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Living at the beginning of the 21st century requires being numerate, because numerical
abilities are not only essential for life prospects of individuals but also for economic interests
of post-industrial knowledge societies. Thus, numerical development is at the core of both
individual as well as societal interests. There is the notion that we are already born with a very
basic ability to deal with small numerosities. Yet, this often called “number sense” seems to

be very restricted, approximate, and driven by perceptual constraints. During our numerical
development in formal (e.g., school) but also informal contexts (e.g., family, street) we acquire
culturally developed abstract symbol systems to represent exact numerosities — in particular
number words and Arabic digits — refining our numerical capabilities.

In recent years, numerical development has gained increasing research interest documented
in a growing number of behavioural, neuro-scientific, educational, cross-cultural, and
neuropsychological studies addressing this issue. Additionally, our understanding of how
numerical competencies develop has also benefitted considerably from the advent of different
neuro-imaging techniques allowing for an evaluation of developmental changes in the human
brain. In sum, we are now starting to put together a more and more coherent picture of how
numerical competencies develop and how this development is associated with neural changes
as well. In the end, this knowledge might also lead to a better understanding of the reasons
for atypical numerical development which often has grieve consequences for those who suffer
from developmental dyscalculia or mathematics learning disabilities.

Therefore, this Research Topic deals with all aspects of numerical development: findings from
behavioural performance to underlying neural substrates, from cross-sectional to longitudinal
evaluations, from healthy to clinical populations. To this end, we included empirical
contributions using different experimental methodologies, but also theoretical contributions,
review articles, or opinion papers.
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Living at the beginning of the 21st century requires being numer-
ate because numerical abilities are not only essential for life
prospects of individuals but also for economic interests of post-
industrial knowledge societies (e.g., Butterworth et al., 2011).
In recent years, numerical development has gained increasing
research interest. Following this trend, we invited empirical and
theoretical contributions for a Research Topic on Numerical
development—ifrom cognitive functions to neural underpinnings.
We are grateful to all authors for their high-quality contributions,
the reviewers for their constructive comments and suggestions in
the interactive peer-review, and the publisher’s editorial team for
their excellent support.

The different contributions nicely illustrate that the construct
numerical development does not denote a unitary, clearly cir-
cumscribed, and comprehensive entity. Instead, the empirical,
review, opinion, and commentary articles clearly suggest that it is
important to consider different empirical and theoretical perspec-
tives evaluating cross-domain (e.g., language or spatial abilities)
but also domain-specific [e.g., basic numerical competencies,
approximate number system (ANS), spatial-numerical associa-
tions (SNA)] determinants of and influences on typical but also
atypical numerical development.

A first set of studies investigated cross-domain as well as
domain-specific influences on typical numerical development.
With respect to cross-domain influences LeFevre et al. (2013)
showed a reliable impact of children’s spatial abilities on numer-
ical skills. Additionally, Durkin et al. (2013) observed that lan-
guage ability is a unique predictor of actual and future numerical
achievement. Getting closer to the domain of numerical cogni-
tion, Lafay et al. (2013) found that finger counting may be useful
but not necessary to develop accurate symbolic numerical com-
petencies. As regards basic numerical precursor competencies,
two studies investigated the influence of the ANS on numerical
development. Mejias and Schiltz (2013) suggest that the ANS may
be targeted by educational strategies as it seems to be associated
with socio-economic status. Lonnemann et al. (2013) observed
that children’s addition performance is associated with different
markers of the ANS during development. For secondary school
children, Huber et al. (2013) found the relation of multiplication
and division to be stronger for easier problems and more skilled

(i.e., higher grade) students. Moreover, two fMRI studies inves-
tigated neural correlates of numerical development. Mussolin
et al. (2013) observed differential developments of the contribu-
tions of the right and left intraparietal sulcus (IPS) to magnitude
comparison over age, while Gullick and Wolford (2013) found a
fronto-parietal shift of activation with age in general, but also spe-
cific effects on the lateralization of IPS involvement for processing
negative numbers. Finally, Lambrechts et al. (2013) observed
that processing the continuous quantities time and space seems
resilient to healthy aging similar to numerosity.

With a particular focus on the determinants of atypical
numerical processing in mathematics learning disability (MLD)
or developmental dyscalculia (DD), Mazzocco et al. (2013)
showed that specific basic whole number misconceptions reli-
ably predict atypical performance on Grade 8 arithmetic tests.
Furthermore, Chu et al. (2013) found that even though inacu-
ity of the ANS is a reliable predictor of risk for MLD it may
not be its primary source. Nevertheless, Landerl (2013) evaluated
the influences of other basic numerical competencies on numer-
ical development and observed that children with DD exhibited
specific impairments. Importantly, however, Haase et al. (2014)
concluded that subtypes of MLD may not only be associated
with content-related deficits but also more general impairments
of information processing should be considered. In line with this
view, Van Viersen et al. (2013) suggested that evaluating eye-
fixation behavior may provide interesting new insights into the
mechanisms underlying DD. In their Opinion, Kaufmann et al.
(2013) argue that MLD/DD is a heterogeneous disorder resulting
from individual differences in development or function at neu-
roanatomical, neuropsychological, behavioral, and interactional
levels. Finally, Kiser et al. (2013) described the development
and first successful evaluation of a multimodal and adaptive
computer-based training program for children with DD.

Another set of studies investigated interactions in the process-
ing of numbers and space. With respect to SNA, Knops et al.
(2013) observed a reversed operational momentum (OM) effect
in children with their degree of attentional control predicting
the propensity to exhibit the OM effect. Kucian et al. (2013)
commented that the left-right associations underlying the OM
effect may dependent on development, reflecting an interaction of
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visuo-spatial and attentional processes with number related skills
which might account for the non-observation of an OM effect in
children (with DD). Moreover, Link et al. (2014) observed that
unbounded number line estimation may be a valuable tool for
assessing primary school children’s spatial representation of num-
ber magnitude in an unbiased manner. Goldman et al. (2013)
argued that the development of an analog comparison process
and the specific processing of end stimuli contribute to the emer-
gence of the mental number line. In their review, Patro et al.
(2014) suggested a taxonomy for the classification of SNA from
infancy to late preschool years. On the other hand, another two
studies addressed direct interactions between the processing of
numerical and physical magnitude as reflected by the size con-
gruity effect (Henik and Tzelgov, 1982). Leibovich et al. (2013)
found that numerical and physical magnitudes are represented
by different, yet interactive systems. Ben-Shalom et al. (2013)
observed that even preschoolers were able to process number
magnitude information automatically. Finally, unrelated to space,
Gabriel et al. (2013) suggested that conceptual knowledge about
fractions and procedural knowledge about how to manipulate
them should be distinguished. Faulkenberry (2013) commented
that the evaluation of solution strategies might be beneficial to
differentiate procedural and conceptual knowledge.

Extending the focus on language influences Imbo et al. (2014)
and Klein et al. (2013) specifically investigated influences of num-
ber word inversion on numerical development. They found that
language, but not working memory capacity, predicted the num-
ber of inversion errors and conclude that inversion-related diffi-
culties do not fade over time, respectively. Lopes-Silva et al. (2014)
observed the more basic perceptual phonemic awareness to pre-
dict number transcoding reliably, whereas magnitude processing
and working memory did not.

As documented by this broad range of studies dealing with dif-
ferent aspects of numerical development—from behavioral per-
formance to underlying neural substrates, from cross-sectional to
longitudinal evaluations, from healthy to clinical populations—
the current Research Topic brought together the expertise of
researchers from different backgrounds and clearly advanced our
understanding of numerical development—a topic with both
scientific and every-day relevance.
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Individuals who do well in mathematics and science also often have good spatial skills.
However, the predictive direction of links between spatial abilities and mathematical
Foviewed b learning has not been firmly established, especially for young children. In the present
S;/:e’e/\vﬂv.eGoe}t,).e/, University of York. research, we ad.dre.ssed this issue using a sample frqm alongitudinal data set that span.n.ed
UK 4 years and which includes measures of mathematical performance and various cognitive
skills, including spatial ability. Children were tested once in each of 4 years (Time 1, 2,
3, and 4). At Time 3 and 4, 101 children (in Grades 2, 3, or 4 at Time 3) completed
mathematical measures including (a) a number line task (0-1000), (b) arithmetic, and (c)
number system knowledge. Measures of spatial ability were collected at Time 1, 2, or
3. As expected, spatial ability was correlated with all of the mathematical measures at
Time 3 and 4, and predicted growth in number line performance from Time 3 to Time 4.
However, spatial ability did not predict growth in either arithmetic or in number system
knowledge. Path analyses were used to test whether number line performance at Time
3 was predictive of arithmetic and number system knowledge at Time 4 or whether the
reverse patterns were dominant. Contrary to the prediction that the number line is an
important causal construct that facilitates learning arithmetic, no evidence was found that
number line performance predicted growth in calculation more than calculation predicted
number line growth. However, number system knowledge at Time 3 was predictive of
number line performance at Time 4, independently of spatial ability. These results provide
useful information about which aspects of growth in mathematical performance are (and
are not) related to spatial ability and clarify the relations between number line performance
and measures of arithmetic and number system knowledge.
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INTRODUCTION

Individuals who do well in mathematics and science also usu-

and Cheng, 2012). One type of mathematical task, the number
line task, has received a great deal of attention in this regard. For

ally have good spatial skills (Wai et al., 2009). However, causal
links between spatial ability and mathematical learning have not
been firmly established, especially for young children (Mix and
Cheng, 2012). Thus, despite substantial correlational evidence for
links between these two cognitive domains, especially for older
children and adults (Mix and Cheng, 2012), a large amount of
research remains to be done explaining the nature and direction
of the links. In recent research, it has been suggested that a spe-
cific skill, that is, estimating the location of numbers on a number
line, mediates the link between spatial abilities and growth in con-
ventional mathematical knowledge (Gunderson et al., 2012). The
goal of the present research was to use longitudinal data to test the
predictive pathways among spatial abilities, number line task per-
formance, and mathematical learning for children in elementary
school.

It seems relatively uncontroversial that spatial tasks, especially
those tapping visual-spatial working memory or mental rota-
tion, are correlated with mathematical task performance (Mix

the number line task, children are shown a line with the left end
marked as 0 and the right end marked with a number such as 10,
100, or 1000 (Siegler and Opfer, 2003; Siegler and Booth, 2004;
Booth and Siegler, 2006; Laski and Siegler, 2007). In the number-
to-position version of the task, children are shown or told a num-
ber (e.g., 47) and asked to indicate its location on the number line
(Laski and Siegler, 2007). In the position-to-number version, they
are asked to estimate the number indicated by a marked position
on a line (Siegler and Opfer, 2003; Ashcraft and Moore, 2012).
Children above 6 years of age appear to understand the require-
ments of the task and it is relatively simple and easy to administer.
In many studies over the last 10 years, performance on the num-
ber line task has been shown to correlate with various standard-
ized mathematical performance measures and with assessments
of measurement, numerosity, and computational estimation
(Siegler and Booth, 2004; Booth and Siegler, 2006).

The number line task seems ideal for examining the links
between spatial abilities and mathematical learning because it
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requires knowledge and processes from both domains. Children
presumably must be relatively familiar with the number system
in the range specified in the particular version of the number line
task, and they need to use proportional reasoning skills (or some
other strategy) to connect the number to the position on the line
(or vice-versa). Ashcraft and Moore (2012), using a position-to-
number version of a 0-1000 number line, showed that children
from Grades 3 to 5 and adults used an implicit midpoint refer-
ence to bisect the line and guide their number choices, and thus,
showed very good performance for locations close to 500. The
adults and older children also showed good performance (i.e.,
less variability) for locations close to 250 and 750, suggesting
they were using a proportional reasoning strategy of dividing the
line into quarters. These data support the view that adults and
older children use proportional reasoning strategies to make deci-
sions about locations on the number line (see Barth and Paladino,
2011). For younger children, data collected by Moeller and col-
leagues (2009) with Grade 1 children and by Bouwmeester and
Verkoeijen (2012) with children in kindergarten, grade 1, and
grade 2 suggested that many children use a counting-based strat-
egy that results in relatively ordinal and linear performance at the
smaller end of the number line, with variable performance for
the end, resulting in either logarithmic fits or patterns described
by two separate lines. Examples of some patterns of performance
are shown in Figure 1 for children in Grade 2 from the current
sample.

A few children do poorly on this task, as shown by the pat-
tern in Figure 1A. In contrast, most children at this age show
some understanding of the relative position of the numbers on the
line. For example, the child whose data are shown in Figure 1B
produced ordinally-correct positions that are overestimates below
250, and relatively uniform (and thus, non-ordinal) responses for
the larger numbers. Depending on the exact shape, this pattern
is fit better with logarithmic, quadratic, or exponential functions;
however, the linear fit in this case is also statistically significant.
Moeller et al. (2009) showed that two different regression lines,
one for the numbers in the lower range and one for the num-
bers in the higher range, also provide a good fit for many children
showing this pattern (see Bouwmeester and Verkoeijen, 2012).
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FIGURE 1 | Examples of different forms of the relation between
numbers presented and locations selected in the number line task,
(A) random pattern of responses, (B) partially linear pattern, and (C)
linear pattern. Data are from three participants from grade 2 in the current
study. The model fits and slope values are shown below the graph.

One interpretation of this pattern is that these children have rel-
atively intact number knowledge up to a certain point, but a
weak grasp of the larger numbers and their inter-relations. Finally,
consider the highly accurate linear pattern shown in Figure 1C.
Individuals whose performance shows a linear pattern presum-
ably have a strong grasp of the ordinal positions of numbers,
including the uniform spacing of the numbers in the indicated
range, and sufficient spatial skills to produce very accurate posi-
tioning. One goal of the present study was to examine how
children’s estimates changed over time in relation to their spatial
and numerical skills.

Some researchers (Siegler and Opfer, 2003; Siegler and Booth,
2004; Booth and Siegler, 2006; Laski and Siegler, 2007) have
interpreted less linear patterns as representative of a non-linear
internal mental representation for magnitude rather than a reflec-
tion of different strategic processes (cf. Moeller et al., 2009;
Bouwmeester and Verkoeijen, 2012). The view of number line
performance as an index of children’s internal representation of
magnitude has not been conclusively proven and is not a neces-
sary assumption: Number line task performance is an interesting
and relevant measure even if it does not reflect an internal men-
tal number line. Strong claims about number line performance
as a reflection of an internal representation have been based on
finding high correlations between number line performance and
other mathematical tasks (Booth and Siegler, 2008) or on the
increasing linearity of the patterns that children produce as they
get older (Booth and Siegler, 2006). More recently, research show-
ing that the strategies children adopt on the task are strongly
related to their patterns of performance (Moeller et al., 2009;
Bouwmeester and Verkoeijen, 2012) suggest that it is not neces-
sary to postulate direct connections to an internal mental number
line to understand performance. Regardless of the interpreta-
tion of number line task performance that is assumed, the data
show that younger children tend to produce less linear number
line estimations than older children. Thus, progress toward lin-
ear performance on the number line task can be used as an index
of growth in children’s understanding of the symbolic number
system. Because placement of targets on the number line is a
necessary component of the task, we hypothesized that spatial
reasoning abilities would be related to growth in number line
performance. Importantly, however, we also expected that chil-
dren’s knowledge of the number system would influence their
developing number line performance.

We know of only one other study that evaluated changes in
number line task performance over time in relation to both spatial
skill and mathematically-relevant knowledge. Gunderson et al.
(2012; Experiment 1) had children complete a measure of spatial
processing (mental rotation) at the beginning of first or second
grade (N = 152). They also completed a 0-1000 number line task
at both time points. At the end of the year, they completed a
measure of arithmetic problem solving. Gunderson et al. found
that spatial ability predicted growth in number line performance
across the year, as did the arithmetic measure. These results
were the first to show that spatial ability is linked to improve-
ments in children’s number line task performance. In a second
study, Gunderson et al. investigated whether number line task
performance would predict later mathematical achievement. In
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this study, 42 children completed spatial measures at age five, a
0-100 number line task at age six, and an approximate symbolic
arithmetic task at age eight. Performance on all three measures
were correlated, however, the relation between spatial ability and
approximate arithmetic was completely mediated by number line
task performance. Gunderson et al. suggested that their findings
supported causal links between early spatial ability, acquisition
of a linear number line, and later number knowledge. Another
goal of the present research was to further test this proposed
causal chain and to examine whether this finding holds for older
children than previously tested.

In the present research, longitudinal data from a large study
of children’s early mathematics development was used to eval-
uate three hypotheses. First, we hypothesized that spatial ability
would be correlated with number line performance, as well as
with traditional measures of mathematical performance (i.e.,
arithmetic and number system knowledge). Second, we hypothe-
sized that spatial ability would predict growth (change over time)
in number line task performance, above and beyond its rela-
tion with other mathematical skills. This hypothesis was based
both on the findings of Gunderson et al. (2012) and on the
assumption that the number line task requires explicit spatial
processing in the form of proportional reasoning (Ashcraft and
Moore, 2012). Third, we tested the predictive pathways between
number line task performance and several other mathematical
measures. Using cross-lag panel analysis, we assessed the lon-
gitudinal relations between number line task performance and
measures of mathematical performance. These analyses provide
a stringent test of the hypothesized directional links between
number line task performance and (for example) arithmetic,
because performance measures were available longitudinally for
all measures.

METHODS AND MATERIALS

PARTICIPANTS

The participants were part of a longitudinal study of over 500 chil-
dren that spanned 4 years (see LeFevre et al., 2010 for analyses of
a younger cohort from the same study; also Kamawar et al., 2010;
LeFevre et al., 2013). Children were tested once each year (i.e.,
Time 1, 2, 3, and 4). Data from 101 children (55 girls; 46 boys)
who had completed the number line task twice (at Times 3 and 4
of the project) were analyzed in this paper. At Time 3 the partici-
pants were in Grade 2, 3, or 4 (ns of 52, 27, and 21). The mean ages
were 7:10, 8:10, and 9:10 (in years: months) at Time 3 for children
in grades 2, 3, and 4, respectively. Children were recruited from
several different schools in two Canadian cities. Eighty-two of the
children were monolingual English speakers and the others spoke
another language in addition to English. The majority of children
came from two parent families and most parents had education
beyond high school. Thus, the sample was predominantly middle
class.

MEASURES

Children completed a range of cognitive and mathematical mea-
sures. More detail about each measure is provided below. In
the present analysis, we used measures of (a) spatial ability,
(b) number line estimation, (c) number system knowledge, and

(d) arithmetic. Control variables included vocabulary, grade,
and gender. The mathematical measures were completed by the
children twice (Years 3 and 4 of the study). The mathematics
measures utilized in this study were chosen to represent typical
symbolic number and arithmetic tasks.

Spatial ability

Children were administered the Analogy subtest of the Cognitive
Intelligence Test Nonverbal (CIT; Gardner, 2000) either at Time 2
(children from Grade 2 or 4 group) or Time 3 (children from
Grade 3 group) of the study. On each trial, children were shown
six squares with visual patterns in only five of the squares. They
are then asked to pick the “missing pattern” from a selection of
patterns at the bottom of the page. This task requires the use of
analogical reasoning, mental rotation, and spatial processing for
the child to identify the form or design that best completes the
pattern. Standard scores on this test have a mean of 100 and a
standard deviation of 15. Scaled scores have a mean of 10 and a
standard deviation of 3. The test manual reports that the relia-
bility for this subtest was calculated using the Kuder-Richardson
formula at each one year age level: for 6, 7, and 8 year-olds relia-
bility was 0.82; for the 9 year-olds the reliability was 0.75. Three
children were missing a score so these were replaced with the
overall mean for the task.

Children also completed a spatial memory span measure that
was administered on a laptop computer. Similar spatial span mea-
sures have been used in other studies (e.g., Berch et al., 1998;
Rasmussen and Bisanz, 2005). In this task, after the children
pressed the “GO” button, a set of nine green circles (lily pads)
appeared on the screen and the children watched a cartoon frog as
it jumped from one lily pad to another at 1 s intervals. After view-
ing a sequence of “jumps’, the child was given a pointer and asked
to reproduce the sequence. As the child pointed to each location
on the screen, the experimenter moved the cursor to the corre-
sponding location and clicked on it so the sequence was saved in
the computer.

Children completed one practice trial, during which the exper-
imenter watched the frog and then pointed to the two locations
in sequence. The test trials consisted of two sequences for each
length with the spans increasing in length by one after each pair.
The test trials began with two locations and went up to eight. The
task ended when the child made errors on two consecutive tri-
als at a specific length. For the analysis, data was used for t