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Abstract It is well known that humans describe and think of
numbers as being represented in a spatial configuration,
known as the ‘mental number line’. The orientation of this
representation appears to depend on the direction of writing
and reading habits present in a given culture (e.g., left-to-right
oriented in Western cultures), which makes this factor an ideal
candidate to account for the origins of the spatial representa-
tion of numbers. However, a growing number of studies have
demonstrated that non-verbal subjects (preverbal infants and
non-human animals) spontaneously associate numbers and
space. In this review, we discuss evidence showing that pre-
verbal infants and non-human animals associate small numer-
ical magnitudes with short spatial extents and left-sided space,
and large numerical magnitudes with long spatial extents and
right-sided space. Together this evidence supports the idea that
a more biologically oriented view can account for the origins
of the ‘mental number line’. In this paper, we discuss this
alternative view and elaborate on how culture can shape a
core, fundamental, number—space association.
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Introduction

Let’s imagine the numerical interval from one to nine.
Plausibly, your mental image is characterized by the visuali-
zation of numbers orderly arranged from left to right. Indeed,
cognitive science has established that, for adult humans, the
representations of number and space are profoundly
intertwined (see de Hevia, Vallar, & Girelli, 2006, for
review). The intuition that number representation may be spa-
tially organized dates back to 1880, when Francis Galton first
reported that humans both describe and think of numbers as
being represented on diverse visuo-spatial forms, among
which a horizontal continuum oriented from left (smaller
numbers) to right (larger numbers): the so called mental num-
ber line (MNL; Galton, 1880, see also Restle, 1970). The first
empirical evidence for a left-to-right oriented MNL was re-
ported by Dehaene, Bossini and Giraux (1993). They present-
ed French adults with a single Arabic digit number (from 0 to
9) in the center of a screen, and required them to press a button
to indicate if the number was even and another button if the
number was odd. By varying the response rule (press the left
button if the number is even, or press the right button if the
number is even), it was serendipitously found that responses
to relatively smaller numbers (near to 0) were faster for the left
hand and that responses to relatively larger numbers (near to
9) were faster for the right hand. This phenomenon was coined
the SNARC (spatial numerical association of response codes)
effect (Dehaene, Bossini, & Giraux, 1993). It is interesting to
note that, in a parity judgment task—a task in which, mathe-
matically speaking, magnitude estimation is irrelevant—num-
ber magnitude is automatically accessed. Moreover, the effect
of this spatial numerical association does not reverse in left-
handed subjects or in right-handed subjects crossing their
hands. This indicates that it is the spatial correspondence be-
tween the position of the number in the MNL and the position
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in which the response is executed that explains the SNARC
effect.

Therefore, the SNARC effect reflects a spatial congruency
between the response side (left or right egocentric space) and
the relative position of the represented numerical magnitude
on a left to right oriented MNL (Dehaene et al., 1993; see also
Restle, 1970). In order to test the impact of writing/reading
direction, in their seminal work, Dehaene and colleagues
(1993) tested this phenomenon in Iranian subjects, who had
been raised in a right-to-left writing culture and then immi-
grated in France. Although neither a SNARC nor a reversed
SNARC effects emerged in their behavior, a subsequent re-
gression analysis indicated that the effect was larger for sub-
jects who had been in a left-to-right culture for a longer time:
the longer the time spent in France, the more the performance
resembled that of native French subjects. This finding
established the first basis for the suggestion that the direction
of reading/writing, and therefore cultural factors, could deter-
mine the direction of the SNARC effect.

Much progress has been made since its first description,
and the SNARC effect has been replicated in a number of
varied experimental paradigms and in diverse populations
(Patro & Haman, 2012; Go6bel, 2015; Gobel, Maier, &
Shaki, 2015; see also Fias & Fischer, 2005; Gdbel, Shaki, &
Fischer, 2011; and Dehaene, 2011). Critically, several studies
support the original idea that the spatial-numerical association
emerges as a result of exposure to formal instruction (Zebian,
2005; Shaki & Fischer, 2008; Shaki, Fischer, & Petrusic,
2009). Shaky and colleagues (2009) compared the spatial rep-
resentation of numbers in three groups of human adults using
a parity judgment task: Canadians, Palestinians and Israelis.
Canadians, who read and write English words and Arabic
numbers from left to right, showed a left-to-right mapping of
numbers onto space. Palestinians, who read and write both
Arabic text and Arabic-Indic numbers from right, showed an
inverted spatial-numerical association (from right to left).
Interestingly enough for Israelis, who read and write Hebrew
words from right to left, but Arabic numbers from left to right,
the association of small numbers with left space and of large
numbers with right space was small and inconsistent, possibly
due to the competition of opposite directionalities. These find-
ings unambiguously support the idea that cultural conventions
for reading/writing direction define the directionality (or the
lack of it) of the mapping of numbers onto space (Shaki et al.,
2009).

However, other studies have suggested that reading habits
themselves cannot fully explain the origin of this spatial-
numerical arrangement (Fischer & Brugger, 2011). In fact, it
is sufficient to change the context in which a given number has
to be evaluated to invert the spatial numerical association. For
instance, Béchtold and colleagues (1998) presented partici-
pants with a number comprised in the interval from 1 to 11
(without number 6). Half of the participants were instructed to

imagine a ruler and to conceive each number as a distance
shorter or longer than 6. In half the trials participants had to
press the leftmost key of a keyboard with the left hand to
indicate a distance shorter than 6 and by pressing the rightmost
key with the right hand to indicate a distance longer than 6; the
response rule was inverted for the other half of trials. The other
participants were instructed to imagine a clock face and to
evaluate whether each number represents a time of a day ear-
lier or later than 6 o’clock. Again, the response assignment
was counterbalanced: in half of the trials they had to press the
left key with the left hand to indicate a day time earlier than 6
and in the other half of trials to indicate a time later than 6. In
the ruler task participants responded faster to small numbers
with the left hand and to large numbers with the right hand,
while in the clock-face task participants responded faster to
small numbers with the right hand, and to large numbers with
the left hand (Béchtold, Baumiiller, & Brugger, 1998; see also
Vuilleumier, Ortigue, & Brugger, 2004). Therefore, it is not
only the culture but also the context in which a number has to
be evaluated that influences its association with the left or
right space, although it is possible that by ‘default’ (that is,
in the absence of any instruction), the orientation is deter-
mined by the cultural convention in reading/writing direction.
However, other studies have shown that the intensive school-
ing and education seems not to be essential in shaping a rep-
resentation of numbers in relationship to a spatial axis. Adults
who had received little or no formal education, when required
to arrange numerosities on a horizontal line, showed a tenden-
cy to locate smaller numbers on the left and larger numbers on
the right (Cantlon, Cordes, Libertus, & Brannon, 2009;
Dehaene, Izard, Spelke, & Pica, 2008; Dehaene, 1zard, Pica,
& Spelke, 2009). Although the specific orientation of the
SNARC effect varies with culture, its presence across different
cultures supports the idea that the spatial-numerical associa-
tion is a universal cognitive strategy (Gobel et al., 2011).
Nevertheless, it remains to be established whether the orien-
tation of the MNL is simply modulated by educational/
cultural factors, or whether it is entirely produced by them.
The origins of the spatial-numerical association and its con-
nections with cultural experience can hardly be conclusively
demonstrated in adult humans, as it is virtually impossible to
completely remove the influence of culture and language in
this population. In the last decade, however, a growing num-
ber of experimental evidence has shown that the universality
of the number-space association can be found in other popu-
lations beyond adult humans. Studies on pre-verbal infants
and non-human animals have provided new experimental ev-
idence supporting the idea that the number-space association
would be a universal cognitive strategy that is shared by all—
human and non-human—animals (de Hevia, Girelli, & Vallar,
2006; Rugani, Regolin, & Vallortigara, 2007; de Hevia,
Girelli, Bricolo, & Vallar, 2008; de Hevia & Spelke, 2009,
2010; Lourenco & Longo, 2010; Rugani, Kelly, Szelest,
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Regolin, & Vallortigara, 2010a; Rugani, Vallortigara, Vallini,
& Regolin, 2011a; Adachi, 2014; de Hevia, Girelli, Addabbo,
& Macchi Cassia, 2014; de Hevia, Izard, Coubart, Spelke, &
Streri, 2014; Rugani, RosaSalva, & Regolin, 2014; Drucker &
Brannon, 2014; 2015; Bulf, de Hevia, & Macchi-Cassia,
2015; Rugani, Vallortigara, Priftis, & Regolin, 2015a, b).
Here, we review the existing literature that supports the idea
that an association of numbers with space exists independent-
ly from language. This idea, however, does not deny the im-
portance of language and culture in shaping number-space
associations, but showcases the existence of more fundamen-
tal factors other than culture and language in producing the
number-space link phenomenon, and therefore considers that
culture and language are critical but secondary in determining
the orientation of the number-space association.

Number-space association in pre-verbal human
infants

The idea that cultural artefacts determine the number-space
link phenomenon was supported by the developmental litera-
ture, with the observation that children appear to show a ro-
bust, adult-like, SNARC effect only after years of schooling
(Berch, Foley, Hill, & Ryan, 1999). However, we suggested
that this might be due to two factors. First, the fact that only
symbolic number and relatively sophisticated tasks were used
in the studies; and second, that only an oriented number-space
mapping (i.e., small number associated to the left and large
number to the right) was tested for, while a more basic spatial
mapping of number that does not include information of spa-
tial positions might be present earlier in development (de
Hevia et al., 2008; de Hevia, Girelli, et al., 2006; de Hevia
& Spelke, 2009). In fact, subsequent studies have shown that
when non-symbolic number (i.e., arrays of dots) is used, the
task is highly simplified, and a basic, non-oriented number-
space mapping is tested for, humans exhibit comparable
number-space associations in adulthood (de Hevia et al.,
2008; de Hevia, Girelli, & Vallar, 2006; de Hevia, Vallar, &
Girelli, 20006), pre-school childhood (de Hevia & Spelke,
2009; de Hevia, Vanderslice, & Spelke, 2012), infancy (de
Hevia & Spelke, 2010; Lourenco & Longo, 2010), and even
at birth (de Hevia, Izard, Coubart, Spelke, & Streri, 2014). In
particular, in line bisection tasks, where participants are pre-
sented with central horizontal lines printed on a paper sheet
(see Fig. 1), and are asked to quickly and accurately mark the
center of the lines, adults and pre-school children show com-
parable spatial biases when lines are flanked by non-symbolic
numerosities (dot arrays). In particular, they systematically
bisect the lines towards the side ipsilateral to the larger
numerosity, and this effect has been replicated across different
conditions that control for non-numerical continuous vari-
ables, such as the overall area of the dot arrays, or the overall
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space occupied by the whole flanker (de Hevia & Spelke,
2009). This phenomenon has been interpreted as a sort of
‘cognitive’ illusion by which the side of the line ipsilateral to
the larger numerosity is represented as longer, and the side of
the line ipsilateral to the smaller numerosity is represented as
shorter. Therefore, the bisection bias towards the larger num-
ber compensates for this illusory imbalance. These studies
suggest the existence of a ‘non-directional’ number-space
mapping, one in which the information of spatial positions is
not specified. These findings formed the basis for new re-
search undertaken with even a younger population, pre-
verbal human infants, in order to test the hypothesis that the
number-space connection originates in an early-developing
predisposition to relate these two dimensions.

We therefore tested preverbal infants’ ability to relate the
two types of information: numerical and spatial (de Hevia &
Spelke, 2010). In a first experiment, we habituated 24 8-
month-old infants to a series of either increasing or decreasing
number, while measuring their looking times to the numerical
displays that changed in magnitude following a 1:2 ratio (this
ratio ensures successful discrimination at this age; Xu &
Spelke, 2000). Once the looking time decreased significantly,
signalling that habituation had been reached, we presented a
series of lines lengths that differed in magnitude following the
same 1:2 ratio, alternating increasing and decreasing order
trials. If infants are able to transfer discrimination of the ordi-
nal information embedded in the numerical series to the dis-
plays showing different line lengths, then infants habituated to
increasing number should look longer to the lines following a
decreasing order, and infants habituated to the decreasing nu-
merical order should look longer to the series of lines follow-
ing an increasing order. In fact, that was the pattern of results
that we obtained: infants generalized the habituation looking
pattern (low looking times) to the series of lines that followed
the familiar order, and looked significantly longer to the series
of lines that followed the novel order at test. Note that infants’
generalization from number to length could not be based on
area, as different numerosities had a constant overall area, and
only different line lengths increased area with length.

A second series of experiments was aimed at extending this
finding with a different method, asking also whether infants at
the same age would map number and space in the absence of
explicit ordinal cues. This time we presented the information
of number and space at the same time, but following no pre-
dictable order (see Fig. 2). A first group of 20 infants were
presented with a rule that established a positive (congruent)
relationship between number and space: the larger the number,
the longer the line. When attention to these displays dimin-
ished significantly, we presented infants with two new test
trials: in one trial new numbers and new lines were presented
following the same (positive) rule, and in a different trial new
numbers and new lines were presented following a different
(negative) rule, where the larger the number, the shorter the
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Fig. 1 In line bisection tasks, participants are asked to manually set the
midpoint of a horizontal line. When using numerical flankers in the form
of dot arrays (e.g., 8 vs. 2), children as well as adults show comparable
biases towards the larger numerosity: when the larger numerosity is on the
left side of the line, the subjective centre is biased towards the left, relative
to the objective centre (left panel); when the larger number is on the right
side of the line, the subjective centre is biased towards the right, relative to
the objective centre (right panel). Note that in the figures the objective
centre of the line is represented by the dotted line to illustrate the bias, but

the dotted line is absent in the actual task. This finding has been
interpreted as a ‘cognitive’ illusion of length: the side of the line with
the larger numerosity is represented as longer, the side of the line with the
smaller numerosity is represented as shorter, so that the bias compensates
for this illusory imbalance (see de Hevia, Girelli, & Vallar, 2006). For
evidence showing that this phenomenon is not explained by an attentional
bias towards the larger numerosity, see de Hevia & Spelke (2009). Results
adapted from de Hevia & Spelke (2009)
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Fig. 2 Eight-month-old infants were familiarized either with a positive
(red square) or with an inverse (blue square) mapping between number
and line length. In the positive mapping more numerous displays are
accompanied by a longer line; in the inverse mapping more numerous
displays are accompanied by a shorter line. At test, all infants were
presented with new mappings that followed either the positive or the
inverse rule. Infants that had been familiarized with a positive pairing

rule showed a significantly higher looking time for the new exemplars
that followed the positive rule, while infants that had been familiarized
with an inverse pairing rule did not show any looking difference at test,
despite the fact that both groups of infants had received similar amounts
of exposure to their respective pairing rules. The difference in
performance was supported by a significant interaction between the two
experiments. Adapted from de Hevia & Spelke, (2010)
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line. We measured the looking times during the presentation
of these test trials and we found a significantly higher looking
time to the trial where the same (positive) rule was presented
with new stimuli. Note the ability to map number and space in
this and the previous experiment is revealed through contrast-
ing patterns of looking time. In the previous experiment, when
infants were habituated to an increasing or decreasing se-
quence of numbers, their interest in the sequence declined,
so that they exhibited shorter looking times at new line lengths
that exhibited the same ordinal change. In this second series of
experiments, when infants were allowed to learn a specific
relation between number and length from a few randomly
ordered examples, they generalized the relation to new exam-
ples and showed heightened interest in new numbers and
lengths that exhibited the same relation. This contrasting pat-
tern of looking times towards novel vs. familiar test trials
might indicate that the complexity of the stimuli differed
across the experiments, or that congruent number-space
pairings enhance attention towards them. This last possibility
was in fact demonstrated in a further experiment where infants
were shown an alternation of congruent and inverse number-
space pairings without being exposed a priori to any rule.
Infants showed a general preference for positive pairings
(see Exp. 4 in de Hevia & Spelke, 2010). The preference for
positive pairings was nonetheless more pronounced when in-
fants were previously exposed to the positive pairing rule,
suggesting that they learnt and generalized the rule when giv-
en habituated to a positive pairing rule.

Therefore, when infants are shown a positive rule between
number and length they are able to learn the rule and apply it
to new exemplars. However, although this finding shows that
infants can learn a rule that establishes a positive relationship
between number and space, it does not establish whether this
link has to follow a congruent pairing, or whether infants
would accept any given pairing between the two sources of
information. Therefore, we tested a second group of 20 8-
month-old infants with similar methods and materials, except
that the rule shown during familiarization established a nega-
tive (inverse) relationship between number and space: the
larger the number, the shorter the line. Note that this rule is
equally predictable than the positive one, except that the two
dimensions are paired inversely. At test, the infants in this
group received the same stimuli as in the group familiarized
to the positive, congruent rule. In contrast to those infants,
however, in the inverse rule condition infants did not show
any preference for any of the two mappings, either the positive
or the inverse (see Fig. 2). This finding suggests that in the
condition where they were presented with the inverse pairing,
infants were not able to learn the rule and apply it to new
exemplars during the test trials, as supported by the presence
of a significant interaction between the test trials and the par-
ing rule (de Hevia & Spelke, 2010). Therefore, the mapping
between number and spatial extent has a privileged structure,
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with larger numbers corresponding to larger spatial extents,
for infants, as it does for adults (de Hevia et al., 2008; Restle,
1970).

These findings support the idea that a predisposition to
relate representations of numerical magnitude to spatial length
develops early in life, prior to the acquisition of language and
counting, and prior to encounters with visual symbols, rulers,
or other measurement devices. Similar results witnessing pre-
verbal infants’ ability to map numbers to spatial extents was
provided by different researchers, and the ability to create
these mappings was extended to the dimension of time. In
particular, 9-month-old infants were shown to be able to gen-
eralize object properties across the dimensions of number,
spatial extent, and temporal duration (Lourenco & Longo,
2010), and generalize ordinal information from the domain
of spatial extent to the domain of temporal duration
(Srinivasan & Carey, 2010). The next pressing question deriv-
ing from these findings was whether these mappings are given
during the first months of life by the extensive experience with
the variations of these dimensions in the environment, or
whether infants have the ability to create mappings between
number, space and time from birth.

We addressed these questions in a series of experiments by
testing newborn infants after a few hours of life (7 h—96 h) and
therefore with minimal postnatal experience (de Hevia, [zard,
Coubeart, Spelke, & Streri, 2014), by exploiting the evidence
that human newborns represent abstract number (Izard, Sann,
Spelke, & Streri, 2009). The paradigm in our study had two
phases: a familiarization phase (60 s) immediately followed
by a test phase (see Fig. 3). Across the two phases, all infants
were presented with two values of numerosities and/or dura-
tions (one small and one large), and two values of length (one
small and one large). During familiarization, one of the audi-
tory stimuli was paired with one visual length. Afterwards,
during the test, the auditory numerosity and/or duration was
changed (from small to large or from large to small), and was
paired with the familiar and the novel visual length in two
successive trials. For instance, if a baby is presented with 6
sounds and a short line, then, in test, she/he is presented with
18 sounds and a short line in one trial, and 18 sounds and a
long line in another trial. Compared to familiarization, test
trials thus contained either one change (auditory change only)
or two changes (auditory and visual changes). Crucially, two
familiarization conditions were created such that in the two-
change trials the auditory numerosity/duration and visual
length changed either in the same direction (either both in-
creasing or both decreasing), or in opposite directions (one
increasing, the other decreasing). The sounds used for audito-
ry, numerical sequences were syllables repeated either 6 or 18
times (e.g., ‘tu—tu—tu—tu—tu—tu’ vs. ‘tu—tu—tu—tu—tu—
tu—tu—tu—tu—tu—tu—tu—tu—tu—tu—tu—tu—tu’).

We observed a significant increasing in looking time dur-
ing the test trial that implemented congruent changes (same
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Fig. 3 Upper panel Different experimental conditions used to test
newborns’ ability to form mappings between auditory magnitude and
visual line lengths. Each experiment (exp. 1: number+time; exp. 2:
number only; exp. 3: time only) included the four conditions depicted,
which consisted of a familiarization phase (60 s) followed by two test
trials. Visual length was represented by a horizontal, coloured rectangle
in the center of the screen; sounds used for auditory stimuli were
sequences of syllables, repeated either 6 or 18 times (e.g., ‘ga - ga — ga

direction) in magnitude across the different dimensions, rela-
tive to the test trial that did not implement these congruent
changes. As we used a familiarization technique, we infer that
infants ‘prefer’ and/or ‘recognize’ the stimulus with higher
looking times. These findings show that human newborns
are sensitive to congruent increases or decreases both of num-
ber and length, and of duration and length. In fact, they sug-
gest that newborns build an expectation of congruency be-
tween magnitude-related changes in number, time, and space,

— ga — ga — ga’). Test trials presented either congruent or incongruent
changes across the different dimensions of magnitude (auditory and
visual length). Bottom panel Looking times during the two test trials
where either one or two changes took place. Newborns systematically
looked longer to two-change test trials provided the magnitude changes
across dimensions were in the same direction (congruent changes: one
increases, the other increases, or one decreases, the other decreases).
Adapted from de Hevia, Izard, Coubart, Spelke, & Streri, (2014)

from familiarization to test. Notably, neonates revealed this
sensitivity both when numerical and temporal cues were si-
multaneously available, and when number and duration was
presented in isolation. In fact, newborns were tested in three
different conditions: one in which the auditory sequences that
contained less syllables lasted a short time and the auditory
sequences that contained more syllables lasted for a long time
(in this condition both numerical and temporal cues are avail-
able in the auditory stimulus); a second condition where the
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duration of the sequences containing less syllables and the
sequence containing more syllables lasted the same time (we
did this by lengthening the duration of the individual syllables
in the less numerous sequences, such that only the numerosity
cue is available in the auditory stimulus); a third condition
where we presented only one syllable at the beginning and
one at the end of short and long auditory sequences (the first
and last syllables were separated by a tone of variable dura-
tion, and therefore only a temporal cue was available in the
auditory stimulus). In the three conditions, newborns reacted
to changes in magnitude that went in the same direction but
not when they varied in different directions. Taken together,
these findings show that the human mind thus may be
predisposed to relate these three fundamental dimensions prior
to any experience with the natural correlations between num-
bers of objects, spatial extents, and temporal durations.
Therefore, the mapping is not a mere association learnt
through a statistical learning that can establish non meaningful
associations, but the information of magnitude presented in
the form of number, temporal duration and spatial length has
to be congruent at an abstract level.

The mapping of number and space in humans is therefore
functional from birth. However, this mapping does not reflect
the directionality present in the adult, mature MNL, where
numbers are spontaneously associated to different spatial po-
sitions (Dehaene, Bossini, & Giraux, 1993; Restle, 1970).
Recent research has started to disclose the presence of this
orientation in preverbal infants’ numerical processing (see
Fig. 4). In particular, we have recently tested 7-month-old
infants in their ability to discriminate numerical order when
displacing the numerosity displays (formed by arrays of col-
ored rectangular-shaped items) along a horizontal spatial axis
(de Hevia, Girelli, Addabbo, & Macchi-Cassia, 2014). We
found that infants that are habituated to increasing or decreas-
ing numerical sequences that are successively presented with a
left-to-right orientation (e.g., small number appearing on the

preferred

.o Yo o O - 'Y e} [¢)
. o’ (X ) ° ° .. 'Y .
o. ° .. o .
left-to-right

Fig. 4 When 7-month-old infants are presented with increasing or
decreasing numerical sequences oriented from left-to-right, they show
an ability to discriminate order, together with a preference for the
increasing, left-to-right oriented sequences. When they are presented
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left side of the screen, medium number in the centre, and large
number in the right side of the screen), show a baseline pref-
erence for increasing, left-to-right oriented numerical se-
quences at test, irrespective of the habituation condition they
received. In fact, infants habituated to increasing numbers
showed significantly longer looking times to increasing (fa-
miliar order) new numerical sequences, and infants habituated
to decreasing numbers showed significantly longer times to
increasing (novel order) new numerical sequences. This pref-
erence was confirmed in a further experiment that did not
include a habituation phase, such that infants were presented
with increasing and decreasing left-to-right oriented numerical
trials in alternation. There is therefore, early in life, a
privileged mapping between numbers and a spatial orienta-
tion, whereby a left-to-right orientation is preferentially asso-
ciated to a series of increasing numerosities, but not to a series
of decreasing numerosities. Moreover, this preference for in-
creasing number is present only when the information is pre-
sented from left to right, but it is absent when the information
is presented from right to left or even in the absence of spatial
information, when the numerical displays are all presented
successively in the centre of the screen (Picozzi, de Hevia,
Girelli, & Macchi Cassia, 2010). There is the possibility that
the left-to-right orientation has a facilitating effect in learning
or processing ordinal information; in fact, when infants of the
same age received the same numerical displays but presented
along a right-to-left orientation, infants failed at discriminating
numerical order in both the increasing and the decreasing ha-
bituation conditions (de Hevia, Girelli, et al., 2014).

The study reviewed above provides evidence that, in the
Ist year of life, humans associate increments in numerosity
with a horizontal spatial displacement from left to right, but it
does not provide unambiguous support for the idea that, as
adults, infants associate small numbers with the left side of
space and large numbers with the right side of space (akin to a
SNARC effect). Recent studies provide evidence for this
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with increasing or decreasing numerical sequences oriented from right-
to-left, they fail at discriminating numerical order, and therefore do not
show either any preference. Results adapted from de Hevia, Girelli,
Addabbo, & Macchi Cassia (2014a)
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phenomenon. In particular, using an adaptation of the Posner
paradigm, 8-month-old infants have been tested in their ability
to spontaneously orient towards the left and right hemispaces
when presented with incidental numerical information (see
Fig. 5) (Bulf, de Hevia, & Macchi-Cassia, 2015). We recorded
infants’ looking behaviour through an eye-tracking system,
which allowed to track the exact position and timing of their
gaze behaviour. Infants were first presented with an attention
catcher in the center of the screen and, as soon as they looked
at it, a non-symbolic numerosity (an array of either two or nine
dots) appeared centred on the screen and was followed by
either a left- or a right-lateralized target. We found that infants
oriented significantly faster towards the left target when it was
preceded by a small number and to the right target when it was
preceded by a large number, than when the opposite combi-
nation took place (left target preceded by a large number and
right target preceded by a small number).

This is the first evidence for a SNARC-like association be-
tween numbers and oriented spatial codes in preverbal infants.
Moreover, this association appears to be specific for numerical
information at this age and when using this type of paradigm, as
the same study showed that infants do not present the same
phenomenon when using small- and large-sized geometrical
figures instead of numbers. Therefore, evidence that preverbal
human infants in their 1st year of life create mappings that
establish a correspondence between numbers and spatial ex-
tents (de Hevia, Izard, et al., 2014; de Hevia & Spelke, 2010;
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selection
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Fig. 5 Posner-like paradigm adapted to test a SNARC in infancy. Left
panel shows a schematic representation of a ‘congruent’ trial, where a
central large numerosity precedes a target appearing on the right side of
the screen. Infants are faster at orienting towards the target in congruent
(small numerosity in the center is followed by a target on the left side;

Lourenco & Longo, 2010), and between numbers and spatial
positions along a lefi-to-right oriented axis (Bulf et al., 2015; de
Hevia, Girelli, et al., 2014) supports the idea that the MNL is
functional from very early in development (de Hevia, Girelli, &
Macchi-Cassia, 2012), and that it does not emerge as a conse-
quence of acquiring writing/reading abilities. Still, future stud-
ies will need to establish whether the mapping between num-
bers and different spatial positions is completely independent
from culture in humans: during the first months of life, infants
are plausibly determined in their exploration of the space by
their parents’ own attentional biases. However, it is still highly
plausible that this mapping is in fact biologically determined in
humans, as suggested by evidence demonstrating that the map-
ping of number onto a left-to-right oriented axis exists in non-
human species (Drucker & Brannon, 2014; Rugani, Kelly,
Szelest, Regolin, & Vallortigara, 2010a; Rugani, Vallortigara,
Priftis, & Regolin, 2015a). These studies will be reviewed in
the next section the paper.

Number space association in non-human animals

The first evidence that suggests a predisposition to “count
from left to right” in non-human animals was obtained inves-
tigating ordinal ability in domestic chicks. In their seminal
work Rugani, Regolin and Vallortigara (2007) wanted to study
whether day-old animals could master an ordinal task that
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large numerosity in the centre is followed by a target on the right side)
than in incongruent (small numerosity in the center is followed by a target
on the right side; large numerosity in the centre is followed by a target on
the left side) trials. Adapted from Bulf, de Hevia, & Macchi Cassia (2015)
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consisted in identifying a target element (e.g., the fourth) in a
series of identical elements on the basis of its ordinal position.
Five-day-old chicks were trained to peck a target element for
food reinforcement. For different groups of chicks the target
was the third, the fourth or the sixth, in a series of ten identical,
equidistant fixed and sagittally (with respect to the chicks’
starting position) aligned elements (see Fig. 6a). All groups
of animals mastered the task, pecking at test significantly
above chance solely the target element, while all others were
pecked at or below chance. This suggested that chicks could
encode serial-ordinal information. Nevertheless, because the
position of the elements remained identical during training
and during testing, correct responses could have been based
both on numerical as well as on spatial cues (e.g., distances
from the ends of the series or from the starting position). To
eliminate these alternative explanations, in one of the control
experiments, a new group of chicks was trained to identify the
fourth element in a series of ten identical, equidistant, and
sagittally aligned elements, which during training were main-
tained in fixed positions. At test the series was maintained
identical to that used during training, but it was rotated by
90°, and therefore fronto-parallelly oriented with respect to
the bird’s starting position (see Fig. 6b). In this way, two were
the possible correct choices: the target element from the left
and the one from the right end. Chicks pecked statistically
above chance the 4th element from the left end of the series
rather than the one from the right end (Rugani, Regolin, &
Vallortigara, 2007).

This lateral bias has been also replicated in subsequent
studies. One of these studied the ordinal abilities of two bird
species: day-old domestic chicks, and adult Clark’s nut-
crackers. Separate groups of birds learned to peck, for food
reinforcement, at either the fourth or the sixth element in a
series of 16 identical, fixed and equidistant elements, sagittally

aligned with respect to the birds’ starting position. At fronto-
parallel test, when the series was maintained identical but
rotated by 90°, both species pecked at the target element from
the left end but not the one from the right end (Rugani, Kelly,
Szelest, Regolin, & Vallortigara, 2010a). As the authors ar-
gued, this bias resembles the human tendency to “count” from
left to right. Nevertheless, other interpretations could explain
these results. The asymmetry in birds’ behavior (i.e., the pref-
erence for targets located in the left hemispace) may depend,
at least in part, on a specific bias in the allocation of attention
in extra-corporeal space, somewhat comparable to human
“pseudoneglect” (Albert, 1973). ”Pseudoneglect” phenome-
na have been indeed found in birds, which appear to overes-
timate the size of the left side of space in line bisection tasks
(Regolin, 2006), and with a selective allocation of attention to
the left hemifield during free foraging (Diekamp, Regolin,
Vallortigara, & Giintlirkiin, 2005). Alternatively, the left-
sided preference could be due to a possible asymmetry related
to the availability of certain kind of spatial cues. In fact, being
the series used during training and during fronto-parallel test
identical, the target in both experimental phases was located at
the same distance from the two ends of the series. In the chick
forebrain the spatial information is represented in the right
hemisphere (Tommasi & Vallortigara, 2001; Tommasi,
Gagliardo, Andrew, & Vallortigara, 2003; Regolin, Garzotto,
Rugani, Pagni, & Vallortigara, 2005; Rashid & Andrew, 1989;
reviewed by Vallortigara, Chiandetti, Sovrano, Rugani, &
Regolin, 2010a; Vallortigara, Regolin, Chiandetti, & Rugani,
2010b; Rugani, Vallortigara, & Regolin, 2015c¢). The possible
use of spatial information would therefore produce a right hemi-
sphere dominance. This would favor an allocation of attention
into the left hemispace, thus generating the bias to “count” from
left to right. To test whether the possible use of this kind of
spatial information could affect the left-bias, the possible use
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Fig. 6 a Schematic representation of the apparatus, with the chick in the
starting position, and the sagittal disposition of the elements used for
training and testing. During training and testing all elements were
identical; here the filled circle indicates the element reinforced during
training. b Schematic representation of the apparatus, with the chick in

@ Springer

b

the starting position, and the fronto-parallel disposition of the elements
used for testing. During training and testing all elements were identical;
here the filled circles indicate the two possible correct positions. Adapted
from Rugani, R., Regolin, L. and Vallortigara, G. (2007)
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of the spatial information, during training and/or during testing,
was prevented in a set of consecutive experiments.

The aim of a first experiment was to disentangle which
information (either the spatial or the numerical one) could be
used by day-old chicks to identify the target during fronto-
parallel test. A new group of chicks of the same age were
trained to identify the fourth element in a series of ten fixed
and equidistant elements (See Fig. 7a). In this way, the target
could be identified using both spatial and numerical cues.
During the fronto-parallel test, the inter-element distances
were manipulated in order to create a conflict between spatial
and numerical information. For a group of chicks the inter-
element distances were enlarged, so that in the new fronto-
parallel series the third element occupied the position previ-
ously occupied by the fourth element (See Fig. 7b). For an-
other group of birds, during the fronto-parallel test the inter-
element distance was reduced, so that the fifth element occu-
pied the position previously occupied by the fourth element
(See Fig. 7c¢).

Even in this case, both groups of chicks clearly selected the
target’s ordinal position, neglecting the element (the third or
the 5th) located at the correct distance from the beginning of
the series (Rugani, Vallortigara, Vallini, & Regolin, 2011).
This demonstrates that chicks preferentially rely on numerical
rather than on spatial information. Interestingly enough
chicks, in this conflicting fronto-parallel test, pecked statisti-
cally above chance both the target elements: the fourth from
the left and the 4th from the right.

In a subsequent experiment chicks were trained to identify
the 4th element in a series of 10 elements solely on the basis of
its serial order (Rugani et al., 2011a). To avoid any possible
use of the spatial information (neither in terms of absolute nor
relative distances among the elements of the series), the inter-
element distances were systematically changed from trial to
trial during training and fronto-parallel test. Again, chicks
were able to identify the target element, but again their pecks
were identically directed on the fourth left and on the fourth

right element. This indicates that day-old birds can identify an
ordinal position solely on the basis of numerical information.
Moreover these data, together with the data of the previous
experiment, suggest that is the combining use of spatial and
numerical information that would determine the left-bias.
Alternatively, the absence of bias in this latter fronto-parallel
test could be due to a novelty effect, produced by a variation
(non-specifically numerical) that birds experienced during
testing. To test this hypothesis, a new group of chicks were
trained to peck the fourth element in a series of ten elements,
maintained in fixed position, and aligned sagittally with re-
spect to the bird’s starting position. During the fronto-parallel
test, the inter-element distance along the series was main-
tained identical, but the color of the elements was changed.
For example, a new group of subjects were trained with a
series of red elements, and then they were tested with a series
of green elements, and vice versa for the other group of ani-
mals. Chicks pecked solely the fourth left element above
chance, while the fourth right element was pecked at chance.
This means that a non-spatial change does not affect the pres-
ence of the left-bias.

Overall, this finding suggests that, in a serial ordinal task,
chicks preferentially rely on numerical cues and not on the
non-numerical cue. Nevertheless, even when the spatial infor-
mation seemed to be not used, its availability affected chicks’
behavior: solely when both spatial and numerical information
could be learned during training and later used during testing,
chicks showed a left-bias (Rugani et al., 2011a). Rugani and
colleagues (2011a) suggested that purely numerical informa-
tion could be represented bilaterally in the left and right cere-
bral hemisphere, while spatial information would be repre-
sented unilaterally in the right hemisphere.

It has been argued that asymmetrical processing of spatial
and numerical information could be present only in the avian
brain, in which visual information is elaborated separately by
the two hemispheres (Drucker & Brannon, 2014). Birds with
laterally placed eyes, in fact, present a complete decussation of
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Fig.7 a Schematic representation of the apparatus and the disposition of
the series of elements used for training. During training all elements were
identical, here the filled circles indicates the element reinforced during
training. The distance of the correct element from the closest end of the
series (d) was maintained identical throughout training. b Schematic

representation of the fronto-parallel series in the condition in which the
inter-element distances were enlarged. ¢ Schematic representation of the
fronto-parallel series in the condition in which the inter-element distances
were reduced. Adapted from Rugani, R., Vallortigara, G., Vallini, B. and
Regolin, L. (2011a)
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fibres at the optic chiasm (Weidner et al. 1985; Ocklenburg &
Giintiirkiin, 2012), and lack of a structure homologous to the
corpus callosum (even though other smaller tracts allow inter
hemispheric communication, e.g. Hardy et al., 1984; Robert &
Cunéond, 1969; Theiss et al. 2003; Zeier & Karten, 1973).
Thus, each eye projects mainly to the visual system of the
contralateral hemisphere (Deng and Rogers, 1998), and, con-
sequently, visual information from one side of the space is
elaborated mainly in the contralateral hemisphere (the infor-
mation provided by the left eye is elaborated mainly by the
right hemisphere, and the information provided by the right
eye is elaborated mainly by the left hemisphere). This strong
lateralization underlies various behavioural asymmetries ob-
served in birds (Daisley, Mascalzoni, Rosa Salva, Rugani, &
Regolin, 2009; Rogers, Vallortigara, & Andrews, 2013), and it
could possibly underlie also the asymmetry found in the
spatial-ordinal task (Drucker & Brannon, 2014).
Nevertheless the asymmetric encoding of the order of items
starting from the left side of space has also been found in
primates (Drucker & Brannon, 2014). Recently, Drucker and
Brannon (2014) developed a computer version of the serial-
ordinal task that allows a very precise control of the appear-
ance and of the spatial disposition of the stimuli. Monkeys
were trained to touch the fourth item from the bottom in a
series of five identical and vertically aligned items presented
on a touch screen. Then, on probe trials, when the series was
rotated by 90°, monkeys preferentially touch the fourth ele-
ment from the left. Interestingly, the left bias emerged also
when, using a series of five elements, the fourth left element
was located on the right hemifield (Drucker & Brannon 2014).

Overall, the demonstration of a spatial numerical as-
sociation in three different species indicates that asym-
metrical processing could not be a prerogative only of
the lateralized avian brain, but is rather a more common
strategy.

Further studies, employing a different task, found a facili-
tation in ordering numbers from left to right in non-human
animals. Adachi (2014) trained adult chimpanzees to touch,
in ascendant order, Arabic numerals (1-9) shown in random
locations on a touch screen. At test, only two numerals (1 and
9) were presented on the screen, displayed horizontally, one
on the left and the other on the right side. Chimpanzees
responded faster when “1” was located on the left side and
“9” on the right side, and slower when “9” was located on the
left and “1” on the right (Adachi, 2014). The facilitation on
the “1 on the left — 9 on the right” condition indicates that
chimpanzees map a learned sequence onto space (Adachi,
2014). This study, as well previous evidence, showing that
animals manifest a bias in processing ordinal information
from left to right, supports the idea that number-space associ-
ation occurs in absence of language.

Recently, it has been shown that day-old domestic chicks
spontaneously (in absence of specific numerical training)
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associated a large number with the right space (Rugani,
Rosa-Salva, & Regolin, 2014). In this study, the motivation
of day-old chicks to follow the larger group of artificial rearing
companions (objects chicks have been familiarized with
through exposure and that are treated by these birds as social
companions, Regolin, Garzotto, Rugani, & Vallortigara, 2005;
Regolin, Rugani, Pagni, & Vallortigara 2005b; Rugani,
Fontanari, Simoni, Regolin, & Vallortigara, 2009; Rugani,
Regolin, & Vallortigara 2010b, 2011b; Rugani, Cavazzana,
Vallortigara, & Regolin, 2013; Fontanari, Rugani, Regolin,
& Vallortigara, 2011; 2014) was analyzed to investigate
whether the performance, in dealing with an arithmetic task,
would be affected by the left-right position of the two sets. The
idea was that, if smaller and larger numbers are differently
associated with left and right space, then a better performance
(higher number of correct responses) would be expected
whenever chicks were required to respond to the larger group
on the right.

Soon after hatching, chicks were reared with a group of
identical objects (bi-dimensional red squares). On day 4,
chicks underwent a free-choice test. During testing chicks,
confined in a starting box, faced two identical opaque screens,
one on their left and the other on their right. From their starting
box, birds could see, throughout a transparent partition, some
objects, identical to the rearing ones, disappearing, one by
one, behind either screen (e.g., five objects were consecutively
hidden behind a screen and ten behind the other). The screen
hiding the larger set was randomized between testing trials, so
that the higher number of objects could be hidden half of the
time behind the left screen and the other half of the time
behind the right screen. It should be noted that, in this kind
of test, the performance of chicks, even when statistically
above chance, does not reach 100 % of correct responses, even
when both screens hide small numbers and simple compari-
sons (Rugani, Fontanari, Simoni, Regolin, & Vallortigara,
2009; Rugani, Cavazzana, Vallortigara, &Regolin, 2013).
This is principally due to three reasons: the very young age
of the subjects, the fact that they have not undergone any
numerical training, and especially to the presence behind the
two screens of positive stimuli. As a consequence, even if in a
few trials, circumnavigation of the screen hiding the smaller
group of artificial social companions is plausible, this will be
significantly above chance solely if animals can discriminate
between the two groups. In both the numerical comparisons
considered (5 vs. 10 and 6 vs. 9) chicks performed better when
the higher number of objects was hidden behind the screen on
their right (Rugani, Rosa-Salva, & Regolin, 2014). This asym-
metry could be due to a specific effect of numerical process-
ing, or rather to a non-numerical preference when searching
for social attractors on the right side. In a subsequent experi-
ment, to control for this possibility, the same number of ob-
jects (two) was hidden behind the left and the right screen. If
the bias that emerged in the previous experiment was non-
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numerical in nature, it would have appeared also in this com-
parison. Nevertheless, when the two screens hid the same
number of objects (2 vs. 2), chicks did not reveal any direc-
tional bias. Future experiments are needed to disentangle
whether these results can also be obtained when comparing
two large numbers of objects, such as 5 vs. 5 or 10 vs. 10.
Nevertheless, it seems that a right-sided bias can be observed
only when chicks had to choose between sets differing in
number. Such a finding would fit with the hypothesis that
large numbers are associated with right space.

Overall, these studies suggest that a predisposition to asso-
ciate numbers onto space could be rooted in a non-linguistic
basis, indicating that culture could play a secondary role in
determining number-space association. Nevertheless, it
should be noted that all these studies showed only partial
effects. In fact, even if all these investigations support the
existence of a spatial numerical association in non-human
animals, they all fail to demonstrate, using the same paradigm,
an association of small numbers with the left space and of
large numbers with the right space. The ordinal paradigm
has allowed it to be demonstrated that, in identifying a target
on the basis of its serial-ordinal position, domestic chicks,
Clark’s nutcrackers and rhesus monkeys show a left bias.
Both birds (trained to select the fourth element from the be-
ginning of the series) and monkeys (trained to select the fourth
element from the “bottom” end of the series) responded to the
fourth left element whenever, at test, the series was rotated by
90°. Caroline Drucker and Elizabeth Brannon (2014) affirmed
that it was not clear if monkeys selected the target element
considering it as the fourth element from the bottom end of the
series or as the second from the top end. Also, the selection of
the fourth left element at test would fit with the two alternative
hypothesis, but, independently of the bottom or top strategy,
monkeys’ behavior shows a tendency to associate number
with space. If monkeys used the bottom strategy, identifying
the target element as the fourth one from the bottom end of the
series, their choice for the fourth left element, would indicate a
left bias in orientation of attention in the fronto-parallel test.
Alternatively, if monkeys used the top strategy, identifying the
target as the second from the right, their choice for the fourth
element from the left, that could be also considered as the
second from the right, would indicate a right bias. In any case,
whichever strategy the animals may have used supports the
spatial numerical association hypothesis.

A study by Rugani, Rosa-Salva and Regolin (2014) dem-
onstrated an association of large number with right side. It is
undoubtedly interesting that a left or a right bias emerged in
different numerical tasks. Nevertheless, also in this case, the
employment of this paradigm showed only one sole direc-
tion of the spatial-numerical association. Due to the para-
digm employed, and considering that this was based on
the spontaneous tendency of chicks to follow the larger
number of artificial social companions, it is hard to motivate

birds to select the smaller number of objects, which would
be the condition necessary to demonstrate an association of
small numbers with the left space. The same partial evidence
was also reported by Adachi (2014), who demonstrated a
facilitation to touch the numbers 1-9 in ascending order
solely when the 1 was on the left and the 9 on the right. It
would be fascinating to investigate whether animals trained
to touch numbers in descending order would show a facili-
tation in touching the numbers 9—1 when the 9 is on the
right and the 1 on the left. Moreover, it should be noted that,
in Adachi’s paradigm, it is not clear if chimpanzees comput-
ed the magnitude values of the Arabic numbers or, alterna-
tively, if they responded to a sequential learning task. In
other words, did chimpanzees learn that the magnitude of
numeral 9 is larger than that of numeral 8? Or did they
merely learn that the symbol “9” went after the symbol
“8”7? To reply to this objection, it would be crucial to repli-
cate Adachi’s paradigm using non-symbolic stimuli that con-
vey the magnitude cues, e.g., using arrays composed by
different numbers of dots.

Last but not least all the previously discussed works fail to
demonstrate a fundamental characteristic of human number-
space mapping: the relativity to the considered numerical inter-
val. To give an example, in a “1-9” interval, the number 9 is
associated with the right space, but, in the interval “9—18 the
same number 9 is associate with the left space (Dehaene, 2011).
A more convincing demonstration of spatial numerical associ-
ation in non-human animals would need to demonstrate,
employing the same paradigm, three aspects: (1) an association
of small numbers with the left space, (2) an association of large
numbers with the right space, and (3) the relativity of this spa-
tial numerical association. To date, only a single study has
proved the relativity of the spatial-numerical association in
non-human animals. A more recent work has shown that day-
old chicks associate relatively small numbers with left space
and relatively large numbers with right space (Rugani,
Vallortigara, Priftis, & Regolin, 2015a, b). Three-day old do-
mestic chicks were trained to find a food reward behind a panel
by circumnavigating it. The panel depicted a certain number of
little squares, e.g., five. Then, at test, chicks were faced with a
pair of identical panels, placed one aside the other, both
depicting the same number of elements smaller or larger than
the one used during training (in this case either two in the Small
Number Test, or eight in the Large Number Test).

When, in the Small Number Test, the pair of panels
depicted two squares each, the animals searched behind the
left panel, while they went behind the right one when panels
depicted eight squares, in the Large Number Test.

Other chicks, trained with a 20-squares-panel, were placed
in front of pairs of panels with either 8 or 32 squares. To guess
where the reward could be (as during testing chicks never find
the reward behind either panel), in the first case (8 vs. 8, Small
Number Test), they went behind the left panel, while in the
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second case (32 vs. 32 Large Number Test) they went behind
the right one. Thus, the same number of squares “8” produced
a different behavior in animals trained with 5 (i.e., going to the
right) or with 20 elements (i.e., going to the left). Chicks chose
the right or the left side of their visual space, respectively,
depending on the numbers seen at test being greater or smaller
than the number seen at training. This recalls the relativity of
the human MNL. Nevertheless, in these experiments, the ele-
ments used in both the training and testing stimuli were all
identical red squares of the same dimensions. Because quan-
titative information (i.e., area, perimeter, etc.) of a group of
elements co-varied with the number of elements that com-
posed the group, the association could be due to a numerical
as well as to quantitative information. In order to exclude any
possible use of quantitative information, three different con-
trols were conducted. In all control conditions, the target num-
ber was “20” and the testing numbers were “8” (8 vs. 8 in the
Small Number Test) and “32” (32 vs. 32 in the Large Number
Test). In the first condition, heterogeneous elements, differing
from one another in shape, color and size, were used. In the
second condition, the stimuli were controlled for the overall
area, which consisted of the sum of the areas of all elements
depicted in each stimulus. In a third condition, a contemporary
control for multiple quantitative cues was performed. This
condition indeed controlled: the overall perimeter (the sum-
mation of the perimeters of all elements depicted in each stim-
ulus), density (the mean distance among the elements), and
occupancy (the overall space occupied by each group of ele-
ments). More importantly, in the third condition, there was a
negative correlation between overall area and number: the
overall area of the 32 elements was smaller than that of the
20 elements (training), and smaller than that of 8 elements.
Again, chicks circumnavigate the left panel in the Small
Number Test (8vs.8) and the right panel in the Large
Number Test (32vs.32), demonstrating that is the number of
elements—and not the quantity of area, perimeter, color, light,
density—that is associated with space (Rugani, Vallortigara,
Priftis, & Regolin, 2015a; 2015b). It should also be noted that,
besides some critical comments, these results can be explained
by the numerical magnitudes of the stimuli and not by aesthet-
ic judgments, nor by biological or behavioral brain
asymmetries (Rugani, Vallortigara, Priftis, & Regolin,
2016a; 2016b).

Overall, these results indicate that a disposition to associate
numerical magnitudes onto a left-to-right oriented space does
exist in non-human, non-linguistic species. Even more im-
pressively, number-space association is observed in animals
with very reduced numerical experience, supporting a nativis-
tic foundation of such association. Because the non-verbal
numerical cognition is shared by all animals (Cantlon &
Brannon 2007; Dehaene 2011), we suspect that a similar pre-
disposition is embodied in the architecture of all animal neural
systems responding to numbers, including humans.
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Conclusions

In this review, we provide a thorough description of the
evidence supporting spatial-numerical associations in pre-
verbal infants and non-human subjects. Overall, the studies
presented here advocate a reconsideration of the relationship
between numerical abilities and verbal language, especially
mature forms of numerical representation such as the MNL.
Taken together, these studies suggest that language is not a
prerequisite for determining the origins of the spatial-
numerical association. As in the behavioral sciences, the
simplest explanations should be considered first, and, only
when these are discarded experimentally, should explana-
tions involving more sophisticated abilities be considered;
the work reviewed here suggests that language is not nec-
essary for the development of a rudimentary comprehension
of numerical magnitudes (Bulf et al., 2015; Stancher,
Rugani, Regolin, & Vallortigara, 2015; de Hevia, Girelli,
et al., 2014; de Hevia, Izard, et al., 2014; Miletto
Petrazzini, Agrillo, Piffer, & Bisazza 2014; Stancher,
Sovrano, Potrich, & Vallortigara, 2013; de Hevia, Girelli
et al., 2012; de Hevia & Spelke, 2010; Lourenco &
Longo, 2010; Vallortigara, et al., 2010a, b; Carey, 2009;
Izard et al., 2009; Xu, Spelke, & Gottard, 2005; Spelke,
2000), nor for the association of numbers to space (Bulf
et al.,, 2015; Brugger, 2015; Rugani, et al., 2015a, b, c;
de Hevia, Girelli, et al., 2014; de Hevia, Izard, et al.,
2014; McCrink and Opfer, 2014; Rugani et al., 2014,
2011a, 2010a; de Hevia & Spelke, 2010; Lourenco &
Longo, 2010; Rugani, et al., 2007). We do not intend to
deny the fundamental role that cultural factors, such as the
direction of reading/writing, play in shaping the number-
space association (de Hevia et al. 2012). The effect of
reading/writing direction in affecting the spatial-numerical
association has been shown unambiguously. For instance,
as the study by Zebian (2005) demonstrates, human adults
for whom Arabic is the main language show an inverted
SNARC effect, and, as the study by Shaki, Fischer and
Petrusic (2009) demonstrates, human adults with mixed
reading habits (i.e., those brought up reading both left to
right and right to left) show no SNARC at all (see
“Introduction” section). Moreover, a recent study on 3-
and 4-year-old children has shown that factors other than
language might affect the number-space mapping. In par-
ticular, a brief (=15 min) non-numerical, spatial move-
ment training (either left-to-right or right-to-left oriented)
is sufficient to influence the direction of the number-space
association in pre-literate 3- to 4-year-old children (Patro,
Fischer, Nuerk, & Cress, 2016). The authors proposed the
‘Implicit Assumption Account’, whereby an early prefer-
ence for spatial arrangements of number magnitudes
arises as an effect of implicit learning about culture-
specific scanning of the objects in the environment, which
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can be observed in children before they start to read and
write (Patro et al., 2016).

The studies reported here, testing non-verbal subjects with
different paradigms and at difference ages, demonstrate con-
vincingly that the association of numbers with space is func-
tional in non-verbal and pre-verbal subjects. By integrating all
the existing evidence, we believe the following picture takes
form: the spatial-numerical association is a common charac-
teristic of the non-verbal “core system of number”, shared by
all animals (humans included, for a review see, Spelke, 2000;
Vallortigara, 2012; Rugani et al., 2015c), that somehow facil-
itates exploration of increasing magnitudes from left to right.
On these basis, the influence of culture and experience mod-
ulates the orientation of this association (de Hevia, Girelli, &
Macchi Cassia, 2012). In this context, it is remarkable that,
independently of its direction, the association of number and
space seems to be a universal strategy (Gobel, Shaki, &
Fischer, 2011).

The challenge at present is to explain the origins of this
phenomenon. It has been proposed that hemispheric brain
asymmetries could be the basis of number-space association
(de Hevia, Girelli, & Macchi Cassia, 2012; de Hevia, Girelli,
etal., 2014; Rugani, et al., 2015c¢). Brain asymmetry is indeed
a common and ancient trait of vertebrates, which would have
helped animals to process different kinds of information with-
in a specialized (dominant) hemisphere. Although the specific
direction of hemispheric specialization may have been, in
principle, totally arbitrary, in humans, as well as in the domes-
tic chicken, a right hemisphere dominance is found in visuo-
spatial and/or numerical/quantitative tasks (Emerson &
Cantlon, 2015; Rugani, et al., 2015a, c; Hyde, Boas, Blair,
& Carey 2010; Rugani, Vallortigara, & Regolin, 2016¢; see
also Vallortigara, 2012). The predominant role of the right
hemisphere in both visuo-spatial tasks and numerical order-
ing, biases initial attention to the left side of both physical
space and number space; therefore, the tendency to start to
“count” from left to right, to prefer increasing, left-to-right
oriented numerical sequences, and to associate ‘small’ with
the left side of space and ‘large’ with the right side of space.

Another possibility is that space, number and time
would be considered as part of a more general magnitude
system, as proposed by Walsh (2003) in the ATOM theory
(A Theory Of Magnitude). Walsh (2003) proposed that the
neuroanatomical basis of this magnitude system could be
localized in neurons of the inferior parietal cortex—an area
that is activated in the elaboration of spatial, numerical and
temporal information (Harvey, Fracasso, Petridou, &
Dumoulin, 2015; Simon, 2002; Rao, Mayer, &
Harrington, 2001; Cochon, et al., 1999; Dehaene et al.,
1999). Due to the common neural basis, spatial, numerical
and temporal information would be interconnected. The
ATOM theory would explain not only the SNARC
(Spatial-Numerical Association of Response Codes) effect,

but also the SQUARC (Spatial-Quantity Association of
Response Codes) effect (Walsh, 2003). Adult humans in
fact associate magnitudes such as volume of liquid
(Kirjakovski & Utsuki, 2012), pitch height (Rusconi,
Kwan, Giordano, Umilta, & Butterworth, 2006; Pitteri,
Marchetti, Priftis, & Grassi, 2016), music tempo (Prpic,
Fumarola, de Tommaso, Baldassi, & Agostini, 2013), and
temporal duration (Vallesi et al., 2008; Bonato, Zorzi, &
Umilta, 2012) with an oriented space. Even if the associa-
tion of non-numerical magnitudes with space has been
demonstrated only in adult humans to date, it is plausible
that similar mechanisms of mapping magnitude onto space
could be present also in non-human animals and in human
infants. However, studies with infants and pre-school chil-
dren suggest that the association between numbers, tempo-
ral durations, and spatial extent is privileged among map-
pings with other quantitative dimensions, such as brightness
or loudness. In fact, infants can transfer discrimination from
number to length (de Hevia & Spelke, 2010; Lourenco &
Longo, 2010), number and time (Lourenco & Longo,
2010), and length and time (Lourenco & Longo, 2010;
Srinivasan & Carey, 2010), but fail to transfer from number
to brightness (Harvey et al. 2013), and from loudness to
length (Srinivasan & Carey, 2010). Similarly, pre-school
children readily create mappings between number and
length but fail at creating number-brightness associations
(de Hevia et al. 2012). Hubbard and colleagues (2005)
have suggested that numerical-spatial interactions would
arise from common parietal circuits for attention to external
space and internal representations of numbers. This would
explain why the elaboration of numerical and spatial infor-
mation is profoundly intertwined (Drucker & Brannon,
2015).

A third possibility could be that numerical representa-
tions are spatially organized in the brain. In humans, pop-
ulations of neurons tuned to small numbers that are topo-
graphically organized have been described in the parietal
cortex (Harvey et al., 2013), as well as similarly topo-
graphically organized maps responding to object size (or
length) that largely overlap with numerosity maps and
show correlated tuning preferences (Harvey, Fracasso,
Petridou, & Dumoulin, 2015). It has been suggested that
this neural organization could determine the organization
of magnitudes along the MNL (see Drucker & Brannon,
2015). Although such a topographical representation has
not been found in non-human animals, electrophysiologi-
cal studies have shown that, in the macaque brain, neu-
rons tuned to numbers are located in the intra-parietal
cortices (Nieder & Miller, 2004), and that some of these
neurons can be tuned to both number and length
(Tudusciuc & Nieder, 2007), although their topographical
organization has not been defined. Recently, neurons se-
lective to numbers have been found in an endbrain
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association area (nidopallium caudolaterale, NCL) of
crows (Ditz & Nieder, 2015). Ditz and Nieder (2015)
recorded the activity of single neurons of endbrain of
crows while they were solving a numerical matching-to-
sample task. Birds were first presented with an array of
dots (one to five). Then, a second array of dots, depicting
the same or a different numbers of dots, appeared. Crows
were trained to peck the second display if the number of
dots depicted in the two arrays were identical.
Comparisons of both behavioral and neural tuning are
best described on a logarithmic number line (Ditz &
Nieder, 2015). Because non-verbal numerical cognition
is shared by many animal species (Vallortigara, 2012), it
is plausible that a similar map of neurons tuned to num-
bers would be a common characteristic of the architecture
of animal neural systems.

The complete available scenario describing the origins of
the spatial-numerical association is still complex and contro-
versial. On the one hand, it has been shown that language can
influence, and therefore determine, the directionality of the
spatial-numerical association; on the other hand, it has been
shown that a spatial-numerical association is present in both
pre-verbal and non-verbal subjects. The role of culture (instan-
tiated in directional spatial biases) might eventually strengthen
or counteract a biological bias (de Hevia et al., 2012). In fact,
people who read from right to left show opposite spatial asso-
ciations to those who read from left to right (Dehaene et al.,
1993; Shaki et al. 2009). Studies testing numerical-spatial as-
sociations across development and across cultures are needed
for a complete picture of both the origins and developmental
course of these associations. Moreover, the specific direction-
ality of the number-space association can be determined by
experiences not limited to writing or reading (see Patro et al.,
2016). This apparently contradicts the idea that spatial biases
for numbers are driven by ancient factors in brain organiza-
tion. However, this evidence might be taken as suggestive of
the plasticity of the numerical-spatial associations’ phenome-
non. In fact, culture also rapidly modifies core biological at-
tentional biases, as shown by the pseudoneglect phenomenon,
which exhibits an opposite direction depending on the culture
(i.e., slight left-sided bias in left-to-right reading cultures, and
slight right-sided bias in right-to-left reading cultures, see
Chokron & Imbert, 1993). Similarly, a basic small-left and
large-right association might be modulated rapidly by idiosyn-
cratic visuo-spatial biases. Nevertheless, it is important to note
that, although the specific orientation of the MNL varies with
the influence of cultural conventions, its presence across all
cultures suggests that the spatial-numerical association is a
universal cognitive strategy (Gobel, Shaki, & Fischer, 2011).

The tendency to associate magnitude with space is not lim-
ited only to numbers but it present also with volume of liquid
(Kirjakovski & Utsuki, 2012), pitch height (Rusconi, Kwan,
Giordano, Umilta, & Butterworth, 2006; Pitteri, Marchetti,
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priftis, & Grassi, 2016), music tempo (Prpic, Fumarola, de
Tommaso, Baldassi, & Agostini, 2013), and temporal duration
(Vallesi et al., 2008; Bonato, Zorzi, & Umilta, 2012). This
may reflect the fact that, in some way, still to be determined,
animal brains are organized to associate quantities and space.
This may be due to the fact that, in a natural environment,
continuous and numerical cues usually co-vary. From this
perspective, it is not surprising that the brain may possess a
system to represent both discrete and continuous quantities via
the same symbolic currency.

As it stands, we strongly believe that, instead of driving the
efforts to support one or the other line of evidence or not, the
most relevant step in understanding a complex phenomenon
such as spatial-numerical association, will be reached once the
theory allows us to comprehend this phenomenon in its whole
complexity, without simplifying all the existing, and apparent-
ly contradictory, evidence. This is an enterprise we consider
both exciting and challenging.
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