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General Abstract
The mental sequence line is a cognitive construct by which sequences are perceived as
beginning on the left and extending rightwards. Its developmental origins are unknown.
In the first experiment, 4- and 5-year-old children placed items in order from four ordinal
sequences, two of which they may have seen in print (i.e., letters and numbers) and two
they would not have (i.e., times of day and meals). Four-year-olds systematically ordered
letters from left to right; by age 5, numbers and times of day, but not meals, were ordered
this way as well. These data suggest experience that cultural text direction, rather than
inherent cortical organization, is responsible for development of the mental sequence line.
The second experiment measured the mental sequence line in 6-, 7-, and 8-year-old
children, and assessed its relation to visuospatial skills and mathematics ability. Mental
sequence lines were measured by Spatial-Numerical Association of Response Codes
(SNARC) and distance effects. Children’s mental rotation ability was moderately
correlated (»=.303) with the distance effect but neither it nor the SNARC effect correlated
with mathematic ability. These data suggest the mental sequence line is not at the core of
children’s number sense, as previously hypothesized. The final experiment assessed
consistency across time of SNARC and distance effects in adults for numbers, weekdays,
and months. Despite often being described as trait variables, SNARC and distance effects
were only moderately consistent for numbers, with even more variable results for months
and weekdays, results suggesting mental sequence lines are not byproducts of stable,
inflexible neural architectures. Combined, my data show sequence-space associations first

emerge for letters, and subsequent development supports an enculturation hypothesis. By
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middle childhood, individual differences are evident in these effects that, as in adults,
correlate with measures of spatial cognition. By adulthood, those individual differences

have become modestly stable.
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Chapter 1: Introduction

The ability to accurately represent and manipulate discrete numerosities is
necessary for success in modern society. Indeed, a recent large-scale British survey
indicates that adults with poor numeracy skills are more likely to be unemployed,
depressed, and convicted of a crime, while simultaneously less likely to be homeowners
and in good physical health compared to their peers with normal numeracy skills (Bynner
& Parsons, 2005). While these data are only correlational, they highlight the importance
of understanding the origins of numeracy, as well as the biological and environmental
influences affecting its development.

With mathematical training, most adults are able to perform extensive, elaborate
numerical manipulations; however, even infants exhibit precursors of basic numerical
abilities. Infants appear to possess two distinct systems for representing numerosity: an
imprecise, approximate number system (ANS) that represents large numerosities, as well
as a precise ‘object file’ system that represents small numerosities. Using the ANS,
infants [and many non-human animals, such as chimpanzees (Tomonaga, 2008), guppies
(Piffer, Agrillo, & Hyde, 2012), and pigeons (Emmerton, 1998)], can represent the
estimated number of items in large arrays of objects, and can discriminate between two
large numerosities in accordance with Weber’s law; that is, successful discrimination
depends on the ratio between quantities, rather than the exact number of items or the
absolute difference between item numbers. For 6-month-old infants, the ratio for the
discrimination of large numerosities appears to be 1:2, as infants this age show evidence

of discriminating between arrays of 8 and 16 and 16 and 32 discs, but not between arrays
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of 8 and 12 or 16 and 24 discs (Xu & Spelke, 2000; Xu, Spelke, & Goddard, 2005). With
increasing age, this ratio is reduced: by 9 months, infants show evidence of discriminating
numerosities with a ratio of 2:3 (i.e., 8 vs. 12, but not 8 vs. 10, discs; Libertus & Brannon,
2010; Xu et al., 2005; Xu & Arriaga, 2007), and 3-, 4-, 5-, and 6-year-old children and
adults tested under conditions that discourage counting successfully discriminate object
arrays with ratios of 2:3, 3:4, 4:5, 6:7, and 9:10, respectively (Halberda & Feigenson,
2008). Evidence that Weber ratios governing discrimination abilities are not merely
limits of visual processing comes from reports of equivalent discrimination ratios in other
modalities (e.g., discriminations among number of sounds; Lipton & Spelke, 2003).
Infants appear to possess a second, object file system that represents small
numerosities. In contrast to the ANS, this system represents each item within a small
number range with a single object file; thus, the system provides a precise, one-to-one
representation of small numbers. Unlike the approximate number system, discrimination
performance utilizing the object file system does not follow Weber ratios, but is instead
limited by the absolute size of discriminated arrays themselves. To illustrate, infants can
discriminate between displays of one and two (Feigenson, Carey, & Spelke, 2002), one
and three (Ceulemans, Loeys, Warreyn, Hoppenbrouwers, Rousseau, & Desoete, 2012),
and two and three (Clearfield & Mix, 1999) objects. However, as three seems to be the
maximum number of object files infants can simultaneously represent (although this
number may be smaller for newborn infants; Coubart, Izard, Spelke, Marie, & Streri,
2014), infants fail to show evidence of discriminating between low numbers (i.e., 1 to 3)

and high numbers (i.e., 4 or greater) under most conditions (e.g., Xu, 2003; Feigenson,
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Carey, & Hauser, 2002; but see Cordes & Brannon, 2009). For example, even at a 1:2
Weber ratio, 7-month-old infants show no evidence of discriminating between two- and
four-, or three- and six-, item arrays (Cordes & Brannon, 2009).

Strikingly, in addition to the ability to represent both small and large numerosities
(precisely and imprecisely, respectively), young infants appear to possess an
understanding of basic mathematical principles. In a seminal study, Wynn (1992)
presented 5-month-old infants with a single doll; the researcher subsequently covered the
doll with an occluder, and added a second doll behind the occluder as the infant watched.
The occluder was then removed, revealing either two dolls (i.e., the expected outcome of
the 1+1 addition operation) or one doll (i.e., the unexpected outcome). A similar
procedure was used for subtraction: infants saw two dolls prior to occlusion, at which
point one doll was removed from behind the occluder as the infant watched, and the
occluder was then removed to reveal one (i.e., expected outcome) or two (i.e., unexpected
outcome) dolls. In both cases, infants looked longer at the unexpected event, suggesting
that they were surprised at the incorrect arithmetic outcome, and therefore capable of
performing basic addition and subtraction. A subsequent study suggests that by 9
months, infants are capable of performing addition and subtraction with even larger
numbers, exhibiting longer looking times when five plus five objects equals five (but not
ten), and ten minus five objects equals ten (but not five) (McCrink & Wynn, 2004).
There is, however, debate in the literature as to whether this behaviour is actually

indicative of addition and subtraction, as opposed to a more general object tracking
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strategy (e.g., Simon, 1997; Uller, Carey, Huntley-Fenner, & Klatt, 1999) or looking
times based on a familiarity preference (Cohen & Marks, 2002).

Data from several neuropsychological studies support the behavioural evidence of
infant numerical and mathematical abilities. In one experiment, electroencephalography
(EEG) was utilized to measure neural responses as 7-month-olds and adults viewed
quickly-changing, steady-state displays that changed the number of elements in the
display every 2400 ms (Libertus, Brannon, & Woldorff, 2011). Oscillatory entrainment
patterns in both groups changed with numerosity when the numerosities differed by a 1:2
or 1:3 Weber ratio, with the change in response pattern proportionate to the ratio change
between the numerosities. However, unlike adults, 7-month-olds did not exhibit
oscillatory entrainment pattern changes when the numerosity switch was of a 2:3 ratio
(also see Libertus, Pruitt, Woldorff, & Brannon, 2009 for similar results). These data are
consistent with behavioural evidence suggesting infants of a similar age (i.e., 6-month-
olds) can discriminate numerosity differences with a 1:2 but not those of 2:3 ratio (e.g.,
Lipton & Spelke, 2003, 2004; Xu & Spelke, 2000). Further, consistent with Wynn’s
(1992) behavioural data, in an event-related potential (ERP) experiment, 6- to 9-month-
old infants exhibited significantly more negative polarity (associated with error or conflict
detection) over the mediofrontal area when they observed an impossible solution, as
opposed to a possible solution, to a simple addition or subtraction problem (Berger, Tzur,
& Posner, 2006).

The above data provide compelling evidence that even at a very young age and

prior to mathematics education, humans possess a degree of rudimentary number sense,
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or a basic intuition concerning numerosity (Dehaene, 1997). With development across
early childhood, humans begin to acquire more advanced numerical and mathematical
skills: by 11 months of age, infants can tell the difference between decreasing and
increasing numbers of objects (Brannon, 2002); by 2 years of age, children start to learn
how to count in sequence (Fuson, 1992); by 3 years of age, children can count small
numbers of objects (Wynn, 1990); by 4, children use their fingers as counting aids (Fuson
& Kwon, 1992); and, by age 5, children can count to 40 (Fuson, 1988) and perform
addition operations by counting upwards from the larger number (Carpenter & Moser,
1982). However, while these aspects of numerical cognition have been studied
extensively, the development of the mental sequence line (a hallmark of adult numerical
cognition), and the factors affecting its emergence, has not been investigated thoroughly.

The Mental Sequence Line in Adults

It is widely hypothesized that the mental representation of magnitude is spatially
organized. Results from various behavioural studies suggest that this representation takes
the form of a horizontally-oriented line, such that small numerosities (e.g., 1-4) are
represented on the left side of space, and larger numerosities (e.g., 6-10) on the right—a
cognitive construct known as the mental sequence line. For example, in a seminal study
investigating the cognitive representation of parity and magnitude, Dehaene, Bossini, &
Giraux (1993) reported the first observation of the Spatial-Numeric Association of
Response Codes (SNARC) effect: the finding that Western adults respond faster to small
numbers (e.g., 1-4) with a left-sided response, and large numbers (e.g., 6-9) with a right-

sided response. In the traditional SNARC paradigm utilized by Dehaene et al., the
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SNARC effect was elicited when participants were asked to indicate the parity (i.e., odd
or even) of a target number with either a left- or right-sided key press. Subsequently,
however, the SNARC effect has been elicited in adults utilizing a variety of experimental
paradigms. For example, a robust SNARC effect is observed when participants perform a
magnitude-relevant SNARC task, in which they indicate with a left- or right-sided key
press whether a target number is greater or less than 5: “less than” responses are faster
with a left-sided response, and “greater than” responses with a right-sided response
(Dehaene, Dupoux, & Mehler, 1990). Similarly, an attentional SNARC effect is observed
when participants are required to locate a target in one of two boxes horizontally flanking
a number on a computer screen: individuals are faster to locate leftward targets when the
number on the screen is less than 5, and faster to locate rightward targets when the
number is greater than 5, even though participants know that number magnitude is non-
predictive of target location (Fischer, Castel, Dodd, & Pratt, 2003). The SNARC effect
and its variants are typically cited as evidence that Western adults possess a mental
sequence line that is inherently spatial in nature and oriented horizontally from left to
right, such that responses to digits are faster when response side and the number’s
position on the mental sequence line are congruent (Fischer et al., 2003; Fias, 1996;
Nuerk, Bauer, Krummenacher, Heller, & Willmes, 2005).

Data from two other widely used behavioural tasks, as well as a growing amount
of neuroimaging data, lend support to the hypothesis of a spatially-oriented mental
sequence line. First, when participants are asked to indicate the larger of two Arabic

numbers, response times for numbers close in magnitude (e.g., 4 and 6) are considerably
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longer than those for numbers that are further apart (e.g., 1 and 9) (Moyer & Landauer,
1967). Known as the numerical distance effect, this finding is consistent with a spatial,
linear organization of neural populations, in which each population optimally responds to
one numerosity, while to some degree activating adjacent neural populations that
represent neighbouring numerosities. This pattern of neural populations would in essence
impair the discrimination of close (but not distant) numbers (Dehaene et al., 1990; Neider,
2005).

Results from another class of behavioural tasks, known as number line estimation
tasks, also lend support to the hypothesis of a spatially-oriented mental sequence line. In
this type of task, participants are given an Arabic number, and asked to indicate its
approximate position on an unmarked horizontal line anchored with 0 on the left and a
larger number on the right (usually 100 or 1000). For adults performing this task, there is
a robust, systematic one-to-one relationship between the magnitude of the number and its
estimated position on the number line, indicating that adults map numbers onto space
linearly, even across relatively large number ranges (Siegler & Opfer, 2003). The high
consistency between adults’ responses, in addition to the ease of the task, even for
uneducated, illiterate adults (Dehaene, Izard, Spelke, & Pica, 2008), has been taken as
evidence for a mental sequence line.

Recent evidence suggests that the left-to-right mapping observed in Western
adults is a characteristic of ordinal sequences in general. A left-to-right SNARC effect
has been observed for non-numerical sequences such as weekdays, months, letters of the

alphabet, time, and even for words in a recently-learned ordered list (Gevers, Reynvoet,
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& Fias, 2003, 2004; Santiago, Lupiafiez, Pérez, & Funes, 2007; Previtali, de Hevia, &
Girelli, 2010; but see Dodd, Van de Stigchil, Leghari, Fung, & Kingstone, 2008 for no
attentional SNARC effect with non-numeric ordinal sequences). These data suggest that
the cortex develops and maintains connections linking sequences to space, likely in the
parietal cortex (Hubbard, Piazza, Pinel, & Dehaene, 2005), and that ordinality generally,
and not numerosity exclusively, may serve as the basis of these associations. As such, the
term ‘mental sequence line’ may be a more accurate term for this cognitive representation
than “mental number line”.

Converging neuroimaging and neuropsychological data nicely complement the
behavioural results from typical adults in support of a spatially-oriented mental sequence
line. In a recent functional magnetic resonance imaging (fMRI) study, researchers
investigated whether neural circuits recruited for spatial attentional processes are also
utilized during mental arithmetic. First, a multivariate classifier algorithm was trained to
use posterior parietal activation (an area known to be active during the processing of both
number and space) to determine the direction (i.e., left or right) of participants’ horizontal
saccades. Subsequently, in the absence of further training, the classifier was able to
determine from posterior parietal activation whether participants were performing mental
addition or subtraction (Knops, Thirion, Hubbard, Michel, & Dehaene, 2009). These data
support the prediction that mental arithmetic, and addition and subtraction specifically,
are performed via respective rightward and leftward shifts along a spatially-oriented

mental sequence line.
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Evidence of a mental sequence line also comes from patients suffering from (left)
hemispatial neglect. This type of neglect is often caused by right parietal lesions, and
typically renders patients unable to direct attention to the left side of space. These
patients systematically indicate the midpoint of an unmarked line well to the right of the
actual midline (Halligan & Marshall, 1993); crucially, these patients also exhibit an
analogous deficit when asked to bisect number intervals, as they estimate the midpoint of
two numbers as closer to the larger of the two numbers (a “rightward” shift on the left-to-
right mental sequence line; Zorzi, Priftis, & Umilta, 2002). These data are complimented
by evidence that healthy controls exhibit the same “rightward” shift in the bisection of
numerical intervals when they are administered repetitive transcranial magnetic
stimulation (rTMS), a magnetic stimulation of the scalp that depolarizes underlying
neurons to disrupt normal processing, over the right posterior parietal cortex (Gobel,
Calabria, Farne, & Rossetti, 2006). Together, these data suggest that the cognitive
representation of numerosity is analogous to that of a horizontal line.

Finally, evidence supporting the neural overlap between number and space comes
from patients with parietal lobe lesions. These patients typically exhibit combined
deficits in both space and number processing (Hubbard et al., 2005). For example,
individuals with Gerstmann’s syndrome, which is typically the result of a lower
parietal/middle occipital lesion, display a characteristic combination of spatial deficits,
such as left-right disorientation and finger agnosia, as well as dyscalculia (i.e., a profound

deficit in mathematics and number processing) (Gerstmann, 1940).
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The Mental Sequence Line in Children

Many characteristics of the spatially-oriented mental sequence line observed in
adults have also been reported in children. Western children as young as 7.5 years of age
(White, Sziics, & Soltész, 2012), and Chinese children as young as 5.8 years (Yang,
Chen, Zhou, Zu, Dong, & Chen, 2014), exhibit significant left-to-right SNARC effects
using the traditional SNARC parity task. However, this SNARC paradigm is difficult to
administer to younger children, as parity is a relatively advanced mathematics concept.
Utilizing the less conceptually challenging magnitude-relevant SNARC task (i.e., in
which children indicate whether a target number is greater or less than 5), SNARC-like
effects are observed in Western children by age 7, with the strongest SNARC effects (i.e.,
the largest difference in response times to low and high numbers between the two hands)
observed in the youngest age group, and the effect attenuated with age (van Galen &
Reitsma, 2008). Given the challenging nature of both the traditional SNARC parity task
and the magnitude-relevant SNARC task for very young children, a recent study
employed a more child-friendly version of the SNARC task. Similar in nature to the
SNARC parity task, children were presented with black digits that turned either green or
red after 200 ms, and their task was to indicate whether the number had turned green or
red with a left- or right-sided response (Hoffmann, Hornung, Martin, & Schiltz, 2013).
Five-year-olds exhibited a SNARC-like effect; that is, they responded faster to low
numbers with the left hand, and high numbers with the right. In another recent child-
friendly SNARC experiment, 4-year-old children were presented with two arrays of

objects on a touch screen, and asked to touch the side of the screen with more or fewer
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objects (Patro & Haman, 2012). Exhibiting a SNARC-like effect, children responded
faster to small arrays when they were positioned on the left side of the screen, and large
arrays when they were positioned on the right. Taken together, these data can be
interpreted as evidence that children as young as 4 exhibit left-to-right SNARC-like
effects similar to their adult counterparts, a pattern suggesting that the neural architecture
underlying the left-to-right mental sequence line may be established early in childhood.

Children as young as 5 exhibit a robust numerical distance effect similar to that
observed in adults; that is, when they make speeded decisions about which of two
numbers is larger, they responded faster when the numbers are distant (e.g., 1 and 9)
rather than close (e.g., 4 and 5) in magnitude (Sekuler & Mierkiewicz, 1977). Converging
data indicates that, similar to the SNARC effect, the strength of the distance effect
attenuates with age, with younger children exhibiting larger distance effects than older
children (e.g., 5- to 10-year-olds; Sekuler & Mieriewicz, 1977; 6- versus 7- and 8-year-
olds; Holloway & Ansari, 2008). While these data do support the hypothesis that children
possess a spatial representation of number, they suggest that the reliance on the mental
sequence line may decrease with age—possibly because of the development of more
automatic number processing with age and/or more advanced strategies.

Children, like adults, are consistent at any given age in how they perform number
line estimation tasks. However, younger children’s performance on this task differs from
that of adults: 7- to 9-year-olds systematically place numbers on an unmarked line in a
logarithmically-increasing manner, unlike adults, who place numbers linearly (Siegler &

Opfer, 2003). These data suggest that children have an expanded representation of low
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numbers, paired with a more compressed representation of higher numbers, on their
mental sequence lines. By age 11, children’s placements of numbers on a line is linear
and, thus, adult-like (Siegler & Opfer, 2003). Notably, the directionality of the unmarked
line (i.e., whether the anchors such as 0 and 100 are on the left or the right side of the
number line) in these tasks is important: 6-year-olds’ performance on this task is worse
when the number line is oriented from right to left as opposed to when it is oriented from
left to right; a similar but attenuated effect is observed in 7-year-olds (Ebersbach, in
press).

Even very young children (i.e., preschoolers) exhibit behaviours that suggest they
possess a salient mental sequence line, and that it is directional in nature. For example,
the majority of 2.5- to 5.5-year-old children will count a line of objects from left to right
(Opfer & Thompson, 2006; Opfer, Thompson, & Furlong, 2010). By age 4, most
children count objects beginning at one end of a line, and count adjacent items
consecutively (Briars & Siegler, 1984). When 4- and 5-year-olds are asked to add or take
away a poker chip from a line of poker chips, they add the chip to,, and subtract the chip
from the right side of the line—suggesting they perceive the rightmost side of the line as
representing “more” (Opfer & Thompson, 2006; Opfer et al., 2010).

Causal Origins of the Mental Sequence Line

The left-to-right bias observed in Western adults’ sequence-space mappings
may develop as a result of exposure to the reading and writing direction used in a
particular culture. The main evidence supporting this hypothesis comes from research

done in cultures in which individuals read and write from right to left (e.g., cultures in
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which Arabic is spoken). One of the first studies of this kind utilized an adapted, oral
version of the SNARC task to assess mental sequence line direction in monoliterate
English and Arabic speakers, in addition to biliterate and illiterate Arabic speakers (the
latter of which were able to read and write numerals, but not Arabic text; Zebian, 2005).
In this task, two numbers appeared on a computer screen, with one number located on the
left side of the screen, and the other on the right; the numbers were arranged such that
their order was either congruent with a left-to-right number line (e.g., 2 9) or a right-
to-left number line (e.g., 9 2). The participants’ task was to verbally indicate whether
the two numbers were the same or not as quickly as possible. As predicted, the Arabic
monolinguals exhibited a reversed, oral right-to-left SNARC effect (i.e., they responded
faster to number pairs consistent with a right-to-left number line), and a weakened reverse
oral SNARC effect in Arabic bilinguals, suggesting that knowing two languages with
opposing reading/writing directions may weaken one’s SNARC effect for their
predominant language (see also Dehaene et al., 1993, Experiment 7). However, perhaps
more telling is that illiterate participants did not exhibit a SNARC effect in either
direction.

Zebian’s (2005) results have since been replicated and extended using the
traditional SNARC task. In a recent study, Canadians (who read text and numbers from
left to right), Palestinians (who read text and numbers from right to left), and Hebrew-
speaking Israelis (who read text from right to left but numbers from left to right)
performed the traditional SNARC task using parity judgements (Shaki, Fischer, &

Petrusic, 2009). As expected, the Canadians exhibited a typical, left-to-right SNARC
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effect, and the Palestinian participants exhibited a reversed, right-to-left SNARC effect.
The Hebrew-speaking participants, however, displayed no consistent directional number-
space associations—suggesting that the reading and writing directions for both text and
numbers influence the directionality of the mental sequence line. Further, for individuals
who use multiple number formats (e.g., Arabic numerals versus number words) with
differing directionalities, there appear to be distinct mental sequence lines matching the
directionality of the number format in use. For example, Taiwanese participants, who
read and write Arabic digits from left to right, but Chinese characters representing
number words from top to bottom, exhibit a left-to-right SNARC effect for Arabic
numbers and a top-to-bottom SNARC effect for Chinese characters (Hung, Hung, Tzeng,
& Wu, 2008).

Nevertheless, not all cross-cultural data lend support to the hypothesis that
enculturation determines the directionality of the mental sequence line. For example,
Japanese individuals exhibit a vertical, bottom-to-top SNARC effect, which is opposite to
their direction of reading and writing (i.e., top to bottom) (Ito & Hatta, 2004). It is
possible that this discrepancy comes from Japanese individuals encountering conflicting
directional cues about number; for example, thermometers display low numbers on the
bottom and high numbers on the top, and measurements of individuals’ heights are
represented in a similar fashion. Additionally, it is possible that during development, the
neural architecture connecting sequences and space is more sensitive to texts that are
horizontal (i.e., the direction most of the world’s cultures), than texts that are vertical—

especially if individuals have a ‘natural bias’ (e.g., reviewed in Maurer, Gibson, &
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Spector, 2012) to map sequences vertically onto space in a bottom-to-top, as opposed to a
top-to-bottom, manner.

Despite the reported influence of culture, it is possible that the cortical
organization observed in humans predisposes individuals to connect sequences to space,
especially in a left-to-right manner. Indeed, in two recent experiments, adult nutcrackers
and newborn domestic chicks were trained to find food in the nth hole in a series of 16
holes that extended out sagitally in front of the bird (Rugani, Kelly, Szelest, Regolin, &
Vallortigara, 2010; Rugani, Regolin, & Vallortigara, 2007). Once the subjects reliably
visited the nth hole first, the testing arena was rotated 90 degrees, such that the birds
encountered a line of 16 horizontal holes upon entering the arena. In both studies, birds
visited the nth hole from the left more often than one would expect by chance—
suggesting that the birds perceived the sequence of holes as beginning on the left, rather
than the right, side of the arena. The authors suggest that the observed leftward bias may
be a result of a right hemisphere dominance in visuospatial tasks, which causes most
animals (and humans) to direct more attention towards the left side of space. This
hemispheric dominance may facilitate the processing of sequences ordered from left to
right as opposed as those ordered from right to left (or vertically), and thus predispose a
left-to-right bias in the mapping of sequences onto space (de Hevia, Girelli, & Cassia,
2012), a bias that can either be strengthened or attenuated by cultural experience. Indeed,
such a cortically-driven directional bias in ordering may explain why most of the world’s

languages evolved to be written and read from left to right.
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To date, it remains unclear whether the robust sequence-space associations
observed in adults and children develop solely as a result of cultural experience (i.e.,
literacy), or as a byproduct of cortical organization; nevertheless, the alternative accounts
generate testable hypotheses. The enculturation hypothesis predicts (1) that a left-to-right
sequence-space mapping will not be present until an individual begins to learn to read and
write or, at the very least, until an individual is exposed to the cultural direction of
reading and writing; and (2) that as some sequences are seen ordered in text prior to
actual literacy (e.g., 1, 2, 3; A, B, C), these particular sequences will be the first to be
systematically ordered from left to right for Western children (i.e., as opposed to other
well-known sequences not seen in text, such as morning, afternoon, night). The
biological hypothesis, however, predicts that Western children’s left-to-right mapping is
the result of an attentional bias, and therefore predicts (1) that children of all ages, at least
once the parietal cortex matures, will exhibit left-to-right mappings; and (2) all sequences
a child understands will be mapped from left to right, with no sequence exhibiting this
mapping earlier than any other sequence.

In the research reported in Chapter 2, I tested the predictions generated by the
enculturation and biological hypotheses concerning the development of the mental
sequence line. I developed a novel, child-friendly paradigm in which preliterate 4- and 5-
year-olds were asked to place the first, second, and third item of a sequence into the first,
second, or third (respectively) of three boxes in a horizontal line. This paradigm allowed
me to address my research question in two ways. First, I utilized four sequences that

young children are familiar with: numbers (i.e., 1, 2, 3), letters of the alphabet (i.e., A, B,
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(), times of day (i.e., morning, afternoon, night), and meals (i.e., breakfast, lunch,
dinner). By age 4, children are familiar with the ordinality of all four of these sequences;
that is, they understand what comes first, second, and third. Importantly, these particular
sequences were also chosen because two of them (i.e., 1, 2, 3 and A, B, C) are regularly
seen ordered in print (e.g., on preschool walls, on educational toys) even before children
learn how to read and write, while the remaining two sequences are rarely, if ever,
encountered ordered in print by preliterate children. The enculturation hypothesis
predicts that in preliterate children, a left-to-right mapping will emerge in those sequences
seen left to right in print at an earlier age than those not seen in print. Alternatively, the
biological hypothesis maintains that sequence type is irrelevant, and thus predicts that
participants would order all four sequences from left to right. Second, I utilized two
groups of pre-reading children, 4- and 5-year-olds. As the enculturation hypothesis states
that a left-to-right mapping of sequences is a result of experience, it predicts that 5-year-
olds would map more sequences from left to right than 4-year-olds. Alternatively, the
biological hypothesis predicts that both age groups would be equally likely to map
sequences from left to right.

Unlike previous studies, I assessed the level of literacy in the preschool
participants were indeed preliterate. Past studies investigating number-space mappings in
preschoolers report that their participants were preliterate, but did not test literacy in any
way; therefore, it is possible that results of these studies were influenced by partially
literate participants included in the analysis. My investigation is also the first to

simultaneously test the predictions of both the enculturation and biological hypotheses.
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Finally, while previous studies have investigated number-space mappings in (assumed)
preliterate children, mine is the first to assess whether Western children exhibit the left to
right mappings that are observed in adults for many non-numerical ordinal sequences
(e.g., Gevers et al., 2003, 2004; Santiago et al., 2007).

Mental Sequence Line and Visuospatial and Mathematics Abilities

The SNARC effect is the finding that Western individuals automatically associate
numbers with spatial locations, even when number magnitude is irrelevant to the task—
leading researchers to suggests that Western individuals possess an inherent, left-to-right
mental sequence line (e.g., Dehaene et al., 1993). As the mental sequence line is
understood to be a spatial mapping of magnitude, visuospatial abilities likely play a key
role in the development and use of this cognitive construct. This hypothesis is supported
by one recent study in which school-aged children with visuospatial deficits did not
exhibit a SNARC effect at the group level (Bachot, Gevers, Fias, & Roeyers, 2005). This
hypothesis is further supported by evidence that visuospatial skills and math ability are
related. For example, both mental rotation and visuospatial working memory (both
visuospatial skills) correlated with a measure of math ability in Finnish high school
students (Reuhkala, 2001); further, children with visuospatial deficits have difficulty with
written mathematics (Venneri, Cornoldi, & Garuti, 2003). One recent study found that
individual SNARC effects correlate with two-dimensional visuospatial abilities in adults
(Viarouge, Hubbard, & McCandliss, 2014); nevertheless, to my knowledge no study has
investigated the relation between visuospatial skills and markers of the mental sequence

line in typically-developing children.
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Additionally, the automaticity with which individuals make spatial associations
when processing number (and sequences in general) suggests that number-space
mappings are a fundamental base for number and mathematics skills, and numerical
cognition in general. As such, many researchers have hypothesized that the mental
sequence line is at the very core of an individual’s number sense (e.g., Dehaene, 1997).

Early investigations into the relation between the mental sequence line and math
skills suggested a link, albeit in a direction that is surprising: data from two studies
indicated that undergraduates in math- and science-related disciplines have weaker
SNARC effects than those of liberal arts students (Dehaene et al., 1993; Fischer &
Rottmann, 2005). These initial investigations are substantiated at the individual level by
recent data from a large-scale study in university students, in which those participants
with more advanced math skills systematically exhibited weaker SNARC effects
(Hoffmann, Mussolin, Martin, & Schiltz, 2014). Thus, it is possible that superior
mathematics competency is characterized by advanced cognitive strategies beyond
reliance on the mental sequence line, essentially resulting in an attenuation of the neural
links between number and space. Alternatively, it is possible that inferior mathematics
skills results in over-reliance on the mental sequence line, effectively strengthening
number-space mappings. Either way, many subsequent experiments have investigated the
relation between the strength of number-space mappings and various measures of
mathematics ability, particularly as the two develop in school-aged children.

Most experiments testing the relation between the mental sequence line and math

abilities utilize symbolic or non-symbolic comparison tasks as a behavioural measure of
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participants’ mental sequence lines. In this type of task, participants indicate which of
two numbers (i.e., symbolic) or object arrays (i.e., non-symbolic) on a computer screen is
larger or has more objects, respectively. With these data, researchers can compute an
individual’s distance effect (i.e., slow reaction times when numerosities are close in
magnitude), which is then correlated with some measure of participants’ math ability. In
the majority of developmental studies to date, a positive correlation has emerged between
individuals’ symbolic distance effect and math ability (e.g., 6- to 8-year-olds, Holloway
& Ansari, 2009; 5-, 6-, 7-, and 11-year-olds, Sasanguie, De Smedt, Defever, & Reynvoet,
2012a; Vanbinst, Ghesquicre, & De Smedt, 2012; 6- to 8-year-olds, Sasanguie, Gobel,
Moll, Smets, & Reynvoet, 2013); however, this is not consistently the case (5- to 7-year-
olds, Sasanguie, Van den Bussche, & Reynvoet, 2012b). Converging support for this
positive correlation comes from evidence that children with dyscalculia, a developmental
disorder characterized by pervasive number and math deficits, exhibit attenuated
symbolic distance effects when compared to typically-developing children (Rousselle &
Noél, 2007).

On the other hand, non-symbolic distance effects do not correlate with math
ability in most studies (e.g., 6- to 8-year-olds, Holloway & Ansari, 2009; 5-, 6-, 7-, and
11-year-olds, Sasanguie et al., 2012a; 5- to 7-year-olds, Sasanguie et al., 2012b; but see
Lonnemann, Linkersdorfer, Hasselhorn, & Lindberg, 2011 for a positive correlation
between a subtraction task and distance effect in 8- to 10-year-olds). This finding is
consistent with evidence that despite having severe math and number deficits, children

with dyscalculia exhibit the same non-symbolic distance effects as their typically-
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developing peers (Rousselle & Noél, 2007). As the symbolic distance effect, but not the
non-symbolic distance effect, is (typically) correlated with math ability, it is likely that
the two distance effect measures are tapping into independent neural populations.
Performance on number line estimation tasks is also correlated with math skill: the
ability of participants to accurately (i.e., linearly) estimate the position of numerosities on
the number line positively correlates with measures of math ability (e.g., 5.8-, 6.8-, 7.9-,
and 9.1-year-olds, Booth & Siegler, 2006; 7-year-olds, Booth & Siegler, 2008; Sasanguie
et al., 2012a, 2012b; 6- to 8-year-olds, Sasanguie et al., 2013; 11-year-olds, Schneider,
Grabner, & Paetsch, 2009). For example, in one study, 5.8- to 9.1-year-old children with
more linear number line estimations on a 0 to 100 line had higher percentiles on the math
section of a general achievement test; the same pattern of results was obtained with a
separate 7.8- to 9.9-year-old sample on a 0 to 1000 number line (Booth & Siegler, 2006).
Only one previous study has investigated the correlation between performance on
SNARC tasks, one of the most commonly cited behavioural measures of the mental
sequence line, and math ability. In this experiment, 11-year-old German children’s
performance on the SNARC parity task was not correlated with their self-reported recent
math grades or performance on a task requiring interpretation of a graph (Schneider et al.,
2009). These findings are unexpected, as other measures of the mental sequence line
(i.e., symbolic distance effect and number line estimation tasks) have (often) been
predictive of math ability. However, the measure of math ability utilized in the above
study is unusual—a standardized test of mathematics skill is the most commonly utilized

measure in the literature. Further, the participants in this study were 11 years old, and the
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SNARC effect has been demonstrated to weaken with age (van Galen & Reitsma, 2008).
Therefore, it is possible that younger children, with more robust SNARC effects, will
exhibit associations between SNARC strength and performance on a standardized
measure of math ability.

Accordingly, for the third chapter in this thesis, I investigated the relationship
between the mental sequence line and visuospatial and mathematics abilities in children.
I employed a magnitude-relevant SNARC task to obtain an estimate of mental sequence
line strength in 6-, 7-, and 8-year-old children, and correlated it with participants’
performance on standardized measures of visuospatial and mathematics abilities. To my
knowledge, this is the first experiment to assess the relationship between SNARC itself
and math ability in children of these ages; importantly, it is the first study to assess this
relationship using a standardized measure of mathematics ability. This study is also the
first assessment of the relationship between a measure of the mental sequence line and
visuospatial skills in typically-developing children.

Consistency of Sequence-Space Mappings in Adults

The SNARC effect is one of the most commonly cited behavioural measures of
the mental sequence line, and perhaps for good reason: the effect in its traditional sense is
extremely robust at the group level and across a variety of paradigms (e.g., Fischer et al.,
2003; Dehaene et al., 1990, 1993). As such, individual results from SNARC tasks have
been taken as a dependable marker of the strength of each participant’s number line in a
plethora of studies (e.g., Dehaene et al., 1993; Hoffmann et al., 2013), regardless of the

fact that the stability and consistency of this mental construct has not been established.
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Indeed, a growing amount of evidence suggests that the SNARC effect specifically, and
the mental sequence line in general, is a malleable mental construct that is highly
sensitive to context.

On the traditional parity task, approximately 65 to 75 percent of Western
participants exhibit a significant left-to-right SNARC effect in any given test (Wood,
Nuerk, & Willmes, 2006a, 2006b). This certainly suggests that under normal
circumstances, Western individuals naturally map numbers onto space from left to right,
likely as a result of reading and writing habits (e.g., Zebian, 2005). Nevertheless,
mounting evidence suggests that the directionality of one’s SNARC effect is fairly
malleable, and can change with very brief exposure to alternate directionalities. For
example, when monolingual Western participants are asked to visualize the digits 1
through 11 on a horizontally-aligned ruler, they exhibit a classic, left-to-right SNARC
effect. When the same participants are asked to imagine the digits on a clock face,
however, their SNARC effect is reversed (Béichtold, Baumiiller, & Brugger, 1998). In
another study, Scottish and Hebrew participants performed the SNARC parity task, and
then spent approximately 20 minutes reading recipes that had a number at the beginning
and end of each line before performing the parity task again. The numbers were arranged
such that the order of the two numbers was congruent with a left-to-right number line
(e.g., cook 2 potatoes for 9 minutes) or a right-to-left number line (e.g., cook 8 potatoes
for 1 minute) (Fischer, Mills, & Shaki, 2010). While the Scottish participants all
exhibited a left-to-right SNARC initially, those exposed to the right-to-left number

arrangement did not exhibit any SNARC effect at all in the post-test. Similarly, while
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Hebrew participants as a group did not display any SNARC effect at the pre-test (as is
consistent with previous literature, Shaki et al., 2009), those exposed to the right-to-left
recipes exhibited a reversed SNARC effect at the post-test. Lastly, another experiment
had Russian-Hebrew bilinguals perform a SNARC parity task in which Arabic digits and
number words were interspersed, and half of the number words were displayed in Russian
(i.e., read from left to right) and the other half in Hebrew (i.e., read from right to left)
(Fischer, Shaki, & Cruise, 2009). For those digits presented immediately after Russian
number words, participants exhibited a left-to-right SNARC effect; however, for digits
presented immediately after Hebrew number words, no systematic SNARC effect was
observed.

The aforementioned studies provide compelling evidence that the SNARC effect,
and therefore the mental sequence line, is not necessarily the byproduct of an entrenched,
stable neural architecture linking numbers and space. Rather, these studies suggest that
even brief exposure to a specific number-space mapping can alter an individual’s
predisposed SNARC directionality—at least temporarily. The ease with which these
mappings can be perturbed also suggests that individuals’ performance on mental
sequence line measures may also not be entirely consistent across time. This hypothesis
is supported by a recent study that reported only moderate (=.372) consistency of the
SNARC effect across visits in adults (Viarouge et al., 2014). Converging evidence comes
from the fact that another marker of the mental sequence line—the numerical distance
effect—is only weakly consistent within individuals across trial blocks within the same

experiment (Maloney, Risko, Preston, Ansari, & Fugelsang, 2010). A similar degree of
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modest consistency in the distance effect was found in 11-year-old children tested on two
independent visits (Schneider et al., 2009).

Thus, it is possible that the discrepancies in both the adult and child literatures
concerning the relation between mathematics ability and the mental sequence line [e.g.,
see Hoffman et al., 2014 versus Cipora & Nuerk, 2013; Holloway & Ansari, 2009 versus
Sasanguie et al., 2012; Gibson & Maurer, in preparation (b)] stem from the possibility
that the SNARC and distance effect paradigms do not measure the mental sequence line
precisely. Alternatively, it is possible that the mental sequence line is not a stable,
consistent cognitive construct. Nevertheless, to my knowledge, this hypothesis has only
previously been tested for numbers utilizing a parity task, and not for the distance effect
across extended time in adults. Furthermore, the consistency of both SNARC and
distance effects for other, non-numerical ordinal sequences has not been evaluated.

The fourth chapter of this thesis reports an investigation of the consistency of the
SNARC and distance effects within participants across two independent visits to the
laboratory. In addition to the numerical SNARC and distance effects, I also investigated
the consistency of the SNARC effect for two other ordinal sequences that are known to be
spatially organized: weekdays and months. Given the reported malleability of the
SNARC effect, combined with only moderate consistency of the SNARC and distance
effects within individuals across time, I predicted I would observe only modest
consistency in SNARC and distance effects within individuals across time. My paradigm
also allowed me to examine, for the first time, whether SNARC and distance effects for

the three ordinal sequences tested are equally consistent across time, or if certain

25



Ph.D. Thesis - L. Gibson; McMaster - Psychology, Neuroscience & Behaviour

sequence-space mappings, such as numbers onto space, exhibit more stability. It is
conceivable that more overly learned sequences, such as numbers in contrast to weekdays
or months, may develop more entrenched, and thus more stable, neural architectures. My
paradigm also allowed me to evaluate the degree to which the mental sequence lines for
each ordinal sequence relate to one another, as well as the degree to which SNARC and
distance effects are correlated within each sequence type.

To test my predictions, a large sample of right-handed, English-speaking
participants performed a magnitude-relevant SNARC tasks for digits, weekdays, and
months of the year. Participants repeated the same task one to three weeks later, allowing
me to assess the consistency of their individual SNARC effects for each sequence type
across time. Establishing the stability of the SNARC and distance effects for numbers
and other ordinal sequences is a crucial step for the numerical cognition literature, as a
lack of consistency would essentially render SNARC and distance effects as questionable
measures of individuals’ mental sequence lines.

The thesis ends with a general discussion summarizing the results of the three
empirical chapters, discussing their contribution to the literature, and describing their

limitations and future steps.
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Pre-Chapter Introduction

In the work described in Chapter 2, the developmental origins of the directional
(i.e., left-to-right) mental sequence line were assessed. Four- and 5-year-old pre-reading
children performed a task in which they arranged items from four familiar ordinal
sequences in order using a horizontal line of boxes. Two of the sequences utilized (i.e., 1,
2,3 and A, B, C) were ones children frequently see ordered in print, even prior to
learning to read; the other two sequences (i.e., morning, afternoon, night and breakfast,
lunch, dinner) were ones children were very unlikely to have seen ordered in print. Four-
year-olds ordered letters, but no other sequence, systematically from left to right; by age
5, numbers and times of day were also ordered this way. As children first ordered a
sequence seen ordered in text (i.e., letters) from left to right, and extended this pattern to
other sequences by age 5, these data support the hypothesis that experience drives the

development of the directionality of the mental sequence line, rather than a cortical bias.
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Chapter 2: Sequence-Space Associations in Pre-Reading Children
Abstract

In Western cultures, adults tend to represent numbers and other ordinal sequences
on a mental sequence line that is oriented from left to right. Evidence for this mental
construct comes from the Spatial Numeric Association of Response Codes (SNARC)
effect, which is the finding that adults respond faster to items early in an ordinal sequence
with their left hand, and later items with their right hand (Dehaene et al., 1993). The left-
to-right directionality of the SNARC effect has been attributed to enculturation—that is,
experience with the cultural direction of reading and writing. However, evidence that
non-human animals also organize sequences from left to right raises the possibility that a
left-to-right directionality is an inherent bias (that can be attenuated by cultural
experience), likely the result of cortical organization. The present study evaluates these
two hypotheses by investigating the directional biases of 4- and 5-year-old children
(n=200) confirmed to be pre-readers. Each participant was asked to place the first three
items of an ordinal sequence into the first, second, and third box, respectively, in a
horizontal line of three boxes. Items were used from four ordinal sequences: numbers
(i.e., 1, 2, 3) and letters (i.e., A, B, C), both familiar sequences that are frequently seen in
text even prior to learning to read; and times of day (i.e., morning, afternoon, night) and
meals (i.e., breakfast, lunch, dinner), familiar sequences unlikely to be seen sequentially
in print (n=25/sequence/age). Four-year-olds ordered letters, but no other sequence, from
left to right more often than expected by chance. At age 5, letters, numbers, and times of

day (but not meals) were ordered from left to right at levels exceeding chance. This
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pattern of results supports the enculturation hypothesis, as a sequence commonly
encountered ordered in text prior to learning to read was the first to be organized
directionally. Additionally, the increased left-to-right organization of sequences by 5-
year-olds suggests that the left-to-right bias becomes more pronounced and generalized

with additional exposure to the cultural direction of writing.
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Chapter 2: Sequence-Space Associations in Pre-Reading Children
Introduction
Recent investigations suggest that most individuals represent number with an
inherent spatial component. In adults, this number-space association manifests
behaviourally in a number of ways. First, when Western adults are asked to indicate the
parity (i.e., odd or even) of an Arabic digit, they respond faster to low numbers (e.g., 1-4)
with a left-sided key press and high numbers (e.g., 6-9) with a right-sided key press than
with the opposite mapping (the Spatial Numerical Association of Response Codes
[SNARC] effect; Dehaene, Bossini, & Giraux, 1993). Similar effects occur when adults
indicate whether a digit is greater or less than a target number with a left- or right-sided
response (e.g., Dehaene, Dupoux, & Mehler, 1990). The inherent mapping of number
onto space is so robust that it even influences visual attention, with small numbers cueing
attention to the left side of space, and large numbers cueing attention to the right (the
attentional SNARC effect; Fischer, Castel, Dodd & Pratt, 2003). The SNARC effect and
its variants are typically interpreted as evidence of an internal, horizontally-oriented left-
to-right mental number line, such that a manual response to a number is faster when the
side of response is congruent with the position of the number on that mental number line
(Fischer et al., 2003; Fias, 1996; Fischer, 2003; Nuerk, Bauer, Krummenacher, Heller, &
Willmes, 2005).
Second, when individuals indicate the larger of two Arabic digits in a speeded
task, response times increase as a function of the distance between the two digits:

comparison of digits close in magnitude (e.g., 4 and 5) yields relatively slow reaction
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times, while increasing the magnitude between the digits (e.g., 1 and 9) results in
decreased response times (the numerical distance effect; Moyer & Landauer, 1967).
Consistent with the hypothesis of a spatially organized mental number line, the distance
effect suggests that digits are represented neurally in a sequential fashion, such that
activation of one numerosity activates the representation of adjacent and closeby
numerosities, in effect impairing the discrimination of numbers close in magnitude
(Dehaene et al., 1990; Neider, 2005).

Mental line estimation tasks further support the existence of a mental number line.
In these tasks, participants indicate the approximate position of a given number on an
unmarked horizontal line flanked by two numerical anchors (e.g., 0 on the left, and 100
on the right). Typically, adults exhibit a linearly-increasing number line, suggesting each
numerosity is cognitively represented equidistant from adjacent numerosities (Siegler &
Opfer, 2003). Children perform differently, systematically assigning more space on the
number line to smaller numbers, and increasingly compressing the differences in
magnitude between higher numbers (Siegler & Opfer, 2003). This logarithmic mapping
of number is hypothesized to reflect the lessened precision and increased noise associated
with an underdeveloped understanding of large numerosities in young children—a
hypothesis consistent with the logarithmic mapping observed in adults in an Amazonian
indigenous society with little to no mathematics education (Dehaene, Izard, Spelke, &
Pica, 2008). Children’s mappings gradually become linear with increased exposure to
mathematics education: by sixth grade, children represent numbers 1 through 1000 on a

linear scale (Siegler & Opfer, 2003). The systematic ways in which children and adults
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map number onto space does, in itself, provide evidence of a mental number line with
consistent characteristics across individuals. However, perhaps what is the most
compelling evidence from this task is how natural and simple this task is for
individuals—even young children and uneducated, illiterate adults.

Having established a robust mapping of numbers onto space, researchers
investigated whether an inherent association with space is characteristic of ordinal
sequences in general. A left-to-right SNARC effect has since been found for non-
numerical ordinal sequences, such as weekdays, months, letters of the alphabet, time, and
even for words in a recently-learned ordered list (Gevers, Reynvoet, & Fias, 2003, 2004;
Santiago, Lupianez, Pérez, & Funes, 2007; Previtali, de Hevia, & Girelli, 2010; but see
Dodd, Stigchil, Leghari, Fung, & Kingstone, 2008 for no attentional SNARC effect with
non-numeric ordinal sequences). Distance effects are also observed when participants
perform speeded comparison tasks with these sequences'. These data suggest the cortex
develops and maintains neural architectures linking specific sequence items to space,
likely in parietal cortex (Hubbard, Piazza, Pinel, & Dehaene, 2005), and that ordinality
generally, and not numerosity exclusively, may serve as the basis of these associations.

There is considerable evidence that the left-to-right bias observed in Western
adults’ sequence-space mappings reflects associations learned through reading text in a
culturally-specific direction. Individuals raised in non-Western cultures that read and
write language from right to left (e.g., Arabic) exhibit a reversed, right-to-left SNARC

effect (Zebian, 2005; Dehaene et al., 1993; Shaki, Fischer, & Petrusic, 2009).

' With the exception of time in Santiago et al. (2008), in which participants indicated with a key press
whether words were past or future words; as such, no distance element was inherent to the task.
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Furthermore, in cultures with languages that have varying text directionalities for
different sequences (e.g., Hebrew, in which letters are read from right to left, and
numerals are read from left to right), the SNARC effect for each sequence matches the
text direction for that sequence (Shaki et al., 2009; Hung, Hung, Tzeng, & Wu, 2008).
Together, these data provide evidence that directional biases in sequence-space
associations are contingent on how each specific sequence is experienced in text.
However, not all cross-cultural data are consistent with the hypothesis that mental number
line directionality is a result of reading and writing habits: for example, Japanese
participants, who typically read vertically from top to bottom, exhibit a vertical numerical
SNARC effect in the opposite direction (small numbers at the bottom, and large numbers
at the top) (Ito & Hatta, 2004). It is possible that Japanese individuals encounter
conflicting directional cues when it comes to number; for example, numbers on a
thermometer run opposite to the direction they would experience in text; but it is also
conceivable that the development of cortical links between sequence and space is more
sensitive to texts that are horizontal (i.e., text in the majority of the world’s cultures) than
texts that are vertical.

Additionally, data from ordering experiments in birds suggest that reading
experience may not be the only factor driving the predominant left-to-right bias in
sequence-space associations. In one experimental paradigm, newborn domestic chicks
and adult nutcrackers were trained to find food in the nth hole in a series of 16 holes
extending outward sagitally in front of the bird. After extensive training, the 16 holes

were rotated 90 degrees, such that the birds entered the arena and encountered a
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horizontal line of holes. The birds searched for food in the nth holes from the left
significantly more often than chance and any other hole, including the nth hole from the
right (Rugani, Kelly, Szelest, Regolin, & Vallortigara, 2010; Rugani, Regolin, &
Vallortigara, 2007). The authors suggest the birds perceived the sequence as beginning
on the left, perhaps as a result of a right hemisphere dominance in visuospatial tasks that
causes most animals (and humans) to attend preferentially to the left side of space.
Indeed, topminnows that have been specifically bred for a right hemispheric lateralization
of attention exhibit a systematic leftward bias after they are trained to choose the central
door in a 9-door display (Dadda, Zandona, Agrillo, & Bisazza, 2009). This hemispheric
dominance may cause the cortex to more easily process ordered stimuli that are arranged
from left to right, regardless of sequence type, resulting in a natural left-to-right bias in
the mapping of ordinal sequences onto space (de Hevia, Girelli, & Cassia, 2012). This
hypothesis predicts that all pre-reading humans would exhibit a left to right bias in
sequence-space associations, and that this bias may either be reinforced or attenuated and
ultimately reversed by subsequent reading and writing experience.

Pre-school children already exhibit patterns of behaviour consistent with a left-to-
right representation of number. Most 2.5- to 5.5-year-olds count objects from left to
right, a finding that suggests they perceive the beginning of the sequence to be on the left;
4- and 5-year-olds count beginning at one end of the line, and count adjacent items
consecutively (Opfer & Thompson, 2006; Opfer, Thompson, & Furlong, 2010; Briars &
Siegler, 1984). When asked to add a poker chip to, or take a poker chip away from, a line

of chips, 4- and 5-year-olds add the chip to, and subtract the chip from, the right side of
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the line (Opfer & Thompson, 2006; Opfer et al., 2010). There is also evidence that
preschoolers (M=4.0) exhibit a left-to-right SNARC-like effect by responding faster on a
touch screen to larger numerosities on the right, and smaller numerosities on the left
(Patro & Haman, 2012). Lastly, German kindergarteners (M=6.0) are less accurate in
judging where a number belongs on a line when it is oriented from right to left than they
are on a typical, left-to-right oriented number line (Ebersbach, 2013).

These data suggest that a left-to-right bias in sequence-space associations is
present in Western preschool children prior to the onset of reading and writing abilities.
Problematically, however, while past studies investigating number-space associations in
preschoolers have assumed their participants were pre-readers, no study has verified
whether this was indeed the case. As such, it is possible that literacy in a proportion of
their participants may have driven these patterns of results. Further, as Patro and Haman
(2012) acknowledge, even pre-reading children are regularly exposed to the cultural
direction of reading and writing from a very early age. For example, young, pre-reading
children often engage in finger counting, which tends to be done from left to right in
Western cultures; their parents tend to trace text from left to right as they read to their
children; and Western preschoolers see their parents writing out the alphabet from left to
right, one of the first sequences they are taught. Thus, it is conceivable that left-to-right
sequence-space associations observed in pre-reading children reflect this cultural
experience, rather than an inherent, cortically-driven left-to-right bias.

The present study was designed to provide further insight into the nature of

sequence-space mappings in children who are pre-readers. We examined the
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directionality of four sequences that are highly familiar to children (i.e., letters of the
alphabet, numbers, times of day, and meals) in 4- and 5-year-olds who were confirmed as
pre-readers. To our knowledge, the directionality of non-numerical sequence-space
associations has not been tested previously in young children. Importantly, our results
can speak to the debate about the origins of these associations. If a left-to-right bias is
indeed a reflection of increased attention toward the left visual field, one would expect a
systematic left-to-right bias for all four sequence types in both 4- and 5-year-olds.
However, if left-to-right biases are driven by enculturation, one would expect left-to-right
mappings for some sequences, such as those often seen ordered in text even prior to
learning to read and write (e.g., A, B, C and 1, 2, 3), but not others. Furthermore, the
enculturation hypothesis predicts more left-to-right mappings in 5-year-olds than 4-year-
olds, as they have experienced more exposure to the cultural direction of reading and
writing.

Children first performed a validity task, in which they were asked to indicate in
which of three coloured boxes an object belonged, based on the colour of that object.
This task was employe