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1  |  INTRODUC TION

An emerging understanding of the magnitudes represented by nu-
merals and number words is central to children's mathematical devel-
opment (Geary, 1994; National Mathematics Advisory Panel, 2008). 
The insight that numerical magnitudes form a continuum along the 
mathematical number line is a key aspect of this development (Case 
& Okamoto, 1996; Siegler & Braithwaite, 2017). Practically, an un-
derstanding of how numerical magnitudes can be ordered along a 
visuospatial number line is an important aspect of students’ formal 
mathematical learning and undergirds more complex mathemat-
ics (e.g., plotting functions in coordinate space). Theoretically, the 
visuospatial representation of the number line sits at the juncture 
between evolved cognitive systems for representing magnitudes 
and the evolutionarily novel learning that occurs in modern schools 
(Feigenson et al., 2004; Geary, 1995; Siegler & Opfer, 2003). In 
this case, people's intuitive representations of the relations among 

magnitudes conflicts with the formal mathematical definition of 
these relations. The conflict results in well-documented errors dur-
ing the early learning of how numerals are ordered on the visuospa-
tial number line, as well as an opportunity to explore how cognitive 
abilities interact with intuitive knowledge during this learning.

The system that supports intuitive representations of numerical 
magnitudes overlaps to some extent the systems that support repre-
sentations of space (Bueti & Walsh, 2009; Giles et al., 2018; Hubbard 
et al., 2005; Walsh, 2003). The overlap provides cognitive and neural 
links between numerical-spatial abilities and at least some aspects of 
formal mathematics. The overlap is important here because it might 
provide a potential explanation for boys’ and men's advantage in 
some areas of mathematics (Bull et al., 2013), and the finding that 
these sex differences are often related to boys’ and men's advan-
tage in spatial abilities (Casey et al., 1997). Adolescence might be a 
particularly important period for the emergence of sex differences 
in the spatial-mathematics relation because the magnitude of sex 
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Abstract
The study tested the hypotheses that boys will have an advantage learning the frac-
tions number line and this advantage will be mediated by spatial abilities. Fractions 
number line and, as a contrast, fractions arithmetic performance were assessed for 
342 adolescents, as was their intelligence, working memory, and various spatial abili-
ties. Boys showed smaller placement errors on the fractions number line (d = −0.22) 
and correctly solved more fractions arithmetic problems (d = 0.23) than girls. Working 
memory and intelligence predicted performance on both fractions measures, and a 
measure of visuospatial attention uniquely predicted number line performance and 
fully mediated the sex difference. Visuospatial working memory uniquely predicted 
fractions arithmetic performance and fully mediated the sex difference. The results 
help to clarify the nuanced relations between spatial abilities and formal mathematics 
learning and the sex differences that often emerge in mathematical domains that have 
a visuospatial component.
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differences in both spatial abilities and some areas of mathematics 
increases during this time (Hyde et al., 1990; Lauer et al., 2019). The 
study of the spatial-mathematics relation more generally is import-
ant because it is related to long-term accomplishments in some areas 
of science, technology, engineering, and mathematics (STEM) and 
may contribute to sex differences in some of these areas (Kell et al., 
2013; Lubinski & Benbow, 2006; Webb et al., 2007).

With respect to the number line, Thompson and Opfer (2008) 
predicted and confirmed that boys’ advantage in spatial abilities 
should result in a sex difference during the early learning of the or-
dering of numerals along the visuospatial line. However, they did 
not explicitly test whether it was spatial abilities that contributed to 
boys’ advantages. We replicated this finding for the fractions num-
ber line and extended it by showing that adolescent boys’ advantage 
is mediated by a sex difference in visuospatial attention independent 
of the domain-general abilities (i.e., intelligence, working memory) 
that contribute to ease of formal, evolutionarily novel mathematical 
learning (Geary et al., 2017; Lee & Bull, 2016). Second, we provide 
unique evidence for the specificity of this relation by showing that 
visuospatial attention does not contribute to boys’ advantage in 
fractions arithmetic.

1.1  |  Sex differences

Sex differences in mathematics often favor boys, but mean differ-
ences are small and vary from one topic to the next (Hyde et al., 1990). 
Larger sex differences are found at the high end of performance (Ceci 
& Williams, 2010; Wai et al., 2018) and oftentimes in mathematical 
areas that have a spatial component (Geary, 1996; Halpern et al., 
2007). For instance, boys and men typically outperform girls and 
women on mathematical word problems (Casey et al., 1997; Geary 
et al., 2000). The sex difference here is related, at least in part, to 
boys’ and men's spontaneous use of diagrams that set up the relation 
between the quantities described in the problem, a strategy that re-
duces problem-solving errors (Johnson, 1984; Lewis, 1989). Learning 
the visuospatial representation of the mathematical number line and 
related competencies associated with processing numerical magni-
tudes is another area in which boys and men often have an advantage 
(Bull et al., 2013; Gilligan et al., 2019; Hutchison et al., 2019; Rivers 
et al., 2020; Thompson & Opfer, 2008). However, it is not known if 
these advantages are related to the sex difference in visuospatial 
abilities, but there is reason to suspect that they are related.

The advantage of boys and men in many spatial domains (e.g 
Voyer et al., 1995, 2017) is associated with more surface area in the 
parietal cortex, controlling overall brain size (Koscik et al., 2009; 
Salinas et al., 2012). As described below, some of these areas are also 
implicated in spatial-numerical representations of magnitude and 
the mental number line (Hubbard et al., 2005). One possibility is that 
boys have more grey matter associated with these representations 
that could result in better discrimination of associated quantities. 
However, this is unlikely because there are no consistent sex differ-
ences on measures of inherent magnitude representations (Kersey 

et al., 2018). Following the sex difference for word problems, an-
other possibility is that the sex differences in spatial abilities enable 
boys to use more sophisticated strategies during the dynamic place-
ment of numerals on the number line or to more accurately situate 
them during this process. If so, then boys should be more accurate in 
their placement of numerals on the number line or use more sophis-
ticated strategies during these placements, and any such differences 
should be mediated by spatial abilities.

1.2  |  Mental number line

Areas of the parietal cortex subserve the formation of magnitude 
representations of many features of the physical world, such as dis-
tance (Summerfield et al., 2020). These magnitudes are typically 
represented along a single continuous dimension that encodes the 
relations among them (e.g., closer to farther). The approximate num-
ber system (ANS)—situated in the intraparietal sulcus of the pari-
etal lobe—is the associated system for representing quantities and is 
evident in a wide range of species (Feigenson et al., 2004; Gallistel, 
1990; Gallistel & Gelman, 2000; Geary et al., 2015). The representa-
tions of quantity magnitudes also appear to be along a single smaller-
to-larger continuum that forms a spatially based mental number line 
(Hubbard et al., 2005; Zorzi et al., 2002). The continuum allows 
quantity representations to be compared, albeit not precisely. The 
ease of discriminating one quantity from another depends on the 
ratio between them and not their absolute difference, such that dis-
criminating 3 from 4 objects (1.33 ratio) is easier than discriminating 
13 from 14 objects (1.08 ratio).

One core question is whether people's intuitive sense of quan-
tities and the relations among them supports the learning of sym-
bolic mathematics, including the visuospatial number line. The issue 
is vigorously debated and remains to be resolved (e.g Mussolin et al., 
2016; Szkudlarek & Brannon, 2017; Szűcs & Myers, 2017). One find-
ing that is often interpreted as evidence for an influence of the ANS 
is the pattern of whole-numeral placements along the visuospatial 
number line. During the early phases of learning, these placements 
show a logarithmic pattern that mirrors the theoretical pattern of 
the ordered continuum of quantity representations within the ANS 
(Siegler & Opfer, 2003).

Highlights

•	 Adolescent boys were more accurate than girls in plac-
ing fractions on the number line

•	 Placement accuracy was predicted by visuospatial 
attention

•	 Boys’ advantage in visuospatial attention mediated their 
advantage on the number line

•	 Visuospatial attention was unrelated to performance in 
fractions arithmetic
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A related and early proposition was that education resulted in 
the formation of more linear quantity representations within the 
ANS that in turn resulted in linear placements of whole numbers 
on the visuospatial number line (Dehaene et al., 2008). The direct 
formation of extensive linear representations is unlikely, however, 
as this would involve more precise numeral-to-magnitude mappings 
than can be supported by the ANS. Moreover, it is unclear how ANS 
representations could support students’ placement of fraction mag-
nitudes on the visuospatial number line. This is because the ANS 
does not support fractional representations, but an analogous ratio 
processing system situated near the ANS has been proposed (M. R. 
Lewis et al., 2016). However, the same difficulty arises whereby a 
potentially infinite number of precise fraction magnitudes would 
need to be represented in a system that is sensitive to only approx-
imate ratios.

Moreover, many novice students’ do not show the ANS-
signature logarithmic pattern for the placement of fractions on the 
visuospatial number line (Siegler et al., 2011), although Thompson 
and Opfer (2008) demonstrated that approaches for mapping 
whole numbers to the visuospatial number line are transferred 
to the placement of fractions (see also Opfer & DeVries, 2008). 
Students’ placements of fractions improve significantly from 
fourth to eighth grade and becomes more or less linear, although 
the relative magnitude of placement errors is larger than those 
found for whole numbers (Braithwaite et al., 2018; Siegler et al., 
2001). The placements are often made by changing proper frac-
tions (e.g., 7/2) to mixed numbers (e.g., 3 ½) and then situating 
them by segmenting the line to create an anchor (e.g., 2 ½ for the 0 
to 5 line). The mental segmentation or use of anchor points on the 
visuospatial number line to situate fractions is similar to that found 
for whole number placements (Barth & Paladino, 2011; Rouder & 
Geary, 2014; Slusser et al., 2013).

One interpretation of this strategic approach is that students 
come to understand the smaller-to-larger spatial alignment of numer-
als and learn the conceptual constraint that the distance between 
successive whole numbers is invariant across the line. Eventually 
many students learn that the same smaller-to-larger alignment ap-
plies to fractions magnitudes, although this comes later in their edu-
cation (Siegler et al., 2011). This type of structure mapping maintains 
the visuospatial representation of the number line and potentially 
engages the inherent bias to represent features of the world along 
a magnitude-based continuum but does not require the formation 
of precise one-to-one mappings of numerals or fraction magnitudes 
to the ANS or analogous ratio-system representations (Sullivan & 
Barner, 2014). In other words, the inherent contributions to number 
line learning are in the bias to represent magnitudes (of any kind) 
along a single continuous dimension that often has a spatial compo-
nent, along with school-taught conceptual constraints based on the 
formal mathematical properties of the number line (e.g., the distance 
between any two consecutive whole numbers is identical at all loca-
tions on the line).

Once students understand the mathematical properties of the 
number line, linear placements occur during a dynamic process 

as people adjust their placements during the act of positioning 
numerals on the visuospatial line (Dotan & Dehaene, 2016; Kim 
& Opfer, 2018). Such a dynamic process allows for strategic or 
contextual influences on number line performance, above and be-
yond an influence of the ANS (Barth & Paladino, 2011; Cicchini 
et al., 2014; Cohen & Blanc-Goldhammer, 2011; Rouder & Geary, 
2014; Slusser et al., 2013). As noted, whole numbers strategic 
approaches include the use of anchors, such as the midpoint and 
endpoints of the line, to help to situate placements. A similar pro-
cess of breaking the line into segments to facilitate placements 
occurs for students who are learning the fractions number line 
(Siegler et al., 2011).

The use of such strategies need not preclude the existence of the 
ANS, as these representations could still manifest when students are 
in the early stages of learning the number line or under conditions 
(e.g., dual task) that disrupt the ability to use top-down strategies 
(Dotan & Dehaene, 2016; Kim & Opfer, 2018). In any case, a bias 
to represent quantities along a continuum provides a more direct 
link to spatial abilities than does the precision of ANS representa-
tions per se. This is because the dynamic and strategic construction 
of the linear pattern during number line tasks should, in theory, be 
facilitated by visuospatial abilities. For instance, injury-related (e.g., 
stroke) deficits in visuospatial attention are often associated with 
difficulties determining the midpoint of two presented numerals 
(e.g., 17–51; Zorzi et al., 2012). The same bias is found in healthy 
individuals when visuospatial attention is experimentally disrupted 
(Longo & Lourenco, 2007). The pattern suggests that one or several 
components of spatial ability could contribute to individual and sex 
differences in the accuracy of number line placements and the strat-
egies used in making them.

1.3  |  Domain-general and spatial  
abilities

The ease of learning evolutionarily novel academic material, such as 
the mathematical number line, is consistently related to intelligence 
and working memory (Bull & Lee, 2014; Geary, 2008; Geary et al., 
2017; Lee & Bull, 2016). Intelligence is particularly important in 
learning novel concepts (Cattell, 1963), which in this case includes 
the learning that fractions represent magnitudes and that these can 
be linearly situated on the visuospatial number line (Braithwaite 
et al., 2019; Siegler et al., 2011). Working memory also contrib-
utes to the ease of learning in multiple academic domains (Paas & 
Ayres, 2014) and likely contributes to performance on measures 
that involve the execution of multiple steps, as would occur if stu-
dents dynamically use one strategy or another to make number line 
placements. In short, we anticipated that intelligence and working 
memory would emerge as predictors of performance on our frac-
tions measures. Their inclusion as covariates is important because it 
provides a more rigorous assessment of the relation between visu-
ospatial abilities and fractions performance than would otherwise 
be the case.
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Our study included three measures of visuospatial abilities that 
show sex differences (Collaer et al., 2007; Voyer et al., 1995, 2017) 
and engage a distributed brain network, including parietal regions 
that have been associated with the ANS and spatial-numerical rep-
resentations. The first is the Judgment of Line Angle and Position 
Test (JLAP; Collaer et al., 2002) that is sensitive to visuospatial 
attention deficits that often result from damage to the right pari-
etal cortex (Benton et al., 1978; García-Sánchez et al., 1997; Tranel 
et al., 2009). The second is the Mental Rotation Test (MRT; Peters 
et al., 1995) that typically involves the top-down manipulation of 
images and is associated with widespread bilateral parietal activa-
tion (Carpenter et al., 1999). The third is a measure of visuospa-
tial working memory (Corsi Blocks), which is supported in part by 
parietal regions that are inferior to those typically associated with 
the ANS (e.g., angular gyrus; Chechlacz et al., 2014), although these 
areas might contribute to spatial-numerical representations (Göbel 
et al., 2006).

1.4  |  Current study

The current study tested the hypotheses that boys will have an ad-
vantage on the fractions number line and this advantage will be at 
least partially mediated by one or several spatial abilities. The hy-
potheses follow from the proposal that spatial and numerical magni-
tudes are supported by similar brain and cognitive systems and from 
the male advantage in spatial abilities. The hypotheses are consist-
ent with prior studies showing that boys and men often more ac-
curately place whole numbers on the visuospatial number line than 
do girls and women (Bull et al., 2013; Rivers et al., 2020; Thompson 
& Opfer, 2008), but any such sex difference might be influenced by 
level of expertise, that is, largest during the initial learning of the 
number line (Hutchison et al., 2019). We extend these studies to the 
fractions number line, assess students who are still learning frac-
tions, and provide a more thorough assessment than previous stud-
ies of the hypothesis that any associated sex differences are related 
to spatial abilities.

Although we anticipated sex differences, favoring boys, on 
all of the spatial measures included in the study and that these 
would contribute to a male advantage on the fractions number line 
(Thompson & Opfer, 2008), we were agnostic as to which spatial 
measure would emerge as the most relevant to number line per-
formance. Thus, in the context of our general a priori predictions, 
the assessments for specific spatial measures should be considered 
exploratory.

We also included a measure of fractions arithmetic that 
spanned the same magnitude range as was used for the number 
line. Procedural competencies should not be as dependent on spa-
tial-numerical representations as the number line (Hubbard et al., 
2005), although they are often predicted by visuospatial working 
memory (Li & Geary, 2017; Zhang et al., 2019). Still, inclusion of frac-
tions arithmetic provides a means to assess the discriminant validity 
of the results for the number line. Discriminant validity would be 

demonstrated if the spatial predictors of number line performance 
and any associated sex differences differed from those that emerged 
for fractions arithmetic.

2  |  METHODS

2.1  |  Participants

The sample consisted of 342 (169 boys) adolescents from two co-
horts of students enrolled in an ongoing sixth- to ninth-grade lon-
gitudinal study in collaboration with the public schools in Columbia 
MO (USA), and included aspects of their sixth- and seventh-grade 
assessments. Their mean age at the sixth-grade assessment was 
12 years and 3 months (SD = 4.51 months), and 13 years and 1 month 
(SD = 4.41) at the final seventh-grade assessment.

2.1.1  |  Demographics of the participants

Demographic information was obtained through a parent survey 
(n = 281). Parents reported on their child's sex/gender (male, female, 
I choose not to answer) and all chose male or female; for students 
whose parents did not return the survey, child sex was obtained 
from the schools that in turn obtained the information from parents. 
Eighty-eight percent of the students were non-Hispanic, 6% Hispanic 
or Latino, with the remaining unknown. The racial composition of the 
sample was 70% White, 14% Black, 3% Asian, 1% Native American, 
10% multi-racial, and the remaining unknown. Self-reported annual 
household income was as follows: $0–$24,999 (12%); $25,000–
$49,999 (18%); $50,000–$74,999 (12%); $75,000–$99,999 (22%); 
$100,000–$149,999 (19%); and $150,000+ (17%). Seventy-one per-
cent of the students had at least one parent with a college degree. 
Sixteen percent of families received food assistance, and six percent 
housing assistance. The intelligence (M  =  104.57, SD  =  13.09) and 
standardized seventh-grade mathematics (M  =  99.93, SD  =  18.92) 
and word reading (M = 104.30, SD = 13.22) achievement of the sam-
ple were average.

2.2  |  Fractions measures

The fractions number line and fractions arithmetic measures were 
from a broader assessment of the mathematical competencies and 
attitudes of sixth graders. The additional measures and tests that are 
not reported here can be accessed on the Open Science Framework 
(OSF; https://osf.io/fxu4c/​?view_only=e9ed1​203a1​1b4d7​2afe5​
01771​4f1cbd4). The fractions addition task was administered using 
paper and pencil, as was the number line task for the first cohort; for 
the second cohort, an electronic version of the number line task was 
developed in-house using Qualtrics (Provo, UT) and administered on 
iPads using the Qualtrics Offline App (http://www.qualt​rics.com). 
There were no cohort differences for mean absolute error on the 

https://osf.io/fxu4c/?view_only=e9ed1203a11b4d72afe5017714f1cbd4
https://osf.io/fxu4c/?view_only=e9ed1203a11b4d72afe5017714f1cbd4
http://www.qualtrics.com
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fractions number line task (p = .193) or number correct for fractions 
arithmetic (p = .531).

2.2.1  |  Fractions number line

Students were asked to sequentially place, one at a time, 10 frac-
tions on a 0-to-5 number line (10/3, 1/19, 7/5, 9/2, 13/9, 4/7, 8/3, 
7/2, 17/4, and 11/4). Target fractions were presented in large 
font and centered above the number line; Figure 1 shows the in-
struction screen for the iPad administration. There was a 4 min 
time limit to complete the 10 items. The order of administration 

was initially randomized, but the same sequence was used for all 
students. The students completed 94.4% of the lines in the al-
lotted time and responses to the remaining 5.6% were estimated 
based on the average of five imputed scores using the multiple 
imputations procedure in SAS (2014). Items were scored as the 
absolute error between the correct fraction location and student 
responses, that is, [|R − C| × 0.2], where R = response and C = cor-
rect placement. As a result, lower values represent more accu-
rate placements. The overall score was the mean of the 10 items 
(M = 0.17, SD = 0.14, α = 0.71). The estimation of students’ place-
ment strategies (below) was based on their actual placements, not 
the absolute error.

F I G U R E  1 Instruction screen for number line task. Note that the 0 1 2 3 4 5 numerals above the line were not present for the test items
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2.2.2  |  Fractions arithmetic

The items were sets of 12 addition (e.g., 1/3 + 1/6), 12 multiplica-
tion (e.g., ¼ × 1/8), and 10 division (e.g., 2 ÷ 1/4) problems. All of 
the numbers included in these problems were <5, as were 29 of the 
34 answers; in other words, the problems largely covered the same 
magnitudes as in the number line task. Students had 1 min for each 
operation. The score was the number of correctly solved problems 
(M = 12.50, SD = 7.56; α = 0.67).

2.3  |  Cognitive measures

The cognitive tasks were administered on iPads using customized 
programs developed through Inquisit by Millisecond (https://www.
milli​second.com); manuals and detailed descriptions are available on 
OSF (https://osf.io/qwfk6/). All of the tasks are standard measures 
of short-term and working memory, and various aspects of spatial 
ability.

2.3.1  |  Spatial ability

As noted, the first spatial ability measure was the JLAP (Collaer et al., 
2002, 2007). As shown in Figure 2, the task requires students to 
match the angle of a single line to 1 of 15-line options in an array 
below the target line. There are 20 test items presented sequentially, 
with students using the touch screen of an iPad to select the correct 
angle. There was a 10 sec time limit on each trial, with a self-paced 
inter-trial interval. The outcome was the number correct (M = 13.34, 
SD = 3.07).

The second measure was the MRT (Peters et al., 1995). On each 
of 24 trials, students viewed 3D images of 10 connected cubes. For 
each trial, there was a target image along with four choice options. 
The task was to select the two options that matched the target 
image, only rotated to various degrees. Four self-paced practice 
problems were administered, followed by two blocks of 12 problems 
each, with a time limit of 3 min per block. The MRT was scored as 
the number of problems on which the student chose both correct 
options (M = 8.80, SD = 4.18).

2.3.2  |  Spatial span

The Corsi Block Tapping Task was used as a measure of visuospatial 
working memory. Students were presented with a display of nine 
squares that appeared to be randomly arranged. The squares “lit up” 
in a predetermined sequence (constant across participants), and stu-
dents were asked to tap on the squares in the same order they were 
lit. The sequence length started at two squares (level = 2) and could 
increase to up to nine squares. Students had two attempts at each 
sequence length. If one of the sequences was recalled correctly, the 
next sequence level began; if both sequences at a level were recalled 
incorrectly, the task was terminated. The score was the total num-
ber of correctly recalled sequences across the whole task (M = 8.34 
SD = 1.87).

2.3.3  |  Digit span

The tasks included both forward and backward digit spans. The for-
ward assessment started with 3 digits and the backward with 2. For 

F I G U R E  2 Instruction screen for Judgment of Line Angle and Position Test (JLAP)

https://www.millisecond.com
https://www.millisecond.com
https://osf.io/qwfk6/
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each trial, students heard a sequence of digits at 1 sec intervals. The 
task was to recall the digit list by tapping on a circle of digits dis-
played on the iPad screen. If the response was correct (in digits and 
presentation order), the student advanced to the next level. If the re-
sponse was incorrect, the same level was presented a second time. If 
a consecutive error occurred, the student regressed one level. Each 
direction (forward and then backward) ended after 14 trials. The 
student's score was the highest digit span correctly recalled before 
making two consecutive errors at the same span length (M = 5.68, 
4.56, SD = 1.13, 1.20 for forward and backward, respectively).

2.3.4  |  n-back

The measure was an adaptive version of a single n-back task with 
letters, following Jaeggi et al. (2010). The student was shown a “tar-
get” letter and then a random sequence of 20 consonants (6 are 
target; 14 are not). The task was to indicate whether the currently 
presented letter was a target by tapping the screen or withholding a 
response when the target is not present. The target letter could be 
the first stimuli presented (N = 0) or the one that preceded the cur-
rently presented letter (N = 1) or one presented two (N = 2) or three 
(N = 3) trials that preceded it.

Each trial presented a letter for 500  ms, followed by a blank 
screen for 2,500 ms, and then by the next letter in the sequence. 
Students had the entire 3,000 ms to respond if they detected a tar-
get. After instructions and three 10-item practice blocks for levels 
N = 0 to N = 2, all participants started on level N = 0. Depending 
on performance, they moved up, stayed on the current level, or 
moved down a level for five total blocks (<3 errors—move up; 3–5 
errors—repeat level; >5 errors—move down). Performance feedback 
(% correct) was displayed after each block. Hits (H), Misses, False 
Alarms (FA), and Correct Rejections were recorded and summarized 
by block. The score was (H – FA)/(total blocks); M = 3.81, SD = 0.75.

2.4  |  Standardized measures

2.4.1  |  Intelligence

Students were administered the Vocabulary and Matrix Reasoning 
subtests of the Wechsler Abbreviated Scale of Intelligence (WASI; 
Wechsler, 1999). Based on standard procedures, subscale scores 
were used to generate an estimated full-scale IQ.

2.4.2  |  Achievement

Mathematics and reading achievement were assessed with the 
Numerical Operations and Word Reading subtests from the Wechsler 
Individual Achievement Test–Third Edition (Weschler, 2009), respec-
tively. The Numerical Operations items included basic arithmetic 
and continued through fractions, algebra, geometry, and calculus. 

The Word Reading assessment involved a measure of single word 
reading. Words begin with simple, one-syllable items and progress to 
more complex vowel, consonant, and morphology types.

2.5  |  Procedure

Sixth-grade assessments lasted approximately 45 min. Students in 
groups of 14 to 32 were administered the mathematics tests in their 
mathematics classroom (M age = 12.22 and 12.27 years, SDs = 4.79, 
4.20, respectively, for girls and boys, p = .194). The remaining meas-
ures were administered in sessions in seventh grade; the cognitive 
measures were administered in the first semester (M age  =  12.70 
and 12.75 years, SDs = 4.69, 4.17, respectively, for girls and boys, 
p = .208) and the intelligence (M = 12.95 and 12.99 years, SDs = 4.76, 
4.15, respectively, for girls and boys, p  =  .331) and achievement 
(M = 13.05 and 13.09 years, SDs = 4.66, 4.14, respectively, for girls 
and boys, p = .333) measures in the second semester. Each 45 min 
session occurred one-on-one in a quiet location in their school. 
Informed written consent was obtained from students’ parents, 
alongside assent obtained from adolescents for each assessment. 
This study was approved by the University of Missouri Institutional 
Review Board (IRB; Approval # 2002634).

2.6  |  Analyses

There were two key sets of analyses. We first used a Bayesian ap-
proach to identify the best cognitive predictors of performance on 
the fractions number line and fractions arithmetic measures. The 
critical questions were whether one or several of the JLAP, MRT, or 
Corsi measures emerged as predictors of number line but not frac-
tions arithmetic performance, and whether one of these measures 
mediated the anticipated advantage of boys on the number line. The 
second key set of analyses followed that used in the study number 
line placements for whole numbers (Barth & Paladino, 2011; Rouder 
& Geary, 2014; Slusser et al., 2013), that is, we fitted computational 
models indicative of logarithmic, linear, two-anchor, and three-an-
chor models to students’ number line placements. The approach is 
not as optimal as having students verbally report their problem-by-
problem strategic approaches (Fazio et al., 2016; Siegler et al., 2011). 
Nevertheless, the analyses allow for an initial assessment of whether 
boys and girls may have differed in these strategic approaches and 
an assessment of whether there were sex differences in placement 
accuracy for students using the same approach.

2.6.1  |  Bayesian models

The Bayesian regressions were implemented using the BayesFactor 
package in R (v0.9.12–4.2; Morey & Rouder, 2018). Default prior 
scales for standardized slopes were used, rscale  =  ½. Bayes factors 
provide information regarding whether the inclusion of specific 
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variables improves model fit above and beyond other specified 
variables and is more robust than standard linear regression with 
potential multicollinearity among predictors, as is the case for our 
measures. These analyses allowed us to determine if the set of pre-
dictors differed across the fractions measures and to reduce the 
number of potential mediators of any sex differences. In separate 
analyses, we selected the best combination of predictors of mean 
absolute error on the fractions number line task and number correct 
for the fractions arithmetic test, and subsequently used these in the 
analyses of sex differences.

The first set of Bayes factors are noted as MFNLm, where 
m = the specific set of predictors in the model (M) and comparisons 
as BFNLmn, with B representing the comparison ratio of Bayes fac-
tors between models m and n. BFNLm0 represents a contrast of the 
selected predictors to a null model with no predictors. To illustrate, 
the full model MFNL1 included the n-back, JLAP, and IQ measures 
(below) as predictors of fractions number line (FNL) performance. 
Each of these predictors was then iteratively dropped one-by-one 
and change in the odds of the model was evaluated. Dropping JLAP, 
for instance, resulted in model MFNL3 and the comparison to the 
full model as BFNL31. The latter resulted in a Bayes factor ratio of 
0.0596, which means that the model without JLAP was 5.96% as 
probable as the model with JLAP, or the model including JLAP was 
preferred 16.8 times to 1 (1/0.0596). As a rule of thumb, models 
that are less than 33% as probable (preferred 3 to 1 or less) without 
the variable provide evidence for retaining it, and models that are 
less than 10% as probable provide strong evidence for retaining it 
(Jeffreys, 1961; Raftery, 1995). We used the 33% criterion to retain 
variables (Kass & Raftery, 1995).

2.6.2  |  Strategy classification modeling

As was described in the introduction, students’ placements on the 
visuospatial number line fit several distinct patterns that can reflect 
their mental representation of the underlying magnitudes or strate-
gic approaches to making the placements. The four examined pat-
terns are logarithmic (log), linear, and two- and three-anchor. The 
two-anchor strategy involves using the endpoints as anchors to 
help situate the placement of the fractions, and the three-anchor 
strategy involves the same but with inclusion of a midpoint anchor 
(Barth & Paladino, 2011). Following Rouder and Geary (2014), we 
fitted student number line placements using mixed-effects modeling 
(nesting trials within students) with intercepts randomly varying. To 
facilitate model fitting, we first rescaled the 0-to-5 line to a 0-to-1 
line and then fitted four models to each students’ pattern of place-
ments; before the transform, 0 vales were changed to 0.0001, 2.5 
to 2.4999, and 5 to 4.999 to avoid model fit complications (i.e., log 
of 0). The first model served as a baseline (M1; linear model) with 
no number line placement transformations. The second model (M2; 
log model) was fitted with log transformed number line placements 
and correct locations. The third model (M3; 2-anchor model) was fit-
ted where Ø(x) is a log-odds transformation, that is, log[x/(1–x)]. The 

fourth and final model (M4; three-anchor model) was fitted where 
θ(x)  =  log(x/0.5–x) when x  <  0.5, and log(x–0.5/1–x) when x  ≥  0.5. 
More detailed descriptions of these models can be found elsewhere 
(Rouder & Geary, 2014), but are formalized as follows:

where for each model:

Strategy classifications for each student were contrasted by 
comparing observed number line placements versus model predic-
tions. As all models shared the same number of free parameters, 
the model with the smallest root mean squared error (RMSE) was 
retained as the most probable cognitive strategy used for each par-
ticular student.

3  |  RESULTS

As described below, the strategy classification analyses indicated 
that the placements of only three students were best fitted by the 
linear model. These students were dropped, and all subsequent anal-
yses are based on the remaining 339 (168 boys) students; the results 
do not change with the inclusion of these students. The dropping of 
these students ensured that all presented results are based on the 
same sample.

3.1  |  Sex differences in overall fractions 
performance

The first section identifies the best predictors of the accuracy of stu-
dents’ placements on the visuospatial number line (i.e., n-back, JLAP, 
and intelligence) and their performance in fractions arithmetic (i.e., 
n-back, intelligence, backward digit span, and Corsi blocks). The sec-
ond section describes sex differences, favoring boys, on the number 
line and fractions arithmetic, and reveals that these differences were 
mediated by JLAP and Corsi blocks, respectively.

3.1.1  |  Fractions performance

The potential predictors of fractions performance included digit 
span forward, digit span backward, n-back, intelligence, Corsi, JLAP, 
and MRT. As shown in the upper section of Table 1, the best set 

yij=�j+�xij+�ij (M1)

log(yij)=�j+�log(xij)+�ij(M2)

Ø(yij)=�j+�Ø(xij)+�ij(M3)

θ(yij)=�j+�θ(xij)+�ij(M4)

�j∼N(�0, �
2
�
)
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of predictors of the mean absolute error of students’ number line 
placements was the n-back, JLAP, and intelligence measures (alter-
native models are in the SOM). Dropping intelligence resulted in a 
model that was <1% as probable as the model that included it and 
dropping JLAP and n-back resulted in models that were 5.96% and 
1.32% as probable as the models with them. Thus, all measures were 
retained.

On the basis of the findings for fractions arithmetic (below) and 
to ensure that different visuospatial abilities are predicting number 
line and fractions arithmetic performance, we included the Corsi 
measure with these three variables. The model that included Corsi 
was only 60.68% as probable as the model without it. The model 
that included n-back, JLAP, and intelligence was preferred 11.79 to 
1 over the model that included n-back, Corsi, and intelligence (see 
SOM). To further increase our confidence in the JLAP result, we 

added MRT to the three core predictors, which produced a model 
that was 45.7% was probable as the model without it (Table 1). The 
model that included n-back, JLAP, and intelligence was preferred 
18.51 to 1 over the model that included n-back, MRT, and intelli-
gence (SOM). The combination provides strong evidence that JLAP 
is a better predictor of number line performance than Corsi or MRT.

As shown in the lower section of Table 1, the best set of predic-
tors of fractions arithmetic performance also included n-back and 
intelligence, as well as the backward digit span and Corsi measures. 
Dropping each of these measures in succession resulted in models 
that were <15% as probable as models with them, and thus all were 
retained.

Adding JLAP resulted in a model that was only 73.21% as prob-
able as the model without it. The model that included n-back, in-
telligence, backward digit span, and Corsi was preferred 20.86 to 
1 over the model that included n-back, intelligence, backward digit 
span, and JLAP (SOM). Adding MRT resulted in a model that was 
24.81% as probable as the model without it, suggesting MRT might 
contribute to the prediction of fractions arithmetic. However, the 
model that included n-back, intelligence, backward digit span, and 
Corsi was preferred 106.9 to 1 over the model that included n-back, 
intelligence, backward digit span, and MRT (SOM). On the basis of 
the latter result, we retained the four original predictors (i.e., n-back, 
intelligence, backward digit span, and Corsi).

Follow-up multi-level analyses using Proc Mixed (SAS, 2014) 
were used to further assess the specificity of these findings. All 
multi-level models used students as level 1 units and six schools as 
level 2 units, allowing intercepts to vary randomly for schools. We 
used the core variables identified in the Bayesian analyses and in-
cluded the two other visuospatial measures as predictors. So, num-
ber line accuracy was predicted by n-back, intelligence, and JLAP 
(as identified in the Bayesian analyses), and Corsi and MRT were in-
cluded to further assess the specificity of the relation between JLAP 
and fraction number line performance.

Lower mean absolute error on the fractions number line was 
associated with higher n-back, t(328)  =  −3.19, p  =  .002, JLAP, 
t(328)  =  −2.69, p  =  .008, and intelligence, t(328) −6.63, p  <  .001, 
scores, but was not related to performance on the Corsi, t(328) = 
−1.81, p = .071, or MRT, t(328) = −1.40, p = .161, measures. The same 
approach (including the variables identified in the Bayesian analyses 
and the two other spatial measures) revealed that better fractions 
arithmetic scores were associated with higher backward digit span, 
t(327) = 3.38, p = .001, n-back, t(327) = 2.63, p = .009, intelligence, 
t(327) = 4.88, p < .001, and Corsi, t(327) = 3.18, p = .002, scores, but 
not with performance on the JLAP, t(327) = 1.64, p = .102, or MRT, 
t(327) = 0.86, p = .392, measures.

One key finding is that independent of intelligence and perfor-
mance on commonly used measures of working memory (i.e., n-back, 
backward digit span), performance on the fractions number line and 
fractions arithmetic measures was related to different aspects of 
spatial ability. Performance on a measure of visuospatial attention 
(i.e., JLAP) emerged as a much better predictor of number line per-
formance than did performance on a spatial span task (i.e., Corsi), 

TA B L E  1 Bayes factor analyses of predictors of fractions 
number line and fractions arithmetic

Model: Fractions 
Number Line BFNLm0 Excluded BFNLm1

MFNL1 n-back +JLAP + 
Intelligence

8.97 × 1024 — 1

MFNL2 n-back +JLAP 1.31 × 1013 Intelligence .0000

MFNL3 n-back 
+Intelligence

5.35 × 1023 JLAP .0596

MFNL4 JLAP 
+Intelligence

1.18 × 1023 n-back .0132

Added

MFLN5 n-back +JLAP + 
Intelligence +Corsi

5.45 × 1024 Corsi .6068

MFLN5 n-back +JLAP + 
Intelligence +MRT

4.10 × 1024 MRT .4570

Model: Fractions 
Arithmetic

 BFAm0  Excluded BFAm1

MFA1 DSB +n-back 
+Corsi + Intelligence

1.96 × 1023 — 1

MFA2 DSB +n-back 
+Corsi

4.70 × 1017 Intelligence .0000

MFA3 DSB +n-back 
+Intelligence

5.23 × 1021 Corsi .0267

MFA4 DSB +Corsi + 
Intelligence

2.88 × 1022 n-back .1468

MFA5 n-back +Corsi + 
Intelligence

2.89 × 1021 DSB .0147

Added

MFA6 DSB +n-back 
+Corsi + Intelligence 
+JLAP

1.44 × 1023 JLAP .7321

MFA7 DSB +n-back 
+Corsi + Intelligence 
+MRT

1.84 × 1021 MRT .2481

Abbreviations: DSB, Digit Span Backward; Corsi, Corsi Block Tapping 
Task; JLAP, Judgment of Line Angle and Position Test; MFNL, Models 
for fractions number line; MFA, Models for fractions arithmetic.
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whereas spatial span emerged as a much better predictor of frac-
tions arithmetic than did visuospatial attention. Thus, the JLAP and 
Corsi measures were assessed as potential mediators of sex differ-
ences on the fractions measures (below).

3.1.2  |  Sex differences

Table 2 shows sex differences for the fractions measures, the cogni-
tive measures that were retained based on the Bayesian analyses 
and the achievement tests; correlations among these measures are 
in the Appendix. Sex differences were assessed with multi-level 
models. The core prediction of a male advantage on the number line 
was confirmed (p = .013, d = −0.22). As shown in the density plots 
in Figure 3, boys had smaller placement errors than did girls. The 
advantage for boys also extended to fractions arithmetic (p =  .03, 
d = 0.23), which indicates that a sex difference on the fractions num-
ber line in and of itself is not sufficient evidence for a number-spatial 
foundation for representing the mental number line.

In other words, Thompson and Opfer (2008) predicted (but did 
not directly assess) that boys would make more accurate placements 
on the number line than would girls because of boys’ advantage in 
spatial abilities. The results thus far are consistent with this predic-
tion but the finding of a sex difference for fractions arithmetic leaves 
open the possibility that boys’ advantage on the number line is due 
to a general advantage in fractions knowledge rather than directly 
related to visuospatial abilities.

The Bayesian analyses, however, suggested that boys’ advan-
tage on the number line could be related to their advantage in vi-
suospatial abilities. This is because the Bayesian analyses indicated 
that JLAP was strongly predictive of fractions number line but, 
critically, not fractions arithmetic performance, controlling other 

identified predictors (e.g., n-back, intelligence). Moreover, boys had 
an advantage on the JLAP (p <  .001), d = 0.45, and it was signifi-
cantly correlated with number line performance (r = −.34, p < .001). 
A mediation analysis using the lavaan package in R (Rosseel, 2012) 
revealed that performance on the JLAP fully mediated boys’ advan-
tage on the number line. The associated path estimates and indirect 
effect of sex on fractions number line performance are shown in 
Figure 4.

Corsi was the only task to emerge as a predictor of fractions 
arithmetic performance that showed a sex difference, favoring 
boys (p = .018), d = 0.24. A post hoc analysis revealed that perfor-
mance on the Corsi task was significantly correlated with fractions 
arithmetic (r =  .35, p <  .001), and fully mediated boys’ advantage 
in fractions arithmetic. The associated path estimates and indirect 
effect of sex on fractions arithmetic performance are shown in 
Figure 5.

3.2  |  Sex differences in placement strategies

Students’ placement strategies were first restricted to the linear and 
log models that have been extensively studied in the context of whole 
number placements on the visuospatial number line. Here, 56% (190, 
100 boys) of the students were better fitted by the linear model and 
44% (152, 69 boys) by the log model, as is typically found for school-
age students (e.g., Thompson & Opfer, 2008). With consideration 
of all four models, the placements of only three students (2 girls) 
were best fitted by the linear model and, thus, these students were 
dropped because their numbers were too small to assess any potential 
sex differences. Of the remaining students, the placements of 23% 
(77, 30 boys) of them were best fitted by the log model and 14% (47, 
26 boys) and 63% (215, 112 boys) were best fitted by the two- and 

Girls Boys

Measure M (SD) M (SD) t p d

Fractions number line 0.19 (0.13) 0.16 (0.14) 2.49 .013 −0.22

Fractions arithmetic 11.63 (7.49) 13.34 (7.52) 2.17 .030 0.23

Digit span: Backward 4.59 (1.18) 4.54 (1.22) 0.10 .921 −0.04

n-back 3.77 (0.70) 3.86 (0.80) 1.27 .205 0.12

Corsi 8.10 (1.99) 8.55 (1.71) 2.37 .018 0.24

JLAP 12.66 (3.05) 14.04 (2.96) 4.22 .001 0.45

Intelligence 104.23 (13.65) 104.98 (12.62) 0.99 .324 0.06

7th-Grade Numerical 
Operations

99.28 (18.80) 100.74 (19.08) 1.15 .252 0.08

7th-Grade Word 
Reading

103.93 (13.40) 104.74 (12.95) 0.86 .391 0.06

Note: The score for fractions number line is absolute percent error and thus lower scores represent 
better performance. d = mean difference/(pooled SD). Positive d values represent higher scores for 
boys. The sex differences were tested using multi-level models, with students nested in schools, 
df = 332.
Abbreviation: JLAP, Judgment of Line Angle and Position Test.

TA B L E  2 Mean sex differences for core 
variables
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three-anchor models, respectively. Table 3 shows the mean root mean 
square error (RMSE) or model fits for these students.

Figure 6 shows the pattern of placements for boys and girls in each 
of these groups. There was no sex difference in the frequency of boys 
and girls across these strategies, χ2(2) = 4.64, p = .099, suggesting, at 
least within the limitations of this approach, that boys’ advantage was 
not due to different strategic approaches to number line placements. 
There were not enough students in the log and two-anchor groups to 
examine sex differences, but multi-level analyses for the three-anchor 
group showed that boys had smaller errors than did girls, as shown in 
Table 4. In fact, the average placement of boys in this group was close 
to linear, but with enough subtle within-line variation in placements to 
suggest the use of the three-anchor strategy.

Next, we used a logistic regression to classify students into 
the log and three-anchor groups using n-back, intelligence, and 
JLAP as predictors; we excluded the two-anchor group due to 
the relatively small sample size. These analyses provided insight 
into whether one or several of the predictors of individual differ-
ences in the accuracy of number line placements are also import-
ant for predicting broader strategic approaches to the task. The 
students in the log group (M = 3.56, SD = 0.71) had lower n-back 
scores than those in the three-anchor group (M = 3.92, SD = 0.75), 
p < .001, d = −0.47. The same was found for intelligence (M = 97.75, 
SD  =  12.42, M  =  107.25, SD  =  12.34, respectively), p  <  .001, 
d = −0.73, and JLAP, (M = 11.96, SD = 2.76, M = 13.95, SD = 2.99, 
respectively), p < .001, d = −0.65.

F I G U R E  3 Density plots of the distributions of the accuracy of boys’ and girls’ fractions number line placements

F I G U R E  4 Sex differences on JLAP (Judgment of Line Angle and Position) fully mediated the sex difference for accuracy of placements 
on the fractions number line. Significant effects are in bold
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The initial logistic results revealed that n-back was not a sig-
nificant predictor of group membership (p = .265), controlling in-
telligence and JLAP, and was dropped. Using only intelligence and 
JLAP, the classification of students as using the log or three-an-
chor strategy was significant, Wald χ2(2) = 35.32, p < .001, as were 
the estimates for intelligence, χ2(1)  =  16.13, p  <  .001, and JLAP, 
χ2(1) = 10.76, p = .001. A 1 SD increase in JLAP scores resulted in 
a 18.4% increase in the odds of being in the three-anchor group, 
controlling intelligence, whereas a 1 SD increase in intelligence re-
sulted in a 4.9% increase in the odds of being in the three-anchor 
group, controlling JLAP. Overall, 74.2% of students were correctly 
classified into their strategy group. The Cohen's d of the log odds 
of group membership is identical to the multivariate Mahalanobis 
distance (i.e., multivariate d) and was large, d = 0.92 [95% CI = 0.61 
to 1.21]. These analyses provide an additional confirmation that, 
independent of any sex differences, performance on the JLAP is 
an important differential predictor of performance on the frac-
tions number line, potentially related to competence at mentally 
segmenting the line and using anchors to facilitate placements on 
the line.

4  |  DISCUSSION

Independent of working memory and intelligence, a measure of 
visuospatial attention predicted individual and sex differences in the 
accuracy with which fractions magnitudes were placed on the visu-
ospatial number line. Visuospatial attention might have also contrib-
uted to the adoption of the sophisticated three-anchor strategy for 
making dynamic number line placements but did not contribute to 
individual or sex differences in fractions arithmetic, controlling other 
factors. We discuss the implications in terms of overall performance 
on the visuospatial number line and strategic approaches to number 
line placements.

4.1  |  Number line performance

The learning of fractions concepts and to correctly use procedures 
during fractions arithmetic is central to children's mathematical 
development (National Mathematics Advisory Panel, 2008), but 
is a prolonged and difficult undertaking (Siegler & Lortie-Forgues, 
2017). There are multiple reasons for this, including interference 
from whole number learning (e.g., whole number multiplication 
results in larger products, whereas fractions multiplication results 
in smaller ones). From a broader perspective, the learning is dif-
ficult because the content is evolutionarily novel. Intelligence and 
working memory are important from this perspective because they 
have been framed as evolved systems for coping with variation and 
change or novelty within and across lifetimes (Geary, 2005). Much 
of the academic learning that occurs in schools is novel and thus 
intelligence and working memory are expected to contribute to in-
dividual differences in the rate of academic learning (Geary, 2008; 
Paas & Ayres, 2014; Sweller et al., 2019), and this was the case for 

F I G U R E  5 Sex differences on the Corsi Block Tapping Task fully mediated the sex difference for fractions arithmetic. Significant effects 
are in bold

TA B L E  3 Mean RMSE for students classified into the strategy 
groups

Strategy group

Root mean square error (Model fit)

Linear Log 2-Anchor 3-Anchor

Log 0.1890 0.1260 0.3114 0.2006

2-Anchor 0.1381 0.1528 0.0891 0.1133

3-Anchor 0.1481 0.1781 0.1174 0.0702

Bold values represents the smallest number in each column is the 
preferred model.
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the fractions competencies assessed here and for mathematics gen-
erally (Geary et al., 2017; Lee & Bull, 2016).

Whether or not we take an evolutionary perspective, the empir-
ical control of intelligence and working memory strengthens the ev-
idence for unique contributions of visuospatial abilities to fractions 
learning. The critical result was the finding that performance on the 
JLAP—a measure that is sensitive to the visuospatial attention sys-
tems supported (in part) by parts of the right parietal cortex (Benton 
et al., 1978; García-Sánchez et al., 1997; Tranel et al., 2009)—was 
uniquely predictive of accuracy of number line placements and was 
more important than was the Mental Rotation Test or visuospatial 
working memory. The combination suggests that visuospatial atten-
tion is more important than other spatial abilities for the accurate 
placement of fractions on the visuospatial number line. This finding 
is consistent with prior neuropsychological and experimental stud-
ies of the functioning of the underlying parietal brain regions and 
accuracy of positioning whole numbers along a continuum (Longo & 
Lourenco, 2007; Zorzi et al., 2002, 2012).

The sex differences on the fractions number line are consis-
tent with previous studies and relatively small in magnitude (Bull 
et al., 2013; Hutchison et al., 2019; Rivers et al., 2020; Thompson 
& Opfer, 2008). For sixth graders’ placements of whole numbers on 

the visuospatial number line, Hutchinson et al. found that boys had 
an advantage on both the 0–100 (d = −.27) and 0–1000 (d = −.23) 
line. The magnitude of these sex differences is consistent with our 
finding for the fractions number line (i.e., d = −.22). Our finding that 
boys had an advantage on the JLAP is also consistent with previous 
results (Collaer et al., 2002; Gur et al., 2000), and the combined find-
ings are consistent with the predicted relation between spatial abil-
ities and number line performance (Gilligan et al., 2019; Thompson 
& Opfer, 2008). The sex difference on the number line emerged be-
cause boys were able to make more precise fraction magnitude to 
visuospatial number line mappings that, in turn, were mediated by 
their advantage on the JLAP.

Collaer and Nelson (2002) suggested the sex difference on the 
JLAP may be due to boys’ and men's greater allocation of attention 
to Euclidean features of space as related to navigation, which would 
result in a heightened sensitivity to directional orientation (Goyette 
et al., 2012); for instance, implicitly understanding that moving from 
the current location to the desired one requires orienting 30 degrees 
westward and maintaining that orientation during travel. Even if the 
JLAP is sensitive to an evolved bias in the systems that support rel-
ative orientation during navigation, the development of these com-
petencies and any associated sex differences is almost certainly also 

F I G U R E  6 Plots of boys’ and girls’ placements on the 0-to-5 fractions number line for students characterized as using log, two-anchor, 
and three-anchor strategies, respectively

Girls Boys

Measure M (SD) M (SD) t p d

Fractions number 
line

0.14 (0.11) 0.11 (0.11) 2.10 .037 −0.27

n-back 3.87 (0.70) 3.97 (0.80) 1.06 .290 0.13

JLAP 13.34 (2.83) 14.51 (3.03) 2.93 .004 0.39

Intelligence 107.34 (13.41) 107.16 (11.33) 0.40 .686 −0.01

Note: The score for fractions number line is absolute percent error and thus lower scores represent 
better performance. d = mean difference/(pooled SD). Positive d values represent higher scores for 
boys.
Abbreviation: JLAP, Judgment of Line Angle and Position Test.

TA B L E  4 Sex differences in the three-
anchor group
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influenced by spatial experiences during development (Geary, 2021; 
Levine et al., 2005).

Whatever the contributing factors, accurate placements on 
the number line require precise angular orientation as students 
move their hands to position the numeral on the line (Dotan & 
Dehaene, 2016; Kim & Opfer, 2018). Boys’ heightened ability to 
attentionally focus on subtle deviation in the angular orientation 
of environmental cues appears to provide them with an advantage 
in precisely situating numerals on visuospatial representations of 
the mathematical number line. This conclusion must be considered 
tentative, however, and in need of replication. This is because our 
finding for the JLAP and number line performance was not based 
on an a priori prediction, that is, we anticipated a spatial contri-
bution to boys’ advantage on the number line but did not know 
which spatial ability would emerge as the most critical to number 
line performance.

The results for fractions arithmetic were unexpected be-
cause sex differences in computational arithmetic typically favor 
girls (Hyde et al., 1990), although most of these studies have fo-
cused on whole number computations (Marshall & Smith, 1987). 
Even with the unexpected sex difference, the critical finding is 
that boys’ advantage was not related to the sex difference on the 
JLAP that in turn provides discriminant validity for its relation to 
fractions number line performance. Individual differences in frac-
tions arithmetic were predicted by a combination of intelligence 
and working memory measures, including visuospatial working 
memory. The latter is often associated with general mathematics 
achievement (Li & Geary, 2017), but the specific relation between 
this form of working memory and fractions arithmetic has not been 
well studied (Peng et al., 2016). The specificity of the relation be-
tween visuospatial working memory and fractions arithmetic per-
formance, as well as the associated sex differences would benefit 
from replication.

The overall results also point to specificity in the relations be-
tween visuospatial abilities and mathematics learning and achieve-
ment, and any associated sex differences. The specificity is shown 
in this study with the finding that performance on the number line 
was predicted by the JLAP and not by visuospatial working memory, 
whereas fractions arithmetic was predicted by the latter and not 
the former. In the broader literature, performance on the Mental 
Rotation Test is often correlated with performance in more com-
plex mathematical domains (e.g., word problems, the mathematics 
section of the SAT), and appears to contribute to sex differences in 
these domains (Casey et al., 1997; Geary et al., 2000; Halpern et al., 
2007). Most of these previous studies only used a single measure of 
spatial ability and often general measures of mathematics achieve-
ment, which would obscure any more specific relations between 
different spatial abilities and performance in different mathemati-
cal domains. Placed in the context of the broader literature, our re-
sults suggest more nuance in the relation between sex differences 
in mathematics and spatial abilities than is commonly appreciated 
and calls for more fine-grain assessments of these relations in fu-
ture studies.

4.2  |  Strategic approaches

Recent studies suggest that the process of situating whole numbers 
and fractions on the visuospatial number line is dynamic, whereby 
any bias to separate smaller values and compress larger ones (i.e., 
the logarithmic pattern) is inhibited in favor of some type of strategic 
approach to make the placements more linear (Dotan & Dehaene, 
2016; Kim & Opfer, 2018; Siegler et al., 2011). A dynamic approach 
allows for multiple influences on the process of placing numerals 
on the number line, including room for inherent biases and use of 
strategies to enable more linear placements. The current study does 
not address the details of these dynamics but provides evidence for 
something similar to a logarithmic pattern of placements among the 
lower-achieving students in our sample and the use of endpoint and 
midpoint anchors for higher-achieving ones.

The number line placements of students in the log group 
(Figure 6) are consistent with the often-found logarithmic pattern 
up through 2, but the placements for higher values are near the mid-
point of the line. We cannot be certain, but such a pattern could 
emerge if many of these students were unsure about the magnitudes 
represented by our larger-valued fractions (e.g., 17/4) and thus made 
an informed guess as to where they should be situated on the line. 
Any such guesses were informed and not random because most of 
the placements were beyond the midpoint of the line, which indi-
cates they knew the values were relatively large but were not yet 
able to place them accurately. Verbal reports of the specific strate-
gies used in making these placements will be needed to more fully 
understand how these students were mapping larger-valued frac-
tions (e.g., based on the size of the numerator or denominator) to 
the number line (Siegler et al., 2011). Whatever strategy they were 
using, the accuracy of placements around and larger than the mid-
point would have been improved had they used an anchor strategy 
(Barth & Paladino, 2011; Rouder & Geary, 2014; Slusser et al., 2013), 
assuming they understood the magnitude of larger-valued fractions 
(Siegler et al., 2011).

It is not clear why they had not adopted this approach when the 
majority of their peers had, but the logistic regression suggested 
that their relatively lower (but still average) intelligence and visuo-
spatial attention (JLAP) might have been contributing factors. The 
finding that working memory (i.e., n-back) emerged as a predictor 
of individual but not group differences in number line performance 
suggests it might be more important during the act of making place-
ments than for adopting an anchor strategy. Intelligence is likely to 
be related to how quickly students realize that the smaller-to-larger 
structure of the mental number line can be analogically mapped 
onto visuospatial representations of the mathematical number line 
(Sullivan & Barner, 2014), and most of these students appear to have 
made this mapping (e.g., smaller-valued fractions are placed at the 
left of the line). Intelligence might also be related to the ease with 
which students discover the usefulness anchors in making number 
line placements. The effect for the JLAP was even stronger than 
that for intelligence. The implication is that the visuospatial atten-
tional abilities that support people's ability to represent and bisect 
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the mental number line might also, in combination with intelligence, 
contribute to the discovery of strategic approaches to dealing with 
the mathematical number line.

On this view, we might have expected boys to use more sophisti-
cated placement strategies than girls, but this is not what we found. 
However, our computational models should be interpreted as rela-
tively coarse measures of strategic approaches and verbal reports of 
the varied ways in which people process fractions magnitudes may 
reveal more subtle sex differences (Fazio et al., 2016; Siegler et al., 
2011). Whatever the strategic approaches, the sex difference for 
number line performance is found during the process of moving from 
novice to expert and becomes smaller as most students learn the line 
and make accurate placements (Hutchison et al., 2019; Thompson 
& Opfer, 2008). The common use of the three-anchor strategy and 
relatively low placement errors for the majority of our students indi-
cates that the overall sample was well along the path to expertise, at 
least with respect to understanding fractions along the 0-to-5 num-
ber line. Longitudinal studies will be needed to determine if boys 
adopt the two- and three-anchor strategies–or other approaches to 
segmenting the line–earlier than girls, and if the developmental sex 
differences in fractions number line learning follows that found for 
whole numbers (Hutchison et al., 2019); specifically, whether the sex 
differences on the fractions number line will eventually disappear.

4.3  |  Limitations and conclusions

The correlational nature of the data precludes causal statements. 
Although we assessed a much broader array of spatial and cognitive 
abilities as potential predictors of number line performance than is 
typical in this literature, there may be other factors that we did not 
include. Based on findings for whole numbers, we anticipated that 
boys would have an advantage on the fractions number line and that 
this advantage would be mediated by spatial abilities but were ag-
nostic as to which spatial measure would emerge as the most critical. 
Thus, as noted, the findings for the JLAP are consistent with prior 
studies (Longo & Lourenco, 2007; Zorzi et al., 2002), but should be 
considered exploratory and in need of replication. Despite these 
limitations and caveats, the study provided a more thorough assess-
ment of the relation between spatial ability, number line learning, 
and associated sex differences than has heretofore been conducted. 
The results add nuance to our understanding of the specific visu-
ospatial abilities that contribute to learning the evolutionarily novel 
number line and provide directions for follow-up studies.
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APPENDIX 

TABLE A1 Grand means and correlations among the core variables.

Measure M (SD) 1 2 3 4 5 6 7 8 9 10

1. Fractions number 
line

0.17 (0.14) 1.00

2. Fractions arithmetic 12.47 (7.55) −.58 1.00

3. Digit span: 
Backward

4.56 (1.20) −.30 .38 1.00

4. n-back 3.81 (0.75) −.36 .34 .25 1.00

5. Corsi 8.32 (1.87) −.29 .35 .25 .31 1.00

6. JLAP 13.34 (3.08) −.34 .30 .24 .28 .28 1.00

7. Intelligence 104.60 (13.14) −.51 .47 .41 .34 .30 .33 1.00

8. 7th-Grade 
Numerical 
Operations

100.00 (18.92) −.59 .70 .38 .33 .33 .33 .55 1.00

9. 7th-Grade Word 
Reading

104.33 (13.17) −.42 .41 .42 .27 .17 .26 .56 .50 1.00

10. Gender — −.11 .11 −.03 .06 .12 .22 .03 .04 .03 1.00

Note: Correlations > .10 are significant (ps < .05).


