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Humans, as well as other animals, use space to organize the world. This use of space as an organizational scaffold is especially prevalent when we conceptualize mathematics, a domain that shares behavioral and neural overlap with the domain of space (Pinel et al., 2004; Kaufmann et al., 2005; Dehaene and Brannon, 2010). One of the most prominent descriptions of this relation is that of a mental number line, in which small values are associated with the left side of space, and large values with the right (Moyer and Landauer, 1967; Dehaene et al., 1993). The development of the mature form of this mental number line is multiply determined, with evidence pointing to evolutionary pressures as well as cultural and linguistic influences. This cognitive bias to associate numerical information with space, and do so with left-right or right-left asymmetry, is adaptive; it helps to bolster memory and learning throughout our lives (Opfer and Furlong, 2011; McCrink and Galamba, 2015; McCrink and Shaki, 2016; Bulf et al., 2017). Moreover, with development this bias to map number onto an oriented continuum extends to any well-ordered information, even when recently learned (Gevers et al., 2003, 2004; Previtali et al., 2010). Critically, despite the apparent promise of using space as a scaffold for learning and memory, there are several gaps in the literature surrounding an essential period of the development of spatial-numerical associations: toddlerhood and early childhood. Here, we summarize current work on the innate and culture-specific factors modulating the mental number line in infancy and childhood, and note further research that could help to shed light on a complete developmental picture of this phenomenon.

THE MENTAL NUMBER LINE: FROM INNATE TO ENCULTURATED

Recent work in developmental psychology has found that spatial-numerical associations are present as early as the first days of life. de Hevia and colleagues have documented a propensity for infants in the first year of life to map magnitudes onto a left-to-right spatial continuum. Seven-month old infants present a preference for increasing numerical sequences, only if the arrays are presented from smallest on the left to largest on the right (de Hevia et al., 2014). Eight-month-olds are quicker to attend to a left-side probe after central presentation of a small number and a right-side probe after central presentation of a large number, but this advantage does not extend to a small vs. large object (Bulf et al., 2016). Interestingly, despite numerical magnitude and spatial quantity sharing many commonalities in infancy [e.g., an advantage for increasing order (Macchi Cassia et al., 2012; de Hevia et al., 2014, 2017a), transfer of ordinal direction and rule-based learning between the two domains (de Hevia and Spelke, 2010; Lourenco and Longo, 2010)], the findings of lateralized asymmetry for attention in infancy seem to be specific to numerical magnitude (e.g., sets of objects) and not spatial quantity (e.g., the size of a single object; Bulf et al., 2016; de Hevia et al., 2017b). This lateralized processing can be found even when the dimension evokes number only peripherally, such as when processing a statistical ordering rule for the placement of three objects (Bulf et al., 2017). The biases observed in infancy are untrained and spontaneous, reflecting predispositions for lateralized processing of magnitude. However, it is possible that by several months of age, infants have had some non-specific spatial experience that could lead to enculturation of a spatial organization system. de Hevia et al. (2017a) have recently found that even neonates exhibit lateralized processing of magnitude; they look longer to a left-side stimulus in the presence of a relatively small magnitude, and longer to a right-side stimulus in the presence of a relatively large magnitude. This finding—which is not mutually exclusive with a later, enculturated mental number line—supports the existence of a mental number line in humans with no prior spatial experience.

McCrink et al. (2017b) posited that these lateralized spatial-numerical associations wax and wane throughout infancy and early childhood as children become less beholden to innate biases, and more imitative and aware of the cultural conventions surrounding spatial structuring. In this study, 2- and 3-year-olds were given a version of a navigational spatial transposition task frequently used with non-human animals (Rugani et al., 2010; Drucker and Brannon, 2014). In the experimental conditions relevant to this review, toddlers were trained to retrieve an object that was repeatedly hidden in one particular location (out of 5) along a vertical array, with the experimenter verbally labeling the locations with numerals (“box one”) or a non-ordinal label (“this box”). Afterwards, the array was surreptitiously transposed 90 degrees. Unlike non-human animals, who exhibit a general bias to search from left-to-right after being trained in this spatially ordered sequence of locations, the children who received generic labels were equally likely to navigate with a LR or RL bias. However, children who received numerical labels selected the location that corresponded to a left-to-right spatial mapping. Moreover, in a counting task only ~60% of toddlers counted in an organized direction, and those were the children who reliably performed a left-to-right mapping. In light of these findings, the authors suggest that toddlerhood is a period of flexibility with respect to the directional nature of spatial associations, with innate left-to-right scanning biases falling away as children begin to gather socially transmitted information of the spatial structuring in their environment. Early biases to map initial information to the left side of space, and final to the right, will arise only if the privileged domain of number is invoked (See Figure 1 for the proposed developmental trajectory of several types of spatial associations).
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FIGURE 1. A summary of likely trajectories of the spatial association types [ranging from left-small/less and right-large /more (LR) to right-small/less and left-large /more (RL)] in early childhood, for a child whose language is consistently scripted left to right. Knowledge of the count list is indicated here by “123.” Numbers below the symbols indicate the studies which have been done to establish this trajectory, with author details noted on the reference key. A lack of numbers indicates an area for future work. In infancy, children spontaneously associate small and large magnitudes with the left and right sides of space (respectively). In the toddler years, children develop symbolic knowledge of the order of numerals, and are enculturated to the different spatial structures within their script for these symbols, which eventually prompts culture-specific spatial associations for many types of ordered sequences.



This privileged mapping of numerals to space is likely due to the combination of the children's knowledge of the mapping between numerals and magnitude (an inherently ordinal dimension), and the reinforcement of left-to-right spatial structuring by their caregivers when counting. During the preschool years, children start to reliably map small numbers (“1, 2, 3”) to their innate, non-symbolic, and intrinsically ordered representations of number (Sarnecka and Carey, 2008). By preschool, children show spatial-numerical compatibility effects similar to older children and adults for non-symbolic magnitudes (de Hevia and Spelke, 2009; Patro and Haman, 2012), and are more likely to use symbolic numerical labels to solve a spatial reasoning task if they are presented in a culturally consistent direction (Opfer et al., 2010). In this paradigm (adapted from Loewenstein and Gentner, 2005), preschoolers are shown two sets of boxes (a sample and matching set), sectioned into verbally labeled locations (e.g., “room 2”). A target is shown in the sample set, and children search for this target in the matching set (located in the same labeled location). Preschoolers in the U.S. are faster and more accurate when locations are numbered from left-to-right versus right-to-left, if they are highly organized counters (Opfer et al., 2010). Additionally, Shaki et al. (2012) found that preschoolers in cultures with right-to-left scripted language (such as Arabic) exhibit spatial-numerical biases that are reversed, with young children counting from right-to-left instead of from left-to-right as they do in English-speaking countries.

How may this conventionality emerge? Given the timing of this shift, the obvious candidate is the child's home environment. Starting in early toddlerhood, caregivers are modeling the spatial conventions of their culture, presenting spatial associations with a high degree of culture-specific structure. Parents may primarily model a single effective strategy when they organize space for their child—a strategy that is colored by the language they read and write on a daily basis. Recent work on caregiving influences on spatial biases suggests there are three primary ways that parents can influence their child's spatial structuring habits: their gesture, their organization of spatial layout, and the nature of their reading material (Patro et al., 2016a; Göbel et al., 2017; McCrink et al., 2017a). McCrink et al. (2017a) found that in two different tasks—watching a slideshow of alphabetical, numerical, or random stimuli, and crafting a visual story for their child –English-speaking parents were more likely to gesture to the screen and lay out pictures in a left-to-right manner to a greater degree than Hebrew-speaking parents. Göbel et al. (2017) found that after observing reading from storybooks (a left-to-right or right-to-left storybook) children change their counting direction in line with the direction of reading. Observing an adult point in a specific direction (e.g., right to left) did not influence counting direction. In contrast, Patro et al. (2016b) found that if the children were trained by an adult to point in a specific direction themselves, their subsequent spatial-numerical mappings took on the asymmetric form of that pointing movement (left-less/right-more after left-to-right pointing, and right-less/left-more after right-to-left pointing). Finally, book illustrations exhibit culture-specific directionality, even in non-numerical domains, with the subject[object] of the sentence on the left[right] for English-language books, and the opposite for Hebrew-language books (Göbel et al., 2017). The accumulation of this cultural experience results in an asymmetric mapping for many types of ordinal information (numerical: Dehaene et al., 1993; Zebian, 2005, spatial quantity: Bulf et al., 2014, alphabetical: McCrink and Shaki, 2016)—a mapping which follows the direction of the culture's script.

FUTURE DIRECTIONS ON THE EARLY DEVELOPMENT OF THE MENTAL NUMBER LINE

Several outstanding questions remain within this subfield. First, is the number-space mapping in infancy actually related to the ubiquitous spatial associations found in adulthood? It is instead possible that these are two separate phenomena, which reflect different underlying mechanisms [e.g., hemispheric lateralization influences in infancy, but a distinct symbolic, analogical reasoning system starting in the second year of life Halford et al., 2010, 2013]. One way to address this possibility is to investigate both the structure and function of brain areas which respond to numerical and spatial magnitudes (e.g., Borghesani et al., 2016), and observe if there is continuity across development with respect to which regions are activated in similar tasks. Second, what is the underlying spatial relation between different types of quantity representations at birth? Studies which investigate the numerical specificity of spatial associations in neonates should be conducted in order to detail how the domain of number is structured and reasoned about. Third, when does the enculturation shift for spatial associations happen—and does the presence or absence of numerical input alter this timeline? To answer this question, research is needed in which the same spatial association task is implemented in infants, toddlers, and children in cultures which observe left-to-right and right-to-left scripting behaviors. One good candidate would be the spatial transposition task, which requires no verbal knowledge, and can be altered for the presence or absence of non-symbolic number arrays on each location. Fourth, how exactly is this enculturation of spatial associations implemented? Work on spatial enculturation behaviors like gesturing along a path (Patro et al., 2016b) and reading (Göbel et al., 2017) has started to document possible avenues, but a closer study of the home environment and the relation between parent behaviors and child spatial associations is needed. For example, if reading observation is a primary avenue to enculturation for this phenomenon, one would predict that highly literate homes would have children who exhibit a quicker and more robust transition to the spatial associations of their culture. Additionally, a causal story for parent interaction as the driver of enculturated spatial associations would predict that parents' degree of spatial structuring would be the modulating factor in their child's degree of spatial associations. Finally, the relation between different types of enculturation behaviors and different types of numerical representations is still unclear. Developmental studies which systematically tease apart the influence of these behaviors (a parent modeling spatial organization vs. a child mimicking these modeled behaviors, parental modeling of spatial organization in a numerical or non-numerical fashion) and representations (explicit counting, non-symbolic mapping of magnitudes) could help clarify the nature of the mental number line in early childhood.

AUTHOR CONTRIBUTIONS

KM and MDdH contributed equally to the generation of this opinion. KM drafted the manuscript. MDdH provided comments.

FUNDING

This manuscript was supported by funds from the Eunice Kennedy Shriver National Institute of Child Health and Human Development (R15 HD077518-01A1) to KM. This research was supported by an ANR (Agence National de la Recherche Scientifique ANR-15- CE28-0003- 01 NUMSPA) to MDdH.

REFERENCES

 Borghesani, V., de Hevia, M. D., Viarouge, A., Chagas, P. P., Eger, E., and Piazza, M. (2016). “Comparing magnitudes across dimensions: a univariate and multivariate approach,” in Pattern Recognition in Neuroimaging (PRNI), 2016 International Workshop (Trento: IEEE).

 Bulf, H., de Hevia, M. D., Gariboldi, V., and Macchi Cassia, V. (2017). Infants learn better from left to right: a directional bias in infants' sequence learning. Sci. Rep. 7:2437. doi: 10.1038/s41598-017-02466-w

 Bulf, H., de Hevia, M. D., and Macchi Cassia, V. (2016). Small on the left, large on the right: numbers orient visual attention onto space in preverbal infants. Dev. Sci. 19, 394–401. doi: 10.1111/desc.12315

 Bulf, H., Macchi Cassia, V., and de Hevia, M. D. (2014). Are numbers, brightness, and size equally efficient in orienting visual attention? Evidence from an eye tracking study. PLoS ONE 9:e99499. doi: 10.1371/journal.pone.0099499

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

 Dehaene, S., and Brannon, E. (2010). Space, Time and Number in the Brain: Searching for the Foundations of Mathematical Thought. Cambridge: Academic Press.

 de Hevia, M. D., Addabbo, M., Nava, E., Croci, E., Girelli, L., and Macchi Cassia, V. (2017a). Infants' detection of increasing numerical order comes before detection of decreasing number. Cognition 158, 177–188. doi: 10.1016/j.cognition.2016.10.022

 de Hevia, M. D., Girelli, L., Addabbo, M., and Macchi Cassia, V. (2014). Human infants' preference for left-to-right oriented increasing numerical sequences. PLoS ONE 9:e96412. doi: 10.1371/journal.pone.0096412

 de Hevia, M. D., and Spelke, E. S. (2009). Spontaneous mapping of number and space in adults and young children. Cognition 110, 198–207. doi: 10.1016/j.cognition.2008.11.003

 de Hevia, M. D., and Spelke, E. S. (2010). Number-space mapping in human infants. Psychol. Sci. 21, 653–660. doi: 10.1177/0956797610366091

 de Hevia, M. D., Veggiotti, L., Streri, A., and Bonn, C. (2017b). At birth human infants associate ‘few’ with left and ‘many’ with right. Curr. Biol. 27, 3879–3884. doi: 10.1016/j.cub.2017.11.024

 Drucker, C., and Brannon, E. (2014). Rhesus monkeys (Macaca mulatta) map number onto space. Cognition 132, 57–67. doi: 10.1016/j.cognition.2014.03.011

 Gevers, W., Reynvoet, B., and Fias, W. (2003). The mental representation of ordinal sequences is spatially organized. Cognition 87, B87–B95. doi: 10.1016/S0010-0277(02)00234-2

 Gevers, W., Reynvoet, B., and Fias, W. (2004). The mental representation of ordinal sequences is spatially organised: evidence from days of the week. Cortex 40, 171–172. doi: 10.1016/S0010-9452(08)70938-9

 Göbel, S., McCrink, K., Fischer, M., and Shaki, S. (2017). Observation of directional storybook reading influences young children's counting direction. J. Exp. Child Psychol. 166, 49–66. doi: 10.1016/j.jecp.2017.08.001

 Halford, G., Andrews, G., Phillips, S., and Wilson, W. (2013). The role of working memory in the subsymbolic-symbolic transition. Curr. Dir. Psychol. Sci. 22, 210–216. doi: 10.1177/0963721412470132

 Halford, G., Wilson, W., and Phillips, S. (2010). Relational knowledge: the foundation of higher cognition. Trends Cogn. Sci. 14, 497–505. doi: 10.1016/j.tics.2010.08.005

 Kaufmann, L., Koppelstaetter, F., Delazer, M., Siedentopf, C., Rhomberg, P., Golaszewski, S., et al. (2005). Neural correlates of distance and congruity effects in a numerical Stroop task: an event-related fMRI study. Neuroimage 25, 888–898. doi: 10.1016/j.neuroimage.2004.12.041

 Loewenstein, J., and Gentner, D. (2005). Relational language and the development of relational mapping. Cogn. Psychol. 50, 315–353. doi: 10.1016/j.cogpsych.2004.09.004

 Lourenco, S. F., and Longo, M. R. (2010). General magnitude representation in human infants. Psychol. Sci. 21, 873–881. doi: 10.1177/0956797610370158

 Macchi Cassia, V., Picozzi, M., Girelli, L., and de Hevia, M. D. (2012). Increasing magnitude counts more: asymmetrical processing of ordinality in 4-month-old infants. Cognition 124, 183–193. doi: 10.1016/j.cognition.2012.05.004

 McCrink, K., Caldera, C., and Shaki, S. (2017a). The early construction of spatial attention: culture, space, and gesture in parent-child interactions. Child Dev. doi: 10.1111/cdev.12781. [Epub ahead of print].

 McCrink, K., and Galamba, J. (2015). The impact of symbolic and non-symbolic quantity on spatial learning. PLoS ONE 10:e0119395. doi: 10.1371/journal.pone.0119395

 McCrink, K., Perez, J., Baruch, E., and Grehl, M. (2017b). Numerical labels prompt left-to-right mapping in toddlers. Dev. Psychol. 53, 1256–1264. doi: 10.1037/dev0000342

 McCrink, K., and Shaki, S. (2016). Culturally inconsistent spatial structure reduces learning. Acta Psychol. 169, 20–26. doi: 10.1016/j.actpsy.2016.05.007

 Moyer, R. S., and Landauer, T. K. (1967). Time required for judgments of numerical inequality. Nature 215, 1519–1520. doi: 10.1038/2151519a0

 Opfer, J. E., and Furlong, E. E. (2011). How numbers bias preschoolers' spatial search. J. Cross. Cult. Psychol., 42, 682–695. doi: 10.1177/0022022111406098

 Opfer, J. E., Thompson, C. A., and Furlong, E. E. (2010). Early development of spatial-numeric associations: evidence from spatial and quantitative performance of preschoolers. Dev. Sci. 13, 761–771. doi: 10.1111/j.1467-7687.2009.00934.x

 Patro, K., Fischer, U., Nuerk, H., and Cress, U. (2016a). How to rapidly construct a spatial-numerical representation in preliterate children (at least temporarily). Dev. Sci. 19, 126–144. doi: 10.1111/desc.12296

 Patro, K., and Haman, M. (2012). The spatial-numerical congruity effect in preschoolers. J. Exp. Child Psychol. 111, 534–542. doi: 10.1016/j.jecp.2011.09.006

 Patro, K., Nuerk, H. C., and Cress, U. (2016b). Mental number line in the preliterate brain: the role of early directional experiences. Child Dev. Perspect. 10, 172–177. doi: 10.1111/cdep.12179

 Pinel, P., Piazza, M., Le Bihan, D., and Dehaene, S. (2004). Distributed and overlapping cerebral representations of number, size, and luminance during comparative judgments. Neuron 41, 983–993. doi: 10.1016/S0896-6273(04)00107-2

 Previtali, P., de Hevia, M. D., and Girelli, L. (2010). Placing order in space: the SNARC effect in serial learning. Exp. Brain Res. 201, 599–605. doi: 10.1007/s00221-009-2063-3

 Rugani, R., Kelly, D. M., Szelest, I., Regolin, L., and Vallortigara, G. (2010). Is it only humans that count from left to right? Biol. Lett. 6, 290–292. doi: 10.1098/rsbl.2009.0960

 Sarnecka, B. W., and Carey, S. (2008). How counting represents number: what children must learn and when they learn it. Cognition 108, 662–674. doi: 10.1016/j.cognition.2008.05.007

 Shaki, S., Fischer, M. H., and Göbel, S. M. (2012). Direction counts: a comparative study of spatially directional counting biases in cultures with different reading directions. J. Exp. Child Psychol. 112, 275–281. doi: 10.1016/j.jecp.2011.12.005

 Zebian, S. (2005). Linkages between number concepts, spatial thinking, and directionality of writing: the SNARC effect and the REVERSE SNARC effect in English and Arabic monoliterates, biliterates, and illiterate Arabic speakers. J. Cogn. Cult. 5, 165–190. doi: 10.1163/1568537054068660

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 McCrink and de Hevia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
’ frontiers
in Psychology

From Innate Spatial Biases to
Enculturated Spatial Cognition: The
Case of Spatial Associations in
Number and Other Sequences









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychology





OPS/images/fpsyg-09-00415-g001.gif
iy

Left-to-Right Scripted Culture (USA - English)

NN
00 @O

8, 8 @ o&— S8

Tntant Toddler
21

‘Symbol Key
[ Tv—
- S—

[ -

Toddier  Chia  Adul
123

Reterence Koy
1 doovin, Voot S, & Bomn 2017
2 MG, paes Bruen, & Gro, (1)
5 Pato & Homan @012

& Opter Thompeon & Fuiong 2010

& datiovia & S 209)

& Donson, asain & Giraue 1993

7. Bul, Macchi Cassin, & do Hovia (2018)






