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Abstract: An accumulating body of literature points to a link between spatial reasoning and mathemat-
ics learning. The present study contributes to this line of research by investigating sex differences both
in spatial representations of magnitude and in the use of arithmetic strategies, as well as the relation
between the two. To test the hypothesis that sex differences in spatial-numerical magnitude knowl-
edge mediate sex differences in the use of advanced strategies (retrieval and decomposition), two
studies were conducted. Study 1 included 96 US first graders (53% girls); Study 2 included 210 Russian
first graders (49% girls). All participants completed a number line estimation task (a spatially based
measure of numerical magnitude knowledge) and an arithmetic strategy task (a measure of strategy
choice). The studies showed parallel results: boys produced more accurate numerical magnitude
estimates on the number line estimation task and used advanced strategies more frequently on the
arithmetic task. Critically, both studies provide support for the mediation hypothesis (although there
were some differences in the pattern obtained for the two strategies). The results are discussed in the
context of broader research about the relation between spatial and mathematical skills.

Keywords: numerical magnitude; number line; spatial-numerical; arithmetic strategy; sex differences

1. Introduction

Early mathematics skills are among the strongest predictors of academic achievement
and broader life success, more so than reading skills (Duncan et al. 2007; National Mathe-
matics Advisory Panel 2008). Thus, differences in early math skills may have substantial
implications for later achievement. Around first grade, sex differences favoring boys begin
to emerge in some, but not all, areas of mathematics (Fischer and Thierry 2022; Hyde et al.
2008; Lindberg et al. 2010). In fact, a recent investigation that examined multiple numerical
skills in children 613 years of age concluded that boys” advantage is the exception rather
than a rule (Hutchison et al. 2019). In light of this evidence, the best way to advance
actionable knowledge about sex differences in mathematics is to focus on the skills that
comprise the exception. One notable exception is boys’ advantage in early arithmetic,
especially in the use of more advanced arithmetic strategies. Among several factors that
may contribute to this sex difference in early strategy use, sex-based variability in spatial
reasoning is a particularly likely candidate.

A substantial body of research has documented that (a) spatial skills are strongly pre-
dictive of math skills, including arithmetic problem solving (Gunderson et al. 2012; Hawes
et al. 2019; Mix and Cheng 2012; Mix 2019; Wai et al. 2009; Xie et al. 2020); (b) boys tend to
have an advantage in spatial skills (Voyer et al. 1995; Levine et al. 2016); and (c) boys engage
spatial reasoning to a greater extent when solving math problems (Geary et al. 2023). The
primary emphasis of this work has been on identifying the role of general spatial reasoning,
using tasks such as mental rotation, in children’s math performance. A complementary
approach is to focus on measures that link spatial reasoning and numerical knowledge,
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which may illuminate more proximal mechanisms of sex differences in arithmetic problem
solving. A number line estimation task is such a measure of spatial-numerical knowledge;
it captures numerical magnitude understanding by mapping it onto spatial magnitude
(i.e., distance). This task has consistently revealed sex differences whereby boys produce
more accurate numerical estimates than girls (Gunderson et al. 2012; Hansen et al. 2015;
Hutchison et al. 2019; LeFevre et al. 2010; Reinert et al. 2017; Thompson and Opfer 2008;
Tian et al. 2022). In the present study, we consider sex differences in spatial-numerical
knowledge, rather than in general spatial skills, in relation to arithmetic problem solving.

Most investigations that have examined the association between spatial-numerical
knowledge and arithmetic utilized measures of accuracy, rather than strategy choice. Yet,
there is growing recognition of the contribution of arithmetic strategies; the way children
solve problems has been found to be more predictive of later mathematics achievement
than their accuracy (Geary 2011; Torbeyns et al. 2005). Furthermore, sex differences in
arithmetic strategy use are even larger than concurrent sex differences in accuracy (Casey
and Ganley 2021). The present study tested the hypothesis that boys” advantage in spatial-
numerical knowledge might be a possible mediational mechanism for sex differences found
in advanced arithmetic strategy use among first graders.

1.1. Arithmetic Strategies

In a prominent developmental theory (The Overlapping Waves Theory, Siegler 1996),
cognitive development is characterized by the acquisition of new problem-solving strate-
gies and increasingly adaptive choice among available strategies in ways that maximize
efficiency and accuracy. Within this theory, arithmetic development is marked by greater
use of more advanced strategies over time. Children initially solve arithmetic problems us-
ing counting—first with fingers and later mentally (Secada et al. 1983; Siegler and Robinson
1982). Yet, counting strategies are laborious and error-prone, particularly when problems in-
volve multi-digit numbers. Therefore, it is essential for children to move toward using more
advanced arithmetic strategies—retrieval and decomposition (Geary et al. 2004; Siegler
1987). Retrieval refers to the recall of memorized number facts, which works effectively
until children encounter more complex, unfamiliar problems. Even for adults, memorizing
number facts beyond those involving single digits would put an unnecessary burden on
the memory system. So, for children to engage in more complex problem solving they must
acquire a new strategy.

Decomposition, sometimes referred to as derived math fact strategies (Dowker 2014)
or fact-utilizing strategies (Gaidoschik 2012), is considered one of the most advanced arith-
metic strategies because it has several advantages over other computational approaches.
This approach involves problem solving where children use arithmetic facts they already
know to solve unfamiliar problems. For example, a child asked to solve 6 + 5, may think,
“Tknow 5 + 5 =10, so 6 + 5 must be one more than 10, so the answer to 6 + 5is 11.” This
strategy allows children to mentally figure out the answer to problems they did not know
how to solve previously, including mixed and double-digit problems, and can be applied
to a wide range of problems (Ashcraft and Stazyk 1981). Furthermore, it requires active
problem solving where children manipulate the initial numbers to transform them (Baroody
and Dowker 2003). Thus, it provides an early practice ground for thinking about numbers
in flexible ways that extend to later mathematics. It is, therefore, not surprising that early
use of decomposition predicts math skills concurrently and longitudinally (Carr et al. 2008;
Casey et al. 2015; Casey et al. 2017; Geary 2011; Geary et al. 2004). A longitudinal study
showed that the use of decomposition in first grade was the key factor predicting math
competency through middle school (Geary et al. 2023).

1.2. Sex Differences in Arithmetic Strategies

There is evidence of sex-related variability in the use of arithmetic strategies starting
in early elementary school. In particular, boys use retrieval and decomposition more fre-
quently than girls (Carr et al. 2008; Geary 2011; Geary et al. 2004; Imbo and Vandierendonck
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2007). Instead, girls generally are more likely than boys to use the counting strategy (Carr
and Davis 2001; Carr and Jessup 1997; Fennema et al. 1998). This pattern of sex differences
may have implications for girls’ later math achievement. A longitudinal investigation
showed that greater frequency of using decomposition in first-grade girls was associated
with higher math reasoning skills four years later (Casey et al. 2015).

With an increasing recognition of the importance of early arithmetic strategies for
subsequent math learning, the phenomenon of sex differences in strategy use needs to be
explored in greater depth, especially considering some limitations of the current literature.
First, in existing studies, advanced strategies are often lumped together. For example,
several studies that found a male advantage in the use of advanced strategies combined
decomposition into a single category with retrieval and /or mental counting (Gaidoschik
2012; Carr and Alexeev 2011; Carr and Davis 2001). Given the unique role of decomposition
in predicting math learning, it is important to examine sex differences specifically in
decomposition, separate from other types of advanced strategies. One recent study that
analyzed each strategy separately did report sex differences favoring boys in the use of
decomposition among Danish elementary school students (Sunde et al. 2019). Yet, this
study included only single-digit arithmetic problems; further work would have to include a
broader range of problems to achieve a more comprehensive view of sex-related variability
in strategy choice.

Another way to extend the current literature is to go beyond documenting a sex
difference in strategy use toward a greater understanding of potential antecedents of this
phenomenon. What could account for a greater tendency in boys, compared to girls, to
select more advanced strategies (i.e., retrieval and decomposition) among other possible
approaches (i.e., counting) to solving arithmetic problems? We propose that it may be
boys” advantage in spatial-numerical skills that contributes to their greater use of advanced
problem-solving strategies when doing early arithmetic. Specifically, we hypothesize that
sex differences in children’s choice of advanced strategies may stem from the relation
between spatially based number magnitude knowledge and strategy use.

1.3. Potential Influence of Numerical Magnitude Estimation on Arithmetic Strategies

There is a general consensus that numerical magnitude knowledge is foundational for
math learning (Schneider et al. 2017; Siegler and Opfer 2003). Key theories of numerical
cognition propose that numerical magnitude is represented spatially in the mind, along
a mental number line (Case et al. 1996; Dehaene 2011; Siegler and Lortie-Forgues 2014;
Sowder 1992). Such representations become more precise with age and experience, increas-
ingly reflecting the interval property of the number system (Berteletti et al. 2010; Laski and
Siegler 2007; Siegler and Opfer 2003). More accurate spatial-numerical representations can
be expected to facilitate performance across a variety of numerical tasks by providing cues
about distance between numbers.

In the domain of arithmetic specifically, numerical magnitude knowledge has been
theorized to facilitate problem solving by constraining the search space for answer choices
(Booth and Siegler 2008; Laski and Yu 2014). In children’s initial attempts to use retrieval,
they invariably produce both correct and incorrect responses. Children with a better
understanding of relative numerical magnitudes should be more likely to select among
answers that would be plausible given the magnitudes of the addends (e.g., 8 + 4 cannot
make 6 or 30), than to search the full range of known numbers. This constrained search
space should lead to a greater probability of retrieving a correct response to a given problem,
which, in turn, leads to a stronger memory association between the problem and its answer
(Shrager and Siegler 1998). Once the association is established with the support of numerical
magnitude knowledge, retrieval then becomes an automatic memory process.

Consistent with this view, children with more accurate mental representations of
numerical magnitude generate responses to arithmetic problems that are closer to the
actual sum, compared to those with poorer number magnitude knowledge (Booth and
Siegler 2008; Geary 2011; Laski et al. 2016; Laski and Yu 2014; Schiffman and Laski 2018;
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Siegler and Ramani 2009). Furthermore, recent studies provide evidence that children
with better numerical magnitude knowledge use retrieval more frequently than those
with poorer numerical magnitude knowledge to generate accurate answers to single-digit
arithmetic problems (Vanbinst et al. 2015).

Because magnitude knowledge limits the “search space” for accurate responses, we
posit that it can facilitate not only retrieval, but also a decomposition strategy. To our
knowledge, there are no studies establishing a relation between numerical magnitude
knowledge and decomposition. Yet, if numerical magnitude knowledge constrains the
search for answers at each step of executing decomposition (e.g., decomposing single-digit
addends or combining the tens and ones in a multi-digit number), it should have a similar
or even greater effect on the use of decomposition strategies.

Furthermore, there are additional ways in which mental representations of numerical
magnitude may have a particular effect on the execution of the decomposition strategy.
One is that it offers a framework for moving along a spatial continuum when breaking
down and recombining numbers. This possibility is supported by evidence suggesting
that people rely on the mental number line to increase or decrease numeric magnitude
when adding or subtracting. In particular, eye-tracking studies show that during mental
arithmetic, individuals’ visual attention shifts as though moving along a number line—to
the right when doing addition and to the left when doing subtraction (Knops et al. 2009;
Pinhas and Fischer 2008). Another is that because spatial representations of numerical
magnitude have been shown to aid children’s memory for numbers (Thompson and Siegler
2010), this should allow for more efficient use of decomposition as it is necessary to hold
intermediate information in mind when executing a multi-step strategy.

In contrast to the use of advanced strategies, there is no reason to expect that numerical
magnitude knowledge promotes the use of counting. A counting strategy can be executed
by relying on the ordinal sequence of numbers (e.g., 8 + 4is ... 9,10, 11, 12). Children are
able to recite the counting string before they can accurately represent the magnitude of
those numbers (Siegler and Lortie-Forgues 2014). If students know the counting sequence,
they do not need to rely on numerical magnitude knowledge (e.g., understand the relative
magnitude of the addends and the sum) to generate an accurate answer.

In sum, there are multiple reasons to expect that spatial-numerical magnitude knowl-
edge influences children’s arithmetic strategy choice. Strategy choice models indicate
that children select which strategy to use on a given problem in order to maximize effi-
ciency (Shrager and Siegler 1998). Numerical magnitude knowledge is expected to make
it easier to execute retrieval and decomposition. Therefore, children with more accurate
spatial-numerical magnitude representations can be expected to use these strategies more
frequently. On the other hand, numerical magnitude knowledge is not expected to confer
an advantage on the use of counting; thus, it is unlikely to be related to the frequency with
which children use this strategy.

1.4. Purpose of the Present Study

The review of extant research indicates that there is a sex difference favoring boys
in terms of the frequency of using retrieval and decomposition strategies, as well as the
number line task tapping the knowledge of symbolic numerical magnitude. Given the
mechanisms proposed above, whereby the use of retrieval and decomposition is facilitated
by spatially based numerical magnitude knowledge, we hypothesized that a sex difference
in the frequency of using these strategies is mediated, at least in part, by sex differences in
number magnitude representations. In contrast, we expect no mediation of sex differences
in the use of counting strategies via numerical magnitude knowledge because this strategy
can be executed using knowledge of the count sequence alone.

We tested these hypotheses with first-grade students after children had received some
instruction but were still in the early stages of learning arithmetic. Two studies were
conducted that included students from two different cultural/educational contexts: the US
(Study 1) and Russia (Study 2). In both countries, arithmetic problem solving is a focus of
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instruction in first-grade classrooms, beginning with single-digit problems with sums of 10
or less and moving to problems with a sum crossing 10. Yet, there are certain differences
between these contexts. In particular, children in Russia enter first grade one year later
than in the US and the Russian educational system is more centralized. With respect to
the math curricula, while both countries have similar curricular goals and standards, US
teachers introduce a variety of approaches to arithmetic problem solving and encourage
students to choose among them, whereas Russian teachers place a greater, more explicit,
emphasis on the use of advanced strategies. Including participants from different contexts
allowed us to examine the generalizability of the effects.

2. Study 1: Method
2.1. Participants

The study included 96 first graders (53% girls) from a large US city, with a mean age of
6.98 years (SD = .39). Children were recruited from urban schools serving racially/ethnically
diverse population (Black: 13-16%, Hispanic: 17-50%, Asian: 5-8%; White: 27-58%), with
a large percentage of students from low-income families (48-68%).

2.2. Materials and Procedure

The testing was conducted one-on-one in a quiet room at the child’s school. It included
mental arithmetic and number line estimation tasks, with the arithmetic task presented first.

2.2.1. Arithmetic Task

Participants were presented 12 addition problems, all of which involved crossing 10.
The first six were single-digit problems with sums over 10 (e.g., 7 + 9), followed by six
mixed-digit problems with sums between 20 and 50 (e.g., 7 + 25, 17 + 4). Each problem
was printed on a separate sheet; they were presented one at a time and read aloud by the
tester. As the child was solving the problem, the tester recorded any overt signs of strategy
use, such as counting out loud or using fingers. When there were no overt behaviors, the
tester asked the child, after a response was provided, how they “figured it out.” In addition
to written notes, responses were audiotaped. Notes and audio recordings were used to
code children’s strategies into one of four categories: counting, retrieval, decomposition,
and other. A strategy was coded as decomposition when the child reported solving the
problem by breaking it up into two or more problems (e.g., solving 8 + 4 as 8 + 2 = 10 and
10+2=12;0orsolving8+7as7 +7 =14 and 14 + 1 = 15).

Two types of reliability checks were conducted. To determine the internal consis-
tency of items, we computed KR-20 (Kuder-Richardson coefficient) for accuracy scores;
this measure of reliability is used with binary outcomes (correct/incorrect). Both single-
and mixed-digit problems exhibited good reliability with KR-20 values of 0.83 and 0.87,
respectively To determine the inter-rater reliability of strategy coding, data from 20% of the
sample was coded independently by two raters. Their agreement rate was 96%. All cases
of disagreement were resolved in consultation with other researchers.

2.2.2. Number Line Estimation

Participants were read a numeral and asked to mark its position on a number line
with only the endpoints (0 and 100) labeled. Previous estimates were not visible on later
trials. Following two practice trials in which children were asked to indicate the positions
of 0 and 100 and shown their location if needed, children were presented with 22 test trials
without feedback. The numbers presented were 2, 3, 5, 8, 12, 17, 21, 26, 34, 39, 42, 46, 54, 58,
61,67,73,78,82, 89,92, and 97. A different random order of the numbers was generated
for each child. The measure of children’s accuracy was calculated as the average percent
absolute error: PAE = (| child’s estimate — estimated quantity | /scale) x 100.
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3. Study 1: Results and Discussion

Prior to conducting the main analysis, we compared performance on single- and
mixed-digit addition problems. The two types of problems were highly correlated both in
terms of accuracy and frequency of using specific strategies (correlations varied between
r=.75and r = .89, all p < .001). Furthermore, these problems showed a parallel pattern
of sex findings (i.e., there was no significant Sex x Problem interaction for any strategy
examined, all p > .05). Thus, the two problem types were combined in subsequent analyses.

Descriptive statistics are presented in Table 1. As expected based on prior research,
there was a sex difference in the number line estimation task—boys, on average, had a
smaller percent absolute error (PAE) than girls. With respect to strategy use, the pattern
varied depending on strategy. Decomposition revealed clear sex differences—boys chose it
more often than girls. Retrieval was used very rarely and, although boys tended to use it
more often than girls, sex differences were marginal. In contrast, counting was the most
frequently used strategy, and girls used it significantly more often than boys.

Table 1. Descriptive statistics and ¢-test results of sex differences, Study 1.

Meang;,j5 (SD) Meany,,ys (SD) Meangyeran (SD) p-Value
N=52 N=44 N =96 (t-Test)
Child’s Age (Years),

Spring of 15t Grade 6.94 (.06) 7.04 (.05) 6.98 (.39) 210
Number Line PAE 15 (.07) 11 (.06) 13 (.07) 019
Decomposition Strategy 5.28 (10.04) 23.48 (35.23) 13.75 (26.70) .002
Retrieval Strategy 1.44 (3.18) 3.60 (4.28) 2.43 (5.53) 057
Counting Strategy 77.08 (31.24) 58.34 (37.52) 68.49 (35.34) .009
Other Strategies 16.19 (29.33) 14.58 (25.11) 15.45 (27.35) 775
Arithmetic Accuracy 59.17 (34.67) 61.31 (35.81) 60.15 (35.03) 768

% correct out of all items

Note: Values reported for each strategy represent the percentage of arithmetic problems (out of all) on which that
strategy was used. PAE = (| child’s estimate — estimated quantity | /scale) x 100.

Next, we examined correlations among children’s accuracy on the number line esti-
mation task and the frequency of different strategies (see Table 2). Percent absolute error
on the number line was negatively correlated with the frequency of both decomposition
and retrieval strategies—that is, children who generated more accurate number line esti-
mates tended to use these strategies more often. In contrast, there was a marginal positive
correlation between number line absolute error and the use of counting strategies.

Table 2. Correlations between number line estimation and frequency of strategy use, Study 1.

Number

Line PAE Decomposition Retrieval Counting Other
NumIP:ELine 1 — 401 ** — 249 % 1041 187
]?,chgﬁ’)‘f’siﬁon 1 021 — 625 — 164
/Rsfftli‘lﬁfu 1 —178 007
/CSE:I gfnagu 1 — 653
Other 1

% out of all

Note: ** p <.001,*p < .05, T p<.1.
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In the final stage of analysis, we determined to what extent the observed sex differences
in the number line estimation task accounted for sex differences in the key strategies
examined: decomposition, retrieval and counting. Although sex differences in retrieval
were marginal, there was still a possibility that the indirect path between sex and retrieval
frequency via number line estimation would be significant (Hayes 2017). Thus, for each
strategy we tested the same model, controlling for the child’s age: sex -> number line
estimation error-> strategy frequency. The models were tested by conducting a bias-
corrected bootstrapping mediation analysis (Dearing and Hamilton 2006), using the SPSS
macro “PROCESS” (Preacher and Hayes 2004). The results are shown in Figure 1; note that
no overall model fit indices are reported given that the models are just-identified.

Number Line Estimation

(absolute error)

Sex c = .34%% Decomposition Strategy Use
(girls ‘0’, boys 1) |~~~ T T T T T > (% out of all strategies)
¢’ =.16%
(A)

Number Line Estimation

(absolute error) 21N

;
Sex c=.20 Retrieval Strategy Use

(girls ‘0°, boys ‘1) (% out of all strategies)

(B)

Number Line Estimation

(absolute error) N
./9;
*
Sex |« ¢ _:___~2_7_ > Counting Strategy Use
(girls ‘0°, boys ‘1) o= — 23 (% out of all strategies)
©

Figure 1. Study 1 mediation analysis: (A) decomposition; (B) retrieval; (C) counting. Note. Standard-
ized coefficients are reported in all models; t p<.l,*p<.05 *p<.01, **p<.001.
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For decomposition, the results show a significant indirect effect of sex on the frequency
of this strategy via number line estimation: 95% CI [—8.24; —.93]. As for the direct effect of
sex on decomposition use, it was highly significant before the mediator was entered in the
model (p < .001); once the mediator was added, the direct effect decreased but remained
significant (p = .02), indicating partial mediation (see Figure 1A). Because the mediator and
the outcome were measured in this study concurrently, we followed-up on this finding by
testing an alternative model with decomposition frequency as the mediator and number
line error as the outcome. In the alternative model, the indirect effect was not significant:
95% CI [—.008; .029]. The pattern of findings thus supports the hypothesized role of number
line estimation as a mediator of sex differences in decomposition frequency.

Similar to decomposition, there was a significant indirect effect of sex on the frequency
of retrieval via number line estimation: 95% CI [—1.19; —.09]. The direct effect of sex on
retrieval use was marginal before the mediator was added in the model (p = .057) and further
decreased after the mediator was entered (p = .161). This pattern of findings shows that
there is a significant indirect effect of sex on retrieval frequency via number line estimation
in the absence of a direct effect (see Figure 1B). An alternative model (with retrieval as the
mediator and number line error as the outcome) showed that the indirect effect of sex on
number line estimation via retrieval use was not significant: 95% CI [—.0001; .014].

With regard to counting, the use of this strategy was characterized by sex differences;
notably, they were in the opposite direction compared to decomposition and retrieval. For
consistency, we tested whether there was also an indirect path between sex differences in
this strategy use and the number line estimation accuracy. The results of the mediation
analysis show that while there was indeed a significant direct effect of sex on counting
frequency (95% CI [2.15; 30.67]), the indirect effect was not significant (95% CI [—1.16; 6.30]).
In other words, a higher frequency of the counting strategy in girls, compared to boys, was
not mediated by their number line estimation error (see Figure 1C).

In sum, the results of Study 1 provide initial support for our hypotheses, demonstrat-
ing a significant indirect path from child’s sex to the use of retrieval and decomposition
strategies via numerical magnitude knowledge. The observed pattern was unique to the
advanced arithmetic strategies—it did not extend to the use of the counting strategy. Given
the novelty of these findings, we aimed to determine their generalizability. Thus, we
conducted Study 2 with a sample of students from a different cultural and instructional
context. Furthermore, in Study 2 we aimed to provide a more rigorous test of our media-
tion hypothesis by controlling for participants” general intelligence and by assessing the
outcomes six months after assessing predictor measures.

4. Study 2: Method
4.1. Participants

The study included 210 first graders (49% girls) from a large Russian city. At the
first testing session (fall of 1st grade), the mean age was 7.28 years (SD = .33); the time
between the two testing sessions was, on average, six months. Participants were recruited
from municipal (public) schools. As reported by parents, they represented diverse socio-
economic groups, with the educational levels varying as follows: 25% high-school diploma
with or without vocational training; 16% some college education; 48% college degree; and
11% graduate training.

4.2. Materials and Procedure

Testing was conducted as in Study 1 with two exceptions. First, Study 2 included
a Raven’s task, which was added to control for general non-verbal intelligence. Second,
whereas all assessments in Study 1 were conducted in the spring of first grade, in Study
2 the number line and Raven’s tasks were administered at the start of first grade, but the
arithmetic task was administered at the end of the school year.
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4.2.1. Number Line Estimation
This task was identical to that in Study 1.

4.2.2. Arithmetic Task

This task was parallel to that in Study 1, except that the number of items was increased
to 16: eight single-digit problems with sums over 10 and eight mixed-digit problems with
sums between 20 and 50. The coding and reliability procedures were parallel to those
in Study 1. Both single- and mixed-digit problems exhibited good reliability with KR-20
values of 0.90 and 0.89, respectively. The interrater agreement rate was 96%.

4.2.3. Raven’s Matrices

We used Raven’s colored progressive matrices designed to estimate non-verbal intel-
ligence in children 5 through 11 years old (Raven and Court 1998). The child received a
booklet with 36 items printed on separate pages. On each page, a geometric pattern with a
missing piece was depicted at the top, with six answer choices depicted below. The task
was to select the answer choice that would fill in the missing piece. Two practice trials were
administered with feedback. On test trials, the child selected one of the choices with no
feedback. The task duration was 15-20 min. The score was calculated as the percentage of
correctly solved items.

5. Study 2: Results

Asin Study 1, children’s performance on single- and mixed-digit addition problems
was correlated both in terms of accuracy and the frequency of using specific strategies
(correlations varied between r = .79 and r = .89, p < .001), and the two types of problems
were combined in subsequent analysis. Descriptive statistics are presented in Table 3. Note
that there was no effect of sex on Raven'’s task, indicating that any sex differences observed
in other tasks could not be due to general cognitive differences between boys and girls.

Table 3. Descriptive statistics and ¢-test results of sex differences, Study 2.

Meang;,i5 (SD) Meany,qys (SD) Meangyeran (SD) p-Value

N =103 N =107 N =210 (t-Test)
C;‘:ﬁlsf‘?ffc(ﬁg‘f)' 7.02 (.36) 7.00 (.33) 7.01 (.34) 609
Number Line PAE 16 (.08) 10 (.04) 13 (.08) <.001
Decomposition Strategy 18.38 (22.26) 32.12 (32.93) 25.38 (28.97) <.001
Retrieval Strategy 8.73 (13.53) 13.46 (14.32) 11.14 (14.11) 015
Counting Strategy 55.89 (30.44) 31.96 (27.54) 43.70 (31.31) <.001
Other Strategies 17.02 (25.45) 22.46 (25.12) 19.79 (25.37) 121
. /?é;tr};ftlilft ﬁfgﬁrig’ns 66.69 (22.20) 75.53 (21.45) 71.23 (22.26) 003
Raven’s Matrices, 23.39 (7.18) 23.29 (6.72) 23.34 (6.93) 926

% correct out of all items

Note: Values reported for each strategy represent the percentage of arithmetic problems (out of all) on which that
strategy was used.

Performance on the number line task was similar to that observed in Study 1—mean
percent absolute error for the whole sample was the same in the two studies, with boys
producing more accurate estimates than girls. Additionally, parallel to Study 1 was the
pattern of sex-related variability in the frequency of specific strategies. In the case of
decomposition and retrieval, boys, on average, used these strategies more frequently than
girls, whereas in the case of counting, sex differences showed the opposite pattern. In Study
2, the sex differences in the use of retrieval reached statistical significance (p = .015), whereas
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in Study 1 they did not (p = .057). Two other differences in the results of the two studies
are noteworthy. In particular, compared to Study 1, the frequencies of decomposition and
retrieval strategies were notably higher. Furthermore, the accuracy of arithmetic problem
solving among the Russian participants was not only higher than that of the US participants
in Study 1, but also it showed a significant sex difference favoring boys.

To better understand the dissimilarity in the pattern of accuracy findings across the
two studies, we ran a follow-up analysis with a subgroup of Russian students that used
decomposition with a similar frequency as the US students in Study 1. This analysis allowed
us to examine whether the discrepancy in accuracy results might be related to differences
in the level of strategy use. To conduct this analysis, we ordered all Study 2 participants
(N = 210) according to their strategy frequency and then eliminated the top 20%, resulting in
a subsample (N = 168) that was relatively equally divided between boys (N}, = 82) and girls
(Ng = 86) and whose overall level of decomposition use (13%) was comparable to that in the
US sample (14%). The analysis of this subsample showed that boys still outperformed girls
in terms of decomposition strategy use (M, = 17%, Mg = 10%, (166) = 2.70, p = .008), but the
sex difference in accuracy was not significant (M = 69%, Mg = 65%, t(166) = 1.82, p = .07).
Thus, in the Russian sample, students at the lower levels of decomposition use showed sex
differences in strategy frequency but not in accuracy, which is parallel to Study 1 results.

Correlations among percent absolute error in the number line task and the frequency
of different strategies are presented in Table 4. As in Study 1, the average absolute error
of number line estimation was negatively correlated with children’s use of retrieval and
decomposition strategies. That is, the children who generated more accurate number line
estimates tended to use these advanced strategies more often. In contrast, the correlation
between number line absolute error and use of the counting strategy was positive.

Table 4. Correlations between number line estimation and strategy use, Study 2.

Ll\il :énllf :]ra Decomposition Retrieval Counting Other
Number Line PAE 1 —.422 % —.263 ** 174 % 414 **
Decomposition 1 —.074 —.576 ** —.390 **
Retrieval 1 —.303 ** —.097
Counting 1 —406 **
Other 1

Note: ** p < .001, * p <.05.

To test the mediation hypothesis, we conducted the same analyses as in Study 1, using
the SPSS macro “PROCESS” created by Preacher and Hayes (2004). The model tested was
as follows, controlling for age and Raven'’s scores: sex -> number line estimation error ->
strategy frequency. Because children’s accuracy in the number line task was measured six
months before the assessment of their arithmetic strategies, we did not consider alternative
models with strategy frequency as a potential mediator of sex differences in the number
line estimation.

The results for retrieval and decomposition showed a similar pattern, indicating a full
mediation for both strategies. Specifically, the direct effect of sex on strategy frequency was
significant prior to entering the mediator into the model, but became insignificant once the
mediator was added: decomposition (from p < .001 to p = .248) and retrieval (from p = .014
to p =.309). The indirect path from sex to strategy frequency via number line absolute error
was significant in both cases: decomposition, 95% CI [—.13; —.06], and retrieval, 95% CI
[—.04; —.01]. Thus, sex differences in number line estimation accounted for sex differences
in both decomposition and retrieval strategies (see Figure 2A,B).
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Number Line Estimation

(absolute error)

Sex Cc = .04%%* Decomposition Strategy Use
(girls ‘0’,boys ‘1) [~~~ T T T T T > (% out of all strategies)
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Number Line Estimation

(absolute error)

Sex | ___ > Retrieval Strategy Use
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Number Line Estimation

4
(absolute error) >, s
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¢’ = 37%*
©

Figure 2. Study 2 mediation analysis: (A) decomposition; (B) retrieval; (C) counting. Note. Standard-
ized coefficients are reported; T p < .1, * p <.05, ** p < .01, ** p < .001.

With respect to counting, the opposite pattern was observed. The direct effect of sex on
counting use was significant both before and after the mediator was entered in the model
(for both, p < .001), whereas the indirect path was not significant, 95% CI [—.03; .04]. In
other words, sex differences in the use of the counting strategy could not be accounted for
by number line estimation (see Figure 2C).

6. General Discussion

Questions concerning the nature of the relation between spatial reasoning and mathe-
matics learning have attracted the attention of both scientists and educators. Investigating
the mechanisms underlying sex differences in these aspects of cognition may contribute to
a better understanding of this relation, which in turn may have far-reaching consequences
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for broadening participation in STEM disciplines. The current results demonstrate the
generality of sex differences in spatial-numerical magnitude knowledge and the poten-
tial contribution of these differences in explaining sex variability in early arithmetic. As
expected, boys used advanced arithmetic strategies more often than girls and these sex
differences were mediated by spatial-numerical magnitude knowledge; on the other hand,
sex differences in counting favored girls and were not accounted for by spatial-numerical
magnitude knowledge. In this concluding section, we situate the findings within a larger
context of extant research and consider their implications for development and instruction.

6.1. Sex Differences in Spatial-Numerical Magnitude Knowledge and Arithmetic Strategqy Use

Prior research documented sex differences in spatial-numerical magnitude knowledge
among US children. More specifically, studies have found a male advantage in number line
estimation (Hansen et al. 2015; Hutchison et al. 2019; Tian et al. 2022). The current results
demonstrate that this phenomenon generalizes to other cultural contexts—Russian boys
produced more accurate number line estimates than girls, just like their US peers. This
observed sex difference in number line estimation is likely connected to broader differences
in spatial reasoning. In fact, spatial skills have been found to predict the accuracy of
spatial representations of numerical magnitude (Gunderson et al. 2012). Furthermore, a
recent investigation showed that a male advantage in the number line estimation task was
associated with a parallel advantage in “purely” spatial tasks (Tian et al. 2022). Specifically,
mental rotation and scaling—the two skills that produce the most robust evidence of sex
differences in spatial reasoning (Levine et al. 2016; Voyer et al. 1995)—accounted for a
significant proportion of sex-related variability in number line estimation.

The current results also demonstrate sex differences in arithmetic strategy use, con-
sistent with prior research (Casey and Fell 2018; Geary 2011; Geary et al. 2004; Imbo and
Vandierendonck 2007; Sunde et al. 2019). That is, both US and Russian girls tended to
use counting on a greater number of problems than boys, while boys were more likely to
use retrieval and decomposition than girls. Whereas the direction of sex-based variability
was the same across the two studies, several differences were observed in the use of ad-
vanced strategies. In particular, with respect to retrieval, the sex difference was significant
among Russian students, but only marginal among US students. The overall use of this
strategy was noticeably different across the two studies: 2.4% in Study 1 and 11% in Study
2. Thus, our ability to find sex differences in the use of retrieval in Study 1 may have been
constrained by the overall low frequency of this strategy among the US students.

With respect to decomposition, while a sex difference, favoring males, was generalized
across the two studies, there were notable differences in the overall use of this strategy,
with the US students using it less frequently. The reason why the overall frequency of
decomposition (as well as retrieval) varied across the two contexts is not clear. It may be
due in part to differences in the demographic characteristics of the participants; the US
sample was primarily low-income, while the Russian sample was more socioeconomically
diverse. These background differences may relate to differences in experiences with arith-
metic. Another possible explanation is that the frequency of decomposition use reflects
the extent to which it is emphasized in school instruction. Our informal observations
in classrooms revealed distinct approaches to arithmetic strategy instruction in the two
contexts. US teachers tended to encourage students to try out different strategies, whereas
Russian teachers tended to be more direct in steering students away from counting toward
more advanced strategies. While the current data do not allow us to test these potential
explanations, they could be pursued in further research. Whatever the reasons are for
the variability in decomposition frequency across the two samples, it is notable that both
demonstrated significant sex differences in the use of this strategy. This finding suggests
that sex differences persist across different levels of strategy use.

Although the main focus of the present study was on strategy use, we also obtained
data on arithmetic accuracy and its examination revealed an intriguing difference across the
two studies. In Study 2, Russian boys” higher frequency of using decomposition was also
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accompanied by higher accuracy compared to girls, but in Study 1 (where students used
decomposition less frequently), boys used decomposition more frequently than girls but
there was no corresponding accuracy advantage. Generally, greater use of decomposition
is associated with more accurate problem-solving, both in the short term and in predicting
later math achievement (Casey et al. 2017; Geary et al. 2004; Vasilyeva et al. 2015). Yet,
despite the sex differences in decomposition use in Study 1, the accuracy was statistically
equivalent for boys and girls.

Comparing the accuracy results across the two studies raises the possibility of a
threshold effect—in order for advanced strategies to confer advantages in accuracy, children
need to reach a certain level of using them. For example, when the use of decomposition
is still relatively infrequent, even though boys use this strategy more often than girls, sex
differences may not be noticeable in terms of accuracy. Children may still have difficulty
executing the strategy correctly or, even if they execute it correctly, it may have a limited
effect on overall accuracy when used on only a small portion of problems. In other words,
at lower levels of frequency of advanced strategies, sex differences in strategy use may not
translate to differences in accuracy, but with a more frequent use of these strategies, they
may have a more significant impact on accuracy. Indeed, consistent with this possibility,
in previous research (Shen et al. 2016), US first graders from high-income backgrounds
not only demonstrated higher levels of using decomposition than those US students in
the present Study 1, but also showed sex differences favoring boys in both strategy and
accuracy—a finding parallel to Study 2 with Russian children.

6.2. Spatial-Numerical Magnitude Knowledge and as a Mediator of Sex Differences in Advanced
Strategy Use

The central question of the present study was as follows: Given that boys and girls
receive the same instruction, why do boys use advanced strategies more often than girls?
We hypothesized that boys’ more accurate spatial representations of numerical magnitude
would facilitate their use of retrieval and decomposition. We posited that spatial-numerical
magnitude knowledge constrains the search for plausible answers, aids memory for an-
swers at the intermediary steps of decomposition, and offers a framework (i.e., the spatial
mental number line) for breaking down and recombining numbers. Together, these mecha-
nisms were expected to increase the efficiency of retrieval and decomposition, and, thus,
according to strategy choice models, lead boys to use these strategies more frequently than
girls. If this is the case, then sex differences in the use of advanced strategies should be
mediated by spatial-numerical magnitude knowledge.

Indeed, the current results show a largely parallel pattern of mediation across the
two studies. In the case of retrieval, although there were some differences in the extent
of the direct effect of sex on strategy use (as discussed above), the indirect path from sex
to number line estimation to strategy frequency was significant in both studies. It is this
indirect effect via number line estimation (present in both samples) that provides critical
support for our hypothesis regarding the role of spatial-numerical magnitude knowledge
in the use of retrieval. In the case of decomposition, this knowledge partially mediated
the relation between sex and strategy frequency in Study 1 and completely mediated this
relation in Study 2.

There are multiple possible reasons why the mediation would be partial in one study
and complete in the other. One is that the sample size in Study 2 was more than twice the
size of that in Study 1, increasing the power of statistical analysis. A second is that Study
2 controlled for general cognitive abilities, namely non-verbal intelligence, reducing the
variability in the outcome variable to be accounted for by the mediator. Finally, though
present in both samples, the sex difference in number line accuracy was greater in Study 2,
increasing its potential mediation power. These possible reasons, while speculative, do not
undermine the primary finding. Rather, it is noteworthy that whether there was partial
or complete mediation, in both studies, sex differences in strategy use were significantly
reduced once number line estimation was entered in the model.
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This mediation finding is an important step toward identifying a potential causal
relation between spatial representations of numerical magnitude and the use of advanced
strategies. The possibility of a causal relation is particularly supported by the results of
Study 2 when the mediator variable was measured before the outcome. In other words, the
results are consistent with the idea that sex differences in the frequency of using decompo-
sition emerge, at least in part, because of differences in numerical magnitude knowledge.
More generally, the results support the view that more accurate spatial representations of
numerical magnitude increase the ease with which children are able to execute retrieval
and decomposition strategies.

The relation between spatial-numerical magnitude knowledge and arithmetic strategy
use is particularly noteworthy when considered within the larger context of research
investigating relationships between spatial and math skills. As noted earlier, several lines
of research point to the spatial nature of the number line estimation task. Notably, children
with higher levels of spatial skills are likely to produce more accurate estimates of numerical
magnitudes (Gunderson et al. 2012), and sex differences favoring boys in spatial skills have
been found to mediate sex differences in the number line estimation task (Simms et al.
2016; Tian et al. 2022). In other words, existing research suggests that boys” advantage in
general spatial skills may be in part what leads them to develop a more accurate spatial
representation of numerical magnitudes. These findings (sex — spatial skills — spatial—-
numerical magnitude knowledge) combined with the current results (sex — spatial-spatial
numerical magnitude knowledge — advanced arithmetic strategy) raise the possibility
that sex differences in spatial skills may have an indirect effect on the use of advanced
arithmetic strategies via numerical magnitude knowledge.

Two other types of evidence that are relevant to interpreting the present results con-
cern the predictors of arithmetic accuracy, the ultimate indicator of math performance.
Gunderson et al. (2012) showed that spatial skills predict arithmetic accuracy via number
line estimation. Several other studies have shown that arithmetic strategy choice predicts
accuracy (Geary 2011; Vasilyeva et al. 2015) and, furthermore, sex differences in strategies
mediate sex differences in accuracy (Carr et al. 2008; Shen et al. 2016). Integrating all these
lines of research suggests a way in which sex differences in spatial skills may ultimately
contribute to variability in arithmetic accuracy through chain mediation: sex — spatial
skills — spatial-numerical magnitude knowledge — arithmetic strategy — arithmetic
accuracy. It would be worthwhile to test the complete mediation chain in the context of a
single study in future research.

6.3. Conclusions and Potential Implications

In sum, the present study suggests a potential mechanism connecting spatial skills
to what has been traditionally considered non-spatial arithmetic problem solving. The
findings add to the extant knowledge about sex differences in spatial representations of
numerical magnitude, as well as arithmetic strategy use, and most importantly capture a
mediational relationship between the two for advanced strategies. Combined with previous
research, the current findings suggest that the contribution of spatial-numerical magnitude
knowledge to advanced strategy use may serve as one of the links connecting general
spatial reasoning to arithmetic accuracy.

While the indirect effect was robust across two studies, it still falls short of causal
evidence. It will be important for future research to use experimental interventions to
establish causal relations. Furthermore, it would be worthwhile to examine the relation
between spatial-numerical magnitude knowledge and advanced strategy use across a
broader developmental span. It is possible that the strength of this relation changes with
age as children become more experienced and proficient in using these strategies. We
suspect that extensive practice will strengthen children’s memory of basic number facts, so
that there is a direct and automatic association between a problem and its answer. This may
reduce or even eliminate the need to constrain the search space when executing a retrieval
strategy, as well as decomposition.
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For the developmental periods when the relation between spatial-numerical knowl-
edge and strategy use is robust, as with the first graders in the present study, future
research should investigate what types of spatial magnitude cues may be useful for improv-
ing numerical magnitude knowledge and whether the improvements extend to arithmetic
strategies. It is likely that using concrete spatial representations of numerical magnitude
in the context of arithmetic instruction is an effective approach for facilitating the use
of advanced strategies. This approach might help to strengthen the association between
abstract number symbols and their corresponding quantity. Many current math curricula
already involve the use of materials that contain spatial cues about magnitude that vary
with number (e.g., linked unifix cubes where the total length is proportional to number of
cubes). However, despite the prevalence of these materials, there has been little systematic
investigation of whether the spatial dimensions are more helpful for children’s arithmetic
learning than non-spatial materials. In sum, we propose that future research needs to
determine whether incorporating materials that provide spatial instantiations of numerical
magnitude into strategy training facilitates the use of decomposition via improvements in
numerical magnitude knowledge.

Author Contributions: Conceptualization: M.V, E'V.L.,, BM.C., M.W. and H.Y.C.; methodology:
M.V, E.VL. and BM.C,; investigation: M.W., H.Y.C. and L.L.; formal analysis: M.V,, E'V.L.and L.L.;
writing—original draft preparation—M.V., E.V.L. and B.M.C.; writing—review and editing: M.V,
E.VL., BM.C, MW, H.Y.C. and L.L,; funding acquisition: M.V., E.V.L. and B.M.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research and manuscript preparation was supported by a grant from the Spencer
foundation (#201900051) and Institute of Education Sciences (#R305A200315).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
declaration of Helsinki, and approved by the Institutional Review Board of Boston College on 3 July
2019 (Protocol #19.119.01-2).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: The research would not have been possible without the support of participating
first graders and their teachers.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the
design, execution, interpretation, or writing of the study.

References

Ashcraft, Mark H., and Edmund H. Stazyk. 1981. Mental Addition: A Test of Three Verification Models. Memory and Cognition 9:
185-96. [CrossRef] [PubMed]

Baroody, Arthur J., and Ann Dowker. 2003. The Development of Arithmetic Concepts and Skills: Constructing Adaptive Expertise. Mahwah:
Lawrence Erlbaum Associates.

Berteletti, Illaria, Daniela Lucangeli, Manuela Piazza, Stanislas Dehaene, and Marco Zorzi. 2010. Numerical estimation in preschoolers.
Developmental Psychology 46: 545. [CrossRef]

Booth, Julie L., and Robert S. Siegler. 2008. Numerical Magnitude Representations Influence Arithmetic Learning. Child Development 79:
1016-31. [CrossRef] [PubMed]

Carr, Martha, and Donna L. Jessup. 1997. Gender Differences in First-Grade Mathematics Strategy Use: Social and Metacognitive
Influences. Journal of Educational Psychology 89: 318-28. [CrossRef]

Carr, Martha, and Heather Davis. 2001. Sex Differences in Arithmetic Strategy Use: A Function of Skill and Preference. Contemporary
Educational Psychology 26: 330-47. [CrossRef]

Carr, Martha, and Natalia Alexeev. 2011. Fluency, Accuracy, and Sex Predict Developmental Trajectories of Arithmetic Strategies.
Journal of Educational Psychology 103: 617-631. [CrossRef]

Carr, Martha, Hillary H. Steiner, Brandon Kyser, and Barry Biddlecomb. 2008. A Comparison of Predictors of Early Emerging Sex
Differences in Mathematics Competency. Learning and Individual Differences 18: 61-75. [CrossRef]


https://doi.org/10.3758/BF03202334
https://www.ncbi.nlm.nih.gov/pubmed/7242333
https://doi.org/10.1037/a0017887
https://doi.org/10.1111/j.1467-8624.2008.01173.x
https://www.ncbi.nlm.nih.gov/pubmed/18717904
https://doi.org/10.1037/0022-0663.89.2.318
https://doi.org/10.1006/ceps.2000.1059
https://doi.org/10.1037/a0023864
https://doi.org/10.1016/j.lindif.2007.04.005

J. Intell. 2023, 11, 97 16 of 18

Case, Robbie, Yukari Okamoto, Sharon Griffin, Anne McKeough, Charles Bleiker, Barbara Henderson, Kimberly Marra Stephenson,
Robert S. Siegler, and Daniel P. Keating. 1996. The Role of Central Conceptual Structures in the Development of Children’s
Thought. Monographs of the Society for Research in Child Development 61: i-295. [CrossRef]

Casey, Beth M., and Colleen M. Ganley. 2021. An examination of gender differences in spatial skills and math attitudes in relation to
mathematics success: A bio-psycho-social model. Developmental Review 60: 100963. [CrossRef]

Casey, Beth M, and Harriet Fell. 2018. Spatial reasoning: A critical problem-solving tool in children’s mathematics strategy tool-kit. In
Visualizing Mathematics: The Role of Reasoning in Mathematical Thought. Edited by K. Mix and M. Battista. New York: Springer Press.

Casey, Beth M., Caitlin Lombardi, Amanda Pollock, Bonnie Fineman, and Elizabeth Pezaris. 2017. Girls’ Spatial Skills and Arithmetic
Strategies in First Grade as Predictors of Fifth Grade Analytical Math Reasoning. Journal of Cognition and Development 18: 530-55.
[CrossRef]

Casey, Beth M., Elizabeth Pezaris, Bonnie Fineman, Amanda Pollock, Lindsay Demers, and Eric Dearing. 2015. A Longitudinal
Analysis of Early Spatial Skills Compared to Arithmetic and Verbal Skills as Predictors of Fifth-Grade Girls’ Math Reasoning.
Learning and Individual Differences 40: 90-100. [CrossRef]

Dearing, Eric, and Lawrence C. Hamilton. 2006. Contemporary advances and classic advice for analyzing mediating and moderating
variables. In Monographs of the Society for Research in Child Development. New York: Wiley.

Dehaene, Stanislas. 2011. The Number Sense: How the Mind Creates Mathematics. Boca Raton: OUP USA.

Dowker, Ann. 2014. Young children’s use of derived fact strategies for addition and subtraction. Frontiers in Human Neuroscience 7: 924.
[CrossRef] [PubMed]

Duncan, Greg J., Chantelle J. Dowsett, Amy Claessens, Katherine Magnuson, Aletha C. Huston, Pamela Klebanov, Linda S. Pagani,
Leon Feinstein, Mimi Engel, Jeanne Brooks-Gunn, and et al. 2007. School Readiness and Later Achievement. Developmental
Psychology 43: 1428-46. [CrossRef] [PubMed]

Fennema, Elizabeth, Thomas P. Carpenter, Victoria R. Jacobs, Megan L. Franke, and Linda W. Levi. 1998. A Longitudinal Study of Sex
Differences in Young Children’s Mathematical Thinking. Educational Researcher 27: 6-11.

Fischer, Jean-Paul, and Xaxier Thierry. 2022. Boy’s math performance, compared to girls’, jumps at age 6 (in the ELFE’s data at least).
British Journal of Developmental Psychology 40: 504-19. [CrossRef]

Gaidoschik, Michael. 2012. First-Graders’ Development of Calculation Strategies: How Deriving Facts Helps Automatize Facts. Journal
fiir Mathematik-Didaktik 33: 287-315. [CrossRef]

Geary, David C. 2011. Cognitive Predictors of Achievement Growth in Mathematics: A 5-year Longitudinal Study. Developmental
Psychology 47: 1539-52. [CrossRef]

Geary, David C., Mary K. Hoard, Jennifer Byrd-Craven, and M. Catherine DeSoto. 2004. Strategy Choices in Simple and Complex
Addition: Contributions of Working Memory and Counting Knowledge for Children with Mathematical Disability. Journal of
Experimental Child Psychology 88: 121-51. [CrossRef]

Geary, David C., Mary K. Hoard, Lara Nugent, and Zehra E. Unal. 2023. Sex Differences in Developmental Pathways to Mathematical
Competence. Journal of Educational Psychology 115: 212-28. [CrossRef]

Gunderson, ElizabethA., G. Ramirez, Sian L. Beilock, and Susan C. Levine. 2012. The Relation Between Spatial Skill and Early Number
Knowledge: The Role of the Linear Number Line. Developmental Psychology 48: 1229-241. [CrossRef]

Hansen, N., Nancy C. Jordan, Edmund Fernandez, Robert S. Siegler, Lynn Fuchs, Russell Gersten, and Deborah Micklos. 2015. General
and Math-Specific Predictors of Sixth-Graders” Knowledge of Fractions. Cognitive Development 35: 34—49. [CrossRef]

Hawes, Zachary, Joan Moss, Beverly Caswell, Jisoo Seo, and Daniel Ansari. 2019. Relations between numerical, spatial, and executive
function skills and mathematics achievement: A latent-variable approach. Cognitive Psychology 109: 68-90. [CrossRef] [PubMed]

Hayes, Andrew F. 2017. Introduction to Mediation, Moderation, and Conditional Process Analysis: A Regression-Based Approach. Guilford:
Guilford Publications.

Hutchison, Jane E., Ian M. Lyons, and Daniel Ansari. 2019. More Similar Than Different: Sex Differences in Children’s Basic Numerical
Skills Are The Exception Not The Rule. Child Development 90: e66—e79. [CrossRef] [PubMed]

Hyde, Janet S., Sara M. Lindberg, Marcia C. Linn, Amy B. Ellis, and Caroline C. Williams. 2008. Gender similarities characterize math
performance. Science 321: 494-95. [CrossRef]

Imbo, Ineke, and Andre Vandierendonck. 2007. The development of strategy use in elementary school children: Working memory and
individual differences. Journal of Experimental Child Psychology 96: 284-309. [CrossRef]

Knops, Andre, Bertrand Thirion, Edward M. Hubbard, Vincet Michel, and Stanislas Dehaene. 2009. Recruitment of an area involved in
eye movements during mental arithmetic. Science 324: 1583-85. [CrossRef]

Laski, Elida V., and Qingyi Yu. 2014. Number Line Estimation and Mental Addition: Examining The Potential Roles of Language and
Education. Journal of Experimental Child Psychology 117: 29-44. [CrossRef]

Laski, Elida V., and Robert S. Siegler. 2007. Is 27 a big number? Correlational and causal connections among numerical categorization,
number line estimation, and numerical magnitude comparison. Child Development 78: 1723-43. [CrossRef]

Laski, Elida V., Joanna Schiffman, Marina Vasilyeva, and Anna Ermakova. 2016. Arithmetic Accuracy in Children From High-and
Low-Income Schools: What Do Strategies Have to Do With It? AERA Open 2: 2332858416644219. [CrossRef]

LeFevre, Jo-Anne, Lisa Fast, Sherri-Lynn Skwarchuk, Brenda L. Smith-Chant, Jeffrey Bisanz, Deepthi Kamawar, and Marcie Penner-
Wilger. 2010. Pathways to Mathematics: Longitudinal Predictors of Performance. Child Development 81: 1753—67. [CrossRef]


https://doi.org/10.2307/1166077
https://doi.org/10.1016/j.dr.2021.100963
https://doi.org/10.1080/15248372.2017.1363044
https://doi.org/10.1016/j.lindif.2015.03.028
https://doi.org/10.3389/fnhum.2013.00924
https://www.ncbi.nlm.nih.gov/pubmed/24431996
https://doi.org/10.1037/0012-1649.43.6.1428
https://www.ncbi.nlm.nih.gov/pubmed/18020822
https://doi.org/10.1111/bjdp.12423
https://doi.org/10.1007/s13138-012-0038-6
https://doi.org/10.1037/a0025510
https://doi.org/10.1016/j.jecp.2004.03.002
https://doi.org/10.1037/edu0000763
https://doi.org/10.1037/a0027433
https://doi.org/10.1016/j.cogdev.2015.02.001
https://doi.org/10.1016/j.cogpsych.2018.12.002
https://www.ncbi.nlm.nih.gov/pubmed/30616227
https://doi.org/10.1111/cdev.13044
https://www.ncbi.nlm.nih.gov/pubmed/29484644
https://doi.org/10.1126/science.1160364
https://doi.org/10.1016/j.jecp.2006.09.001
https://doi.org/10.1126/science.1171599
https://doi.org/10.1016/j.jecp.2013.08.007
https://doi.org/10.1111/j.1467-8624.2007.01087.x
https://doi.org/10.1177/2332858416644219
https://doi.org/10.1111/j.1467-8624.2010.01508.x

J. Intell. 2023, 11, 97 17 of 18

Levine, Susan C., Alana Foley, Stella Lourenco, Stacy Ehrlich, and Kristin Ratliff. 2016. Sex Differences in Spatial Cognition: Advancing
The Conversation. WIREs Cognitive Science 7: 127-55. [CrossRef] [PubMed]

Lindberg, Sara M., Janet S. Hyde, Jennifer L. Petersen, and Marcia C. Linn. 2010. New trends in gender and mathematics performance:
A meta-analysis. Psychological Bulletin 136: 1123. [CrossRef] [PubMed]

Mix, Kelly S. 2019. Why are spatial skill and mathematics related? Child Development Perspectives 13: 121-26. [CrossRef]

Mix, Kelly S., and Yi-Ling Cheng. 2012. The relation between space and math: Developmental and educational implications. Advances
in Child Development and Behavior 42: 197-243. [PubMed]

National Mathematics Advisory Panel. 2008. Foundations for Success: The Final Report of the National Mathematics Advisory Panel;
Washington, DC: US Department of Education.

Pinhas, Michal, and Martin H. Fischer. 2008. Mental movements without magnitude? A study of spatial biases in symbolic arithmetic.
Cognition 109: 408-15. [CrossRef]

Preacher, Kristopher J., and Andrew F. Hayes. 2004. SPSS and SAS procedures for estimating indirect effects in simple mediation
models. Behavior Research Methods, Instruments, & Computers 36: 717-31.

Raven, John C., and John Hugh Court. 1998. Raven’s Progressive Matrices and Vocabulary Scales. Oxford: Oxford Psychologists Press,
pp- 223-37.

Reinert, Regina M., Stefan Huber, Hans-Christoph Nuerk, and Korbinian Moeller. 2017. Sex Differences in Number Line Estimation:
The Role of Numerical Estimation. British Journal of Psychology 108: 334-50. [CrossRef]

Schiffman, Joanna, and Elida V. Laski. 2018. Materials Count: Linear-Spatial Materials Improve Young Children’s Addition Strategies
and Accuracy, Irregular Arrays Don’t. PLoS ONE 13: e0208832. [CrossRef]

Schneider, Michael, Kassandra Beeres, Leyla Coban, Simon Merz, S. Susan Schmidt, Johannes Stricker, and Bert De Smedt. 2017.
Associations of non-symbolic and symbolic numerical magnitude processing with mathematical competence: A meta-analysis.
Developmental Science 20: e12372. [CrossRef]

Secada, Walter G., Karen C. Fuson, and James W. Hall. 1983. The transition from counting-all to counting-on in addition. Journal for
Research in Mathematics Education 14: 47-57. [CrossRef]

Shen, Chen, Marina Vasilyeva, and Elida Laski. 2016. Here, but not there: Cross-national variability of gender effects in arithmetic.
Journal of Experimental Child Psychology 146: 50-65. [CrossRef] [PubMed]

Shrager, Jeff, and Robert S. Siegler. 1998. SCADS: A model of children’s strategy choices and strategy discoveries. Psychological Science
9: 405-10. [CrossRef]

Siegler, Robert S. 1987. The perils of averaging data over strategies: An example from children’s addition. Journal of Experimental
Psychology: General 116: 250. [CrossRef]

Siegler, Robert S. 1996. Emerging Minds: The Process of Change in Children’s Thinking. New York: Oxford University Press.

Siegler, Robert S., and Hugues Lortie-Forgues. 2014. An Integrative Theory of Numerical Development. Child Development Perspectives
8: 144-50. [CrossRef]

Siegler, Robert S., and John E. Opfer. 2003. The development of numerical estimation: Evidence for multiple representations of
numerical quantity. Psychological Science 14: 237-50. [CrossRef]

Siegler, Robert S., and Geetha B. Ramani. 2009. Playing Linear Number Board Games—Nut Not Circular Ones—Improves Low-Income
Preschoolers” Numerical Understanding. Journal of Educational Psychology 101: 545-60. [CrossRef]

Siegler, Robert S., and Mitchell Robinson. 1982. The development of numerical understandings. In Advances in Child Development and
Behavior. Greenwich: JAI Press, vol. 16, pp. 241-312.

Simms, Victoria, Sarah Clayton, Lucy Cragg, Camilla Gilmore, and Samantha Johnson. 2016. Explaining The Relationship Between
Number Line estimation and Mathematical Achievement: The Role of Visuomotor Integration and Visuospatial Skills. Journal of
Experimental Child Psychology 145: 22-33. [CrossRef]

Sowder, Judith T. 1992. Estimation and Number Sense. New York: Macmillan.

Sunde, Pernille B., Peter Sunde, and Judy Sayers. 2019. Sex Differences in Mental Strategies for Single-Digit Addition in The First Years
of School. Educational Psychology 40: 82-102. [CrossRef]

Thompson, Clarissa A., and John E. Opfer. 2008. Costs and Nenefits of Representational Change: Effects of Context on Age and Sex
Differences in Symbolic Magnitude Estimation. Journal of Experimental Child Psychology 101: 20-51. [CrossRef]

Thompson, Clarissa A., and Robert S. Siegler. 2010. Linear Numerical-Magnitude Representations Aid Children’s Memory for
Numbers. Psychological Science 21: 1274-81. [CrossRef]

Tian, Jing, Su Dam, and Elizabeth A. Gunderson. 2022. Spatial Skills, Nut Not Spatial Anxiety, Mediate The Sex Difference in Number
Line Estimation. Developmental Psychology 58: 138. [CrossRef] [PubMed]

Torbeyns, Joke, Lieven Verschaffel, and Pol Ghesquiere. 2005. Simple Addition Atrategies in A First-Grade Class with Multiple Strategy
Instruction. Cognition and Instruction 23: 1-21. [CrossRef]

Vanbinst, Kiran, Pol Ghesquiére, and Bert De Smedt. 2015. Does numerical processing uniquely predict first graders’ future
development of single-digit arithmetic? Learning and Individual Differences 37: 153-60. [CrossRef]

Vasilyeva, Marina, Elida Laski, and Chen Shen. 2015. Computational Fluency and Strategy Choice Predict Individual and Cross-
National Differences on Complex Arithmetic. Developmental Psychology 51: 1489-500. [CrossRef] [PubMed]

Voyer, Daniel, Susan Voyer, and M. Philip Bryden. 1995. Magnitude of Sex Differences in Spatial Abilities: A Meta-Analysis and
Consideration of Critical Variables. Psychological Bulletin 117: 250. [CrossRef]


https://doi.org/10.1002/wcs.1380
https://www.ncbi.nlm.nih.gov/pubmed/26825049
https://doi.org/10.1037/a0021276
https://www.ncbi.nlm.nih.gov/pubmed/21038941
https://doi.org/10.1111/cdep.12323
https://www.ncbi.nlm.nih.gov/pubmed/22675907
https://doi.org/10.1016/j.cognition.2008.09.003
https://doi.org/10.1111/bjop.12203
https://doi.org/10.1371/journal.pone.0208832
https://doi.org/10.1111/desc.12372
https://doi.org/10.2307/748796
https://doi.org/10.1016/j.jecp.2016.01.016
https://www.ncbi.nlm.nih.gov/pubmed/26914105
https://doi.org/10.1111/1467-9280.00076
https://doi.org/10.1037/0096-3445.116.3.250
https://doi.org/10.1111/cdep.12077
https://doi.org/10.1111/1467-9280.02438
https://doi.org/10.1037/a0014239
https://doi.org/10.1016/j.jecp.2015.12.004
https://doi.org/10.1080/01443410.2019.1622652
https://doi.org/10.1016/j.jecp.2008.02.003
https://doi.org/10.1177/0956797610378309
https://doi.org/10.1037/dev0001265
https://www.ncbi.nlm.nih.gov/pubmed/35073121
https://doi.org/10.1207/s1532690xci2301_1
https://doi.org/10.1016/j.lindif.2014.12.004
https://doi.org/10.1037/dev0000045
https://www.ncbi.nlm.nih.gov/pubmed/26301447
https://doi.org/10.1037/0033-2909.117.2.250

J. Intell. 2023, 11, 97 18 of 18

Wai, Jonathan, Davi Lubinski, and Camilla P. Benbow. 2009. Spatial ability for STEM domains: Aligning over 50 years of cumulative
psychological knowledge solidifies its importance. Journal of Educational Psychology 101: 817. [CrossRef]

Xie, Fang, Li Zhang, Xu Chen, and Zigiang Xin. 2020. Is spatial ability related to mathematical ability: A meta-analysis. Educational
Psychology Review 32: 113-55. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1037/a0016127
https://doi.org/10.1007/s10648-019-09496-y

	Introduction 
	Arithmetic Strategies 
	Sex Differences in Arithmetic Strategies 
	Potential Influence of Numerical Magnitude Estimation on Arithmetic Strategies 
	Purpose of the Present Study 

	Study 1: Method 
	Participants 
	Materials and Procedure 
	Arithmetic Task 
	Number Line Estimation 


	Study 1: Results and Discussion 
	Study 2: Method 
	Participants 
	Materials and Procedure 
	Number Line Estimation 
	Arithmetic Task 
	Raven’s Matrices 


	Study 2: Results 
	General Discussion 
	Sex Differences in Spatial–Numerical Magnitude Knowledge and Arithmetic Strategy Use 
	Spatial–Numerical Magnitude Knowledge and as a Mediator of Sex Differences in Advanced Strategy Use 
	Conclusions and Potential Implications 

	References

