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Abstract

Math anxiety is a negative affective reaction in situations concerning mathematics
and is related to poor math performance and a lower mathematical self-concept.
Gender differences appear in math anxiety even though gender differences in math
abilities are non-existent or minimal in effect size. In the present study, gender
and age differences in math anxiety, mental-rotation performance, and perceived
mental-rotation performance are investigated as well as (perceived) mental-rotation
performance as possible mediators of the relation between gender and math anxi-
ety. Ninety-seven children (54 females) between 11 and 15 years and 84 undergrad-
uate students (59 females) solved a mental-rotation test, rated their performance
in this test, and filled out a questionnaire about math anxiety. Increasing gender
differences with age were found for math anxiety, mental-rotation performance,
and perceived mental-rotation performance. Mental-rotation performance and per-
ceived mental-rotation performance were significant individual mediators for gen-
der differences in math anxiety. Adequate measures should be discussed to enhance
females’ mental-rotation abilities and their perception of these skills to reduce gen-
der differences in math anxiety.
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Introduction

Mental rotation is defined as a spatial ability that requires participants to mentally
rotate two- or three-dimensional objects accurately and rapidly (Shepard & Metzler,
1971). The relation of spatial and mathematic abilities is often examined and well
established (Lowrie et al., 2020). Uttal et al. (2013) classified spatial abilities based
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on two distinctions (see also Newcombe & Shipley, 2015). First, the information
can be intrinsic or extrinsic (Chatterjee, 2008; Kozhevnikov & Hegarty, 2001), and
second, the task is static or dynamic (Chatterjee, 2008; Kozhevnikov et al., 2005).
Mental rotation is an intrinsic and dynamic spatial skill: Intrinsic because the infor-
mation in mental-rotation tasks focuses on the figure’s shape and the arrangement
of parts and relations between parts of the objects remain unchanged in mental-
rotation tasks. The task is dynamic because participants have to move the objects
mentally.

In Cattell’s (1987) two-factor theory of intelligence, spatial and numerical abili-
ties have higher factor loadings on fluid than on crystallized intelligence. They
would therefore be considered part of fluid intelligence (Cattell, 1987). Fluid
intelligence includes abilities like problem-solving, logical thinking, and pattern
recognition. Crystallized intelligence correlates with abilities that are dependent
on knowledge and experience (Cattell, 1987). Accuracy in mental-rotation perfor-
mance is associated with fluid intelligence differences (Varriale et al., 2018). In
functional magnetic reasoning imaging (fMRI) studies, Prescott et al. (2010) found
that in math-gifted adolescents, the connectivity patterns used in a mental-rotation
task are consistent with activations found in fluid intelligence tasks. Ebisch et al.
(2012) could show that spatial abilities and fluid intelligence rely on similar corti-
cal mechanisms. Furthermore, in a training study with mathematical and figural-
spatial training tasks, training-related activation differences in the figural-spatial
tasks considerably overlapped with the network of brain areas for mathematical
tasks (Grabner et al., 2009). The close relation of spatial and mathematical abili-
ties is apparent and confirmed in many studies and reviews (Lowrie et al., 2020;
Reinhold et al., 2020; Sorby & Panther, 2020).

Behavioural data also shows close relations of mathematical and spatial skills
(Mix et al., 2016; Young et al., 2018). Mental rotation was a significant predictor for
mathematical skills in kindergarten and third-graders. For third- and sixth-graders,
significant predictors were visual-spatial working memory, visuomotor integration,
and perspective-taking (Mix et al., 2016). Battista (1990) found strong correlations
between spatial visualization and geometric problem solving, especially in students
with low levels of geometry. A possible explanation of this result could be that people
with a low level of geometry might approach the tasks more visually than analytical
(Battista, 1990). It might be an option to support specifically children who have prob-
lems with geometry, for example, by spatial training to improve their mathematical
and geometrical strategies and skills.

A meta-analysis displayed that training with spatial tasks can improve the
performance in the trained task. The improvement can even transfer to similar
spatial performances, e.g., intrinsic static like the trained ability or transfer to
other spatial abilities, e.g., from an extrinsic static to an intrinsic dynamic ability
(Uttal et al., 2013). Furthermore, already one session of mental rotation training
improved 6- to 8-year-old children’s calculation problems (Cheng & Mix, 2014).
In conclusion, mathematical and spatial skills are not only related but training
one ability can transfer to the other ability.
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Gender differences in mental rotation

Meta-analyses about gender differences in spatial abilities found males outperforming
females in psychometric mental-rotation tests (Lauer et al., 2019; Linn & Petersen, 1985;
Voyer et al., 1995). Small male advantages first emerged in elementary school-age chil-
dren (Lauer et al., 2019). They increased with age from childhood to adolescence (Lauer
et al., 2019) and from adolescence to adulthood (Voyer et al., 1995).

In mental-rotation tasks with 11- to 19-year-old participants, older adolescents
outperformed younger adolescents in accuracy and reaction time (Kail, 1985). Ana-
lyzing age and gender effects in the same age group, Rahe and Quaiser-Pohl (2019)
found no effect of age in general but a significant interaction of age group and gender
indicating that only boys but not girls’ accuracy in a mental-rotation task improved
during adolescence. This is in line with increasing gender differences from adoles-
cence to adulthood (Voyer et al., 1995). In the present study, we were interested in
the effects of age on gender differences in mental-rotation performance, perceived
mental-rotation performance, and math anxiety. Therefore, we recruited children in
young adolescence and young adults as participants.

Reasons for male advantages in mental-rotation performance could be biologi-
cal (Alexander & Son, 2007; Quinn & Liben, 2014) or strategical factors (Boone
& Hegarty, 2017; Hegarty, 2018; Heil & Jansen-Osmann, 2008) as well as gender
differences in confidence (Estes & Felker, 2012) or perceived spatial abilities (Rahe
& Quaiser-Pohl, 2019). Additional reasons could be experimental factors, e.g., vari-
ances in time constraints (Voyer, 2011) or feedback about the individual answer in
the test (Rahe et al., 2019a, b).

Gender differences in mental rotation appear not only in the mental rotation task
itself but also in selecting the most successful strategy (Boone & Hegarty, 2017;
Hegarty, 2018). When different shapes of the original figures are used instead of
mirror images, using orientation-independent strategies can be more successful than
rotating the objects. This is important for the malleability of the task because choos-
ing the best strategy can be more successful than the mental rotation process itself.
When men are more successful in mental rotation tasks, a possible reason can be that
they have better abilities to encode and transform spatial objects (Hegarty, 2018). A
holistic strategy where the object is rotated as a whole is more successful than a
piecemeal strategy where the object is rotated piece by piece (Geiser et al., 2006;
Hegarty, 2018). As men seem to use the holistic strategy more often than women
(Hegarty, 2018) and as women prefer the piecemeal strategy more often than men
(Geiser et al., 2006), this could affect gender differences in mental rotation.

In general, males display higher confidence in spatial abilities (Ariel et al., 2018)
or general masculine activities than females. This affective dimension correlates
with the cognitive (mental-rotation performance) dimension, especially in males
(Cooke-Simpson & Voyer, 2007).

Besides higher confidence in male than female participants, parents of high
school students believe that their sons have higher mental manipulation and naviga-
tion skills than their daughters do (Muenks et al., 2019). This effect was significant
even when controlling for students’ actual performances. These different parental
beliefs could affect children’s own beliefs and their performance as well. In the
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present study, gender and age group differences and interactions will be analyzed
for mental-rotation performance, perceived mental-rotation performance, and math
anxiety.

Math anxiety

Math anxiety is defined as a negative emotion or affective reaction in situations
related to mathematical or numerical tasks (Ashcraft & Moore, 2009; Sokolowski
et al., 2019). Moreover, math anxiety is related to poor math performance in adults
(Ashcraft & Moore, 2009; Barroso et al., 2021) and children (Chang & Beilock, 2016;
Ma, 1999; Ramirez et al., 2013) as well as to low mathematical self-confidence and
could negatively affect working memory (Ashcraft, 2002). The close relation of math
anxiety and math achievement appears as early as in first grade (Ramirez et al., 2013).

Math anxiety is not only related to cognitive dimensions but other affective con-
structs as well. People’s math anxiety is associated with their self-confidence in
math (Ashcraft, 2002; Hembree, 1990), their enjoyment of math, their self-concept
and motivation in math, as well as their avoidance of math (Hembree, 1990). It
seems essential to treat children’s math anxiety and find pedagogical approaches that
can help to ameliorate anxiety over the long term.

Gender differences in math anxiety

Many studies found gender differences in math anxiety with higher scores of anxi-
ety displayed in females than in males (Ferguson et al., 2015; Hembree, 1990; Hopko
et al., 2003; Lauer et al., 2018; Maloney et al., 2012). In a study with 6- to 12-year-old
children, no gender differences in mathematical or spatial abilities were found, but girls
reported higher math and spatial anxiety than boys (Lauer et al., 2018). Hence, gen-
der differences in gender-stereotyped cognitive skills appear early in childhood and are
independent of children’s actual performance.

Bieg et al. (2015) collected data from 755 nine and tenth graders about math
anxiety for trait and state math anxiety, math-related self-concepts, and math gen-
der stereotypes. Males reported stronger math stereotypes, higher self-concept levels
and less trait math anxiety. Correlations between self-concept and gender stereo-
types were negative for girls and positive for boys indicating that girls who strongly
believed math to be a male domain had a relatively low self-concept in mathemat-
ics. In contrast, boys benefitted from a strong gender stereotype in mathematical
self-concept. Gender stereotypes also positively predicted girls’ state-trait anxiety
discrepancy, while this effect was negative for boys. Consequently, only in girls,
stronger trait — compared to state — anxiety is related to a stronger belief that math
is a masculine ability (Bieg et al., 2015).

A German study with more than 800 fourth graders found no significant gen-
der differences in an objective math test but significantly better math grades in
boys and gender differences favoring males for mathematical self-concept rated by
teachers, parents, and the children themselves (Steinmayr et al., 2020). Hence, even
though mathematical abilities do not differ between boys and girls (e.g., Halpern
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et al., 2011; Steinmayr et al., 2020), teachers, parents, and the children seem to think
that boys’ mathematical skills should be better than girls’ skills. Self-concept and
anxiety in mathematics are closely and reciprocally related to each other in seventh-
grade students (Ahmed et al., 2012) and second-grade children (Jameson, 2014),
and both are related to math performance (Douglas, 2000). Therefore, a lower
mathematical self-concept in females could affect their mathematical anxiety and
performance.

To analyze the influence of gender on preferences for mathematics or science
compared to arts or language, Nosek et al. (2002) conducted a study with implicit
measures of math attitude (compared to arts), math identity (compared to arts),
math gender stereotypes, and gender identity. Results showed that females thought
of math as masculine and negatively valued and themselves as females. Conse-
quently, they think of math as not identified with themselves. Engagement with and
higher abilities in math, science, and spatial tasks are related to a higher possibil-
ity of choosing STEM (science, technology, engineering, and mathematics) subjects
in school or university (Wai et al., 2009). To inspire more girls to take an interest
in STEM subjects, gitls’ affective reactions towards math and spatial tasks deserve
more detailed consideration.

The present study aims to explain whether mental-rotation performance or per-
ceived mental-rotation performance can more likely mediate the relation between
gender and math anxiety. Furthermore, it seems necessary to investigate the relation
between the intensity of math anxiety and gender differences in math anxiety and
the influence of (perceived) mental rotation performances at different time points
during adolescence. Only when this is known, it is possible to implement pedagogi-
cal approaches during sensitive periods of adolescents’ development.

Mental-rotation performance and math anxiety

Spatial and mathematical skills are related (Kyttidld & Letho, 2008; Mix & Cheng,
2012), and specific spatial and mathematical tasks show overlapping domains (Mix
et al., 2016). Both abilities are considered fluid intelligence (Cattell, 1987). Spatial
skills are related to geometry (Battista, 1990; Weckbacher & Okamoto, 2014), and
mental rotation is a strong predictor of mathematical abilities in high school students
(Casey et al., 1995). Mental-rotation ability is also related to affective domains of
math and geometry, like self-perception in geometry and algebra (Weckbacher &
Okamoto, 2014). Other studies found correlations between mental-rotation perfor-
mance and math-test performance in young adults that was stronger in males than in
females (Rahe & Quaiser-Pohl, 2020) and between mental-rotation performance and
geometry in adolescents (Kyttidld & Letho, 2008). A meta-analysis found significant
correlations between mathematical abilities and intrinsic-dynamic spatial abilities
(Xie et al., 2020).

Casey et al. (1997) found gender differences in mental rotation, math anxiety, and
the Math Scholastic Aptitude Test (SAT-M) as well as correlations between mental
rotation and math self-confidence, geometry, and SAT-M. A path analysis showed
that relations of gender and SAT-M were mediated through boys’ better mental
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rotation abilities and their increased self-confidence. A meta-analysis could show
that math anxiety is negatively related to spatial ability (Hembree, 1990). Conse-
quently, cognitive and affective dimensions seem to be closely related to each other
and students’ gender. The present study aims to look at gender differences in cogni-
tive and affective aspects at different time points in adolescents’ development. Fur-
thermore, different correlations between these aspects for males and females will be
analyzed.

Recently, many studies have focussed on the effects of spatial ability, spatial anxiety,
and perceived spatial ability on the gender differences in math anxiety (for a thorough
overview, see Sokolowski et al., 2019). Self-reported spatial skills mediated the relation-
ship between gender and math anxiety in undergraduate students and adults between
18 and 78 years (Maloney et al., 2012). Furthermore, self-reported sense of direction,
spatial anxiety, and mental-rotation skills predicted math anxiety (Ferguson et al., 2015).
Even when gender was controlled, mental-rotation abilities, spatial and general anxiety,
but not large-scale abilities (Money Test) predicted math anxiety in undergraduate stu-
dents (Ferguson et al., 2015). A review of findings from studies analyzing gender dif-
ferences in math performance, math anxiety, and spatial abilities suggests a “path from
gender to spatial ability, from spatial ability to math anxiety and from math anxiety to
math achievement” (Wang, 2020). Hence, examining gender differences in spatial abili-
ties seems essential to explain gender differences in math anxiety. Mental rotation tasks
produce the most considerable gender differences in spatial abilities (Voyer et al., 1995).
Therefore, it appears reasonable to look at the relation between mental rotation per-
formance and math anxiety. However, the review (Wang, 2020) did not differentiate
between different age groups.

Sokolowski et al. (2019) could show that in undergraduate students, gender dif-
ferences appeared for mental-rotation performance, perceived spatial abilities, spa-
tial anxiety, and math anxiety, but not for mathematical abilities. The authors found
mediating effects of cognitive (mental-rotation performance) and affective (per-
ceived spatial ability and spatial anxiety) spatial dimensions on the relation between
gender and math anxiety. Spatial anxiety became the most robust unique mediator,
but both mental-rotation performance and perceived spatial ability could fully medi-
ate the gender differences in math anxiety. Sokolowski et al. (2019) used the Spatial
Imagery Questionnaire (SIQ) of the Object-Spatial Imagery Questionnaire (OSIQ,
Blajenkova et al., 2006). That subscale measures spatial imagery and includes evalu-
ations of participants’ interests and abilities in visual representations, transformation
processes, and spatial imagery. In the present study, the aim is mainly on the influ-
ence of mental-rotation performance and perceived mental-rotation performance on
math anxiety and not on a self-evaluation of participants’ spatial abilities in general.
Hence, our self-evaluation focuses on participants’ mental-rotation abilities. Fur-
thermore, we aim to shed more light on the relations of (perceived) mental rotation
and math anxiety at two critical educational time points. By means of our approach
with two different age groups, the emergence of gender differences in cognitive and
affective spatial dimensions and math anxiety and different relations between these
dimensions can be analyzed in more detail.

In elementary school-aged children, mental-rotation abilities were negatively cor-
related to math and spatial anxiety and positively correlated to math achievement
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(Lauer et al., 2018). This illustrates that early in development, the relation between
spatial skills and mathematical abilities exists. Furthermore, mental-rotation perfor-
mances were also related to math anxiety, which shows that relations between affec-
tive and cognitive dimensions are not all domain-specific (Lauer et al., 2018).

Math and spatial abilities are perceived as masculine-stereotyped abilities (Halpern
et al., 2011; Mog et al., 2020). Consequently, females could be prone to stereotype
threat (Steele & Aronson, 1995), which is the risk of confirming a negative stereotype
about one’s own group. Manipulating beliefs about men and women’s mental-rotation
abilities led to better performances in participants who got the instruction that their
gender had an advantage in that skill (Moe & Pazzaglia, 2006). Another study with
a perspective-taking task that is dissociable but highly correlated to mental rotation
(Hegarty & Waller, 2004; Kozhevnikov & Hegarty, 2001) could show similar results.
Performing the same spatial perspective-taking task framed either as spatial or social
ability, males outperformed females only in the spatial but not the social condition
(Tarampi et al., 2016). Hence, especially females seem to be influenced by their own
(or other peoples’) stereotyped beliefs, and these beliefs could negatively affect their
perceived performance and their actual performance in masculine stereotyped activi-
ties, like mathematics, sciences, or spatial tasks.

Individual and gender differences in mental rotation and perceived mental rota-
tion performance can affect math anxiety and gender differences in math anxiety.
Mediator analyses can help to understand whether the cognitive or the affective
dimension of spatial abilities influences gender differences in math anxiety.

Goal of the study

Many possible factors influence math anxiety and gender differences in math anxiety.
We want to investigate the influence of mental rotation performance as a cognitive spa-
tial ability and perceived mental rotation performance as an affective spatial dimension.
These influences will be analyzed at two different time points of adolescence to deter-
mine the best time to implement possible pedagogical interventions.

Hypotheses

(1) In line with the literature, we predicted males to outperform females in mental
rotation (Voyer et al., 1995) and older participants to perform better than younger
children (Rahe & Quaiser-Pohl, 2019). Gender differences should be more pro-
nounced in the older than the younger age group (Voyer et al., 1995).

(2) For perceived mental-rotation performance, we predicted higher scores for males
than for females (Estes & Felker, 2012) and for older than for younger partici-
pants and smaller gender differences in the younger than the older age group
(Rahe & Quaiser-Pohl, 2019).

(3) For math anxiety, we predicted higher scores for females than for males (Ferguson
et al., 2015; Hopko et al., 2003; Lauer et al., 2018; Sokolowski et al., 2019) and
for older than for younger participants (Hopko et al., 2003) and smaller gender
differences for the younger age group.
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(4) We predicted cognitive (mental-rotation performance) and affective (perceived
mental-rotation performance) spatial dimensions to mediate the relation between
participants’ gender and math anxiety (Sokolowski et al., 2019).

Methods
Participants

In this study, 97 children (54 females) between 11 and 15 years (M =12.51,
SD=1.09) and 84 undergraduate students (59 females) between 18 and 39 years
(M =22.24, SD =4.38) took part. The children were attending 6th, 7th, or 8th grade
in a German school of the highest track (Gymnasium, more than 70% will attend
a university). Undergraduate students were attending an introductory psychology
class in a German university. Because the children were attending different classes
in school, intraclass correlations (ICC) were calculated for the variables mental-
rotation performance, perceived mental-rotation performance and math anxiety.
ICCs were very low (all /CC <0.08) and not significant (all p > 0.34); therefore,
clustering children according to their classes was not necessary.

Material
Mental-rotation test

To analyze participants’ mental-rotation ability, a paper—pencil mental-rotation
test (MRT) (according to Vandenberg & Kuse, 1978) with 12 items consisting of
cube figures was used. For each item, one cube figure on the left had to be com-
pared to four figures on the right (Fig. 1). Two of the four objects were identical
to the left figure and had to be crossed out. Both remaining figures were mirror
images of the left object. All objects were rotated in depth. One point was given
if both identical objects were crossed out and no mirrored object was. Internal
consistency of the MRT can be regarded as given (Cronbach’s alpha 0.849).

Fig. 1 Example item of the MRT
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Perceived mental-rotation performance

The questionnaire consisted of three questions about participants’ perceived mental-
rotation performance answered on a six-point Likert scale ranging from 1 to 6. Sub-
jects were asked how sure they were about their decisions, how good they rated their
performance, and how difficult they thought the MRT was. The answers to the third
question were inverted, and a mean score was calculated for participants’ perceived
mental-rotation performance (Cronbach’s alpha=0.828). High correlations between
perceived mental-rotation performance and actual mental-rotation performance
(Rahe & Quaiser-Pohl, 2020) underpin the measurement’s validity.

Math anxiety

For the assessment of participants’ math anxiety, the Abbreviated Math Anxiety
Scale (AMAS, Hopko et al., 2003) was used, consisting of 9 questions, which had
to be answered on a five-point Likert scale ranging from 1 (low anxiety) to 5 (high
anxiety). A mean score was calculated for participants’ math anxiety (Cronbach’s
alpha=0.855). The authors report strong convergent validity for the AMAS (Hopko
et al., 2003).

Procedure

All children were tested in their school classes in groups of 21 to 26. Undergradu-
ate students were tested in their university classes in groups of 17 to 28. Before they
filled out the MRT, two practice items were given to them. The correct solutions of
both practice items were discussed in class to ensure all participants understood the
task. Afterwards, subjects tried to solve 12 items in 3 min. Then, participants filled
out the questionnaire about their perceived mental-rotation performance, math anxi-
ety, gender, and age.

All parents of the children and all participants gave their written informed consent.
The experiment was conducted according to the ethical guidelines of the Helsinki
declaration. Ethical approval for this study was not required following the conditions
outlined by the German Research Foundation, where research that carries no addi-
tional risk beyond daily activities does not require Research Ethics Board Approval.

Statistical analyses

To test the main and interaction effects of gender and age group for mental rotation
(hypothesis 1), perceived mental rotation (hypothesis 2), and math anxiety (hypotheses
3), univariate ANOVAs were calculated with gender and age group as independent
variables and the respective constructs as dependent variables. For hypothesis 4, medi-
ator analyses were conducted with gender as predictor, math anxiety as criterion, and
mental rotation and perceived mental rotation, respectively, as mediator. To examine
whether mental rotation, perceived mental rotation, or a combination of both can best
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mediate the relation of gender and math anxiety, we entered both mediators into one
analysis. Tests were calculated with a level of significance of «<0.05. Significance
levels of 1% or 0.1% are explicitly reported.

Results
Gender differences in mental rotation

For gender and age differences in mental-rotation performance, we calculated an
ANOVA with gender and age group as independent variables and mental-rotation per-
formance as dependent variable. Main effects for gender, F(1.177)=48.882, p<0.001,
eta®=0.216, and age group, F(1.177)=23.929, p <0.001, eta®>=0.119, showed better
performances for males than females and older subjects than younger ones (Fig. 2).
A significant interaction of gender and age group, F(1.177)=15.722, p<0.001,
eta®=0.082, revealed small gender differences for the younger, F(1.177)=5.412,
p=0.011, eta®=0.030, and large differences for the older, F(1.177)=52.027,
p<0.001, eta*=0.227, age group. In only males, F(1.177)=30.607, p<0.001,
eta*=0.147, but not females, F(1.177)=0.598, p=0.221, eta*=0.003, performance
was better in the older age group than in the younger group. Regarding hypothesis
1, males outperformed females and older participants outperformed younger ones in
mental rotation performance. Furthermore, gender differences were larger in the older
age group than in the younger group.

Gender differences in perceived mental rotation
For gender and age differences in participants’ perceived mental-rotation perfor-

mance, an ANOVA was calculated with gender and age group as independent vari-
ables and perceived mental-rotation performance score as dependent variable. A

Fig.2 Mental rotation score as 9
a function of gender and age
group. Error bars indicate SE 8 T
7 1
o 6
S5
n
x 4
=
3
2
1
0
younger age group older age group

O Males OFemales
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main effect of gender, F(1.177)=52.454, p<0.001, eta®=0.229, illustrated higher
perceived mental-rotation performance for males than for females (Fig. 3). No sig-
nificant main effect of age group, F(1.177)=0.219, p=0.320, eta*=0.001, could
be found. A significant interaction of gender and age group, F(1.177)=19.894,
p<0.001, eta®=0.101, revealed gender differences with a small effect for the
younger group, F(1.177)=4.573, p=0.017, eta*=0.025, and a large effect for the
older age group, F(1.177)=59.354, p<0.001, eta*=0.251. While males’ perceived
mental-rotation performance was higher in the older than in the younger age group,
F(1.177)=6.219, p=0.007, eta*=0.034, the opposite effect was found for females,
F(1.177)=16.901, p <0.001, eta®=0.087. With regard to hypothesis 2, males rated
their performance in the mental-rotation test higher than females and participants
in the older age group scored higher in perceived mental-rotation performance than
participants in the younger age group. Moreover, gender differences were smaller in
the younger than in the older age group.

Gender differences in math anxiety

For gender and age differences in math anxiety, we calculated an ANOVA with gen-
der and age group as independent variables and math anxiety as dependent variable.
We found a large main effect for gender, F(1.177)=34.296, p <0.001, eta2=0.162,
but no effect for age group, F(1.177)=0.066, p=0.399, eta*<0.001. The interaction
showed a small significant effect, F(1.177)=3.071, p=0.041, eta®>=0.017 (Fig. 4),
illustrating a small to medium effect for the younger age group, F(1.177)=9.951,
p=0.001, eta*=0.053, and a medium to large effect for the older age group,
F(1.177)=25.089, p <0.001, eta*=0.124. Regarding hypothesis 3, females reported
higher math anxiety than males and gender differences were larger in the older age
group than in the younger age group.

Fig.3 Participants’ perceived 5
mental rotation performance

as a function of gender and age c 4.5 I
group. Error bars indicate SE -8
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Fig.4 Math anxiety as a func- 3
tion of gender and age group.
Error bars indicate SE

Q
S 25 T I
A T
g
.; 2
C
<
<
& 15
g

1

younger age group older age group

@ Males OFemales
Mental-rotation performance and math anxiety

Correlations between the dependent variables and age are illustrated for males and
females separately (Table 1). These different relations illustrate the interactions of
gender and age group on the dependent variables. In males, mental-rotation perfor-
mance is better in the older age group while it remains stable in females. The opposite
effect was found for perceived mental-rotation performance: Younger females rated
their performance better than older females. For math anxiety, small, non-significant
decreases in males and small, non-significant increases in females during adolescence
illustrate the opposing trends. Furthermore, math anxiety is significantly related to
mental-rotation performance only in males but not in females.

Mediator analyses

A mediator analysis was calculated using Process macro v 3.2.01 (Model 4) with
math anxiety as criterion, gender as predictor, and participants’ mental-rotation per-
formance as mediator. In a first step, gender predicts mental-rotation performance,
mental-rotation performance predicts math anxiety, and gender predicts math anxi-
ety (R?=0.15) (Table 2, model A). When mental-rotation performance is added as

Table 1 Cor'relations between MR PMR Math anxiety Age
mental-rotation performance
(MR), perceived mental-rotation g 0.618%% (M)  —0.349%% (M) 0.433%% (M)
performance (PMR), math 0.445%% (F 0,081 (F e
anxiety, and age for males and : ® - ® : ®
females PMR —0.393%* (M) 0.193 (M)
—0.345%* (F) —0.348** (F)
Math anxiety —0.063 (M)
0.091 (F)

Correlations for males (M) and for females (F)
#¥p < 0.001
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Table2 Mental-rotation performance and perceived mental-rotation performance as mediators of the
relation between gender and math anxiety

Model Estimate SE/SE* P %C 99% CI

Model without mediator

Intercept 1.87 0.08 <0.001 1.66, 2.08
Gender MA (c) 0.58 0.10 <0.001 0.32,0.85
R% gender MA 0.15

A Model with MR as mediator

(Fig. 5) Intercept 2.14 0.12 <0.001 1.81,2.47
Gender MR (a) -2.19 0.39 <0.001 -3.24,-1.15
MR MA (b) -0.05 0.01 0.006 —0.10,-0.00
Gender MA (¢’) 0.47 0.10 <0.001 0.19,0.76
Indirect effect (a*b) 0.11 0.04 0.19 0.01, 0.23
R% gender MR MA 0.18

B Model with PMR as mediator

(Fig. 6) Intercept 2.88 0.20 <0.001 233,342
Gender PMR (a) —-1.01 0.15 <0.001 —1.41,-0.61
PMR MA (b) -0.24 0.04 <0.001 0.06, 0.62
Gender MA (¢’) 0.34 0.10 0.001 0.06, 0.62
Indirect effect (a*b) 0.24 0.05 0.41 0.11,0.41
R% gender PMR MA 0.26

C Model with MR and PMR as mediator

(Fig. 7) Intercept 2.88 0.21 <0.001 2.33,3.42
Gender MR (a) -2.19 0.39 <0.001 —-3.24,-1.15
Gender PMR (a) —1.01 0.15 <0.001 —1.41,-0.61
MR MA (b) —-0.00 0.02 0.790 —0.06, 0.04
PMR MA (b) -0.23 0.05 <0.001 -0.37,-0.09
Gender MA (¢’) 0.33 0.10 0.002 0.05, 0.62
Indirect effects (a*b)
Gender MR MA 0.01 0.04 0.02 —-0.10, 0.12
Gender PMR MA 0.13 0.04 0.22 0.03, 0.26
Gender MR,PMR MA 0.10 0.03 0.17 0.03, 0.20

R?% gender MR,PMR MA 0.26

SE standard error for linear regression for direct effects, SE* bootstrapped standard error for indirect
effects, %C percentage of the total effect accounted for by the indirect effect (a*b/c), MR mental-rotation
performance, PMR perceived mental-rotation performance, MA math anxiety

a mediator, gender still predicts math anxiety. The indirect effect of gender on math
anxiety mediated through mental-rotation performance is significant (R>=0.18).
Consequently, participants’ mental-rotation performance partly mediates the rela-
tion of gender and math anxiety. This is illustrated in Fig. 5, containing information
about direct and indirect effects. Table 2 provides more additional data about these
effects for all three models, e.g., level of significance, confidence intervals, and the
percentage of the total effect accounted for by the indirect effect (%C).
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Mental-Rotation
Performance

ab-path =.11**(.04)

27 \(01)

Gender c = .58**(.10) , [ Math Anxiety

¢ = .47**(.10)

Fig.5 Mediation of the effect of gender on math anxiety through mental rotation performance. Asterisks
indicate significant coefficients, **p <0.01. For statistics, see Table 2

A second mediator analysis was calculated using Process macro v 3.2.01 (model
4) with math anxiety as criterion, gender as predictor, and participants’ perceived
mental-rotation performance as mediator. In a first step, gender predicts perceived
mental-rotation performance, perceived mental-rotation performance predicts math
anxiety, and gender predicts math anxiety (R?=0.15) (Table 2, model B). When
perceived mental-rotation performance is added as a mediator, gender still predicts

Perceived
Mental-Rotation

Performance

ab-path = .24**(.05)

1oy X*(om

Gender ¢ = .58*%(.10) , Math Anxiety
¢'= .34%%(10)

Fig. 6 Mediation of the effect of gender on math anxiety through perceived mental rotation performance.
Asterisks indicate significant coefficients, **p <0.01. For statistics, see Table 2
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Perceived
Mental-Rotation
Performance

ab-path =.13**(.04)

Mental-Rotation
Performance

-0.23**(.05)

_ *%
1.01%(.15) ab-path =.01(.04) .

-2.19%*(.39) '-0.00(.02)
\

c=.58**(.10)

Gender Math Anxiety

¢ = .33%%(.10)

Fig. 7 Mediation of the effect of gender on math anxiety through mental rotation performance and per-
ceived mental rotation performance. Asterisks indicate significant coefficients, **p < .01. For statistics,
see Table 2

math anxiety. The indirect effect of gender on math anxiety mediated through per-
ceived mental-rotation performance is significant (R*=0.26). Consequently, partici-
pants’ perceived mental-rotation performance partly mediates the relation of gender
and math anxiety (Fig. 6).

A mediator analysis was calculated using Process macro v 3.2.01 (model 6) with
math anxiety as criterion, gender as predictor, and participants’ mental-rotation per-
formance and their perceived mental-rotation performance as mediators (Table 2,
model C). The combined mediator of mental-rotation performance and perceived
mental-rotation performance significantly mediates the relation of gender and math
anxiety (R*=0.26) (Fig. 7). In this model, mental-rotation performance was no sig-
nificant unique mediator. Perceived mental-rotation performance significantly medi-
ates the relation of gender and math anxiety as a unique mediator.

Model B with perceived mental-rotation performance as mediator of the rela-
tion between gender and math anxiety was the best model with 26% of the variance
of math anxiety explained by gender and perceived mental-rotation performance.
The total indirect effect accounted for 41% of the total effect. Because the inter-
action of gender and age group had a medium effect on perceived mental-rotation
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Perceived
Mental-Rotation
Performance
Age
.023**(,007)
-.24%*%(.04)
-0.09%*(.02)
= 58**(.10 .
Gender ‘ (1o > Math Anxiety
¢’ =.34%*(.10)

Fig. 8 Moderated mediation of the effect of gender on math anxiety through perceived mental rotation
performance and moderated by age. Asterisks indicate significant coefficients, ** p < .01

performance, age is added as a moderator into the mediation analysis (Fig. §). Age
and gender explained 27% of the variance of perceived mental-rotation performance,
and the index of the moderated mediation in total is 0.023 (SEg,,,=0.007, 99% CI
[0.008, 0.046]). The direct effect of gender on math anxiety is 0.344 (SE=0.107,
99% CI [0.065, 0.622]).

Calculating the mediation model separately for both age groups, gender sig-
nificantly predicts math anxiety in the younger age group (beta=0.330, p=0.001,
R*=0.109, direct effect). The indirect effect of gender on math anxiety mediated
through perceived mental-rotation performance is still significant (beta=0.264,
p=0.006). The model with perceived mental-rotation performance and gender
explains 21.2% of the variance of math anxiety (AR*>=0.103). The direct effect
for the older age group is significant (beta=0.456, p<0.001, R>=0.208), and the
indirect effect is not significant (beta=0.167, p=0.190). The model with perceived
mental-rotation performance and gender explains 30.5% of the variance of math
anxiety (AR?>=0.098).

Discussion

Gender differences in mental rotation

In line with Voyer et al., (1995), we found gender differences in mental-rotation
performance favoring males that were increasing in the surveyed age span between
children of about 12 years and undergraduate students. Adults also performed better

than children (Kail, 1985). Males’ mental-rotation performance increased, which is
in line with other studies about increasing cognitive abilities or intelligence during
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adolescence (Berk, 2008). Females’ performance remained stable, which led to
increasing gender differences. The same results were found in a study with partici-
pants between 11 and 20 years (Rahe & Quaiser-Pohl, 2019). Consequently, only
boys’ mental-rotation performance seems to increase with age, while there appear
to be limitations for girls, which lead to a stagnation of their abilities. One of these
limitations could be a stronger belief that boys outperform girls in spatial abilities
(Halpern et al., 2011). This gender-stereotype thinking seems to increase during
adolescence. Another limitation for girls could be fewer opportunities to engage
themselves with spatial tasks. Spatial skills can be improved by practice in adults
(Meneghetti et al., 2016; Rahe et al., 2019a, b; Uttal et al.,, 2013) and children
(Wiedenbauer & Jansen-Osmann, 2008). Consequently, practicing mental rotation,
especially with girls, could help to reduce the gender difference.

Gender differences in perceived mental rotation

For participants’ perceived mental-rotation performance, gender differences favor-
ing males (Cooke-Simpson & Voyer, 2007) also increased with increasing age. In
a study with 11- to 20-year-old high school students, females’ perceived ability of
stereotypically masculine activities (e.g., navigation, mental rotation) significantly
decreasing during adolescence and remained stable in males (Rahe & Quaiser-
Pohl, 2019). Contrary to our hypothesis, participants’ perceived performance did
not increase with age. On a closer look, males’ perceived performance increased
significantly with age, while college-aged females rated their performance signifi-
cantly worse than girls. With increasing age, females could be more affected by their
beliefs that spatial tasks are masculine stereotyped (Halpern et al., 2011). Above
that, college-aged students should be more aware than 11- to 15-year-old children
that males outperform females in spatial tasks. Due to social comparison processes
during adolescence, this could then increase perceived performance in males and
a decreasing belief about one’s performance in females. As a flawed belief about
females’ ability is related to poor spatial skills performance (Moe & Pazzaglia,
2006), girls’ decreasing beliefs in adolescence should receive more attention.
Comparing the influence of gender and age group on mental-rotation performance
and perceived performance, males rate their performance better when they get older.
This reflects in their actual performance. Females’ actual performance remains sta-
ble while their perceived performance decreases. Consequently, the cognitive and
the affective components of mental rotation are consistent in males while females’
perceived performance lags behind their actual performance. This is in line with
Cooke-Simpson and Voyer (2007) and Rahe and Quaiser-Pohl (2020), who found
that undergraduate male students had a more accurate perception of their mental-
rotation performance than females. Giving especially females feedback about their
actual performance in spatial tasks could help strengthening their perception. Other
possible approaches to improve females’ perception could be to reduce their stere-
otype thinking about activities that are considered masculine. On the other hand,
stereotypes about activities that are considered feminine are a negative predictor
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of adolescents’ mental rotation performance (Rahe & Quaiser-Pohl, 2019). Conse-
quently, not only stereotypes about masculine abilities but about feminine abilities
as well should be diminished.

Another possible reason for males’ better spatial abilities results could be that
they play more video games in adolescence and adulthood (Borgonavi, 2016). Many
studies show positive effects of video gaming on spatial cognition (e.g., Cherney,
2008; Feng et al., 2007). Hence, training females’ spatial abilities with appropriate
video games could be another option to reduce gender differences in spatial abilities.

Gender differences in math anxiety

Concerning math anxiety, we found higher scores for females (Hopko et al., 2003),
especially in the older age group. In the present study, math abilities were not tested,
but many studies show comparable results in males and females (Lauer et al., 2018;
Steinmayr et al., 2020). Nevertheless, math anxiety seems to be higher in females.
This could be induced by beliefs that math is a masculine-stereotyped ability. Even
when girls achieve the same grades in school as boys, females still believe that males
are better (Steinmayr et al., 2020). A less stereotyped education in school or at home
could lead to girls’ beliefs that their math abilities are as high as boys’ skills. Conse-
quently, girls’ math anxiety could diminish to a reduced level.

Contrary to our hypothesis, participants’ math anxiety did not increase in gen-
eral with age. However, the significant interaction of gender and age group indicates
increasing gender differences with age. This contrasts with the study conducted by
Lauer et al. (2018), where gender difference in math anxiety remained stable dur-
ing the age range of 6- to 12-year-old children. As our participants’ age range was
directly following Lauer’s, it can be assumed that gender differences in math anxi-
ety appear early in childhood, remain stable during elementary school, and increase
during adolescence. Increasing beliefs about math as a masculine-stereotyped
ability could be responsible for increasing gender differences with age (Halpern
et al., 2011). When males had stronger beliefs that math is a masculine ability, they
could identify themselves with math more than males who had less gender-stereo-
typed beliefs about math (Nosek et al., 2002). This could lead to stronger confidence
in their math performance and, therefore, to less math anxiety. For females, on the
other hand, stronger beliefs that math is stereotyped to the opposite gender could
evoke decreasing identity with math, decreasing confidence in their math abilities
and increasing math anxiety. It should be possible to strengthen each child’s belief
that their mathematical or spatial ability is sufficiently suitable independent of its
gender or existing gender stereotypes.

Mental-rotation performance and math anxiety

Different models comparing various mediators for the relationship between gender
and math anxiety indicated that the model with perceived mental-rotation perfor-
mance as mediator is more suitable than the model with the actual performance
itself. The affective dimension of mental rotation was a stronger mediator to the
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gender differences in math anxiety than the cognitive factor. Individually, mental-
rotation performance and perceived mental-rotation performance could mediate the
relation between gender and math anxiety. Sokolowski et al. (2019) found gender
differences in math anxiety mediated by mental-rotation ability and spatial anxiety.
They assumed that gender differences in spatial abilities and the use of spatial strate-
gies in mathematic tasks could be related to gender differences in spatial anxiety.
As males use the more successful holistic strategy in mental rotation more often
than females and females use the less successful analytic strategy more often than
males (Geiser et al., 2006; Hegarty, 2018; Heil & Jansen-Osmann, 2008), it could
be speculated that males use a more spatial strategy not only in spatial but also in
mathematical tasks. This could then link the affective factor of the spatial domain to
the affective factor of the math domain. Consequently, higher spatial fear or worse
perceived spatial abilities could be related to higher math anxiety.

To reduce females’ math anxiety, it could be promising to strengthen girls’ con-
fidence about their spatial abilities and to practice these spatial skills (Sokolowski
et al., 2019). Workshops or extra-curricular classes in the STEM field could help
girls become more familiar with a domain they still feel uncertain about. As gen-
der differences in math anxiety, mental-rotation performance, and perceived mental-
rotation performance increase during adolescence, such classes or practices should
be most promising in early adolescence. That could help to attenuate the increasing
gender differences from childhood to adulthood.

A further implication of the mediating effect of (perceived) spatial abilities on
the relationship between gender and math anxiety could be to add more spatial tasks
to the mathematical curriculum at school. In doing so, girls could get more famil-
iar with spatial tasks, which could again strengthen their assessment of their spatial
abilities. This could be even more effective when children were separated by gender
during such spatial tasks to avoid the social comparison processes of female stu-
dents. It would be better still, to enrich the mathematical curriculum with spatial
tasks in early elementary school, when children’s gender stereotypical thinking is
less pronounced than in adolescence. This could not only help to reduce gender dif-
ferences in spatial abilities and perceived spatial abilities but in gender-stereotypical
thinking concerning spatial abilities as well. Girls’ spatial abilities and their per-
ceived spatial abilities could be increased, and therefore, gender differences in math
anxiety could be diminished. On the other hand, it could be assumed that math anxi-
ety as an affective factor could be better diminished by enhancing the affective factor
of spatial tasks or other affective factors of mathematical tasks, e.g., self-concept,
motivation, or self-perception.

Because the STEM field is somewhat underrepresented in higher education in
some countries, it seems advisable to enhance efforts to interest more young adults
in this area. Negative thoughts towards mathematics and dissociating oneself from
this subject will prevent girls from engaging in advanced STEM subjects. Encourag-
ing especially females to engage themselves in math or science could be a promising
approach to prevent the lack of specialists in this field (Stieff & Uttal, 2015; Reilly
et al., 2017; Uttal et al., 2013; Wai et al., 2009). A study with elementary school-
age children who attended a 31-week robotics training showed increasing abilities
in spatial visualization and mental rotation and improved attitudes towards STEM
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(Sisman et al., 2020). Our results show that it seems promising to reduce gender dif-
ferences in affective and cognitive spatial dimensions to reduce gender differences
in math anxiety. As this seems more necessary in older than in younger adoles-
cents, training females should take place in elementary school and continue during
adolescence.

Training spatial abilities and enhancing adolescents’ perception of their abili-
ties should not only concentrate on girls and young females. Individual differences
in cognitive and affective dimensions of spatial abilities illustrate that better per-
formances and higher perceptions lead to less math anxiety. Reducing boys’ math
anxiety as well as girls’ seems advisable to interest more young people in the STEM
field. As many studies show that males report higher confidence in their spatial
abilities than females (e.g., Cooke-Simpson & Voyer, 2007), the most beneficial
approach could be to strengthen boys’ and girls’ experience with spatial tasks and
especially girls’ affective perception of their abilities.

Because our focus was the affective component of math, we did not collect data
about participants’ math abilities. We found that mental-rotation performance was
a predictor of math anxiety. Hence, the cognitive component of a spatial task is
related to the affective component of mathematics. It would be interesting to inves-
tigate whether the perceived mental-rotation performance could affect actual math
performance. The affective component would then affect the cognitive component
of mathematics. Further studies could concentrate on cognitive and affective com-
ponents of mathematics and investigate gender differences in math ability and per-
ceived math abilities as well as math anxiety.

The aim of the current study was to determine changes of gender differences in
(perceived) mental-rotation performance and math anxiety during adolescence. Con-
sequently, we concentrated only on two age groups in early adolescence and young
adulthood. Future studies should investigate gender differences in a more diverse
age group.

Conclusions

In the present study, males outperformed females in mental-rotation performance and
rated their performance in a mental-rotation test higher than females. Additionally,
females estimated their math anxiety higher than males. All these gender differences
were more pronounced in the older than the younger age group. Mental-rotation per-
formance, as well as perceived mental-rotation performance, could mediate the gender
differences in math anxiety. Perceived mental-rotation performance was the strongest
unique mediator of the relation between gender and math anxiety. To reduce gender dif-
ferences in adolescents’ math anxiety, girls’ spatial skills, as well as their perception of
their spatial skills, could be improved by training, extra-curricular workshops, or a less
gender-stereotyped education. More positive thoughts towards mathematics and spatial
subjects could then lead to more engagement in advanced STEM subjects.
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