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Abstract

The Spatial Numerical Association (SNA) is a form of spatial representation of numerosities, which
associates small numerosities with the left and large ones with the right. SNA has been reported across
phylogenetically distant species, suggesting that its biological origin is independent of language,
education, and symbolic number systems. However, research on SNA in domesticated mammals
remains sparse.

Here, we investigated SNA in domestic dogs, a domesticated mammal characterized by heterogeneous
individual experiences and prolonged interactions with humans. We trained 49 pet dogs to
circumnavigate a central panel displaying eight dots. Then, in an unrewarded test, they were presented
with two identical lateral panels displaying either a smaller (4) or a larger (16) numerosity. To account for
individual lateralization, dogs were classified as SNA-consistent only if they chose the left panel in the
smaller test and the right panel in the larger test. The number of dogs showing flexible SNA-consistent
responses exceeded chance expectations and persisted when continuous variables (perimeter, density
and area) were unreliable.

To assess whether SNA correlated with performance in a visual numerical discrimination task, some
dogs also underwent comparisons between numerosities ranging from 4 to 16. Remarkably, dogs
showing a consistent SNA outperformed the others in the discrimination with more difficult ratio (>
0.70).

Our results show a left-to-right-oriented SNA in adult dogs, suggesting that numerical spatialization in
non-human animals persists despite potentially extensive differences in individual experience and may
be related to the efficiency of the Number Sense.

INTRODUCTION

Numerical information is ubiquitous in the environment, and the ability to process numerosity is
widespread among vertebrates (Piantadosi and Cantlon 2017). To interact effectively with their
environment, animals must not only identify relevant stimuli, but also estimate their numerosity, an ability
that likely confers direct fitness benefits by maximizing food intake and reducing predation risk (Giurfa
2019; Nieder 2020; Regolin et al. 2025).

Numerical abilities in non-huma animals, ranging from numerical discrimination to proportional
reasoning, are thought to rely on two systems: the Object File System (OFS) which precisely represents
small numerosities (up to four items), and the Analogue Magnitude System (AMS), which approximately
represents larger numerosity. The OFS is an object-based attentional mechanism that creates discrete
files in working memory for each perceived object. Although the OFS evolved to represent objects, it also
implicitly tracks their numerousness (Trick and Pylyshyn 1994).
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Estimates of larger numerosities rely on the AMS, which is characterized by distance and magnitude
effects: performance improves as numerical distance increases and declines as numerical magnitude
increases, respectively. As a consequence, discrimination depends on the ratio between the
numerosities being compared, rather than on their absolute difference, becoming progressively more
difficult as the ratio approaches 1, in accordance with the Weber's law (Gallistel and Gelman 1992;
Dehaene 2011). Similar effects reported across species (Cantlon and Brannon 2007; Scarf et al. 2011,
Garland et al. 2012; Rugani et al. 2013, 2014b) suggest that there is a shared, ancient, non-symbolic
mechanism for number comprehension, called Number Sense (Feigenson et al. 2004; Cantlon and
Brannon 2007; Dehaene 2011). Number Sense is an evolutionarily ancient system, available early in
development, that allows animals to represent and compare quantities approximately, without the use of
symbols or language (Feigenson et al. 2004; Dehaene 2011). Beyond advancing our understanding of
numerical cognition, investigating the cognitive mechanisms underlying numerical representations
across species provides insights into the evolutionary origins of Number Sense and of the selective
pressures that shaped its emergence (Rugani 2018; Regolin et al. 2025).

A distinctive feature of numerical representation is the so-called Mental Number Line, a Spatial-
Numerical Association (SNA) whereby smaller numbers are associated with the left side of space and
larger ones with the right (Galton 1880). The Mental Number Line was first described in humans and was
initially thought to be a cultural artifact, shaped by reading and writing direction (Dehaene et al. 1993;
Zebian 2005; Shaki et al. 2009). The most compelling challenge to the cultural origin of SNA comes from
comparative research (Brugger 2015; Vallortigara 2018; Felisatti et al. 20264a; Eccher et al. 2026).
Seminal evidence was reported in birds that were trained to identify an item by its ordinal position and
then tested with the same array rotated by 90°. Their preference for the left item, rather than for the right
one, suggested that numerical ordinality is represented along a left-to-right spatial axis (Rugani et al.
2007, 2010). Cross-species applications of this paradigm revealed a consistent left-to-right proto-
counting tendency across phylogenetically distant vertebrates, including day-old domestic chicks
(Rugani and Regolin 2020, 2021; Rugani et al. 2025), adult Clark’s nutcrackers (Rugani et al. 2010), adult
rhesus monkeys (Drucker and Brannon 2014) and preschool children (West and McCrink 2021; Rugani et
al. 2022b). So far, pigs represent the only known exception, exhibiting a right-side bias, possibly because,
unlike other species, they relied on spatial rather than numerical cues (Brosche et al. 2026). Although
this paradigm established the existence of a spontaneous left-to-right proto-counting bias across
species, the reported bias is unidirectional. It therefore does not capture the defining feature of the
human Mental Number Line, i.e. the relative spatial organization of numerical magnitude, in which
smaller numbers are associated with the left and larger ones with the right. Crucially, whether a number
is represented as "small” or "large" depends on the numerical context rather than its absolute value.
Thus, the same number can be represented as either small or large depending on the reference set. For
example, the number 8 is represented as large when compared with 2, but as small when compared with
32 (Dehaene 2011; Rugani and de Hevia 2017; Vallortigara 2018; Felisatti et al. 2026a; Eccher et al.
2026).
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Clear evidence for a smaller-left and larger-right association comes from a spatial-numerical congruency
paradigm (Rugani et al. 2015). Following training to locate a food reward behind the central panel
displaying five elements, chicks were tested with two identical panels, both depicting the same
numerosity, either smaller (2 vs. 2) or larger (8 vs. 8) than the training numerosity. Birds preferentially
approached the left panel when the test numerosity was smaller than the training numerosity and the
right panel when it was larger. Crucially, this spatial bias was relative to the reference numerosity: the
same numerosity (8) was associated with the right side after training with five elements, but with the left
side after training with 20 elements. Remarkably, the observed SNA could not be explained by
continuous physical variables, including cumulative area, overall perimeter, and element density (Rugani
et al. 2015), nor by individual lateralization biases (Rugani et al. 2020).

This evidence renewed interest in the evolutionary origins of spatial-numerical associations (Brugger
2015; Rugani and de Hevia 2017; Vallortigara 2018; Giurfa et al. 2022; Felisatti et al. 20264a; Eccher et al.
2026)) and provided a valuable framework for investigating SNA in non-verbal subjects. The spatial-
numerical congruency paradigm (Rugani et al. 2015) has subsequently been applied across different
species, yielding mixed results. Studies that closely replicated the original chick paradigm in cleaner fish
(Labroides dimidiatus), rhesus monkeys (Macaca mulatta), and capuchin monkeys (Sapajus apella)
generally failed to detect SNA (Triki and Bshary 2018). In contrast, studies that preserved the underlying
rationale of the paradigm while adapting the experimental design to the biological and ecological
characteristics of the tested species successfully demonstrated SNA in human newborns (de Hevia et
al. 2014; Di Giorgio et al. 2019), zebrafish (Danio rerio)(Potrich et al. 2026), and honey bees (Apis
mellifera) (Giurfa et al. 2022). Overall, this evidence, together with findings obtained using different
paradigms across species (de Hevia and Spelke 2010; Rugani et al. 2014a, 20224, b, 2024; Adachi 2014;
de Hevia et al. 2014; Bulf et al. 2016; Gazes et al. 2017; McCrink et al. 2020; de Hevia 2021; Loconsole et
al. 2023; Eccher et al. 2025; De Hevia et al. 2025; Decarli et al. 2025; Straulino et al. 2026; Volpi and De
Hevia 2026; Felisatti et al. 2026b), indicates that numerical spatialization is a common feature of brains
endowed with a Number Sense (Giurfa et al. 2022). Whereas studies in newborn animals address
whether SNA emerges before extensive experience, adult domesticated animals provide a
complementary model for examining whether these associations persist or are reshaped by prolonged
individual learning and interaction with humans. Nevertheless, to date, the only study conducted in a
domesticated mammal, the pig, did not provide evidence of numerical spatialization, as the animals
relied on spatial rather than ordinal numerical cues (Brosche et al. 2026). The domestic dog (Canis
familiaris) therefore represents a valuable comparative model for investigating whether SNA is also
present in domesticated mammals with variable experiences.

Dogs (Canis familiaris) have recently emerged as a valuable model for non-invasive comparative
neuroscience (Bunford et al., 2017) and evidence in their numerical cognition are growing (Bonanni et al.
2011; Miletto Petrazzini and Wynne 2016). Dogs (Canis lupus familiaris) and wolves (Canis lupus) can
discriminate between sequentially presented quantities of food when food items are dropped one at a
time into two opaque containers, demonstrating the ability to maintain and compare internal
representations of non-visible quantities. Control conditions using stones ruled out the possibility that
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dogs relied on simple non-numerical cues, such as presentation time or the number of insertion events
(Range et al. 2014). Nevertheless, when numerosity and the total amount of food were experimentally
dissociated, dogs preferentially selected the option containing the greater amount of edible food rather
than the larger number of food items, indicating that, in food choice contexts, the amount of food
outweighs numerosity (Miletto Petrazzini and Wynne 2016). In a computerized simultaneous
discrimination task, dogs and wolves successfully discriminated visual quantities. However, both
species relied not only on numerical information but also on continuous visual cues, such as stimulus
size and shape (Rivas-Blanco et al. 2020). Moreover, dogs' performance followed Weber's law: they
spontaneously discriminate numerosities at ratios up to 0.67 (Ldoke et al. 2020), with performance
improving to ratios of 0.80 following training (Rivas-Blanco et al. 2020). Together, these findings support
previous evidence that dogs rely on an approximate representation of numerical magnitude like that
described in other species (Ward and Smuts 2006; Cantlon and Brannon 2006, 2007; Rugani et al. 2013,
2014b; Macpherson and Roberts 2013; Range et al. 2014; Miletto Petrazzini and Wynne 2016; Ldoke et
al. 2020). Dogs also exhibit some perceptual biases affecting numerical estimation. In particular, they
are susceptible to the connectedness illusion, underestimating the numerosity of arrays composed of
interconnected items (L6oke et al. 2020) similarly to humans (He et al. 2009; Anobile et al. 2017,
Fornaciai and Park 2021). Moreover, dogs show serial dependence in numerical judgments, with
previously presented numerosities biasing the estimation of subsequent stimuli (Looke et al. 2024)
which suggests the involvement of a high-level processing stage, similarly to what has been reported in
humans (Fornaciai and Park 2022). However, dogs showed no evidence of numerosity misperception in
the Solitaire illusion (Looke et al. 2020), in which the spatial arrangement of identical items induces an
over- or under-estimation of their numerosity, suggesting that only some perceptual mechanisms
underlying numerical estimation are shared with humans (Agrillo et al. 2014; Byosiere et al. 2020; Léoke
et al. 2020). Together, these findings suggest that dogs possess flexible numerical representations that
are influenced by perceptual organization, raising the question of whether numerical magnitude is also
spatially represented, as observed in several other vertebrate species. Despite this growing evidence for
numerical competence, research on spatial-numerical associations in dogs remains unexplored.

Here, we investigated whether domestic adult dogs exhibit spontaneous numerical spatialization by
associating smaller numerosities with the left and larger numerosities with the right.

In Experiment 1, we adapted the spatial-numerical congruency paradigm previously validated in chicks,
human newborns, honeybees, and zebrafish. Dogs were first trained to locate a food reward hidden
behind a central panel depicting a reference numerosity of eight dots. At tests, where no trials were
rewarded, dogs faced two identical lateral panels displaying either a smaller (4 vs. 4) or a larger (16 vs.
16) numerosity. Because dogs show substantial tendency to develop side bias when facing choice tasks
(Kis et al. 2025), only dogs that circumvented the central panel from both the left and the right during
training were included. Moreover, we assessed SNA using a stringent within-individual criterion: dogs
were classified as SNA-consistent only if they chose the left panel in the smaller-than trial and the right
panel in the larger-than trial. If dogs spatialize numerosity according to the SNA, we expected them to
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exhibit a flexible response pattern, choosing the left panel in the smaller-than trial and the right panel in
the larger-than trial.

In Experiment 2, we investigated whether individual performance in the spatial-numerical congruency
task was associated with quantity discrimination abilities. To this aim, dogs were tested in a
simultaneous numerical comparison task involving discriminations of increasing difficulty, using ratios
of 0.50 (4 vs. 8 or 8 vs. 16) and 0.73-0.75 (6 vs. 8 or 8 vs. 11). Although evidence for spontaneous
numerical spatialization across species is steadily increasing, whether Spatial-Numerical Associations
confer any functional advantage for numerical processing remains unknown. Spatial organization of
numerical magnitude has been hypothesized to facilitate access to and comparison of numerical
representations, thereby increasing the efficiency of quantity processing (Loconsole et al. 2023; Rugani
et al. 2025; Felisatti et al. 2026a). However, this hypothesis has yet to be directly tested in non-human
animals. If numerical spatialization facilitates numerical processing, we expect dogs showing a
congruent SNA to outperform the others, particularly in the more demanding discriminations involving
ratios close to Weber's threshold.

In Experiment 3, we controlled for the possible influence of continuous visual variables on SNA using the
spatial-numerical congruency paradigm, by equating density and total perimeter across numerosities
while cumulative area and element size varied inversely with numerosity. If dogs use discrete numerosity
rather than continuous visual variables, we expect them to continue to exhibit the predicted flexible
response pattern, choosing the left panel in the smaller-than trial and the right panel in the larger-than
trial.

MATERIALS AND METHODS
Subjects

A total of 49 dogs together with their owner were enrolled for this study. Twenty-five of them were male
and 24 were female, with an average age + standard deviation of 7.1 + 3.6 years. Dogs were of various
breed: 3 Australian shepherd, 2 Shetland, 2 Border collie, 2 Golden retriever, 2 Schnauzer, 2 French
bulldog, 2 Poodle, 2 Cavalier king Charles Spaniel, 1 Bichon, 1 Beagle, 1 Pomeranian, 1 Shi-tzu, 1
Labrador retriever, 1 German shepherd, 1 Whippet, 1 Dachshund, 1 Hovawart, 1 Italian Bloodhound, 1 Fox
Terrier, 1 Lagotto Romagnolo, 1 Belgium shepherd, 1 English setter, 1 Yorkshire, T American akita, 1
Basenji, 1 English bulldog, 1 Cocker Spaniel, 13 mix breed. The dog-owner dyads consisted of employees
or students of the University of Padua, or were recruited through the volunteer participant database of
the Laboratory of Applied Ethology of the University of Padua. The inclusion criteria for the dogs were
being adult dogs at least one year old, having no known visual or motor impairments, and being
comfortable with their owner in unfamiliar laboratory environments.

The required sample size was determined using G*Power for a two-tailed exact binomial test, assuming
an expected proportion of 0.55, a chance level of 0.25, a=0.05, and 80% power. The analysis indicated a
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minimum sample size of 22 subjects. Therefore, out of 49 dogs, 24 took part in Experiment 1, 14 of
which were also available to participate in Experiment 2, while the remaining 25 took part in Experiment
3.

Experiment 1

Experimental Setting

The tests took place in an experimental room measuring 420 x 290 cm. In order to provide a distraction-
free area for the dogs, inside the experimental room, a smaller area measuring 200 x 250 cm was
created, framing it with white panels. Along one of the longer sides, the panels left an 80-cm-wide
opening that served as the dog's starting position. Here, the owner sat on a stool while the dog was
positioned between the owner’s legs and gently held by the shoulders. In front of the dog, a movable
curtain could be raised or lowered by the first experimenter to either reveal or occlude the testing scene
during the different phases of the experimental session. During the training trials, the visual stimulus
was presented on a support placed on the floor, 150 cm in front of the dog. Immediately behind the
stimulus support, a bowl containing a food reward for the dog was placed. During the test trials, two
identical stimuli were presented simultaneously on separate supports positioned on the floor, 1770 cm to
the left and to the right of the dog's starting position, respectively. To ensure a clear left-right choice, the
testing area was divided into two symmetrical parts by a white plastic partition (130 x 30 cm) extending
in the centre of the room. Along the opposite longer side of the testing area, a second curtain concealed
the second experimenter (Fig. 1). Two cameras (AVer TR311HWV2, Taipei, Taiwan) were recording the
whole experiment. One camera was mounted on the ceiling to have an overhead view of the testing area
and record the dog's choices. The second camera was positioned on the rear wall of the room, facing the
dog, and was used to record the dog's orientation while being held at the starting position before release.

Stimuli

The stimuli consisted of printed sheets (30x42 cm) attached to the support through magnets positioned
both on the back of the stimuli and on the support itself. Stimuli were generated in MATLAB (R2024b,
MathWorks, Natick, USA) and consisted of a black background displaying a set of white dots, each with
a radius of 1.5 cm (Fig. 2). To ensure a homogeneous spatial distribution of the dots, a MATLAB script
virtually divided each stimulus into four equal quadrants. An equal number of dots was allocated to each
quadrant, while the exact position of each dot within its quadrant was random. The number of dots
varied according to the experimental phase and testing condition. For the training phase 10 stimuli
depicting the numerosity of 8 white dots were created, each of which was presented sequentially during
the 10 training trials. During the test phase, dogs were presented with two identical stimuli
simultaneously. In the more-than condition, the stimuli displayed 16 dots, in the less-than condition, the
stimuli displayed 4 dots.
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Procedure

The experiment involved two sessions, made at least one week apart. Each session was composed of
10 training trials, plus a test trial. Upon arrival at the laboratory, dogs were given time to familiarize with
the environment and settle down, while an experimenter explained the testing procedure to the owner.
The owner was instructed to enter the experimental room with the dog and sit on the stool located at the
starting position between the panels. The dog was positioned between the owner's legs, facing straight
toward the centre of the testing area, and was gently held by the shoulders. Owners were instructed to
remain silent generally throughout the session and to avoid interacting with or influencing the dog's
behaviour. Experimenter 1 entered the experimental room together with the dog-owner dyad and
positioned herself behind them. Experimenter 2 was already concealed behind the rear curtain and had
prepared the first training stimulus, placed a food reward in the bowl, and lowered the front curtain so
that the testing scene was hidden when the dog and owner entered the room. Once everyone was in
position, the first training trial began. Experimenter 1 raised the front curtain, allowing the dog to see the
stimulus. As soon as the curtain was fully raised, Experimenter 1 started a stopwatch and, after 5
seconds, touched the owner's shoulder as a signal to release the dog. The dog was then allowed to
explore the testing area and to retrieve the food reward located behind the stimulus. Once the reward
had been found, the owner was allowed to verbally praise the dog and call it back to the starting position.
Experimenter 1 then lowered the front curtain, after which Experimenter 2 removed the previous
stimulus, placed the next one, and replaced the food reward. This procedure was repeated for all 10
training trials. If some dogs did not spontaneously explore the testing area or seek the food reward,
Experimenter 1 instructed the owner to gradually encourage the dog using a sequence of prompts: first,
giving a familiar search-related verbal cue (e.g., “search”, “find”, or another word commonly used by the
owner to encourage the dog to locate reward); if the dog still did not approach the stimulus, the owner
could stand up and take a step forward; if necessary, the owner could then point toward the stimulus. If a
dog failed to independently approach the stimulus and retrieve the food reward after five training trials,
he/she was excluded from the study. The 11th trial consisted of the test trial and followed the same
general procedure as the training trials. However, the testing area was arranged by the second
experimenter so that, on the left and on the right side of the room, two stimuli were presented
simultaneously. Consequently, after Experimenter 1 raised the curtain and the dog was released, the dog
was required to make a choice by approaching either the left or the right stimulus first. To avoid
reinforcing side preferences, no accessible food reward was provided during the test trial. However, to
maintain the same olfactory conditions as during training trials, an inaccessible piece of food was
hidden behind each test stimulus. The side of the first stimulus approached by the dog was recorded as
dog's choice. After making this choice, the dog was allowed to continue exploring the testing area and
inspect the opposite stimulus. This procedure ensured that the dog could verify that no food reward was
available behind either stimulus, thereby minimizing the possibility that a learning by exclusion strategy
could influence the subsequent testing session. At the end of the test trial, the session was concluded
and dogs and owner were invited for the second testing session at least one week later.
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The second session was identical to the first except for the stimuli presented during the final test trial so
that each dog was exposed in one test trial to the more-than stimuli and in the other to the less-than
stimuli. The order of presentation of the two test conditions was counterbalanced across subjects. Only
at the end of both sessions, owners were debriefed regarding the aim of the experiment and the
theoretical background of the study.

Data collection

The side chosen by the dog in the test trials was manually recorded form the videos of the test sessions.
Data about the dog’s eyes orientation during the training trials were collected with Observer XT (version
12.5, Noldus, Wageningen, The Netherlands), with a continuous sampling technique. Orientation toward
the stimulus or elsewhere were collected from the moment the eyes of the dog became visible from the
curtain being pulled up, until the dog was released by the owner. Similarly, dog'’s orientation towards the
right stimulus, the left stimulus or elsewhere was collected during the test trials. Orientation was coded
for 30% of the videos by a second observer to assess interobserver reliability (Pearson correlation
coefficient ranging from 0.82 to 0.89). Data of dog's orientation were computed as the mean percentage
of time looking at the training stimulus and the percentage of time looking at the left or at the right
stimulus during the test trials.

Data analysis

The SNA assumes that smaller numerosities are associated with the left side, while larger ones are
associated with the right side. Hence, dogs’ choices in the test trials were coded as ‘correct’ when they
conformed to such assumption (i.e. dog chose the left stimulus when presented with the less-than
condition or the right stimulus in the more-than condition). Dogs were then classified as “SNA-consistent”
if they choose the side consistent with SNA assumptions in both conditions, and “SNA-inconsistent”
otherwise. Then, a two-tailed binomial test was run to determine whether dogs conforming to the SNA
assumptions were more numerous than what predicted by chance (i.e. 25% chance of choosing the
correct stimulus on both the less-than and the more-than test trials).

A Generalized Estimating Equation (GEE) model was implemented to assess whether choices in the test
trials were explained by attention paid by dogs to either the reference stimulus during the trials of the
training phase, or either of the two stimuli in the test trials. The outcome of each test trial
(correct/wrong) was included in the model as a dependent variable, assuming a binomial distribution.
The mean percentage of looking at the stimulus during training trials and the percentage of looking at
both the left and at the right stimulus during the test trials were included as continuous predictors. The
identity of the dogs was included as the subject variable to account for repeated measurements within
individuals. All statistical analyses were performed with SPSS (v. 28, IBM, Armonk, NY). The level of
statistical significance was set at 0.05.

Experiment 2
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Experimental Setting

The test was conducted in an experimental room measuring 420 x 290 cm. The dog starting position,
market by a T on the floor, was located 130 cm away from the two stimuli supports, one of which was
placed on the right side of the room and the other on the left side. The two stimuli were on the floor 80
cm apart. In between the two stimuli, Experimenter 1 was located, whose task was to place the stimuli
on the stands and signal to the owner to release the dog. Behind Experimenter 1, at the back of the room,
there was a table used by a second experimenter to prepare the new stimuli for each trial. This back area
was made inaccessible to the dog by the presence of two panels (Fig. 3). One ceiling camera (AVer
TR311HWV2, Taipei, Taiwan) was used to have an overhead view of the dog's choices.

Stimuli

Stimuli of the Experiment 2 consisted in a square shape of black polycarbonate panels measuring 30x30
cm, on top of which dots of commercial turkey ham slices (1 cm diameter, 0.1 cm thick) or polymer clay
were evenly arranged (Fig. 3). Three sets of 2 stimuli were used. The first set of 2 stimuli were used for
the training phase and consisted in one positive stimulus displaying 5 food dots, and one negative
stimulus displaying 2 dots of polymer clay, the same colour and size as the real pieces of food. The
second and the third set of stimuli were used for the test phase. In one set the two stimuli presented
were displaying either 4 vs 8, or 8 vs 16 (ratio of 0.5) dots of food. In the other, stimuli with a numerosity
of 6 vs 8 (ratio of 0.75), or 8 vs 11 (ratio of 0.73) dots of food were used.

Procedure

Dogs initially underwent a training phase to familiarize with the experimental procedure. During the first
trial, the experimenter stood in front of the dog and presented a stimulus containing 3 food dots. The
experimenter attracted the dog's attention by calling its name and pointing to the food dots. The owner,
seated on the stool at the starting position and holding the dog gently by the shoulders between their
legs, released the dog, allowing it to approach the stimulus and consume the food dots. This trial was
done in order to allow the dog experiencing that the dots presented on the stimuli were actual food. After
this, the discrimination training began. For each trial, the experimenter presented two stimuli, a positive
stimulus with five food dots and a negative stimulus with two fake food dots. After attracting the dog's
attention by calling its name, the experimenter placed the two stimuli on their supports, one on the left
and one on the right side of the testing room. Following a 5s delay, the owner released the dog upon the
experimenter's signal. If the dog approached the positive stimulus, it was allowed to consume the food
dots and received verbal praise. If it approached the negative stimulus, no reward was available. At the
end of each trial, the owner called the dog back to the starting position. The side of the positive stimulus
was alternated across trials. The training phase made in order to familiarize with the procedure,
consisted of 10 trials, after which the dog proceeded directly to the test phase. The test phase consisted
of two test trials, one for each discrimination ratio, and followed the same procedure as the training
trials. In contrast to the training phase, both stimuli contained real food rewards, so that dogs were
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rewarded regardless of their choice. The first test trial assessed discrimination at a ratio of 0.50. Dogs
were presented with either a 4-versus-8 or an 8-versus-16 food-dot discrimination, with the stimulus sets
counterbalanced across participants. The second test trial assessed discrimination at a ratio of 0.73-
0.75. In this trial, dogs were presented with either a 6-versus-8 or an 8-versus-11 dot discrimination,
again counterbalanced across participants. The side of presentation of the positive stimulus was
counterbalanced across subjects: for half of the subjects, it was presented on the right side in the first
test trial and on the left side in the second test trial, whereas the opposite was done for the other half.

Data collection and analysis

For each test trial, choices were coded as a binary variable, depending on whether the dog selected the
stimulus representing the larger (correct) or the smaller (wrong) quantity.

For each test trial, performance, i.e., the frequency of correct/wrong choices, was compared against
chance level using a one-tailed exact binomial test, for both the 0.5 ratio condition and the 0.7.

To assess whether the presence of a Spatial Numerical Association was associated with the
performance in Quantity discrimination, a GEE model with a binomial logistic distribution was fitted. The
outcome of each test trial of the Experiment 1 (correct/wrong) was entered as the dependent variable.
The outcomes of the 0.5 ratio trial, of the 0.7 ratio trial and of the first training trial of Experiment 2 were
included as categorical predictors. The rationale for including the outcome of the first training trial was
to assess whether the presence of SNA was associated with a spontaneous response to the
presentation of different quantities. Dog ID was specified as the subject variable to account for repeated
measurements within individuals.

All statistical analyses were performed with SPSS (v. 28, IBM, Armonk, NY). The level of statistical
significance was set at 0.05.

Experiment 3

Experimental Setting and Procedure

Experiment 3 was designed as a control for the potential influence of continuous, non-numerical visual
cues. While in Experiment 1 changes in numerosity were associated by changes in other stimulus
properties, in Experiment 3 density and total perimeter were controlled so that the stimuli differed only in
numerosity (see Stimuli section for details). The experimental setting and procedure implemented in the
third experiment was the same as the one used in Experiment 1.

Stimuli

The stimuli consisted of square printed sheets (30x30 cm) attached magnetically to the support as for
Experiment 1. Stimuli were created using GeNEsIS in Matlab (R2020a Version ; (Zanon et al. 2022) and
displayed a black background with a set of white squares. The number and the dimension of the white
squares varied according to the experimental phase and testing condition; however, stimuli were created

Page 11/27



in order to keep density and total perimeter constant across numerosities. The density, defined as the
number of elements divided by the total occupied area, was set as = 0.03; the total perimeter, defined as
the sum of the perimeters (contours) of all elements, was set as = 64. For the training trials, 10 stimuli
depicting a numerosity of 8 white squares were created, resulting in elements with the size of 2x2 cm.
For the test trials, depending on the condition (more-than or less-than), two stimuli were presented
simultaneously depicting either 16 white squares (1x1 cm) or 4 white squares (4x4 cm; Fig. 4).

Data collection and analysis
The data of Experiment 3 were collected and analysed in the same way as for Experiment 1.

Therefore, data about the of the outcome of each test trial (correct, wrong) of two experiments on the
SNA were pooled, in order to see if there was a potential effect of the Experiment (one and three) and of
the Condition (more-than, less-than). To this aim, a GEE model with a binomial logistic distribution was
implemented, with the outcome of each test trial (correct/wrong) included in the model as a dependent
variable, and Experiment and Condition as categorical predictors.

Dog ID was included as the subject variable to account for repeated measurements within individuals. All
statistical analyses were performed with SPSS (v. 28, IBM, Armonk, NY). The level of statistical
significance was set at 0.05.

RESULTS
Experiment 1

The two-tailed binomial test against the chance level of 25% showed that dogs performed above chance
level (k =11 “correct” out of n =24, p = 0.042).

The dogs’ orientation in relation to the performance outcome is shown in Fig. 5. The GEE model used to
assess the potential effect of the dog’s looking time at the stimuli on the performance outcomes, did not
reveal any effect (mean percentage of time looking at the training trials: Wald x2 = 0.205, p = 0.651;
percentage of looking time at the left stimulus during the test trial: Wald x2 = 2.198, p = 0.138;
percentage of looking time at the right stimulus during the test trial: Wald x2 = 1.595, p = 0.207).

Experiment 2

The dogs’ percentage of correct choices of the two test trials are reported in Fig. 6. The one-tailed
binomial test against the chance level of 50% showed that dogs performed above chance level in the 0.5
ratio test (k =11 “correct” out of n =14, p = 0.028) but not in the 0.7 ratio test (k = 8 “correct” out of n = 14,
p=0.39).
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The GEE model implemented to assess if performance in Experiment 1 could be explained by
performance in Experiment 2, revealed an effect only related to the 0.7 ratio test (Wald-Chi square =
4.962, p =0.026, Odds ratio = 9.696), with dogs having a successful outcome in the Experiment 1
performing better than dogs who failed (Estimated Means + Standard Error: “Correct” Experiment 1
outcome =0.90  0.089; “Wrong” Experiment 1 outcome =0.49 + 0.191). Performance of dogs in the first
training trial (Wald-Chi square = 3.048, p =0.081) and in the 0.5 ratio test (Wald-Chi square =0.181, p =
0.671) did not have an influence.

Experiment 3

The two-tailed binomial test against the chance level of 25% showed a performance of the dogs above
the chance level (k = 12 “correct” out of n =25, p =0.022).

The dogs’ orientation according to the test result is shown in Fig. 7. The GEE model used to assess the
potential effect of the dog’s orientation on the performance outcomes, showed no effect (mean
percentage of time looking at the training trials: Wald x2 = 0.049, p = 0.824; percentage of time looking at
the left stimulus during the test trial: Wald x2 = 2.006, p = 0.157; percentage of time looking at the right
stimulus during the test trial: Wald x2 = 0.372, p = 0.542).

The GEE model run to explore a possible influence of the Experiment (one and three) and of the
Condition (more-than and less-than) on the outcome of each test trial (correct/wrong) of Experiment 1
and 3, revealed no effect (Experiment: Wald x2 = 0.003, p = 0.957; Condition: Wald x2 = 0.530, p = 0.467).
However, running the intercept-only model, it showed a significant intercept (Wald x? = 6.339, p =0.012).

DISCUSSION

In this study, we explored whether domestic dogs associate relative numerical magnitude with space
and whether this spatial organization is related to proto-numerical discrimination abilities. To assess
Spatial Numerical Association (SNA), we used a spatial-numerical congruency paradigm, which required
dogs learning to find a food reward behind a panel displaying a reference numerosity eight. In
unrewarded test trials, dogs faced two identical panels, one on the left and one on the right, depicting the
same numerosity, either smaller or larger than the reference. To assess relationship between spatial-
numerical association and quantity processing, we also use a simultaneous numerical comparison task
between two numerosities of food rewards characterized by a ratio of 0.50, or 0.70.

Our first main finding is that domestic dogs associate relative numerical magnitudes with space. In
Experiments 1, the number of dogs showing the complete SNA-consistent pattern (selecting the left
panel in the smaller-than condition and the right panel in the larger-than condition) exceeded chance
expectations. In Experiment 3, the SNA-consistent pattern persisted when continuous variables were
controlled. Specifically, density and total perimeter were held constant, whereas cumulative area and
individual element size varied inversely with numerosity. Consequently, the smaller numerosity was
composed of larger elements and occupied a greater cumulative area, whereas the larger numerosity
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was composed of smaller elements and occupied a smaller cumulative area. If dogs had mapped
physical extent or element size onto space, these cues should have induced a pattern opposite to the
numerical prediction. Instead, dogs continued to associate the smaller numerosity with the left and the
larger numerosity with the right.

Remarkably, the pattern observed in Experiments 1 and 3 cannot be explained by preferences for one
side of space. This issue is particularly relevant in dogs, in which behavioral lateralization has been
documented across motor and sensory domains (Siniscalchi et al. 2017; Stiller et al. 2024). Moreover,
dogs are known to develop side biases when facing two-choice tasks, especially when the choice is
uncertain (Kis et al. 2025). For these reasons, to minimize the influence of individual side biases, only
dogs that circumvented the central panel from both the left and the right during training were included.
Additionally, we also adopted a stringent within-individual criterion and we limited each kind of trial to
one. Each dog underwent only one smaller-than and one larger-than test trial (unlike previous studies
using multiple trials and group-level analyses; (Giurfa et al., 2022; Potrich et al., 2026; Rugani et al., 2015,
2020, but see Di Giorgio et al., 2019, for a single-trial adaptation). We then classified dogs as SNA-
consistent only when they selected the left panel in the smaller-than condition and the right panel in the
larger-than condition. A stable leftward or rightward preference would have produced the same choice in
both conditions and could therefore not result in an SNA-consistent classification. Nevertheless, dogs'’
side responses appear to reflect the relation between the test numerosity and the previously experienced
reference rather than a fixed lateral bias.

This result extends evidence obtained in human infants and newborns, gorillas, orangutangs, monkeys,
day-old domestic chicks, adult Clark’s nutcrackers, zebrafish, and honeybees (de Hevia and Spelke 2010;
Rugani et al. 2010, 2015, 2020, 2024, Drucker and Brannon 2014; Adachi 2014, de Hevia et al. 2014;
Gazes et al. 2017; Di Giorgio et al. 2019; Giurfa et al. 2022; Volpi and De Hevia 2026; Potrich et al. 2026;
Felisatti et al. 2026b), showing that discrete numerical magnitudes can also be associated with space in
a domesticated mammal. Moreover, the present results strengthen the hypothesis that SNA appears to
be present even in animals with heterogeneous life histories and extensive experience with their owners,
as itis for family dogs.

Our second main finding is that numerical spatialization correlates with the efficiency of magnitude
processing. Although evidence for spontaneous numerical spatialization across species is steadily
increasing, and SNA has been proposed as a hallmark of all brains endowed with a number sense,
independently of their complexity (Giurfa et al. 2022; Rugani et al. 2025), whether Spatial-Numerical
Associations confer any functional advantage for numerical processing remains unknown. Spatial
organization of numerical magnitude has been hypothesized to increase the efficiency of nhumerical
processing (Loconsole et al. 2023; Rugani et al. 2025; Felisatti et al. 2026a). In humans, studies in which
participants classify symbolic numbers using left- and right-sided responses, typically responding faster
to smaller numbers with the left hand and to larger numbers with the right hand, have not consistently
found a correlation between the strength of SNA and arithmetic performance (Cipora and Nuerk 2013;
Cipora et al. 2020; He et al. 2021). Importantly, these studies mainly focused on symbolic mathematical
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skills rather than elementary non-symbolic quantity discrimination. Whether SNA is associated with the
efficiency of basic numerical processing has not yet been tested in non-human animals and therefore
remains unknown. This was the aim of Experiment 2, which showed that dogs discriminated quantities
differing by a 0.50 ratio but not those differing by the more demanding 0.73-0.75 ratio, thus supporting
previous evidence that quantity discrimination in dogs is ratio-dependent (Rivas-Blanco et al. 2020;
Looke et al. 2020). However, the key innovative finding of our study is that performance in the more
difficult discrimination was associated with performance in the spatial-numerical congruency task
(Experiment 1).

Remarkably, performance in the spatial-numerical congruency task was correlated only with the more
demanding quantity discrimination. One possible interpretation is that the spatial organization of
numerical magnitude facilitates magnitude estimation when the task is difficult. When two quantities are
clearly different, the advantage provided by spatial coding might not emerge. By contrast, when the ratio
approaches the discrimination threshold, organizing magnitudes along an oriented spatial continuum
may increase processing efficiency. This correlational result should nevertheless be interpreted with
caution: only 14 dogs, which participated in Experiment 1, completed both experiments, due to the
owners’ availability to return for an additional session. Although preliminary, this finding paves the way
for future studies with larger samples and repeated trials to directly test whether SNA facilitates quantity
discrimination.

These data may support the Right Hemisphere Dominance Model (Rugani et al. 2015, 2016, 2025;
Rugani and de Hevia 2017; Rugani and Regolin 2020; Giurfa et al. 2022), one of the three models
proposed to explain the neural basis of the SNA, together with the Brain’s Asymmetric Frequency Tuning
Model (BAFT; (Felisatti et al. 2020) and the Emotional-Valence Model (Vallortigara 2018; Rugani et al.
2020). The BAFT model is based on hemispheric specialization for spatial-frequency processing, with
spatial frequencies being low-level visual features extracted from visual scenes to create a coherent
percept (Gazzaniga 2000; Kauffmann et al. 2014). Smaller numerosities, typically characterized by lower
spatial-frequencies, preferentially engage the right hemisphere and induce a leftward bias. Conversely,
larger numerosities, typically characterized by higher spatial-frequencies, preferentially engage the left
hemisphere and induce a rightward bias. However, BAFT does not directly predict an association
between SNA and numerical performance. The Emotional-Valence Model postulates that smaller
numerosities are intrinsically associated with negative emotions, which engage the right hemisphere and
induce leftward behavior, whereas positive emotions engage the left hemisphere and drive responses
toward the right. This model also explains the SNA's origin but does not directly predict an association
between SNA and numerical performance. The Right Hemisphere Dominance Model proposes that SNA
is rooted in the functional lateralization of the brain, with the right hemisphere specialized in both spatial
and numerical processing. This biological bias, acting as an anchor, leads organisms to explore the
environment from left to right, resulting in an association between smaller magnitudes, encountered
first, and the left side, and between larger magnitudes and the right side. Under this model, numerical
spatialization is therefore intrinsically linked to numerical processing and may be associated with
performance in numerical tasks.
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Taken together, our findings show that domestic dogs associate small numerosities with the left and
large numerosities with the right. This pattern persisted under control of the more relevant continuous
physical variables and was not explained by individual lateral biases. Moreover, SNA-consistent
performance correlated with more accurate discrimination of difficult quantity comparisons, providing
preliminary evidence for a functional relationship between numerical spatialization and magnitude
processing. These findings extend SNA to a domesticated mammal and support the hypothesis that the
spatial organization of numerical magnitude is a widespread property of non-symbolic humber
representations that transcend individual experience.

Declarations

Competing interests:

The Authors declare no competing interests.

Ethics approval:

All procedures performed in this study involving client-owned animals were in strict compliance with the
European Community Council Directive (2010/63/EU) and national legal requirements (Italian Legislative
Decree D.Lgs. 26/2014) governing the care and use of animals for scientific purposes. The research
protocol was approved by the Organism in Charge for Animal Welfare (Organismo Preposto al Benessere
Animale, protocol nr. 20236) of the University of Padua. Written informed consent was obtained from all
dog owners prior to participation. Adherence to veterinary care and behavioral standards was monitored
by board certified veterinarians (P.M., L.M.)

Funding:

The authors acknowledge support from PRIN (Progetti di Rilevante Interesse Nazionale - Projects of
Relevant National Interest) PRIN 2022 202254RHRT; PRIN-PNRR 2022 P2022TKY7B and FIS 3 (Fondo
Italiano per la Scienza - ltalian Science Fund, 3rd edition) Advanced Grant FIS-2024-06349 to R.R., and
from the University of Padua (PhD scholarships to V.B. and Post-doctoral grant to A.B.).

Author Contribution

AB: Investigation, Data Curation, Writing — Original Draft; LM: Conceptualization, Methodology, Writing —
Review and Editing, Supervision; VB: Investigation, Data Curation; RR: Conceptualization, Methodology,
Writing — Original Draft; PM: Conceptualization, Methodology, Formal Analysis, Writing — Review and
Editing.

Page 16/27



Acknowledgement

The Authors would like to thank Lucia Ronconi for her support in statistical analyses.

Data Availability

Data are publicly available in the data repository of the University of Padua, at
https://researchdata.cab.unipd.it/id/eprint/1896

References

1.

10.

11.

Adachi | (2014) Spontaneous Spatial Mapping of Learned Sequence in Chimpanzees: Evidence for a
SNARC-Like Effect. PLoS ONE 9:€90373. https://doi.org/10.1371/journal.pone.0090373

. Agrillo C, Parrish AE, Beran MJ (2014) Do primates see the solitaire illusion differently? A

comparative assessment of humans (Homo sapiens), chimpanzees (Pan troglodytes), rhesus
monkeys (Macaca mulatta), and capuchin monkeys (Cebus apella). J Comp Psychol 128:402-413.
https://doi.org/10.1037/a0037499

. Anobile G, Cicchini GM, Pome A, Burr DC (2017) Connecting visual objects reduces perceived

numerosity and density for sparse but not dense patterns. J Numer Cogn 3:133-146.
https://doi.org/10.5964/jnc.v3i2.38

. Bonanni R, Natoli E, Cafazzo S, Valsecchi P (2011) Free-ranging dogs assess the quantity of

opponents in intergroup conflicts. Anim Cogn 14:103-115. https://doi.org/10.1007/s10071-010-
0348-3

. Brosche K, Veit A, Wondrak M, Rugani R (2026) Pigs rely on spatial rather than numerical cues in an

ordinal foraging task. Anim Behav 239:123666. https://doi.org/10.1016/j.anbehav.2026.123666

. Brugger P (2015) Chicks with a number sense. Science 347:477-478.

https://doi.org/10.1126/science.aaa4854

. Bulf H, de Hevia MD, Macchi Cassia V (2016) Small on the left, large on the right: numbers orient

visual attention onto space in preverbal infants. Dev Sci 19:394-401.
https://doi.org/10.1111/desc.12315

. Byosiere S, Chouinard PA, Howell TJ, Bennett PC (2020) Illusion susceptibility in domestic dogs.

Ethology 126:949-965. https://doi.org/10.1111/eth.13083

. Cantlon JF, Brannon EM (2007) Basic Math in Monkeys and College Students. PLoS Biol 5:e328.

https://doi.org/10.1371/journal.pbio.0050328

Cantlon JF, Brannon EM (2006) Shared System for Ordering Small and Large Numbers in Monkeys
and Humans. Psychol Sci 17:401-406. https://doi.org/10.1111/j.1467-9280.2006.01719.x

Cipora K, He Y, Nuerk H (2020) The spatial-numerical association of response codes effect and
math skills: why related? Ann N Y Acad Sci 1477:5-19. https://doi.org/10.1111/nyas.14355

Page 17/27



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Cipora K, Nuerk H-C (2013) Is the SNARC Effect Related to the Level of Mathematics? No
Systematic Relationship Observed despite More Power, More Repetitions, and More Direct
Assessment of Arithmetic Skill. Q J Experimental Psychol 66:1974-1991.
https://doi.org/10.1080/17470218.2013.772215

de Hevia MD (2021) How the Human Mind Grounds Numerical Quantities on Space. Child Dev
Perspect 15:44-50. https://doi.org/10.1111/cdep.12398

de Hevia MD, Izard V, Coubart A et al (2014) Representations of space, time, and number in
neonates. Proc Natl Acad Sci USA 111:4809-4813. https://doi.org/10.1073/pnas.1323628111

de Hevia MD, Spelke ES (2010) Number-Space Mapping in Human Infants. Psychol Sci 21:653-660.
https://doi.org/10.1177/0956797610366091

De Hevia MD, Veggiotti L, Baggali Y (2025) Spatial associations of number and pitch in human
newborns. J Exp Child Psychol 256:106259. https://doi.org/10.1016/j.jecp.2025.106259

Decarli G, Veggiotti L, De Hevia MD (2025) Exploring size-action and number-action associations in
infancy. Infant Behav Dev 81:102153. https://doi.org/10.1016/j.infbeh.2025.102153

Dehaene S (2011) The number sense: how the mind creates mathematics, Rev. and updated ed.
Oxford University Press, New York

Dehaene S, Bossini S, Giraux P (1993) The mental representation of parity and number magnitude. J
Exp Psychol Gen 122:371-396. https://doi.org/10.1037/0096-3445.122.3.371

Di Giorgio E, Lunghi M, Rugani R et al (2019) A mental number line in human newborns. Dev Sci 22.
https://doi.org/10.1111/desc.12801

Drucker CB, Brannon EM (2014) Rhesus monkeys (Macaca mulatta) map number onto space.
Cognition 132:57-67. https://doi.org/10.1016/j.cognition.2014.03.011

Eccher E, Josserand M, Caparos S et al (2025) A left-to-right bias in number-space mapping across
ages and cultures. Nat Commun 16:495. https://doi.org/10.1038/s41467-024-55685-x

Eccher E, Piazza M, Vallortigara G (2026) The interplay between culture, task and biology in spatial-
numerical associations. Nat Rev Psychol. https://doi.org/10.1038/s44159-026-00591-w

Feigenson L, Dehaene S, Spelke E (2004) Core systems of number. Trends Cogn Sci 8:307-314.
https://doi.org/10.1016/j.tics.2004.05.002

Felisatti A, Giurfa M, Rugani R (2026a) Evolution and development of Spatial-Numerical Association:
a comparative review. Dev Rev 80:101263. https://doi.org/10.1016/j.dr.2026.101263

Felisatti A, Laubrock J, Shaki S, Fischer MH (2020) A biological foundation for spatial-numerical
associations: the brain's asymmetric frequency tuning. Ann N Y Acad Sci 1477:44-53.
https://doi.org/10.1111/nyas.14418

Felisatti A, Macchinizzi M, Ronconi L, Rugani R (2026b) Numbers Driving Space: Experience With
Numerical Sequences Modulates Spatial Behavior in Newborn Chicks (Gallus gallus). Ann NY Acad
Sci 1561:€70325. https://doi.org/10.1111/nyas.70325

Page 18/27



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

Fornaciai M, Park J (2021) Disentangling feedforward versus feedback processing in numerosity
representation. Cortex 135:255-267. https://doi.org/10.1016/j.cortex.2020.11.013

Fornaciai M, Park J (2022) The effect of abstract representation and response feedback on serial
dependence in numerosity perception. Atten Percept Psychophys 84:1651-1665.
https://doi.org/10.3758/s13414-022-02518-y

Gallistel CR, Gelman R (1992) Preverbal and verbal counting and computation. Cognition 44:43-74.
https://doi.org/10.1016/0010-0277(92)90050-R

Garland A, Low J, Burns KC (2012) Large quantity discrimination by North Island robins (Petroica
longipes). Anim Cogn 15:1129-1140. https://doi.org/10.1007/s10071-012-0537-3

Gazes RP, Diamond RFL, Hope JM et al (2017) Spatial representation of magnitude in gorillas and
orangutans. Cognition 168:312-319. https://doi.org/10.1016/j.cognition.2017.07.010

Gazzaniga MS (2000) Cerebral specialization and interhemispheric communication: Does the
corpus callosum enable the human condition? Brain 123:1293-1326.
https://doi.org/10.1093/brain/123.7.1293

Giurfa M (2019) An Insect’s Sense of Number. Trends Cogn Sci 23:720-722.
https://doi.org/10.1016/j.tics.2019.06.010

Giurfa M, Marcout C, Hilpert P et al (2022) An insect brain organizes numbers on a left-to-right
mental number line. Proc Natl Acad Sci USA 119:€2203584119.
https://doi.org/10.1073/pnas.2203584119

He L, Zhang J, Zhou T, Chen L (2009) Connectedness affects dot numerosity judgment: Implications
for configural processing. Psychon Bull Rev 16:509-517. https://doi.org/10.3758/PBR.16.3.509

He Y, Nuerk H-C, Derksen A et al (2021) A gifted SNARC? Directional spatial-numerical associations
in gifted children with high-level math skills do not differ from controls. Psychol Res 85:1645-1661.
https://doi.org/10.1007/s00426-020-01354-9

Kauffmann L, RamanoA«l S, Peyrin C (2014) The neural bases of spatial frequency processing
during scene perception. Front Integr Neurosci 8. https://doi.org/10.3389/fnint.2014.00037
Loconsole M, Regolin L, Rugani R (2023) Asymmetric number—space association leads to more

efficient processing of congruent information in domestic chicks. Front Behav Neurosci
17:1115662. https://doi.org/10.3389/fnbeh.2023.1115662

Looke M, Guérineau C, Broseghini A et al (2024) Visual continuum in non-human animals: serial
dependence revealed in dogs. Proc R Soc B 291:20240051. https://doi.org/10.1098/rspb.2024.0051

. Looke M, Marinelli L, Eatherington CJ et al (2020) Do Domestic Dogs (Canis lupus familiaris).

Perceive Numerosity lllusions? Anim 10:2304. https://doi.org/10.3390/ani10122304

Macpherson K, Roberts WA (2013) Can dogs count? Learn Motiv 44:241-251.
https://doi.org/10.1016/j.Imot.2013.04.002

McCrink K, Veggiotti L, Hevia MD (2020) A left visual advantage for quantity processing in neonates.
Ann NY Acad Sci 1477:71-78. https://doi.org/10.1111/nyas.14457

Page 19/27



44.

45.

46.

47.
48.

49.

50.

o1.

52.

93.

o4.

99.

56.

57.

58.

Miletto Petrazzini ME, Wynne CDL (2016) What counts for dogs (Canis lupus familiaris) in a quantity
discrimination task? Behavioural Processes 122:90-97.
https://doi.org/10.1016/j.beproc.2015.11.013

Nieder A (2020) The Adaptive Value of Numerical Competence. Trends Ecol Evol 35:605-617.
https://doi.org/10.1016/j.tree.2020.02.009

Piantadosi ST, Cantlon JF (2017) True Numerical Cognition in the Wild. Psychol Sci 28:462-469.
https://doi.org/10.1177/0956797616686862

Potrich D, Zanon M, Rugani R et al (2026) Space-number association in zebrafish

Range F, Jenikejew J, SchrAdder |, VirAjnyi Z (2014) Difference in quantity discrimination in dogs and
wolves. https://doi.org/10.3389/fpsyg.2014.01299. Front Psychol 5:

Regolin L, Loconsole M, Rosa-Salva O et al (2025) Numerical cognition in birds. Nat Rev Psychol
4:576-590. https://doi.org/10.1038/s44159-025-00480-8

Rivas-Blanco D, Pohl I-M, Dale R et al (2020) Wolves and Dogs May Rely on Non-numerical Cues in
Quantity Discrimination Tasks When Given the Choice. Front Psychol 11:573317.
https://doi.org/10.3389/fpsyg.2020.573317

Rugani R (2018) Towards numerical cognition’s origin: insights from day-old domestic chicks. Phil
Trans R Soc B 373:201605009. https://doi.org/10.1098/rstb.2016.0509

Rugani R, de Hevia M-D (2017) Number-space associations without language: Evidence from
preverbal human infants and non-human animal species. Psychon Bull Rev 24:352-369.
https://doi.org/10.3758/s13423-016-1126-2

Rugani R, Kelly DM, Szelest | et al (2010) Is it only humans that count from left to right? Biol Lett
6:290-292. https://doi.org/10.1098/rsbl.2009.0960

Rugani R, Macchinizzi M, Zhang Y, Regolin L (2025) Prenatal light exposure affects number sense
and the mental number line in young domestic chicks. eLife 14:RP106356.
https://doi.org/10.7554/eLife.106356.3

Rugani R, Platt ML, Chen Z, Brannon EM (2022a) Relative numerical middle in rhesus monkeys. Biol
Lett 18:20210426. https://doi.org/10.1098/rsbl.2021.0426

Rugani R, Platt ML, Zhang Y, Brannon EM (2024) Magnitude shifts spatial attention from left to right

in rhesus monkeys as in the human mental number line. iScience 27:108866.
https://doi.org/10.1016/j.isci.2024.108866

Rugani R, Regolin L (2020) Hemispheric specialization in spatial versus ordinal processing in the
day-old domestic chick (Gallus gallus). Ann NY Acad Sci 1477:34-43.
https://doi.org/10.1111/nyas.14345

Rugani R, Regolin L (2021) Approach direction and accuracy, but not response times, show spatial-
numerical association in chicks. PLoS ONE 16:e0257764.
https://doi.org/10.1371/journal.pone.0257764

Page 20/27



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

/1.

72.

73.

Rugani R, Regolin L, Vallortigara G (2007) Rudimental numerical competence in 5-day-old domestic
chicks (Gallus gallus): Identification of ordinal position. J Exp Psychol Anim Behav Process 33:21-
31. https://doi.org/10.1037/0097-7403.33.1.21

Rugani R, Rosa Salva O, Regolin L (2014a) Lateralized mechanisms for encoding of object.
Behavioral evidence from an animal model: the domestic chick (Gallus gallus).
https://doi.org/10.3389/fpsyg.2014.00150. Front Psychol 5:

Rugani R, Vallortigara G, Priftis K, Regolin L (2015) Number-space mapping in the newborn chick
resembles humans’ mental number line. Science 347:534-536.
https://doi.org/10.1126/science.aaa1379

Rugani R, Vallortigara G, Priftis K, Regolin L (2020) Numerical magnitude, rather than individual bias,
explains spatial numerical association in newborn chicks. eLife 9:e54662.
https://doi.org/10.7554/eLife.54662

Rugani R, Vallortigara G, Regolin L (2013) Numerical Abstraction in Young Domestic Chicks (Gallus
gallus). PLoS ONE 8:€65262. https://doi.org/10.1371/journal.pone.0065262

Rugani R, Vallortigara G, Regolin L (2014b) From small to large: Numerical discrimination by young
domestic chicks (Gallus gallus). J Comp Psychol 128:163-171. https://doi.org/10.1037/a0034513
Rugani R, Vallortigara G, Regolin L (2016) Mapping number to space in the two hemispheres of the
avian brain. Neurobiol Learn Mem 133:13-18. https://doi.org/10.1016/j.nim.2016.05.010

Rugani R, Zhang Y, Ahmed N, Brannon E (2022b) Children perform better on left than right targets in
an ordinal task. Acta Psychol 226:103560. https://doi.org/10.1016/j.actpsy.2022.103560

Scarf D, Hayne H, Colombo M (2011) Pigeons on Par with Primates in Numerical Competence.
Science 334:1664-1664. https://doi.org/10.1126/science.1213357

Shaki S, Fischer MH, Petrusic WM (2009) Reading habits for both words and numbers contribute to
the SNARC effect. Psychon Bull Rev 16:328-331. https://doi.org/10.3758/PBR.16.2.328
Siniscalchi M, D’Ingeo S, Quaranta A (2017) Lateralized Functions in the Dog Brain. Symmetry 9:71.
https://doi.org/10.3390/sym9050071

Stiller J, Feng S, Chowdhury A-A et al (2024) Complexity of avian evolution revealed by family-level
genomes. Nature 629:851-860. https://doi.org/10.1038/s41586-024-07323-1

Straulino E, Benavides-Varela S, Bruno G et al (2026) Kicking the mental number line: a kinematic
investigation of numerical processing in childhood. Front Psychol 17:1765058.
https://doi.org/10.3389/fpsyg.2026.1765058

Trick LM, Pylyshyn ZW (1994) Why are small and large numbers enumerated differently? A limited-
capacity preattentive stage in vision. Psychol Rev 101:80-102. https://doi.org/10.1037/0033-
295X.101.1.80

Triki Z, Bshary R (2018) Cleaner fish Labroides dimidiatus discriminate numbers but fail a mental
number line test. Anim Cogn 21:99-107. https://doi.org/10.1007/s10071-017-1143-1

Page 21/27



74. Vallortigara G (2018) Comparative cognition of number and space: the case of geometry and of the
mental number line. Phil Trans R Soc B 373:20170120. https://doi.org/10.1098/rstb.2017.0120

75. Volpi V, De Hevia MD (2026) Mental space as an innate foundational structure for cognition: from
quantities to events. Dev Rev 79:101246. https://doi.org/10.1016/j.dr.2026.101246

76. Ward C, Smuts BB (2006) Quantity-based judgments in the domestic dog (Canis lupus familiaris).
Anim Cogn 10:71-80. https://doi.org/10.1007/s10071-006-0042-7

77. West E, McCrink K (2021) Eye Tracking Lateralized Spatial Associations in Early Childhood. J
Cognition Dev 22:678-694. https://doi.org/10.1080/15248372.2021.1926254

78. Zanon M, Potrich D, Bortot M, Vallortigara G (2022) Towards a standardization of non-symbolic
numerical experiments: GeNEsIS, a flexible and user-friendly tool to generate controlled stimuli.
Behav Res 54:146-157. https://doi.org/10.3758/s13428-021-01580-y

79. Zebian S Linkages between Number Concepts, Thinking S, and Directionality of Writing (2005) : The
SNARC Effectthe REVERSE SNARC Effect in EnglishArabic Monoliterates, Biliterates,llliterate Arabic
Speakers. J Cogn Cult 5:165-190. https://doi.org/10.1163/1568537054068660

Figures
Training trial set up Test trial set up
EZ. Bxporimoter 2 2. Exporimoter 2
a.
s
h, o
—————
P e NP R s
o, g"‘ r, gﬂ'
A
f. Experimeter 1 f. Experimeter 1

Figure 1

Graphic representation of the experimental setting during the training phase (on the left) and the test
phase (on the right). The letters represent, respectively, a. panels that framed the smaller experimental
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area; b. the stimuli supports and, only in case of training trials, the bowl placed behind containing the
dog reward; c. the rear curtain that hide the second experimenter; d. the front curtain that could conceal
the scene to the dog; e. the dog-owner dyad; f. the first experimenter; g. the second experimenter. The
two recording cameras are not depicted. The elements of the represented figure are not scaled.

Figure 2

Examples of stimuli used in Experiment 1: a training stimulus (middle), displaying the reference
numerosity of 8, and stimuli used in less-than condition, numerosity of 4 (left), and in the more-than

condition, numerosity of 16 (right).
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Figure 3

Graphic representation of the experimental setting. The letters represent, respectively, a. table and
panels that framed the back area where Experimenter 2 prepared the stimuli; b. the stimuli supports
displaying in this case training stimuli; c. Experimenter 1; d. Experimenter 2; e. the dog-owner dyad. The
recording camera is not depicted. The elements of the represented figure are not scaled.

Figure 4
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Examples of stimuli used in Experiment 3. On the left, an example of training stimulus, displaying the
reference numerosity of 8. In the middle, a stimulus used in the less-thancondition, displaying the
numerosity of 4. On the right, a test stimulus used in the more-than condition, displaying the numerosity
of 16.
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Figure 5

The mean percentage of time looking at the training stimulus, at the left stimulus during the test trial,
and at the right stimulus during the test trial, by outcome of the test.
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Figure 6

The percentage of correct choices of the 0.5 ratio and of the 0.7 ratio discrimination trials.
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Figure 7
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The mean percentage of looking time at the training stimulus, at the left stimulus during the test trial,
and at the right stimulus during the test trial, by outcome of the test.
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