chance
level, 10 subjects preferred the side that was perceived as
larger but did not reach significance, and 2 subject chose at
chance levels (Table 1).

Discussion

In our study, we tested the susceptibility of subjects belong-
ing to 4 different ungulate species (i.e., guanacos, llamas,
sheep and goats) to the Miiller-Lyer and Delboeuf illusions.
Following the procedures previously used with other species

1.0

08

02

0.0

I | |
Control A Control B

Probability of choosing the food that was/ was perceived as larger
04
|

Experimental

Delboeuf illusion

Fig.3 For each condition, mean probability of selecting the food
that was larger (in the Control conditions) or was perceived as
larger (in the Experimental condition) in the Delboeuf illusion task,
across study species. The thick black lines of the box plots represent
the mean probabilities for each condition, as estimated by the fitted
model (which was like Model 2, but unconditional on all the other
factors that were standardized). The ends of the boxes represent the
estimated standard errors, and the ends of the whiskers represent the
95% confidence intervals. The grey dotted line represents chance
level. Please note that we opted to separately depict all conditions,
although there was no significant effect of condition on performance
in Model 2

(Cappellato et al. 2020; Parrish and Beran 2014), we found
that, at the group level, ungulates perceived both the Miiller-
Lyer and the Delboeuf illusions, with no significant differ-
ences across species.

In the Miiller-Lyer task, individuals reliably selected the
longer over the shorter stimulus in the control conditions,
spontaneously choosing the option that allowed them to
maximize food intake. Similarly, at the group level, ungu-
lates reliably selected the food piece between two inward
arrowheads over an identical food piece between two out-
ward arrowheads, suggesting that they overall perceived
the former as being longer than the latter (Gregory 1997).
Therefore, as a group, we found a preference for the food
that was or could be perceived as longer above chance level
in all conditions, with no variation across species. These
results are in line with literature on other mammals, includ-
ing humans (Shapiro and Todorovic 2017), rhesus macaques
(Tudusciuc and Nieder 2010), capuchin monkeys (Suganuma
et al. 2007), dolphins (Murayama 2012) and horses (Cappel-
lato et al. 2020;), and on other species of vertebrates (Feng
et al. 2017; Pecunioso et al. 2020; Santaca et al. 2021) Fare
clic o toccare qui per immettere il testo.. Moreover, these
results suggest that susceptibility to this size illusion is wide-
spread across vertebrates, likely because their visual systems
share a long evolutionary history in common and may rely
on similar neural mechanisms to visually perceive the world.
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Our results were largely confirmed also at the individual
level, with all subjects preferentially selecting the food
between two inward arrowheads in the experimental condi-
tions, and 11 out of 17 subjects doing it significantly above
chance. On a side note, susceptibility to the Miiller-Lyer
illusion (but not to the Delboeuf illusion) decreased across
trials (Table 2), probably because of a decrease in subjects’
motivation, due to the higher number of trials administered
and the gradual emergence of side biases, which is typical
of ungulates (Fourie et al. 2021).

In the Delboeuf task, we obtained similar results: indi-
viduals reliably selected the larger over the smaller food in
the control conditions and, at the group level, ungulates also
preferred the food on the smaller circle over an identical
one on the larger circle, suggesting that they perceived the
former as being larger than the latter. Therefore, as a group,
ungulates selected the food that was or could be perceived
as larger above chance in all conditions, with no variation
across species. These findings suggest that ungulates may be
susceptible to the Delboeuf illusion, and are in line with pre-
vious findings in humans (see Shapiro and Todorovic 2017)
and other species (e.g., chimpanzees: Parrish and Beran
2014, and cats: Szenczi et al. 2019). At the individual level,
however, only 4 out of 16 study subjects chose the food on
the smaller circle significantly above chance, although no
subject preferentially chose the food on the larger circle.
As compared to the Miiller-Lyer task, the lower number of
individuals significantly preferring the food that was per-
ceived as larger may simply depend on the lower power
that we had in the second task, where we administered 12
experimental trials per subject, instead of 24. For instance,
although Frangia (a goat) chose the side that was perceived
as longer/larger in 75% of the experimental trials in both
tasks, this resulted in a significant binomial test only in the
Miiller-Lyer task (Table 1). However, it is also possible that
our study subjects were not as susceptible to the Delboeuf
illusion as they were to the Miiller-Lyer one. In llamas, for
instance, two of the three tested individuals chose at chance
levels in the Experimental trials, and the third one did not
reach significance in his preference for the side that could
be perceived as being larger. In the future, larger sample
sizes will be needed to understand whether such variation
reflects different susceptibility to optical illusions across
species or individuals (e.g. due to differences in their per-
ceptual processing strategies: Fuss and Schluessel 2017). At
the moment, caution is clearly needed when extrapolating
our results, which are unfortunately based on a relatively
small sample size.

Our study has several limitations. First, we could only test
a limited number of subjects for each species, which might
have prevented us from detecting intra-specific variation
in how individuals perceive illusions. Although we did not

@ Springer

specifically expect any effect of sex on susceptibility to opti-
cal illusions, for instance, our study suffered from a strongly
biased sex distribution across study species (Table 1). Sec-
ond, our study only included captive individuals, who may
not be good representatives of their wild counterparts.
Socio-ecological constraints experienced during ontogeny
and extensive exposure to objects and other human artifacts
may affect the development of captive individuals (in pri-
mates, see Boesch 2007), and perhaps also their susceptibil-
ity to optical illusions. In cross-cultural studies on optical
illusions, for instance, some researchers have suggested that
the socio-ecological challenges experienced might affect
human ability to perceive optical illusions (Bremner et al.
2016; Caparos et al. 2012; Segall et al. 1966). Subjects liv-
ing in a more “carpentered” world (i.e., with frequent right
angles and rectangular objects), for instance, may more
likely interpret angles in illusions as projections of right
angles, and thus more likely perceive some optical illusions
(Segall et al. 1966). Our subjects living in zoo enclosures
are exposed to a “carpenter world” from their birth and this
could have enhanced their susceptibility to visual illusions.
Comparisons with wild ungulates will thus be interesting
to test the possible effect of environmental conditions on
ungulate susceptibility to optical illusions. Similarly, future
studies would benefit from the inclusion of a developmental
approach, as susceptibility to illusions might change through
age also in species other than humans (see e.g., Banszegi
et al. 2021, in cats). Finally, due to time constraints, we also
did not include a control condition that is typically used
when testing the Delboeuf illusion (Parrish and Beran 2014),
in which the smaller food is on the smaller plate and the
larger food on the larger plate, which allows excluding the
possibility that subjects’ choices depend on the food-to-plate
ratio. In future experimental designs, it would be important
to include this condition, and also to add further ones to dis-
entangle the relative role played by processes of overestima-
tion (of the food in the smaller circle) and underestimation
(of the food in the larger circle) in individuals that perceive
the Delboeuf illusion.

In conclusion, our study provides evidence that differ-
ent ungulate species perceive two classical optical illu-
sions, the Miiller-Lyer and Delboeuf illusions, in a way
similar to humans and other species, despite important
inter-individual variation, especially regarding the Del-
boeuf illusion. Overall, these results suggest that suscepti-
bility to size illusions is widespread across ungulates, and
that the visual systems of our study species might share
a long evolutionary history, as the mechanisms evolved
for visual perception are similarly deceived by the pres-
ence of specific visual cues (e.g., arrowheads, circles;
Feng et al. 2017; Fujita et al. 2017). However, only the
inclusion of more species will definitely show whether
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these similarities are the result of convergent evolution
(see Fujita et al. 2017, for a discussion). Over the course
of millions of years, ungulates have played an essential
role in human life, in agricultural settings (Pascual-Rico
et al. 2021; Reimoser and Putman 2011), for recreational
purposes (Yeates and McGreevy 2019), as companions
in equine-assisted therapy (White-Lewis 2020), and as
food and economic source (Banda and Tanganyika 2021).
Understanding their perceptual systems and skills will
hopefully contribute to improve their welfare and man-
agement in captive and wild settings (Held et al. 2002),
and uphold higher ethical standards when managing these
species for human purposes.
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