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Abstract:

Gender disparities in STEM (Science, Technology, Engineering, and Mathematics) fields remain
a significant challenge, with women often underrepresented. Spatial abilities, particularly mental
rotation (MR), are crucial for success in STEM, yet significant gender differences in these skills
persist. This research aims to explore the factors contributing to these differences, focusing on
emotional reactivity, self-concept, anxiety, and their impact on performance in mathematical and
spatial tasks among primary school children.

This research synthesizes findings from three related studies involving N=303 primary school
students, consisting of 146 girls and 155 boys with a mean age=8.70 (SD=1.11) years. Data were
collected through standardized questionnaires assessing self-concept, spatial and maths anxiety,
and preferences for STEM subjects. Cognitive performance was evaluated using a computerized,
novel Mental Rotation Task (nMRT) incorporating gender-congruent and neutral stimuli and
various maths tasks correlating with mental rotation. Physiological responses were measured
using galvanic skin response (GSR) to assess the impact of emotional reactivity on task
performance. All data were collected in the classroom environment to increase ecological
validity and generalizability of findings.

Across studies, girls demonstrated higher maths and spatial anxiety, lower maths self-concept,
and a lower preference for maths as a STEM subject compared to boys. These factors were
significantly associated with performance differences in both maths and MR tasks. Higher
emotional reactivity, as evidenced by GSR, and increased response time were associated with
better scores on difficult items, that is, abstract stimuli rotated in-depth. Emotional reactivity also
affected maths task completion times, with girls demonstrating lower physiological arousal
linked to shorter processing time. Gender, subject preference, math self-concept and anxiety
levels emerged as significant predictors of task performance on both maths and spatial tasks.

The results underscore the influence of self-concept, anxiety and physiological responses on
cognitive performance, highlighting significant gender differences. Girls demonstrated higher
subjective anxiety and physiological arousal during maths tasks. However, in the same group,
lower emotional reactivity and maths anxiety served as protective influences, leading to
improved scores and shorter completion times. Moreover, girls and tweens demonstrated lower
maths self-concept and preference for maths, indicating that stereotype effects are already
impacting their interest during primary school. These findings suggest that psychological factors
play a crucial role in learning outcomes, particularly in STEM subjects.

This integrated research contributes to a deeper understanding of how psychological factors such
as self-concept, subjective anxiety but also physiological arousal and subject preferences affect
mathematical and spatial performance in primary school children. The findings have practical
implications for educators and policymakers, advocating for the development of strategies to
enhance self-concept, manage anxiety and support emotional regulation, particularly in girls,
fostering a supportive learning environment that mitigates the impact of stereotype threat.
Enhanced self-efficacy and reduced anxiety thereby increase the likelihood of their engagement
with maths, subsequently improving their performance and expanding their future career options
in STEM fields.

Keywords: Gender Differences; Self-Concept; Anxiety; Spatial Skills; STEM Subjects;
Emotional Reactivity; Childhood Development; Primary Education.
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Il. Summary of Research

This research conducted as part of the Marie Sklodowska-Curie Actions doctoral network
“SellSTEM” (Spatially Enhanced Learning linked to Science, Technology, Engineering and
Mathematics) provides a comprehensive understanding of the interplay between self-concept,
emotion, physiological arousal, and educational performance in primary school children. It
emphasizes the significant gender differences in maths self-concept, maths and spatial anxiety
and their role in mathematical and spatial performance, as well as the critical role of emotional
reactivity, providing evidence for the potential benefits of targeted interventions to support
emotional well-being and cognitive performance in STEM education. These insights are central
for developing effective educational strategies and policies to enhance learning outcomes and
promote gender equity in STEM fields.
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1 Chapter 1: Introduction

1.1 Background and Context

Spatial skills, which involve the ability to mentally manipulate objects and visualize
spatial relationships, are critical for success in STEM (Science, Technology, Engineering,
Mathematics) disciplines (Linn & Petersen, 1985; Newcombe, 2017). Among these skills,
mental rotation stands out as a key component of spatial ability. Mental rotation refers to the
capacity to rotate two- or three-dimensional objects mentally and is essential for
understanding and solving problems in various scientific and technical fields (Shepard &
Metzler, 1988).

In the context of primary education, developing strong mental rotation skills can
significantly enhance children's spatial reasoning and overall cognitive development
(Newcombe & Frick, 2010). Early proficiency in mental rotation not only supports learning in
subjects such as mathematics and science but also fosters problem-solving abilities (Frick et
al., 2013). Recognizing the importance of these skills, educators are increasingly focusing on
incorporating activities and curricula that promote spatial thinking and mental rotation in
early education, laying a solid foundation for future success in STEM disciplines (Zhu et al.,
2023).

Research has consistently found gender differences in mental rotation performance,
with boys typically outperforming girls (Linn & Petersen, 1985; VVoyer et al., 1995). These
differences are often attributed to a variety of factors, including socialization processes,
stereotype threat, and differences in experience with spatial tasks with many researchers
emphasising social over cognitive influences (Newcombe, 2017). Understanding these gender
disparities is crucial for developing targeted interventions that can help close this gap and
ensure that all students have the opportunity to develop strong spatial skills, which are vital
for success in STEM fields (Newcombe, 2017; Uttal & Cohen, 2012).

Mathematics self-concept, or an individual's perception of their own abilities in
mathematics, plays a crucial role in shaping their academic preferences and performance,
particularly in STEM subjects (Cvencek et al., 2020; Marsh et al., 2018). A positive maths
self-concept is strongly associated with a higher preference for and engagement in STEM
subjects, fostering a pathway towards careers in these fields (Goldman & Penner, 2016). This
self-perception not only influences students' motivation and interest in pursuing STEM-

related courses but due to the link between mathematics skills and spatial ability, it also plays
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a role in their spatial performance (Lennon-Maslin & Quaiser-Pohl, 2024). Research has
shown that school children with a strong competence and confidence in spatial tasks tend to
exhibit more motivation for mathematics, further enhancing their overall academic
achievement and likelihood of pursuing STEM studies (Atit et al., 2022). Therefore,
understanding the interplay between maths self-concept, STEM preferences, and spatial
performance is essential for developing educational strategies that support and encourage
students, particularly those who might otherwise be deterred by low self-efficacy in

mathematics.

Mathematics and spatial anxiety are prevalent issues in educational settings,
significantly affecting students' academic performance and STEM self-efficacy (Zivkovié et
al., 2023). Maths anxiety refers to the feeling of tension and fear that interferes with the
manipulation of numbers and the solving of mathematical problems in various academic and
everyday situations (Ashcraft, 2002; Hembree, 1990). Spatial anxiety involves a similar
apprehension related to tasks that require spatial thinking, such as mental rotation and
navigation (Alvarez-Vargas et al., 2020; Ramirez et al., 2012). Both types of anxiety can
hinder students’ ability to perform well in STEM (Science, Technology, Engineering,
Mathematics) subjects, which are crucial for many career paths in the modern world (Delage
etal., 2021)

Research has consistently shown that anxiety negatively impacts cognitive performance
by occupying working memory and cognitive resources needed for problem-solving and task
execution (Johns et al., 2008; Schmader et al., 2008). This is particularly significant in
educational settings, where high levels of anxiety can lead to reduced participation, lower
achievement, and a negative self-concept regarding one's abilities in maths and spatial tasks
(Delage et al., 2021; Szczygiel, 2020; Zivkovi¢ et al., 2023). Despite extensive research in
this area, gaps remain, particularly concerning the early identification of anxiety's impact on

young children's performance and the role of physiological responses in this dynamic.
1.2 Problem Statement

The primary aim of this research is to examine the role of psychological factors such as
self-concept and anxiety in primary school children's performance on spatial tasks and how
this relates to performance in STEM subjects, in particular mathematics. By understanding
these relationships, we can identify key factors that contribute to performance disparities and
develop strategies to mitigate these effects. The research focuses on gender differences in

psychological constructs associated with maths and spatial tasks and performance, exploring
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how boys and girls differ in their experiences and outcomes. Additionally, the studies
investigate emotional reactivity, as measured through physiological responses, and children’s
preference for STEM subjects and their role of in influencing task performance.
Understanding these dynamics is important for developing effective educational interventions

and policies.

1.3 Research Questions

Overall, this research sought to answer the following gquestions on these topics:
1.3.1 Emotional Reactivity and Performance:

This research explored how emotional reactivity, as measured by galvanic skin
responses (GSR), changes during a mental rotation (MR) task and is influenced by task
difficulty. It aimed to uncover the relationship between emotional responses and performance
metrics such as accuracy and response time on a MR task. The study also examined whether
participants who invest more time in the task demonstrate greater accuracy, providing insights
into the dynamics of emotional reactivity and its impact on cognitive performance in primary
school children. The research also investigated how emotional reactivity, alongside subjective
anxiety (both maths and spatial), influences performance on cognitive tasks such as maths and
mental rotation. It explored whether these influences differ between girls and boys, and also
how these factors along with subject preference impact task performance. This comprehensive
approach aimed to provide a nuanced understanding of the interplay between cognitive and

emotional factors in primary education.
1.3.2 Item Difficulty and Stereotype Effects:

The research investigated how patterns in speed and accuracy during a mental rotation
(MR) task are affected by item difficulty, which varies based on stimulus type and rotational
axis. It also explored the relationship between participants' perceptions of stereotyped and
stimulus difficulty and their actual performance, assessing the influence of stereotype effects

on spatial-cognitive outcomes.
1.3.3 Gender and Age Differences:

This research examined whether gender and age differences exist in primary school
children's maths self-concept, spatial anxiety, perceived difficulty of spatial tasks, mental-
rotation performance, and preference for STEM subjects. It aimed to understand how these
differences manifest in cognitive task performance, particularly in maths and mental rotation,
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as well as in subject preferences, comparing their preference for maths versus German. It also

focused on developmental differences based on childhood stages.

134 Predictive Factors:

The research sought to determine whether students' preference for STEM or non-STEM
subjects predicts their maths self-concept. It examined the interplay between maths self-
concept, spatial anxiety, and perceived task difficulty to understand how these factors
collectively predict mental rotation performance, highlighting the underlying psychological
dynamics. Additionally, it explored whether anxiety acts as a mediator in the relationship
between math self-concept and mental rotation and whether gender, subject preference,
emotional reactivity, and subjective anxiety are associated with to impact math and spatial
task performance. This comprehensive approach aimed to provide a nuanced understanding of

the interplay between cognitive and emotional factors in primary education.

1.4 Significance of the Research

The significance of this research lies in its potential to inform educational interventions
and policy-making. By identifying the factors that contribute to deficits in self-efficacy and to
task-related anxiety and its role in performance, educators can develop targeted strategies to
support students, particularly those who are most affected by these issues. The research
findings can help in designing curricula and teaching methods that increase self-efficacy,
reduce anxiety, enhance emotional regulation, and improve overall academic performance in
maths and spatial tasks. Furthermore, understanding the role of physiological responses in
educational performance can lead to innovative approaches in assessing and supporting
students' emotional well-being. This research aims to contribute to a more inclusive and
effective educational environment, mitigating stereotyped attitudes and promoting better

learning outcomes for all students, regardless of gender.

2 Chapter 2: Literature Review

Gender disparities in STEM fields have been a persistent issue worldwide. Despite
significant efforts to promote gender equality, women remain underrepresented in many
STEM disciplines, particularly those requiring advanced mathematical and spatial skills
(Makarova et al., 2019; World Economic Forum, 2019). This integrated literature review

synthesizes research from three key studies to explore the factors contributing to this
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disparity. Specifically, it examines gender differences in spatial ability, the role of emotional
reactivity and stereotype threat, the benefits of computer adaptive testing (CAT), and the

developmental aspects of spatial and mathematical skills in children.

2.1 Gendered Career Choices and STEM Engagement

Despite the advances in globalization, gendered career choices continue to persist
globally. According to the World Economic Forum (2019), only one-third of female students
pursue higher education or research careers in STEM fields. This underrepresentation is
especially pronounced in mathematically intensive disciplines such as geoscience,
engineering, and computer science (Ceci et al., 2014). A number of initiatives have been
rolled out in the last decades in OECD countries to address gender issues in STEM subjects
and careers. One such initiate was the National Pact for Women in MINT? Careers launched
in Germany in 2008. This initiative, also known as “Go MINT” and instigated by the German
Federal Ministry for Education and Research, brought together politics, business, science and
the media with the goal of improving the image of STEM-related professions and careers in
society (OECD, 2017). Additionally, the initiative aimed to increase young women's interest
in scientific and technical degree courses. Another initiative, funded by the EU’s Horizon
2020, is the SellSTEM (Spatially Enhanced Learning linked to STEM) group. This research
network, consisting of ten universities across Europe and nine partners in industry and
technology education, aims to enhance spatial abilities in children across Europe. Due to
consistent gender differences found in spatial ability in favour of males, SellISTEM has a
particular focus on improving girls’ spatial ability to better prepare them for STEM education
and careers (SellISTEM MSCA ITN, 2021).

2.2 Spatial Ability and Mental Rotation (MR)

Spatial ability, particularly MR, is crucial for success in STEM fields. MR consistently
shows significant gender differences, often favouring males, which are particularly evident in
tasks involving three-dimensional objects (Linn & Petersen, 1985; VVoyer et al., 1995). These
differences. MR is traditionally assessed using psychometric instruments that have evolved to
digital formats, allowing for more sophisticated analyses of performance (Schmand, 2019).

Factors influencing MR performance include item difficulty, task-solving strategies, and

L MINT is the acronym for STEM in German and stands for Mathematik (Mathematics), Informatik (Computer
Science), Naturwissenschaft (Natural Science) and Technologie (Technology).
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Figure 1

Under-Representation of Women Among New Entrants in STEM Fields in Higher Education
(OECD, 2017).
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gender-stereotyped stimuli (Rahe & Quaiser-Pohl, 2021; Ruthsatz et al., 2015). Digital MR
tests provide opportunities to explore these factors in detail, offering insights into designing

assessments that minimize gender biases.

Recent studies have turned their attention to the impact of gender-stereotyped attributes
of stimuli used in MR tests and how they might influence performance. Findings suggest that
the degree to which stimulus objects are familiar or gender-congruent significantly affects the
gender difference in MR performance (Neuburger et al., 2011). There is also a positive
correlation between stereotyped stimulus content and children's performance on MR tests
(Ruthsatz et al., 2014).

2.3 Emotional Reactivity and Cognitive Performance

Emotional reactivity significantly impacts cognitive performance on tasks like MR.
Anxiety, stereotype threat, and other emotional responses can reduce the working memory
and executive resources needed for successful task completion (Schmader et al., 2008). For
instance, spatial anxiety (SA) can mediate gender differences in MR performance, particularly
on more challenging spatial tasks, with girls often experiencing higher SA and lower self-
confidence than boys (Arrighi & Hausmann, 2022; Ramirez et al., 2012). Effective emotional
regulation strategies can mitigate these negative effects, improving performance on cognitive
tasks (Fladung & Kiefer, 2016). Physiological measures, such as GSR, provide valuable

insights into participants' emotional state during testing, helping to identify when and how
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emotional regulation strategies can be most effective (Deng et al., 2016). The significance of
emotional responses is further underscored by research demonstrating that gender differences
in spatial abilities are often influenced by emotional states and regulation strategies (Fladung
& Kiefer, 2016). Identifying and addressing these emotional factors is therefore crucial for

developing interventions that support equitable performance across genders.

2.4 Computer Adaptive Testing (CAT) in MR

Computer adaptive testing (CAT) represents a significant advancement over traditional
fixed item tests (FIT). CAT adapts to the participant's performance, presenting items based on
previous responses, potentially reducing anxiety and improving motivation, particularly
among female students (Eggen & Verschoor, 2006; Martin & Lazendic, 2018). CAT's
flexibility and efficiency make it a promising approach for assessing MR in educational
settings (Chuesathuchon, 2008). Research indicates that CAT can lead to better performance
and a more positive testing experience by reducing the pressure associated with fixed tests
(Linden & Glas, 2000; Ling et al., 2017). By adapting to the test-taker's ability level, CAT can
provide a more accurate assessment of their skills while maintaining engagement and
reducing test-related anxiety (Fritts & Marszalek, 2010). This method also allows for shorter
tests, reduced scheduling and supervision, and faster, more accurate scoring and reporting.
CAT's advantages extend to educational practices by offering teachers greater convenience
and flexibility (Chuesathuchon, 2008). The adaptive nature of CAT ensures that each student's
abilities are accurately assessed, enabling more personalized and effective educational

strategies.

2.5 Gender Differences in Maths Self-Concept and STEM Preferences

Gender disparities in maths self-concept and spatial anxiety emerge early in education,
influenced by societal stereotypes and peer dynamics (Cvencek et al., 2011; Wolff, 2021).
Girls often exhibit lower maths self-concept and higher spatial anxiety than boys, impacting
their engagement and performance in STEM subjects (OECD, 2013; Raabe & Block, 2024).
Longitudinal studies show that these factors significantly influence academic trajectories and
career choices in STEM fields (Marsh et al., 2018; Parker et al., 2014).

Maths self-concept, the belief in one's ability to succeed in mathematics, is a critical
factor influencing academic performance and subject preference (Cvencek et al., 2020).
Research consistently shows that girls have lower maths self-concept than boys, leading to

lower participation in maths and related subjects (Goldman & Penner, 2016). Addressing
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these disparities through targeted interventions can help improve girls' confidence and interest
in STEM.

The Reciprocal Effects Model (REM) posits a mutually reinforcing relationship
between self-concept and academic achievement over time (Marsh, 1990; Marsh & Craven,
2006). Encouraging active involvement and participation in mathematics is therefore
anticipated to yield positive effects on students' self-concept. Studies conducted in the United
States and China with pre- and primary school children found a reciprocal relationship

between maths self-concept, interest, and achievement (Cai et al., 2018; Fisher et al., 2012).
2.6 Developmental Aspects and Childhood Brain Development

Developmental aspects play a crucial role in shaping spatial and mathematical abilities,
particularly during the pre-adolescent or tween stage (ages 9 to 12). This period is
characterized by significant cognitive and brain development, including maturation of the
parietal cortex, which is critical for spatial processing and cognitive control (Hodgkiss et al.,
2021; Modrofio et al., 2018). The development of these abilities during this stage can set the
foundation for future success in STEM subjects.

Tweens are at a critical juncture where societal hierarchies, stereotypes, and peer
influence become more salient. They are beginning to develop an awareness of gender
identity and societal norms, which can impact their preferences and engagement with STEM
subjects (McArthur et al., 2021; McGuire et al., 2022). Peer influence and teacher
expectations play significant roles in shaping attitudes towards STEM (Heyder & Kessels,
2017; Wolff, 2021). Additionally, interventions such as peer mentoring during this period can
be particularly effective in fostering positive attitudes and reducing the impact of negative
stereotypes (Quaiser-Pohl, Endepohls-Ulpe, et al., 2014; Quaiser-Pohl & Endepohls-Ulpe,
2012; Space Science Institute, 2023; Starr, 2018).
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Figure 2

Structural Changes During Early Adolescence in Brain Regions in the Superior Parietal

Cortex Support Improved Spatial Manipulation (Modrofio et al., 2018).

(A) L Sup L Inf (B)
Parietal Parietal GREY MATTER DENSITY

ot
-]
)

L

+H [ 1 k

g
-]
1

Parameter estimate
o
»

0.2-
\‘ 0.0 : Y ' :
R Sup & & & @2
Parietal R Inf <? <l i i
- Q k &
Parietal X &> < §
e < v <

3 ADOLESCENTS
E3 ADULTS
The development of mental rotation in pre-adolescence is associated with changes in the

brain, particularly in regions related to spatial processing and cognitive control (s. Figure 2).
Structural changes, such as increased grey matter density and synaptic pruning, contribute to
improved spatial abilities (Modrofio et al., 2018). This developmental period therefore
presents a prime opportunity for the expansion and enhancement of cognitive abilities, which
are essential for excelling in STEM subjects during secondary education. Subjects such as
advanced mathematics, computer science, physics, and chemistry benefit greatly from
development in spatial cognition. This developmental juncture sets the stage for not only
cognitive enhancement but also potential challenges such as the emergence of negative
attitudes and emotions related to spatial tasks. Hence, it is important that in girls and pre-

adolescents, spatial skills are actively nurtured and interest in mathematics sustained.

2.7 Physiological Measures of Emotional Arousal

Physiological measures, such as galvanic skin response (GSR), provide valuable
insights into emotional arousal and its impact on cognitive performance. GSR effectively
captures physiological changes associated with anxiety and stress, offering a real-time
measure of emotional reactivity during cognitive tasks (Christopoulos et al., 2019; Horvers et
al., 2021; Nourbakhsh et al., 2012). Understanding these physiological responses can inform

interventions aimed at reducing anxiety and improving cognitive outcomes in educational
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settings. Using wearable devices to measure GSR in real-life conditions, such as classrooms,
can provide detailed data on how emotional arousal affects learning and performance (Gersak
et al., 2020). This information is crucial for designing effective educational interventions that

address the emotional and cognitive needs of students (Thammasan et al., 2020) .

Tests and exams trigger a range of emotions, including excitement, frustration, anxiety,
and boredom (Tyng et al., 2017). Increased anxiety and negative thought patterns are linked
to heightened electrodermal activity (EDA) (Pizzie & Kraemer, 2021). Maths anxiety, in
particular, is connected to increased vigilance when dealing with mathematical tasks.
Previous research has shown that biological factors, such as heightened amygdala activity, are
associated with greater reactivity in individuals with high maths anxiety when they encounter
mathematics (Pizzie & Kraemer, 2017). Additionally, mental-rotation tasks, which require
significant spatial reasoning and mental visualization, can be particularly challenging for
primary school children, leading to increased stress and emotional arousal (Ramirez et al.,
2012). The novelty of these tasks might trigger interest and curiosity but also higher
emotional reactivity due to their uncertainty. In contrast, repeated exposure to maths activities
can lead to greater competence, comfort, and reduced anxiety (Ng et al., 2022). Familiar and
straightforward maths tasks regularly practiced in school may be less stressful. However,
lower self-efficacy in performing both maths and spatial tasks might heighten anxiety and

physiological arousal (Rahe & Quaiser-Pohl, 2021).

2.8 Stereotype Threat and Working Memory

Stereotype threat (ST) occurs when individuals fear confirming negative stereotypes
about their social group, which can impair their performance by consuming cognitive
resources and increasing anxiety (Steele & Aronson, 1995). ST significantly affects cognitive
performance by increasing anxiety and reducing working memory capacity, which is essential
for complex cognitive tasks like MR and mathematics (Schmader, 2010; Schmader et al.,
2008) (s. Figure 3). For girls, the stereotype that they are less capable in spatial and
mathematical tasks can lead to increased anxiety and reduced working memory capacity,
negatively impacting their performance (Neuburger et al., 2012; Schmader et al., 2008).

There is evidence that even very young children hold explicit stereotypes about spatial
ability, associating it more with boys than girls (Ebert et al., 2024). Moreover, these
stereotypes appear to be more pronounced in boys. This can be advantageous for boys due to
stereotype lift effects, which enhance performance when individuals are aware that an
outgroup is negatively stereotyped (Walton & Cohen, 2003). People can experience
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stereotype lift when the ability or value of an outgroup (boys vs girls for example) is
questioned, even without specific reference to that outgroup, as long as the performance task

is associated with a widely recognized negative stereotype.

Research has shown however that stereotype threat can be mitigated through
interventions such as positive reinforcement, exposure to role models, and inclusive
educational practices (Aronson et al., 2009). These strategies can help reduce the anxiety

associated with stereotype threat, allowing students to perform to their full potential.

Figure 3

Integrated Model of Stereotype Threat Effects on Cognitive Performance (Schmader et al.,
2008).
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2.9 Gaps in the Literature

Based on the literature review, this research addresses several key gaps in the existing

literature:
2.9.1 Gender Disparities in Spatial and Mathematical Abilities:

While there is a considerable body of research highlighting gender differences in
spatial abilities, particularly mental rotation, there is a need for more focused studies on how
these differences manifest in primary school children and how they are influenced by
stereotype threat and emotional reactivity. Previous studies have established the presence of
gender differences in spatial tasks, but there is limited understanding of the underlying
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cognitive and emotional mechanisms, particularly how subjective task-related anxiety and
physiological arousal affect performance.

2.9.2 Impact of Emotional Arousal on Cognitive Performance:

Although the relationship between anxiety and cognitive performance is well-
documented, there is a gap in understanding how physiological measures of emotional
reactivity correlate with task performance in children. This research aims to fill this gap by
using GSR to measure emotional responses during cognitive tasks. Most existing studies rely
on self-reported measures of anxiety and emotional states. This research incorporates
physiological data to provide a more objective assessment of how emotion impacts cognitive

performance.
2.9.3 Developmental Differences in Cognitive and Emotional Responses:

There is a need for more research on how cognitive and emotional responses develop
during the tween years (ages 9-12) and how these developmental changes impact performance
on tasks requiring spatial and mathematical abilities. This research focuses on this critical
developmental period to understand better how cognitive abilities and emotional reactivity
evolve. While some studies have examined cognitive development in general, there is a lack
of research specifically addressing how developmental changes influence susceptibility to

stereotype threat and spatial anxiety during this stage.
2.9.4 Effectiveness of Adaptive Testing:

There is limited research on the use of computer adaptive testing (CAT) for assessing
spatial abilities in children. This research provides some insights for further research into
whether CAT can reduce anxiety and improve performance compared to traditional fixed item
tests (FIT). Existing studies on CAT have primarily focused on academic subjects like
mathematics. This research theoretically extends the application of CAT to spatial ability
assessment, exploring its potential benefits in reducing test anxiety and providing a more

tailored testing experience.
2.9.5 Interplay Between Self-Concept, Anxiety, and Performance:

While the relationship between self-concept and academic performance is well-documented,
there is a gap in understanding how maths self-concept interacts with spatial anxiety and
perceived task difficulty to influence performance on spatial tasks. This research aims to

clarify these interactions and their implications for educational interventions. Previous
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research has often treated self-concept, anxiety, and performance as separate constructs. This
research seeks to integrate these factors, providing a more holistic understanding of how they

collectively impact cognitive task performance.
2.9.6 Influence of Societal Stereotypes on STEM Engagement:

There is a need for more research on how societal stereotypes about gender and STEM
influence children's interest and engagement with these subjects. This research explores how
stereotype threat may affect primary school children's performance and interest in STEM,
particularly focusing on the impact of negative cultural stereotypes and academic choices.
While stereotypes are recognized as a barrier to STEM engagement, there is limited empirical
evidence on how early these stereotypes begin to affect children's self-concept, subject
preferences and task performance. This research addresses this gap by examining the

influence of stereotypes during the critical developmental period of primary school.
2.9.7 Methodological Advances in Measuring Cognition and Emotion:

Traditional studies have relied heavily on self-report questionnaires to measure
anxiety and self-concept. This research incorporates physiological measures (e.g., GSR) to
provide a more nuanced understanding of cognitive and emotional responses. By combining
subjective and objective measures, this research aims to develop more reliable and valid
methods for assessing the impact of emotional regulation on cognitive performance,
particularly in young children. By addressing these gaps, the research contributes to a deeper
understanding of the factors influencing gender differences in spatial and mathematical
abilities, the role of emotional reactivity in cognitive performance, and the development of

effective interventions to support children's engagement and success in STEM fields.

3 Chapter 3: Methodology

3.1 Research Design

This research employs a combination of cross-sectional and experimental designs to
investigate the impact of self-concept, anxiety and physiological responses on the
mathematical and spatial performance of primary school children. The cross-sectional design
allows for the assessment of differences between various groups (e.g., gender differences in
anxiety and performance), while the experimental design facilitates the examination of causal

relationships between variables, such as the impact of emotional reactivity on task
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performance (Vogt et al., 2012). Additionally, the setting in which this research was
undertaken, namely the classroom, reinforces its external validity, specifically ecological
validity. Ecological validity refers to the realism with which the study design matches
participant's real-life context (Hartson & Pyla, 2012). This factor influences the

generalisability of the findings to actual classroom settings (Laureati & Pagliarini, 2019).

3.2 Participants

The studies involved 303 (N=303) primary school students from Germany, consisting of
146 girls and 155 boys with a mean age = 8.70 (SD=1.11) years. Participants were recruited
from local primary schools and were representative of the general population in terms of
socio-economic status and educational background. Written consent from parents and
guardians was obtained for all participants, as well as verbal assent from the students

themselves and ethical guidelines were strictly followed throughout the study.

3.3 Instruments Used to Measure Constructs

3.3.1 Cognitive Tasks
3.3.1.1 Mathematical Task:

Participants completed a series of mathematical problems designed to assess various
aspects of mathematical competence. These tasks included number-line estimation, word
problem representation, and missing terms tasks and were borrowed from the Kangaroo
Maths Challenge (Mathematikwettbewerb Kanguru e.V, n.d.). Each task was selected to cover
different mathematical skills, from basic arithmetic to problem-solving abilities which
correlate with spatial skills (Applebaum, 2017). Performance was measured in terms of
percentage scores and completion times. Some examples of the problems are appended to this

report (s. Appendix.1).
3.3.1.2 Mental Rotation Task (MRT):

The mental rotation task involved participants viewing images of objects that had been
rotated in space and identifying which objects were the same as a reference image. The tasks
used novel, gender-fair Mental Rotation Task (nMRT) and included both abstract and
concrete stimuli rotated in picture-plane and in-depth. The task is based on VVandenberg and
Kuse's (1978) pioneering study, but instead of using cubical stimuli only, it also incorporates
items for young children such as animals and letters (Quaiser-Pohl, 2003) and features

gender-stereotyped (male and female) and neutral objects (Neuburger et al., 2012; Ruthsatz et
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al., 2014, 2015). Time limits were imposed but these were somewhat longer than on the
original MRT to accommodate diverse processing strategies in girls and boys (Nolte et al.,
2022; Voyer, 2011). Participants’ accuracy and response time were recorded to assess their
spatial skills. The nMRT were computerized and presented on tablet devices. Experimental
programming was undertaken in Psychopy, an open-source software package designed for the
creation and presentation of experiments in behavioural sciences, particularly in psychology
(Peirce, 2007). For the full list of stimuli used in the mental rotation task, see the appendix of

publication 1.
3.3.2  Self-Report Questionnaires
3.3.2.1 Stereotyped Nature of Stimuli Questionnaire:

The Stereotyped Nature of Stimuli Questionnaire is a computerised, abbreviated
vesion of a questionnaire developed to assess the extent to which participants perceived items
in the mental rotation task as gender-stereotyped (Ruthsatz et al., 2015). This questionnaire
included six items that measured participants' beliefs about whether certain stimuli were more
suitable for boys or girls. The aim was to understand how gender stereotypes might influence

perceived difficulty and performance on the mental rotation task (s. Appendix Publication 1).
3.3.2.2 Perceived Difficulty of Stimuli Questionnaire:

This Questionnaire was designed to measure participants' perceptions of the difficulty
of items on the mental rotation task. It was based on the Stereotyped Nature of Stimuli
Questionnaire (Ruthsatz et al., 2015). Understanding perceived difficulty is crucial as it can
influence anxiety levels and overall performance. This questionnaire, consisting of six items,
was used to assess how difficult participants found each stimulus, to examine the relationship
between perceived difficulty, self-concept, anxiety levels, and task performance and to
identify whether perceived difficulty varies by gender and how it might contribute to

performance differences (s. Appendix Publication 1).
3.3.2.3 Maths Self-Concept Questionnaire:

This is a validated instrument designed to measure students' perceptions of their
abilities and self-efficacy in mathematics. This subscale is part of a broader self-concept
questionnaire and focuses specifically on mathematics-related self-concept (Ehm, 2014). The
subscale was included to evaluate how primary school children perceive their abilities in
mathematics, to explore the relationship between maths self-concept and performance in the
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spatial task and to examine gender differences in maths self-concept and its role in task
performance (s. Appendix A.1).

3.3.2.4 Maths Anxiety Questionnaire:

A standardized maths anxiety questionnaire was administered to assess the levels of
anxiety participants felt towards maths. The questionnaire included items measuring
cognitive, affective, and physiological components of anxiety. The primary purpose of the
Modified Abbreviated Math Anxiety Questionnaire (MAMAS) (Carey et al., 2017) is to
measure the levels of anxiety that primary school children experience when engaging in
mathematical tasks. The mMAMAS provides a reliable and concise tool for quantifying this
anxiety. One of the key objectives of using the mMAMAS is to identify gender differences in
maths anxiety. Previous studies have shown that girls often report higher levels of maths
anxiety than boys. This research aims to confirm these findings within the sample and
examine how these differences influence performance in mathematical and spatial tasks (s.
Appendix A.1).

3.3.2.5 Spatial Anxiety Questionnaire:

Similar to the maths anxiety questionnaire, the spatial anxiety questionnaire assessed
participants’ anxiety related to spatial tasks. This included items on feelings of tension and
worry when engaging in activities that required spatial reasoning. The primary purpose of the
Child Spatial Anxiety Questionnaire (Ramirez et al., 2012) is to measure the levels of anxiety
experienced by primary school children when engaging in spatial tasks. Understanding these
anxiety levels is crucial as they can significantly impact performance in tasks requiring spatial
reasoning, such as mental rotation and spatial visualization. The questionnaire aims to identify
any gender differences in spatial anxiety. Previous research suggests that girls often report
higher levels of spatial anxiety compared to boys. This research seeks to confirm these
findings and explore the implications for educational performance and intervention strategies
(s. Appendix A.1).

3.3.3 Physiological Measure of Galvanic Skin Response (GSR)

Galvanic Skin Response (GSR) was used to measure physiological arousal during the
tasks. GSR measures the electrical conductance of the skin, which varies with its moisture
level. Since sweat gland activity is controlled by the sympathetic nervous system, GSR is an
effective measure of physiological arousal related to stress and anxiety (Christopoulos et al.,
2019). The Shimmer3 GSR+ Unit® was used for GSR measurement. This device was
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synchronized with ConsensysBasic® multi-sensor management software. A two-minute
baseline GSR recording was taken while participants were at rest to establish a reference level
of physiological arousal. GSR data were continuously recorded during the maths and mental
rotation tasks. Electrodes were attached to the index and middle fingers of the participants'
non-dominant hand. GSR data were analysed to identify peaks in arousal corresponding to
task-related stress and anxiety. These peaks were then correlated with performance metrics to

assess the impact of physiological arousal on task performance.

3.4 Data Analysis

3.4.1 Statistical Techniques:

Descriptive Statistics: Means, standard deviations, and frequencies were calculated to
summarize the data (Howitt & Cramer, 2014).

Inferential Statistics: T-tests and ANOVASs were used to examine differences between
groups (e.g., gender and age differences in anxiety and performance). Regression analyses
were conducted to explore relationships between variables, such as the impact of anxiety and

physiological arousal on performance (Agresti, 2018).

Multiple Regression Analysis: This was calculated to assess the strength and direction of
relationships between variables, such as between GSR and task performance and to identify
predictors of performance in maths and spatial tasks, incorporating variables such as

subjective anxiety, self-concept, and physiological arousal (Agresti, 2018).

Multivariate Analysis of Variance: Multivariate analysis was employed in the three studies
to comprehensively examine the complex relationships between various psychological and
performance-related factors. This statistical approach allows for the simultaneous analysis of
multiple variables, providing deeper insights into how these factors interact and influence
each other (Tabachnick & Fidell, 2013). Across all three studies, multivariate analysis
facilitated a holistic understanding of the interplay between maths self-concept, anxiety (both
maths and spatial), physiological arousal, and cognitive performance. By allowing the
simultaneous examination of multiple variables and their interactions, this approach provided
robust insights into the factors influencing primary school children's academic outcomes. It
enabled the identification of key predictors of performance, the validation of measurement
instruments, and the exploration of complex causal relationships. The application of
multivariate analysis thus played a pivotal role in advancing the research objectives and

contributing to the field of educational psychology.
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Mediation Analysis: Simple mediation analysis was utilized to investigate the pathways
through which maths self-concept influences mental rotation performance. Specifically, the
analysis examined whether the effects of maths self-concept on accuracy and response time in
mental rotation tasks were mediated by spatial anxiety and perceived difficulty of the tasks
(Hayes, 2022).

All statistical analyses were conducted using SPSS® version 29, with mediation
analysis performed using the Process macro add-on, version 4.2 (Hayes, 2022). Moreover, an
a-priori power analysis was used to calculate the minimum number of participants needed for
the planned statistical analyses using G*Power, an open source statistical software tool (Faul
etal., 2007).

3.5 Ethical Considerations

Ethical considerations were paramount in this study. The following measures were taken
to ensure the ethical conduct of the research: Written informed consent was obtained from
parents or guardians of all participants. The study's aims, procedures, and potential risks were
clearly explained. Verbal assent was obtained from students prior to commencement of the
experiment. Participant data were anonymized to protect privacy. Identifiable information was
securely stored and only accessible to the research team. The tasks were designed to be age-
appropriate and non-stressful. Breaks were provided to prevent fatigue, and participants could
withdraw from the study at any time without consequence. The study was approved by the
Ethics Committee of the University of Koblenz and adhered to the guidelines set by the
Declaration of Helsinki (World Medical Association, 2013).

4 Chapter 4: Summary of Methodology and Results of the Submitted Publications

The following chapter outlines the methodology and findings of the three studies
conducted within this research project and how the design evolved based on the findings of

each study. The flowchart below illustrates this across the three studies (s. Figure 4).
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Flowchart for Research Questions and Progression of the Three Studies within the Research

Project.
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performance.
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Title: Under My Skin: Reducing Bias in STEM through New Approaches to Assessment

of Spatial Abilities Considering the Role of Emotional Regulation (Lennon-Maslin et al.,

2023).

4.1.1 Methodology:

A total of 29 third- and fourth-grade students from two primary schools in Koblenz,

Germany, were recruited for this pilot study. After excluding one student who withdrew and

three students whose data could not be retrieved, the final sample consisted of 25 participants

(12 boys, 12 girls, and one student who did not specify gender) with an average age of 9.28

years. All parents and guardians provided written informed consent.

The MR task, programmed in PsychoPy® software and administered on Microsoft Pro

8 Surface tablets, recorded both accuracy and reaction time. The task included MR stimuli

suitable for younger children, such as animals, letters, and cubes, as well as abstract and
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concrete stimuli rotated in picture-plane and in-depth. The task was divided into two parts:
MRT 1 (easier, picture-plane rotation) and MRT 2 (more difficult, in-depth rotation), each
with a time limit. MRT 1 consisted of 6 abstract and 10 concrete items rotated in picture-
plane and allowed 5 minutes to complete and MRT 2 had 6 abstract and 6 concrete items

rotated in-depth and with 8 minutes.

Two self-reported questionnaires were presented at the end of the MR task to assess
the gender-stereotyped nature and perceived difficulty of the stimuli. The gender-stereotype
questionnaire used a 5-point scale to rate the stimuli as more suitable for boys, girls, or
neutral. The difficulty questionnaire used emojis on a 5-point scale to rate the perceived
difficulty.

The Shimmer3 GSR+ Unit® was used to measure SCR. Baseline measurements were
recorded for 2 minutes, and SCR was measured throughout the MR task. The data were

categorized into low and high SCR groups based on mean SCR values.

Approval for the study was obtained from the Ethics Committee of the University of
Koblenz and local school authorities. The MR task was explained to the students, who
practiced with real objects before starting the computerized task. SCR was measured by
attaching electrodes to the non-dominant hand, and baseline recordings were taken before the
MR task began. The task included a practice run followed by two timed sections (MRT 1 and
MRT 2).

The use of physiological measures, alongside traditional cognitive assessments,
provides a robust framework for understanding how emotional factors impact spatial abilities.
This approach aims to inform the development of more equitable and effective educational

practices in STEM education.
4.1.2 Results:

A repeated-measures ANOVA with Greenhouse-Geisser correction showed significant
differences in skin conductance levels across pre-test baseline, MRT 1 (picture-plane
rotations), and MRT 2 (in-depth rotations), with 24% of the variation explained by the
different test conditions. Pairwise comparisons indicated that skin conductance during MRT 2
was significantly higher than the baseline, and during MRT 1 was also significantly higher
than the baseline. There was no significant difference between skin conductance in MRT 1
and MRT 2, suggesting that this increases during a mental rotation test regardless of task
difficulty.
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Pearson correlation analysis found a strong positive significant relationship between
skin conductance levels and scores on items with abstract stimuli rotated in-depth, accounting
for 67% of the variance. Additionally, there was a strong positive correlation between
reaction time and scores on these items, accounting for 51% of the variation. Multiple
regression analysis indicated that higher skin conductance levels predicted better scores on
abstract objects rotated in-depth, but reaction time did not.

A one-way repeated-measures ANOVA found no significant differences in accuracy
between skin conductance groups on concrete and abstract stimuli and stimuli rotated in
picture-plane or in-depth. However, significant differences were found in accuracy scores
based on stimulus type and rotational axis, with 26% of the variance in accuracy explained by
these factors. Reaction time differences were also significant based on stimulus type and

rotational axis, explaining 19% of the variance.

Descriptive analysis of the gender-stereotyped nature of stimuli questionnaire showed
that items like the Car and Cube were rated as more masculine, while other items were rated
as neutral. The perceived difficulty questionnaire indicated that items rotated in the picture-
plane were rated as easier. Two-way repeated measures ANOVA found significant
differences in accuracy and reaction time based on these questionnaire responses, explaining

21% and 20% of the variance, respectively.

This study highlights the critical role of emotional reactivity, as measured by skin
conductance, in influencing MR task performance. The findings suggest that managing
emotional responses can enhance cognitive functioning in spatial tasks, which has important
implications for educational practices and assessment methods in STEM education. The study
advocates for incorporating strategies to improve emotional regulation in educational settings

to support the development of spatial skills necessary for success in STEM fields.

4.2 Publication 2

Title: Beyond numbers: the role of mathematics self-concept and spatial anxiety in
shaping mental rotation performance and STEM preferences in primary education
(Lennon-Maslin et al., 2024).

4.2.1 Adjustments to the Research Design Based on Pilot Study Outcomes

Building on the findings from this pilot study (Publication 1), several key adjustments
were made to the design of the next study (Publication 2) to enhance the robustness and

applicability of the research. The study expanded the sample size and included a more
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comprehensive range of age groups (middle childhood and tweens) to explore age-related
differences in emotional regulation and cognitive performance. Additionally, given the pilot
study's findings that skin conductance levels were related to task difficulty but not
significantly different between easier and more difficult mental rotation (MR) tasks, the
second study retained the same MR tasks but added a focus on self-concept in mathematics
and spatial anxiety. These new variables were introduced to explore how they might interact
to influence MR performance and STEM preferences. The adjustments aimed to deepen the
understanding of the cognitive and psychological factors that might impact STEM-related

skills in a broader population of primary school children.
4.2.2 Methodology:

A total of 148 students from first- to fourth-grade primary schools in Germany, were
recruited for the study. After excluding three students who were no longer in primary
education and one student whose data could not be recorded due to a technical issue, the final
sample consisted of 144 participants (74 boys, 70 girls). The average age of the students was
8.47 years. Two age categories were created based on stage of childhood development: A
middle childhood group (6- to 8-year-olds) and a tween (pre-adolescent group) consisting of

9- to 11-year-olds.

An online questionnaire created in PsychoPy® was administered at the beginning of
the experiment to collect data on participants' age and gender. Students named their favourite
subject in a blank space provided. Using the Academic Self-Concept Questionnaire (ASKG)
(Ehm, 2014) for primary school students’, self-perceptions in mathematics, reading and
writing were assessed using a 7-point scale. This study focused on the mathematics self-
concept subscale, which demonstrated high reliability (Cronbach’s Alpha = 0.90). The Child
Spatial Anxiety Questionnaire (CSAQ) (Ramirez et al., 2012) consists of 8 items assessed
anxiety related to spatial tasks. The scale reliability was marginally below the acceptable
range (Cronbach’s Alpha = 0.65) and the Perceived Difficulty of Stimuli (PDQ), adapted
from the Stereotyped Nature of Stimuli questionnaire (Neuburger et al., 2015) used emojis on
a 5-point scale to rate the difficulty of items in the MRT (Cronbach’s Alpha = 0.72).

The Mental Rotation Task (MRT) used was the same as that of the previous study. It
was computerized MRT, based on Vandenberg & Kuse (1978) and was administered using
Microsoft Pro 8 Surface tablets. The task recorded both accuracy and response time, including
stimuli such as animals, letters, and cubes rotated in picture-plane and in-depth. The task was
divided into two parts (Cronbach’s Alpha =0.86; MRT 1: a=0.71, and MRT 2: a = 0.86).
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Approval was obtained from the Ethics Committee of the University of Koblenz and
local authorities. Informed consent was obtained from parents and guardians. The study was
conducted in a separate classroom with adequate lighting and individual seating. Researchers
explained the MRT using physical objects to ensure understanding. Skin conductance was
measured using Shimmer3 GSR+ Units. Quantitative analyses were conducted using SPSS®

29, employing various statistical tests.

The methodology ensured comprehensive data collection and analysis to explore the
relationship between emotional regulation, cognitive performance, and spatial abilities in

primary school children.
4.2.3 Results:

Using independent samples t-tests, the study found that girls had significantly lower
maths self-concept compared to boys. Additionally, girls exhibited higher levels of spatial
anxiety and perceived difficulty than boys. However, there were no significant gender
differences in accuracy and response times on the mental rotation task. A Chi-Square test for

association revealed that girls were less likely than boys to choose the STEM subject maths.

Independent samples t-tests indicated that tweens had lower maths self-concept
compared to students in middle childhood. While there were no significant age differences in
spatial anxiety and perceived difficulty, tweens performed better in accuracy on the mental
rotation task. A Chi-Square test for association showed that tweens were also less likely than

younger students to choose the STEM subject maths.

A one-way analysis of variance (ANOVA) was conducted to examine the relationship
between students’ preferred subject at school and their levels of maths self-concept. The
results indicated that students who preferred the STEM subject maths had significantly higher

maths self-concept compared to those who preferred non-STEM subjects.

Multiple regression analysis was used to investigate the association between maths
self-concept and spatial anxiety, controlling for sex and age. The results indicated that higher
maths self-concept was significantly associated with lower spatial anxiety. Another multiple
regression analysis examined the association between maths self-concept and perceived
difficulty of the mental rotation task, revealing that higher maths self-concept was

significantly associated with lower perceived difficulty.

Mediation analysis using the PROCESS procedure in SPSS was performed to examine

whether the relationship between maths self-concept and accuracy on the mental rotation task
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was mediated by spatial anxiety and perceived difficulty. The results indicated that the
relationship between maths self-concept and accuracy was partially mediated by spatial
anxiety, but not by perceived difficulty. For response time, mediation analysis showed that

neither spatial anxiety nor perceived difficulty significantly mediated the same relationship.

4.3 Publication 3

Title: “It’s Different for Girls!” The Role of Anxiety in Primary School Children’s
Mathematics and Mental Rotation Performance (Lennon-Maslin & Quaiser-Pohl, Under

Review).
4.3.1 Adjustments to the Research Design Based on Outcomes of Study 2

The second study highlighted that while maths self-concept and spatial anxiety were
significantly associated with MR performance, the role of maths anxiety emerged as a critical
factor in shaping both maths and MR task outcomes. In response to these findings, the third
study specifically targeted the measurement of maths anxiety and its interaction with
emotional reactivity measured by Galvanic Skin Responses (GSR) to better understand its
impact on both a maths and the mental rotation task. Considering the second study’s finding
that gender differences in STEM preferences and performance are influenced by self-concept
and anxiety, the third study included a detailed examination of emotional reactivity during
both maths and MR tasks, aiming to uncover any subtle gender-specific patterns that might
inform more tailored educational interventions. These adjustments were designed to build on
the prior study's insights and further clarify the complex interplay between cognitive,

emotional, and gender-related factors in primary school students' STEM abilities.
4.3.2 Methodology:

The study recruited 131 students from second, third, and fourth-grade classes at five
primary schools in Rhineland Palatinate, Germany. These schools were located in both urban
and rural settings, with students from diverse socioeconomic and cultural backgrounds. The
sample included 66 boys and 65 girls, with an average age of 8.73 years. Students completed

a maths task, a mental rotation task, and several questionnaires.

The study utilized Shimmer3 GSR+ Units to measure galvanic skin response (GSR),
synchronized with ConsensysBasic software. A baseline recording of 2 minutes was taken
before participants engaged in the maths and mental rotation tasks. GSR data was pre-
processed to remove artifacts and noise, and mean GSR was calculated for baseline, maths

task, and mental rotation task periods. GSR devices were attached to the index and middle
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fingers of the non-dominant hand. Baseline measurements were followed by recordings
during the maths and mental rotation tasks, conducted in a controlled environment to ensure
reliability. The setup minimized external distractions and maintained consistent ambient

conditions.

Students completed a paper-and-pencil maths task with items of varying difficulty,
drawn from the Mathematical Kangaroo Competition. The task included number line
estimation, word problem representation, and missing terms, with specific problems selected
to be unfamiliar to the students. Written instructions were provided, and students worked
individually without electronic aids.

A novel computerized mental rotation task (nMRT) was programmed using PsychoPy
software, installed on Microsoft Pro 8 Surface tablets. The task recorded accuracy and
response time, featuring stimuli such as animals, letters, and geometric shapes as well as
gender-stereotyped and neutral objects. Items were presented randomly in two parts, with

different time limits and types of rotation (in-picture-plane and in-depth).

An online questionnaire collected data on participants’ age and gender after the
cognitive tasks to avoid priming effects. Three questionnaires assessed students’ preference
for Maths vs German, spatial anxiety, and maths anxiety. These included a Maths-German
Preference Survey which is part of the ASKG questionnaire, students indicated their preferred
subject, the Child Spatial Anxiety Questionnaire (CSAQ) to assessed anxiety related to spatial
tasks, using a 5-point emoji scale and the Modified Abbreviated Maths Anxiety Scale
(MAMAS): Measured maths anxiety with a 9-item Likert scale, translated into German.

The study received ethical approval, and informed consent was obtained from parents
and guardians. Testing was conducted in a separate classroom by two female researchers.
Students were familiarized with the tasks and the significance of mental rotation. The setup

ensured a comfortable environment, with reminders for students needing eyeglasses.

Data analyses were performed using SPSS 29 software. Maths task scores were
standardized to percentages, and transformations were applied to address skewness in mental
rotation accuracy, response times, and spatial anxiety scores. Skin conductance data was

standardized using z-score transformations to account for individual variability.
4.3.3 Results:

A multivariate analysis of variance (MANOVA) was used to examine gender

differences in maths performance, mental rotation performance, and anxiety measures. The
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analysis revealed significant gender differences across these variables. Between-subjects
effects tests indicated that girls scored higher in maths but took longer to complete the tasks.
Girls also reported higher maths anxiety compared to boys. However, there were no
significant gender differences in accuracy or response times on the mental rotation task, nor in
spatial anxiety. Pairwise comparisons confirmed these findings, highlighting that girls
performed better in maths but experienced higher anxiety levels and took more time to

complete the maths tasks.

A Chi-square test for association examined the relationship between gender and
preference for maths versus German. The results showed a significant association, with girls

being less likely to prefer maths as their school subject compared to boys.

A multivariate analysis of covariance (MANCOVA) was conducted to investigate the
effects of gender, subject preference, emotional reactivity (measured by GSR), maths anxiety,
and spatial anxiety on maths performance. The analysis indicated significant effects of gender
and subject preference on maths performance, with maths anxiety also showing a significant
impact. Emotional reactivity and spatial anxiety had marginally significant effects on
completion times for the maths tasks. Gender-specific analyses further showed that maths
anxiety significantly affected girls' maths scores, and emotional reactivity influenced their
completion times. For boys, maths anxiety had a marginal effect on maths scores, while other

factors did not show significant effects.

A MANCOVA was used to explore the associations between gender, subject
preference, and performance on the mental rotation task, controlling for emotional reactivity,
maths anxiety, and spatial anxiety. The results showed that gender significantly affected
mental rotation task performance, with marginal effects from emotional reactivity and maths
anxiety. Between-subjects effects tests revealed that maths anxiety significantly impacted
accuracy, while emotional reactivity and gender influenced response times. Gender-specific
analyses indicated that for boys, maths anxiety marginally affected accuracy, and emotional
reactivity had a marginal effect on response times. For girls, none of the predictors

significantly impacted accuracy or response time in the mental rotation task.

Overall, the study found significant gender differences in maths performance and
anxiety levels, with girls outperforming boys in maths but experiencing higher anxiety and
having longer completion times. Gender also influenced performance on the mental rotation

task, with additional contributions from emotional reactivity and maths anxiety.
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The Venn diagram below shows a summary of commonalities and differences in the
research design across the three studies. The Venn diagram highlights shared elements such as
participant characteristics, tasks, and measures, while also showcasing the unique aspects of
each study. The flowchart traces the evolution of research focus from the exploration of
emotional reactivity and task difficulty in Study 1, to the broader examination of mathsself-
concept and spatial anxiety in Study 2, and finally to the targeted analysis of maths anxiety,

physiological arousal and gender-specific patterns in Study 3 (s. Figure 5).
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Summary of Commonalities and Differences in Research Design across Three Studies.

Research Design Commonalities and Differences Across Three Studies

. Pilot study with small sample
size (N=25), late primary school
students (Mage=9.28yrs)

Focus on emotional reactivity
‘ measured by galvanic skin
response (GSR) and task / item
difficulty
Exploratory nature —findings
provide insight for development
of an adaptive test of mental
rotation (CAT-MR)

‘ Focus on subjective (maths
and spatial) anxiety and
emotional reactivity (GSR)

. Role of emotional reactivity
(GSR), subjective anxiety and
subject preference in maths
and mental-rotation task
performance

. Gender-specific analysis of
effects of subjective anxiety
and emotional reactivity (GSR)

Central Overlap (Commonalities)

+ Participants: Primary school children in
Germany

= Constructs: Psychological Factors, Mental
Rotation Skills, STEM learning

» Measures: Self-Report Questionnaires
(maths self-concept, spatial/maths anxiety)

+ Ethical Considerations: Informed consent,
anonymity, age-appropriate procedures

+ Design: Cross-Sectional, Experimental

» Ecological Validity: Classroom setting

+ Data Analysis: Quantitative (Multivariate

Analysis)

Mental Rotation
(MR) Skills STUDY 2

PILOTSTUDY @
STUDY2 @
STUDY3 @

Emotional Psychological
Reactivity by Factors Related
GSR to Maths

Larger sample (N=144),

‘ younger, broader age range
(Mage=8.47yrs)
Focus on gender and age

’ differences: Effects of childhood
development (middle childhood
and tweens) on maths self-
concept and spatial skills

@ ~dditional focus on spatial
anxiety and STEM subject
preferences.

STUDY 3
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5 Chapter 5: Synthesis and General Discussion

5.1 Integration of Findings

The integrated findings from the three publications provide a comprehensive
understanding of the interplay between emotional reactivity, gender differences, and task

performance in primary school children.
5.1.1 Emotional Reactivity and Performance:

Emotional reactivity, as measured by skin conductance was found to significantly
influence performance on mental rotation (MR) tasks. This increased significantly from
baseline to the first part of the MR task, where stimuli were rotated in the picture-plane, and
remained high throughout both parts of the task. However, no significant difference in
emotional reactivity was observed between the easier first subscale and the more difficult
second subscale of the task, suggesting that increased task difficulty did not significantly

affect physiological arousal during the MR task.

Higher emotional reactivity, as indicated by skin conductance, and increased response
time (RT) were associated with better scores on difficult items, specifically abstract stimuli
rotated in-depth. This suggests that participants who managed their emotions effectively and
invested more time in solving complex items achieved superior outcomes. Differences in
accuracy and RT were observed between participants in "high” and "low" emotional reactivity
groups, particularly concerning gender-stereotyped objects. Participants with higher
emotional reactivity spent more time on gender-neutral objects, which were deemed more

relevant and salient, leading to longer engagement and higher accuracy.

Emotional reactivity, also played a nuanced role in maths task performance. For this
task, lower emotional reactivity was a significant as predictor of shorter completion times in
girls but did not significantly impact their percentage scores. Similarly, emotional reactivity
was a significant predictor of response time on the mental-rotation task, indicating that higher
physiological arousal was associated with slower performance in all students tested. Higher
emotional reactivity may also indicate increased cognitive engagement which can also lead to
cognitive overload, particularly in complex tasks like mental rotation. This aligns with the
Yerkes-Dodson Law, which suggests that moderate levels of arousal improve performance,
but excessive arousal can hinder it (Stokes & Kite, 2017; Teigen, 1994). This could also
explain why participants with higher emotional reactivity performed better on difficult items

but took longer to complete tasks overall.

BRIDGING GAPS!



30

5.1.2 Item Difficulty and Stereotype Effects

Accuracy and response time in mental rotation tasks are significantly influenced by both
the type of stimuli and the rotational axis (Neuburger et al., 2012; Quaiser-Pohl, Neuburger, et
al., 2014). Items rotated in-depth and abstract stimuli were more challenging, as reflected by
greater variance in these performance metrics. Gender-stereotyped stimuli, such as the Car
and Cube, were perceived as more masculine, while neutral items elicited less bias,
suggesting stereotype effects in task perception. Furthermore, easier ratings were given to
items rotated in the picture-plane which reflect existing findings (Neuburger et al., 2012).
These results emphasize that both item difficulty and perceived stereotypes shape
performance on MRTs, affecting both accuracy and speed (Neuburger et al., 2012). The study
suggests that stereotype awareness and task difficulty perceptions may play crucial roles in
cognitive outcomes, with important implications for reducing gender bias in spatial task
performance in STEM education (Ruthsatz et al., 2019, Under Review).

Stereotype threat, especially in gender-stereotyped tasks such as the mental rotation,
likely affected performance. For example, objects associated with masculine domains, such as
hammers or cars, may have triggered stereotype-activated anxiety in girls, impacting their
engagement or performance. However, when the tasks involved neutral or abstract objects,
which are perceived as less gender-biased, this stereotype threat may have been reduced,
leading to more equal engagement across genders (Ruthsatz et al., 2017, 2019). Gender-
neutral objects, often more familiar to both boys and girls, were associated with longer
response times but higher accuracy. This suggests that participants invested more effort in
solving these items, likely due to their relevance and familiarity. This highlights the
importance of careful task design in reducing gender biases in performance assessments, by
including neutral stimuli that allow for fairer comparisons across genders (Ruthsatz et al.,

Under Review).
5.1.3 Gender and Age Differences

Significant gender disparities emerged in maths self-concept, spatial anxiety, and
perceived difficulty of mental rotation tasks. Girls exhibited lower maths self-concept and
higher levels of spatial anxiety and perceived task difficulty compared to boys. These
discrepancies highlight variations in confidence and comfort levels between male and female
students when engaging with mathematical and spatial concepts. Factors contributing to these
gender differences include temperamental predispositions and socialization processes

(Sanchis-Sanchis et al., 2020), exposure to spatially-related activities, and the influence of
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parental and teacher stereotypes (Garcia et al., 2021; Gunderson et al., 2012; Rocha et al.,
2022).

Despite these challenges, no significant gender differences were found in mental
rotation performance in terms of accuracy or response time. This lack of disparity may be
attributed to effective educational practices in Germany (OECD, 2020), the nature of the
mental rotation task used, and longer time limits that accommodated diverse processing
strategies (Saunders & Quaiser-Pohl, 2020; Taragin et al., 2019). This suggests that spatial
abilities may be more evenly distributed among genders when assessment techniques and
educational practices mitigate stereotype threat. Moreover, ensuring equal access to resources
may also benefit spatial ability (Ruthsatz et al., 2013).

In addition to gender differences, age-related patterns were also observed. Results
revealed that tweens exhibited a lower maths self-concept compared to younger students in
middle childhood. However, no significant age differences emerged in terms of spatial
anxiety or perceived task difficulty. Interestingly, despite their lower math self-concept,
tweens performed better in terms of accuracy on the mental rotation task underscoring how
neurodevelopmentally and educationally tweens are better able to process complex spatial
tasks despite appearing to lose interest in STEM subjects (Modrofio et al., 2018; Ojose, 2008).
Tweens were less likely than younger students to choose maths as their preferred subject,
confirming a decline in interest or lack of identification in STEM subjects as children grow
older (Kessels, 2005; Starr, 2018; Starr & Leaper, 2019). This addition highlights the nuanced
relationship between age, self-concept, and task performance, while also emphasizing the
decline in interest in maths among older students, contributing to a more comprehensive

understanding of developmental differences.

In terms of subject preference, girls were also less likely to choose maths as their
preferred subject. This persistent belief that maths is not a subject they identify with may
result from socialization and environmental factors, influencing interest and achievement in
STEM fields (Aeschlimann et al., 2015; Lesperance et al., 2022). Results also revealed a
significant association between gender and subject preference and maths performance metrics.
These finding highlights ongoing gender differences in subject interest and preference,
influenced by higher reported maths anxiety among girls and societal stereotypes about
gender and mathematical abilities (Cvencek et al., 2011; Passolunghi et al., 2014; Wolff,
2021).
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5.1.4 Predictive Factors

The predictive influences of gender, age, and maths self-concept on spatial anxiety and
perceived task difficulty were explored. Age and maths self-concept, but not gender, were
significant predictors of spatial anxiety. Older children and those with higher maths self-
concept exhibited lower levels of spatial anxiety. Similarly, maths self-concept accounted for
a significant proportion of the variance in perceived task difficulty, whereas gender and age
did not. These findings suggest that environmental circumstances, individual learning
experiences, and socio-cultural influences may play a more prominent role in shaping spatial
anxiety and perceived difficulty than gender alone (Quaiser-Pohl & Endepohls-Ulpe, 2012;
Ruthsatz et al., 2013; Starr, 2018).

The mediation analysis revealed that higher levels of maths self-concept were
associated with higher scores on the mental rotation task through reduced spatial anxiety. This
underscores the importance of fostering a positive self-concept in maths from an early age.
However, the relationship between maths self-concept and response time on the mental
rotation task was not mediated by spatial anxiety or perceived difficulty, suggesting the
involvement of other psychological constructs or variables such as motivation or task-specific
strategies (Atit et al., 2022; Moe, 2016). High self-concept in maths among boys may act as a
protective factor against the negative effects of spatial anxiety, allowing them to perform
tasks with less interference. In contrast, girls, who reported lower maths self-concept, may
have experienced more cognitive interference from anxiety, which likely affects spatial
performance on timed tasks. This finding suggests that fostering self-concept in maths could
be a critical intervention for reducing anxiety and improving performance in spatial tasks
(Cvencek et al., 2020; Kaskens et al., 2020).

Maths anxiety emerged as a significant predictor of performance on the maths task, with
higher anxiety levels associated with lower percentage scores. This is consistent with existing
literature on the detrimental effects of maths anxiety on performance due to increased
cognitive load and interference from working memory (Ashcraft & Moore, 2009; Schmader et
al., 2008). However, maths anxiety did not significantly affect completion times, suggesting

subjective anxiety determines the precision of task performance rather than speed.

The findings reveal significant gender differences in how subject preferences, emotional
reactivity, and subjective anxiety impact maths an spatial task performance. For boys, none of
the predictors played a significant role in performance outcomes on maths nor spatial tasks.

This may reflect different coping mechanisms or cognitive strategies employed by boys
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(Fladung & Kiefer, 2016; VVan Mier et al., 2019). Girls performed better on the maths task
when they reported less subjective anxiety, showing better percentage scores. Additionally,
their preference for maths and the ability to regulate emotional arousal was associated with
shorter completion times on the same task. Girls who indicated a preference for maths had
significantly higher percentage scores and lower completion times on the maths task,
reflecting reciprocal effects between engagement, practice, and a positive maths attitude
(Gunderson et al., 2018; Marsh & Craven, 2006). None of the factors were associated with
girls’ performance on the spatial task underscoring the importance of equitable assessments

methods which mitigate stereotype effects.

5.2 Theoretical Contributions

The integrated findings from the three publications provide several important theoretical
contributions to the understanding of emotional reactivity, gender differences, and task
performance in primary school children, particularly in the context of mathematical and

spatial abilities.

The studies collectively highlight the crucial role of emotional regulation in influencing
cognitive task performance, specifically in mental rotation (MR) tasks. The consistent finding
that higher emotional reactivity, as measured by GSR, is associated with better performance
on difficult items underscores the importance of managing emotional arousal during complex
cognitive tasks. This contributes to the broader theoretical framework that posits emotional
regulation as a key factor in cognitive functioning, particularly in tasks requiring significant
working memory and attentional resources such as an MRT (Fladung & Kiefer, 2016;
Ramirez et al., 2012; Schmader et al., 2008).

The research provides a nuanced understanding of gender differences in mathematical
and spatial abilities among primary school children. The finding that girls exhibit lower maths
self-concept and higher levels of spatial anxiety compared to boys, yet perform equally well
on MR tasks, challenges traditional theories that suggest inherent gender differences in spatial
abilities. Instead, these results support the theory that socialization processes and educational
practices significantly influence cognitive performance (Garcia et al., 2021; Gunderson et al.,
2012). The lack of significant gender differences in MR performance, despite differences in
anxiety and self-concept, aligns with the perspective that educational interventions and
supportive environments can mitigate stereotype threats and promote equity in cognitive
abilities (OECD, 2015).
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The studies underscore the impact of subject preference and motivation on task
performance. The consistent association between a preference for maths and better
performance on maths tasks highlights the role of intrinsic motivation and interest in STEM
achievement (Atit et al., 2022). This finding reinforces the theoretical framework that posits
subject preference as a critical factor in educational outcomes, suggesting that fostering
positive attitudes towards subjects like maths can enhance performance and engagement
(Cvencek et al., 2020).

The mediation analyses reveal the interconnectedness of various cognitive skills,
particularly the role of maths self-concept in influencing spatial performance through reduced
spatial anxiety. This supports the theoretical proposition that cognitive and affective factors
are deeply intertwined, and interventions targeting one area (e.g., maths self-concept) can
have spill over effects on related cognitive skills (Cai et al., 2018; Moe & Pazzaglia, 2010).
This interconnectedness underscores the need for holistic educational approaches that address

both cognitive and emotional development to optimize academic performance.

Additionally, the findings offer a valuable theoretical perspective on the interaction
between task-specific strategies and emotional reactivity. The results suggest that while
emotional reactivity, as measured by skin conductance, plays a crucial role in managing
cognitive load during complex tasks, it is the combination of emotional regulation and
effective problem-solving strategies that leads to superior outcomes, particularly on difficult
items (Fladung & Kiefer, 2016). This contributes to the broader understanding that cognitive
performance is not solely determined by intellectual capacity or emotional states, but by how
well these elements are integrated during task engagement and aligns with theories of self-
regulated learning, where learners who can manage their emotions and apply task-specific
strategies effectively are better positioned to succeed, especially in challenging cognitive
environments (Eysenck et al., 2007; Eysenck, 1998). The gender-specific findings, where
girls' performance benefited from lower anxiety and emotional reactivity, also emphasize the
protective effects of self-regulation and the need to consider individualized approaches in
educational interventions that target both emotional and strategic components of learning.
Age-related findings in which tweens demonstrated lower spatial anxiety and superior
performance on spatial tasks support existing theories which show this period is characterized
by significant cognitive and emotional development, including neurobiological maturation,
which improves children's ability to manage anxiety related to tasks (Sanchis-Sanchis et al.,
2020). This growth, along with increased exposure and experience, helps explain reductions
in spatial anxiety and perceived task difficulty as children develop.
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The findings contribute to the understanding of how educational practices and
stereotype threat influence cognitive performance. The evidence that gender-neutral and
balanced stimuli, along with extended time limits, mitigate gender differences in MR tasks
supports theories that emphasize the importance of equitable educational practices in reducing
stereotype threat (Passolunghi et al., 2014). This highlights the potential of thoughtfully
designed educational interventions to create more inclusive and supportive learning

environments that promote equity in cognitive abilities across genders.

5.3 Limitations and Future Research

A significant limitation across the studies was the sample size and diversity, particularly
in the pilot study, which impacts the generalizability of the findings. Future research should
replicate these studies with larger, culturally and socio-economically diverse samples to

confirm and elaborate on the results.

The studies identified several measurement issues, such as the reliability of the Child
Spatial Anxiety Questionnaire and potential biases introduced by using less familiar maths
tasks like the Kangaroo Challenge. Future research should refine these measurement tools and
consider using more standardized, computerized maths tasks to ensure reliability and validity.
Additionally, incorporating qualitative data could provide deeper insights into the cognitive

and emotional processes children experience during tasks.

While physiological measures like skin conductance provide valuable insights into
emotional regulation, they are subject to individual variability and potential artifacts. Future
research should continue to explore and validate these measures, possibly incorporating
additional physiological methods such as heart rate or pupillometry to triangulate findings.

Given the cross-sectional nature of the studies, longitudinal research is needed to
understand how cognitive and affective factors evolve over time. Following cohorts of
students across their primary school years could also provide valuable insights into the long-
term effects of interventions aimed at improving maths self-concept, reducing anxiety, and

enhancing performance.

The role of stereotype threat in influencing cognitive performance was evident in the
studies. Future research could explore more strategies to mitigate stereotype threat, such as
promoting positive role models, creating inclusive curricula, and implementing training
programs for teachers to adopt gender-sensitive practices. These steps can help create a more

equitable educational environment that supports all students, regardless of gender.
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By addressing these limitations and pursuing future research directions, we can deepen
our understanding of the complex interplay between emotional regulation, cognitive skills,
and educational practices, ultimately leading to more effective strategies for enhancing

academic performance and equity in primary school education.

6 Chapter 6: Conclusion

6.1 Summary of Key Findings

This research has provided comprehensive insights into the complex interplay between
maths self-concept, maths and spatial anxiety, and cognitive performance in primary school

children. The key findings from the three studies are as follows:

High levels of maths anxiety significantly impair cognitive performance which is
crucial for solving mathematical problems. Girls tend to exhibit higher levels of maths anxiety
than boys, which negatively impacts their mathematical performance. Spatial skills, especially
mental rotation, are critical for success in STEM disciplines. The studies reveal no significant
gender differences in spatial performance when the instrument utilizes a broad range of
stimuli including gender-congruent and neutral objects. Physiological arousal, measured
through galvanic skin response (GSR), provides objective evidence of how emotional
reactivity affects performance in maths and spatial tasks. In the spatial task, higher emotional
reactivity was linked to longer response times and better performance on difficult items,
indicating that effective management of emotions and investing more time can improve
outcomes. Similarly, during the maths task, increased physiological arousal, especially in
girls, resulted in longer completion times. Since both tasks were timed, difficulty in managing
stress and anxiety may hinder task completion. These findings highlight the need for
balancing time and precision, underscoring the critical role of emotional control in achieving
success on challenging tasks. The interrelationship between maths self-concept, anxiety, and
spatial performance highlights the need for integrated educational interventions. Positive self-
concept enhances performance, while high anxiety levels, exacerbated by stereotype threats,

may hinder it.

6.2 Overall Contributions

The research makes several significant contributions to the field of educational
psychology and STEM education:
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The integration of physiological measures with traditional psychological assessments
extends existing theories on anxiety and educational performance. This approach provides a
more nuanced understanding of how emotional and cognitive factors interact to influence
learning outcomes. The findings inform the development of targeted educational interventions
aimed at reducing anxiety and improving self-concept in mathematics. These strategies are
crucial for fostering a positive learning environment and supporting students' academic
success. The research highlights the importance of early interventions and inclusive teaching
practices to address gender disparities in STEM education. Policymakers can use these
insights to design educational policies that prioritize mental health and emotional well-being
in schools. The use of GSR as a measure of physiological arousal in educational research
provides a valuable tool for objectively assessing the impact of physiological arousal on
cognitive performance. This methodological innovation can be applied in future studies to

further explore these dynamics.

6.3 Conclusion

The integrated findings from the three publications underscore the importance of
reducing disadvantages in cognitive testing to preserve the reliability and validity of
psychometric instruments designed to measure spatial abilities, such as mental rotation (MR).
The studies collectively highlight that mitigating stereotype threat in individuals exposed to
this can restore executive resources, improve cognition, and thus enhance test performance
(Johns et al., 2008). This can also lead to diminishing the gender difference in spatial test
performance. Therefore, ongoing investigation into the effects of gender-congruent and
neutral stimuli, emotional arousal during testing, item difficulty, and the chronological order
of items on spatial ability performance is crucial. This research ensures that these factors do
not compromise measurement accuracy nor contribute to increasing gender differences but

instead serve to measure spatial ability accurately, regardless of gender.

The studies provide insights into critical factors influencing children’s attitudes and
performance in mathematics, spatial tasks, and STEM subjects. A persistent gender disparity
in maths self-concept, spatial anxiety, perceived difficulty of spatial tasks, and preference for
maths as a STEM subject was identified. This disparity highlights enduring negative
stereotypes in these fields. Similarly, low maths self-concept and loss of interest and
enthusiasm for maths in late primary school children warrant attention to prevent
disengagement from STEM-related subjects in further education. Counteracting stereotypes

early is essential to ensure children's academic choices are based on ability rather than
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attitude. Interventions aimed at improving maths self-concept may indirectly benefit spatial
task performance by alleviating spatial anxiety. Understanding the complex interplay between
cognitive, affective, and demographic factors influencing performance on spatial tasks is
crucial for developing targeted interventions to support children's mathematical self-concept

and spatial skills development in educational settings.

Interventions such as stress management training, mindfulness practices, and anxiety-
reduction techniques can help students manage physiological arousal and negative emotions,
thereby enhancing performance (Bauer & Jansen, 2024). For boys, strategies to improve focus
and attention during tasks may be more effective. Techniques such as positive reinforcement
and encouraging a growth mindset can also be beneficial (Cvencek et al., 2020). Educators
could counteract gender stereotypes in maths and science by promoting positive role models
and creating an inclusive classroom environment. Encouraging all students to see themselves

as capable mathematicians can improve self-concept and reduce anxiety (Boaler, 2015).

Addressing societal influences and systemic issues such as gender stereotypes, poor
attitudes towards mathematics, and gender inequity in STEM fields is vital for creating a
more equitable and supportive environment for all students. Several interventions can be
implemented, such as training teachers in gender-sensitive practices and diverse teaching
methods (Gamarra et al., 2024), developing educational materials that promote gender
equality and feature diverse STEM role models (Cruz Neri et al., 2024), engaging parents and
communities through workshops and resources to support positive attitudes towards maths
and STEM (Olive et al., 2022), launching media campaigns to change societal perceptions
and highlight successful women in STEM (Alkhammash, 2019), advocating for policies that
promote gender equity in education, including training for educators and anti-discrimination
policies (Global Education Monitoring Report Team, 2020), and conducting research to
continuously assess and improve these interventions. These steps aim to create a more
inclusive and supportive environment, benefiting all students and fostering a culture of

respect and equity in education.
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8 Appendices

A.1 Measures of Maths and Spatial Constructs

Sample Problems from Maths Task

Sample number line estimation problem for 2nd grade students.
Difficulty level: High

Cc-2

Die Mdadchen Lia und Mia und die Jungen Leo, Ole und Ali stehen in einer
Reihe.

Lia steht zwischen Ole und Leo. w ’@‘ .@- @
Leo steht am Rand.
(2} 2 Z2) =)
Ali hat einen Pulli mit einem FuBball. Jd o Jd% I \ o
A B (& D E

Welches Kind ist Mia?

A B Cc | D E

Translation from German: “The girls Lia and Mia and the boys Leo, Ole and Ali are
standing in a row. Lia is standing between Ole and Leo. Leo is standing on the edge. Ali
has a sweater with a soccer ball on it. Which child is Mia?”

Sample word problem for 39 grade students.
Difficulty level: high

Egon, the mole, is working on his burrow. He already made o o

5 molehills, 2 of them today. Only one of the hills A, C and D
was made today. C or E was made today, but not both. A and D
were both made yesterday. Which 2 molehills were made today? o o

(A)AandE  (B)BandC (C)BandD (D)CandE (E)BandE

Sample missing term problem for 4" grade students.
Difficulty level high.

Using 3 types of cans, 2 scales were brought into balance. What has to be added to
the left side of the third scale so that it is also balanced?

(A) (B) (©) (D) (E) ==

All problems are available in several languages from the German Kangaroo and Mini-
kangaroo competition website but were presented to participants in German.
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Mathematics Self-Concept Subscale (Translated from German).

My favourite/preferred subject is:
(Blank Space)

1.

| find dealing with numbers....
Very difficult.....\Very easy

I like maths.....

Not at all.....\Very much

In arithmetic | am

Very bad.....Very good

When calculating 1 make.....

A lot of mistakes...No mistakes at all
Maths is.......

No fun at all.....Lots of fun

In maths | am...

Not talented at all .....Very talented

Children rated themselves on a sliding 7-point scale.

Child Spatial Anxiety Questionnaire.

57

Children rated their anxiety on a sliding 5-point emoji scale based on the following questions:

1. How do you feel being asked to say which direction is right or left?

2. How would you feel if your teacher asked you to build this house out of these blocks in

5 minutes? [Show child card with picture of a Lego house]

Sample picture shown to students:

3. How would you feel if you were given this problem: John is taller than Mary, and Mary
is taller than Chris? Who is shorter, John or Chris?
4. How do you feel when you are asked to point to a certain place on a map, like this one?
[Show card with image of a map of Germany].
5. How do you feel when your teacher asks you whether these shapes are rectangles and
why? [Show child card with similar shapes]
6. How do you feel when you have to solve a maze like this in one minute? [Show child
card with maze]

o N

How do you feel if you are asked to measure something with a ruler?
How do you feel when a friend asks you how to get from school to your house?
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(1) (3) (5)

The scale was translated from the original English version and presented to participants in
German.

Modified Abbreviated Math Anxiety Scale (NAMAS).

Children rated their level of math anxiety on a sliding scale of 1 to 5 based on the following
statements:

IAEEI S

~N o

Having to use the tables in the back of a math book

Thinking about a math test the day before you take it

Watching the teacher work out a math problem on the board

Taking a math test

Being given math homework with lots of difficult questions that you have to hand in the
next day

Listening to the teacher talk for a long time in math

Listening to another child in your class explain a math problem

Finding out that you are going to have a surprise math test when you start your math
lesson

Starting a new topic in math

The scale was translated by a native German speaker at the university and presented to

participants in German.
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Abstract: Reducing gender bias in STEM is key to generating more equality and contributing to a
more balanced workforce in this field. Spatial ability and its components are cognitive processes
crucial to success in STEM education and careers. Significant gender differences have consistently
been found in mental rotation (MR), the ability to mentally transform two- and three-dimensional
objects. The aim of this pilot study is to examine factors in psychological assessment which may
contribute to gender differences in MR performance. Moreover, findings will inform the development
of the new approaches to assessment using computer adaptive testing (CAT). (1) Background: The
study examines the impact of emotional regulation on MR performance in primary school children
whose mean age was 9.28 years old. (2) Methods: Skin conductance was measured to assess the
impact of emotional reactivity (ER) on performance during an MR task. (3) Results: Patterns of ER
influence response time (RT) on specific items in the task. (4) Conclusions: Identifying the effects of
emotional arousal and issues of test construction such as stereotyped stimuli and item difficulty in
tests of spatial ability warrants ongoing investigation. It is vital to ensure that these factors do not
compromise the accurate measurement of performance and inadvertently contribute to the gender
gap in STEM.

Keywords: gender stereotypes; gender gap; STEM; spatial abilities; emotional regulation; skin
conductance; CAT

1. Introduction

Despite globalization, gendered career choices persist worldwide (Makarova et al.
2019). The World Economic Forum (2019) estimates that currently only one third of female
students pursue higher education or research careers in the fields of science, technology,
engineering and mathematics (STEM) (World Economic Forum 2019).

The current study, being undertaken at the University of Koblenz, Germany, is funded
by the EU-financed (Horizon 2020) research network SellSTEM (Spatially Enhanced Learn-
ing linked to STEM). Spatial ability and its components are cognitive processes crucial to
success in the STEM arena (Newcombe 2017). The SellSTEM network, consisting of 15 PhD
candidates and their supervisors from 10 universities across Europe as well as 8 partners, is
investigating the role of spatial ability in STEM learning.

The rationale for this research is based on three key findings: (1) too few young
people are enrolling in STEM courses (Maselli and Beblavy 2014); (2) in scientific fields
such as psychology, life and social sciences, women are present in much higher numbers;
and (3) there isa widely-agreed-upon consensus that in undergraduate and postgraduate
university programs, which are the most mathematically intensive, such as geoscience,
engineering, economics, mathematics/computer science and the physical sciences, women
are still underrepresented (Ceci et al. 2014). Furthermore, the percentage of women in some
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STEM faculties, for example biomedical engineering, at the assistant, associate and full
professor levels, remains low (Chesler et al. 2010).

Although gender differences on spatial tests on a broader scale have been found to be
small or less consistent, there are subsets or components of spatial ability which continue
to yield significant differences in favor of males (Voyer et al. 1995; Linn and Petersen 1985).

The aim of the four-year project is to raise spatial ability in children, and girls in par-
ticular, in a number of European countries, that is, Latvia, Norway, Ireland, Germany, The
Netherlands, Sweden, Austria and the UK, so that they are better prepared for the cognitive
demands of STEM education. Ultimately, the goal of the working group is to promote more
successful STEM learning, triggering migration in larger numbers toward STEM careers
and consequently generating a more gender-balanced ratio in the field (SellSTEM MSCA
ITN 2021). A specific goal of the SellSTEM subproject based at the University of Koblenz is
to provide primary school teachers across Europe with effective ways of assessing spatial
ability development in children with the objective that such methods will assist them in
identifying potential difficulties in STEM learning, thus facilitating early intervention.

1.1. Mental Rotation Tests (MRT5): Assessing a Spatial Ability

Mental rotation (MR), a component of spatial ability, has been studied extensively
in psychology and education due to significant gender differences found in the ability
to rotate mental representations of two- and three-dimensional objects (Neuburger et al.
2012b). Despite a small amount of evidence on cognitive disparity in spatial ability as a
whole, MR tasks, particularly those incorporating three-dimensional objects, consistently
yield large and reliable differences in performance favoring males, with no significant
reduction (Wraga et al. 2006).

MR is traditionally assessed using psychometric instruments (often referred to as
paper-and-pencil tests) such as the mental rotation test (VMRT; Vandenberg and Kuse
1978). In a bid to modernize psychometric assessment, many of these tests have become
digitalized (Schmand 2019). During a computerized MRT, participants respond to each item
or series of stimuli on a computer or touch-screen device (Monahan et al. 2008). Stimuli
usually take the form of pictorial representations of abstract objects, such as cubical or
pellet-shaped figures, and concrete objects such as animals or toys (Rahe and Quaiser-Pohl
2021). The stimuli are rotated in-depth or in picture-plane.

Recently, researchers examining MR testing have turned their attention to issues which
may influence participants’ performance. Due to the aforementioned gender differences, a
number of studies have focused on how MR test characteristics, item and stimulus attributes
might contribute to this phenomenon, e.g., time limitations (Rahe and Quaiser-Pohl 2021),
item difficulty and rotational axis (Neuburger et al. 2012b), task-solving strategies (Saunders
and Quaiser-Pohl 2020) and gender-stereotyped stimuli (Ruthsatz et al. 2015).

Performance on tests of spatial ability and other cognitive tasks is known to be in-
fluenced by the test-taker’s experience and their emotional state (Shepard and Feng 1972;
Johns et al. 2008). Moreover, findings demonstrate that emotion-regulating processes reduce
working memory, and executive resources needed to perform well on tests of cognitive
ability (Schmader et al. 2008). For instance, Ramirez and colleagues (2012) found that
some younger children reported experiencing a phenomenon referred to as spatial anxiety
(SA), that is, feeling anxious at the prospect of engaging in spatial activities. Furthermore,
pronounced gender differences in SA and self-confidence have been found to mediate
gender differences in MR performance, especially when task demands are high (Arrighi
and Hausmann 2022).

Therefore, this pilot study is a first step in the development of new approaches to MR
assessment in children. These approaches may reduce the negative effects of emotions
such as anxiety and have a positive influence on self-confidence in participants. The
study thereby examines factors beyond mental rotation itself, such as emotional regulation,
stereotype threat and task and item difficulty, which are known to contribute to gender



Soc. Sci. 2023, 12, 356

3 0f24

differences in performance on an MRT (Sanchis-Segura et al. 2018; Fladung and Kiefer 2016;
Caissie et al. 2009).

1.2. Computer Adaptive Tests of MR (CAT-MR): An Alternative to Fixed Item Tests (FITs)

Computer adaptive testing (CAT) is an approach to psychometrics, which establishes
a link between the participant’s ability, their response to items and the underlying trait
being measured (Veldkamp and Verschoor 2019). During CAT, a computer algorithm auto-
matically presents items to participants and selects the next item based on their previous
response. As opposed to fixed item testing (FIT), in which participants respond to the same
set of items in the same order (Vispoel 1993), CAT adapts to their performance (Linden
et al. 2000). Moreover, CAT has been found to elicit less participant anxiety (Fritts and
Marszalek 2010; Ortner and Caspers 2011) and female primary school students achieved
better results, reported a higher sense of motivation and a more positive subjective test
experience after CAT (Martin and Lazendic 2018). In mathematics, CAT revealed promising
results regarding the reduction in stress and anxiety, and a better overall performance
among test candidates (Eggen and Verschoor 2006).

Moreover, findings demonstrate that CAT offers teachers many advantages such as
convenience and flexibility, faster, more accurate scoring and reporting, potentially shorter
tests, reduced scheduling and supervision, fewer test items needed to accurately estimate
proficiency and less time needed for marking (Chuesathuchon 2008).

1.3. The Effects of Stereotype Threat on Cognitive Performance

More than a decade of research has now confirmed that experiencing negative stereo-
types about one’s social group can impair an individual’s ability to achieve their potential
(Schmader 2010). This effect is referred to as stereotype threat (ST) or situations in which
individuals perceive themselves to be at risk of conforming to negative stereotypes about
their ingroup (Steele and Aronson 1995). The beneficial effect of perceiving oneself as
conforming to positive stereotypes about one’s ingroup is known as stereotype lift (SL)
(Walton and Cohen 2003).

ST has been found to arouse anxiety in targets, and in the process of emotional
regulation, cognitive resources needed to successfully execute a task are thereby limited
(Schmader et al. 2008). Consequently, performance on MR tests is susceptible to the effects
of ST (Neuburger et al. 2012a). SL, on the other hand, may alleviate self-doubt, anxiety and
fear of rejection that could otherwise hinder performance on MR and other cognitive tests
(Walton and Cohen 2003).

Gender-stereotyped beliefs influence boys’ and girls’ preferences and behaviors early
in life. This can often determine their choice of clothes and hairstyles and can also influence
their preference for certain toys (Ruthsatz et al. 2019). Boys’ preference for construction toys
and other games that are related to object manipulation in space might lead to more practice
in these skills than playing with stereotypically female toys, such as, dolls and cuddly
toys (Newcombe and Frick 2010). This increased familiarity with construction-related play
might be advantageous to male participants on an MR task consisting of items with the
frequently used cubical figure (Kersh et al. 2008).

More recently, some studies have focused on the gender-stereotyped attributes of the
stimuli used in MR tests and how they might impact a test-taker’s performance (Rahe and
Quaiser-Pohl 2019). Findings suggest that the degree to which stimulus objects are familiar
to male versus female participants, that is, are gender-congruent, is a significant deter-
minant of the gender difference (Neuburger et al. 2011). Moreover, a positive correlation
between stereotyped stimulus content and children’s performance on tests of MR has been
established (Ruthsatz et al. 2014).

1.4. Assessing the Impact of Emotional Regulation on MR in Children

Performance on MR and other cognitive tasks is known to be heavily influenced by
the participant’s experience (Shepard and Feng 1972) and emotional state (Schmader et al.
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2008). Various studies have examined the source of emotional arousal experienced by
participants undertaking cognitive tests such as an MRT. As previously mentioned, the
effects of stereotype threat can negatively impact cognitive performance (Johns et al. 2008),
as can the mode of testing, e.g., FIT or CAT (Vispoel 1993). Additionally, anticipatory
feelings, such as spatial anxiety, regarding the kinds of activities a test may involve are
important factors which mediate performance (Ramirez et al. 2012).

Human cognitive functions such as perception, attention, memory and problem-
solving skills are all significantly influenced by emotion (Tyng et al. 2017). Events or stimuli
which evoke emotion are classified according to two main categories, valence and arousal
(Costanzi et al. 2019). On a continuum ranging from negative to neutral to positive, the
attractiveness or aversiveness of a stimulus or event is referred to as valence. An event
or stimulus intensity is known as arousal when it ranges from being intensely calming
to intensely exhilarating or agitating (Costanzi et al. 2019). Moreover, how an event or
stimulus is evaluated plays a role in judgment and decision-making. Positive emotion
surrounding an event or stimulus enhances thinking and reasoning and adversely negative
emotion impairs these functions (Storbeck and Clore 2008). The relevance and salience of a
stimulus or event to the observer also determines how it is prioritized. Emotional arousal
enhances cognition for high-priority information and impairs it for that of low-priority
(Turkileri et al. 2021).

Tests and examinations, for example, are often perceived as events which can elicit a
variety of emotional states, including excitement, frustration, anxiety and even boredom
(Tyng et al. 2017). As is evident from emotional experiences such as spatial anxiety, the
emotional reaction to the subject matter itself can impair an individual’s test performance
(Tyng et al. 2017). Similarly, the stimuli which make up a test item can impact valence
and arousal in ways that can either enhance or impair cognitive performance on that test
(Costanzi et al. 2019). If these stimuli are not relevant to the observer, they will be assigned
low priority; hence, cognition may be impaired by a lack of emotional arousal. Furthermore,
individual differences in emotional regulation strategies have also been found to influence
test performance. For example, in one study, the strategies used by males and females to
regulate emotions during an MR test resulted in gender differences in their performance
therein (Fladung and Kiefer 2016).

Investigating emotional experience arising in the course of an MR task could also be
measured physiologically. Assessing somatic activity such as skin conductance and heart
rate could provide valuable information with regard to differences in emotion expressive
behavior, valence and arousal impacting performance on such tasks (Deng et al. 2016).
Measurements of children’s electrodermal and cardiovascular activity can be used as
indicators of the autonomic nervous system'’s (ANS) activation during emotion-evoking
events or when experiencing stimuli which may impact participants emotionally (Sohn
et al. 2001).

Skin conductance responses (SCRs) are biomarkers of ANS arousal and are a well-
established method for measuring psychophysiological functioning in humans (Christopou-
los et al. 2019). These signals, stemming from the peripheral nervous system (PNS), have
been long identified as important for mental functions, in particular emotions (James
1890). Furthermore, these somatic responses are likely an essential part of the emotional
experience and act as cues based on which they are formed (Damasio 2001).

Galvanic skin response (GSR), a measure of skin conductance, has been successfully
employed to measure physiological changes as a result of emotional expression such as anx-
iety and stress in children (Najafpour et al. 2017). Furthermore, the use of wearable devices
to measure GSR can facilitate the analysis of physiological responses in children engaged
in cognitive tasks in real-life conditions such as in the classroom (Gersak et al. 2019).

1.5. The Current Pilot Study

Using an experimental design, the goal of this study is to examine the impact of emo-
tional regulation on spatial performance in primary school children during a computerized
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MR test. It is anticipated that findings will also provide useful information about item
characteristics and precedes the development of a computer adaptive test of mental rotation
(CAT-MR).

1.5.1. Research Questions

Based on findings from previous research, this study aims to answer the following
questions:

1. Will there be changes in participants’ skin conductance in the course of a mental
rotation task and will this be impacted by the difficulty of the task?

2. Will skin conductance levels influence participants” accuracy and reaction time on the
MR task? Will participants who take more time demonstrate more accuracy on the
MR task?

3. Will there be patterns in participants” speed and accuracy which relate to the item
difficulty, i.e., stimulus type and rotational axis on a MR task?

4. Regarding responses on a stereotype nature of stimuli and a perceived difficulty
questionnaire, will participants identify stereotyped and difficult stimuli and will
their responses correspond with their performance on the task?

1.5.2. Hypotheses

Hypotheses 1. Previous research has found that emotion requlation is an important factor for
maintaining MR performance (Fladung and Kiefer 2016). Therefore, we hypothesize that there will
be an increase in participants’ skin conductance levels (SCL) measured by GSR during the MR task
from baseline to subtest MRT1 and subtest MRT2.

Hypotheses 2. Item difficulty on an MR task is determined by stimulus type, that is, concrete
or abstract objects, and rotational axis, that is, stimuli rotated in-depth or in picture-plane. Items
containing abstract objects rotated in-depth are known to be more difficult in an MR task (Neuburger
et al. 2012b). Furthermore, failure to effectively regulate negative emotional states, elicited, for
example, by phenomena such as stereotype threat or spatial anxiety, can lead to a poorer performance
on difficult cognitive tasks (Schmader 2010; Ramirez et al. 2012; Fladung and Kiefer 2016).
Moreover, participants who spend more time and put more effort into solving difficult items on an
MR test usually demonstrate better performance (Liesefeld et al. 2015). Therefore, we hypothesize
that increased SCL measured by GSR and a longer reaction time (RT) predict higher scores on more
difficult items, i.e., abstract stimuli rotated in-depth, on the MR task.

Hypotheses 3. Items with abstract objects rotated in-depth and gender-stereotyped objects can
influence participants’ accuracy and reaction time on an MR task. Mean accuracy scores are often
higher on items with gender-congruent stimuli and lower on items with abstract stimuli rotated
in-depth (Ruthsatz et al. 2019). Due to the difficulty level, reaction time is often longer on items with
abstract stimuli rotated in-depth (Liesefeld et al. 2015). Furthermore, interaction between stimuli
and emotional arousal and valence may account for some of these differences (Costanzi et al. 2019).
Therefore, we hypothesize that there will be differences in accuracy scores and reaction time between
two SCL groups on items with concrete and abstract stimuli rotated in picture-plane and in-depth
and on three gendered objects, that is, male-stereotyped, female-stereotyped and gender-neutral
objects, during the MR task.

Hypotheses 4. Long before an awareness of their own gender identity commences, children have
already developed a schema of gender-associated traits and gender categories (Martin et al. 2002).
Therefore, we hypothesize that participants will identify stimuli containing gender-stereotyped
objects as such, that is, male-stereotyped objects as masculine and female-stereotyped objects
as feminine.

Hypotheses 5. In line with previous findings, participants will identify stimuli containing
concrete objects rotated in picture-plane as easier and abstract objects rotated in-depth as more
difficult (Ruthsatz et al. 2017).
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2. Materials and Methods
2.1. Participants

For the pilot study, we recruited 29 students from third- and fourth-grade classes at
two local primary schools in Koblenz, Rheinland Palatine, Germany. One student withdrew
consent immediately prior to testing and three of the task data collected could not be
retrieved from the devices. Therefore, the total number of participants whose data were
used in the final analysis was 25 (N = 25). There were 12 children who identified as boys
and 12 as girls and 1 participant who did not provide a response to the gender question.
The average age of the students was 9.28 years old (M = 9.28). All 29 parents and guardians
provided written informed consent.

2.2. Material and Instrumentation
2.2.1. Mental Rotation Task

A computerized MR task (Vandenberg and Kuse 1978) was programmed in PsychoPy®
software (Supplementary Materials) and installed on Microsoft Pro 8 Surface tablets, each
with a keyboard and a mouse. The task was programmed to record both the number of
correct responses (accuracy) as well as the time taken to answer each item (reaction time).

Items included MR stimuli for younger children, i.e., animals, letters and cubes
(Quaiser-Pohl 2003) as well as abstract and concrete stimuli rotated in-depth or in picture-
plane. Abstract items consisted of stimuli such as cubes, pellets (Ruthsatz et al. 2014) and
polyhedra (Ruthsatz et al., forthcoming). Concrete items consisted of male and female
gender-stereotyped stimuli (Ruthsatz et al. 2015) and gender-neutral stimuli (Ruthsatz
et al., forthcoming). Examples of some of the items used are shown in Figure 1.

(A)
(B)
©
L, S R
(D)

Figure 1. Examples of MRT items used with concrete objects: (A) animal stimulus and (B) letter
stimulus (Hinze and Quaiser-Pohl 2003); (C) female-stereotyped stimulus “Pram” (Jansen et al. 2014;
Ruthsatz et al. 2015) and with an abstract object (D) “Cube” figure (Ruthsatz et al. 2014).
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The task was divided into two parts, each with a time limit: part one (MRT 1), consid-
ered an easier task due to stimuli rotated in picture-plane only, was limited to 5 min and
part two (MRT 2), considered more difficult as items consisted of stimuli rotated in-depth,
allowed participants 8 min to complete. MRT 1 had 6 abstract and 10 concrete items and
MRT 2 had 6 abstract and 6 concrete items (See Appendix C). MRT 2 was also considered
more difficult due to stimuli features, their complexity as well as rotational axis (Neuburger
et al. 2015). Items were presented randomly in each part of the task with one target stimulus
on the left and four comparison stimuli on the right. Participants were instructed to identify
two out of four stimuli on the right which, although rotated, were identical to that on
the left.

2.2.2. Gender-Stereotype Nature and Perceived Difficulty of Stimuli Questionnaires

Two self-reported questionnaires were also created in PsychoPy® and presented at the
end of the MRT to assess the gender-stereotyped nature of stimuli and the stimuli-perceived
difficulty.

Both scales are adapted from the Stereotyped Nature of Stimuli questionnaire (Neuburger
et al. 2015). The second questionnaire uses emojis on a sliding 5-point scale in order to
assess perceived difficulty of stimuli. The first point on the scale (1) represents easy or
happy face emoji, and the fifth (5) difficult or sad face emoji. The third point (3) represents
neither easy nor difficult or neutral face emoji.

The first point (1) on the stereotype questionnaire represents the rating more for boys,
and the fifth (5) more for girls. The third point (3) is a gender-neutral rating. Both scales are
appended to this report.

2.2.3. Demographic Data

An online questionnaire was presented to each participant at the beginning of the
experiment to collect data relating to participants” age and gender.

2.2.4. Skin Conductance

Shimmer3 GSR+ Unit® was used to measure galvanic skin response (GSR). These
devices were synchronized with ConsensysBasic® multi-sensor management software
where they were calibrated for recording and a sampling rate of 5 Hz was set. A baseline
recording of 2 min per participant was planned in order to compare this with GSR during
the MR task. Only 24 GSR datasets in total were analyzed as 1 dataset was missing from
the Shimmer device. Furthermore, in three datasets at baseline was not recorded on
the device; therefore, they could not be included in the analysis of SCL across the three
conditions—baseline, MRT 1 and MRT 2.

For the purposes of analyses, two SCL-level groups were created—low and high
GSR—during the MR task. SCL levels vary individually in humans; therefore, following
checks for normality and removal of outliers on the SCL variable, descriptive statistics were
calculated in SPSS as follows: minimum SCL during the MR task was 0.01 uS per minute,
maximum was 12.64 uS and mean SCL was 4.69 uS per minute (M = 4.69, SD = 2.99).
Therefore, all values < 4.69 uS were categorized as low SCL (N = 10) and all values > 4.69 uS
per minute were categorized as high SCL (N = 11) during the MR task. Skin conductivity is
measured in units referred to as microsiemens (uS). “Micro” is a prefix meaning millionths,
so 1 microsiemen (1 puS) is a unit of time in the International System of Units (SI) equal to
one millionth of a siemen (Braithwaite et al. 2013).

2.3. Procedure

Approval for the pilot study was provided by the Ethics Committee of the University
of Koblenz and also by the state authorities in Rheinland Palatine overseeing schools.
Informed consent was sought and provided by parents and guardians of all students
involved in the study. The class teacher and the principal also permitted the study to be
conducted in the school.
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The students were tested by two female researchers in a separate classroom with
access to their teacher, if required. The room had adequate lighting and individual seating
arrangements.

The researchers explained the MR task to the students by rotating objects such as a pair
of scissors, a toy and a wooden object, while explaining that by turning this object around,
it does not change its features. Students were then asked to imagine the object in their mind
and when they could see it, try to rotate the object mentally. The purpose of the study and
the significance of mental rotation in everyday life and for school work was also explained
to the students. The researchers also checked in advance that students were familiar and
comfortable with the use of a keyboard and a mouse. Furthermore, any student who
required eye glasses was reminded to wear these while viewing the tablet screen.

Electrodes for measurement of GRS were attached to the fore- and index finder of
the non-dominant hand of each participant. Shimmer devices were then switched on and
synchronized with Consensys® software. Devices remained in their respective docks until
the experiment could be initialized. Participants were advised to try not to move the hand
to which the electrodes were attached.

Shimmer devices were then removed from each dock and a two-minute baseline
measurement was recorded, after which the computerized experiment was initialized.
Students were given time to read the on-screen instructions with the help of the researchers.
After task-understanding was confirmed, an initial practice run followed, which contained
three sample items providing feedback on accuracy.

When the practice run was complete, students were presented with further on-screen
instructions, informing them that the first part of the test was about to begin and that there
would be a 5 min time limit on this part of the MR task. They were also advised to try to
work as fast and as accurately possible. In addition, students in each of the small groups
were asked to wait until their peers could see a red stop sign which would appear at the end
of MRT 1 before proceeding to MRT 2. The researchers kept track of the time throughout
the experiment. The same procedure was repeated for the second part of the task.

At the end of the experiment, Shimmer devices were returned to their respective
docks to end recording and electrodes were removed from participants’ fingers. Data were
labelled and imported to Consensys, then exported and saved on each respective table.

2.4. Data Analysis

Quantitative data analyses were performed on SPSS® 29 software for statistical anal-
ysis. A repeated-measures ANOVA was run to establish whether skin conductance level
(SCL) differed significantly between the three test conditions—pre-test baseline, picture-
plane and in-depth conditions. All participants took part in the three test conditions. The
data in each of the groups were normally distributed. Sphericity was not violated and the
Greenhouse-Geisser correction was reported as it is more stringent.

A Pearson coefficient correlation was used to determine whether there was a relation-
ship between skin conductance, reaction time and scores on more difficult items, that is,
items containing abstract objects rotated in-depth. Arising from this, multiple regression
was run, entering those variables that produced a significant result to examine the way
in which these variables relate to each other. The assumptions for using regression were
checked and confirmed, i.e., the criterion variable was always continuous; the Mahalanobis
distance values indicated that there were no substantial outliers; the residual scores were
normally distributed and not related to the predicted values; and tolerance values did not
exceed 0.2, indicating that there was no multi-collinearity.

One-way repeated-measures ANOVA were carried out to investigate the differences
in skin conductance conditions across the MR task. Furthermore, accuracy and reaction
time on items containing concrete and abstract stimuli rotated in-depth and in picture-
plane and items containing gendered stimuli across the two SCl levels were analyzed.
Observations were independent of one another and the sample was completely random.
The independent variables were categorical on three and two levels and the dependent
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variables were continuous and scale variables. Significant outliers were removed from the
dependent variables. Where sphericity was violated, the Greenhouse—Geisser correction
was applied (Tabachnick and Fidell 2013).

3. Results
3.1. Skin Conductance Levels across the MR Task (H1)

A repeated-measures ANOVA using the Greenhouse-Geisser correction showed that
skin conductance level (SCL) differed significantly between the three test conditions—pre-
test baseline, MRT 1 (only rotations in picture-plane) and MRT 2 (only in-depth rotations)
(F(2, 40) = 9.46, p = 0.004)—with a small to medium effect size (> = 0.241). As a result, 24%
of variation in skin conductance level can be explained by the different test conditions. See
Table 1.

Table 1. Tests of within-subjects effects of skin conductance conditions (SCL levels) from pre-test
baseline SCL to MRT1 and MRT2 on the MR task.

Measure: SCL_Levels

Type III Sum Mean . Partial Eta
Source of Squares df Square F Sig: Squared
f 1 Sphericity Assumed 17.104 2 8.552 6.348 0.004 0.241
actor Greenhouse-Geisser 17.104 1.752 9.764 6.348 0.006 0.241
error (factorl) Sphericity Assumed 53.888 40 1.347
Greenhouse—Geisser 53.888 35.034 1.538

Specifically, pairwise-comparisons-highlighted SCL during the MRT 2 condition was
significantly higher than in the baseline condition (M = 5.31, p = 0.018, CI (95%) 0.182-2.233).
Moreover, SCL in the MRT 1 condition was significantly higher than in the baseline condi-
tion (M = 5.10, p = 0.009, CI (95%) 0.233-1.701). There was no significant difference between
SCL in the MRT 1 and SCL in the MRT 2 condition. Therefore, it can be concluded that SCL
increases during an MR test. However, task difficulty did not have a statistically significant
impact on SCL in this sample. See Table 2.

Table 2. Pairwise comparisons of skin conductance conditions (SCL levels) from pre-test baseline
SCL to MRT1 and MRT2 on the MR task.

Measure: SCL_Levels

95% Confidence Interval

‘Mean for Difference ?
(I) Factorl ~ (J) Factorl  Difference  Std. Error Sig. 2
1)) Lower Upper
Bound Bound
1 2 —0.962 * 0.283 0.009 —1.701 —0.223
3 —1.207 * 0.393 0.018 —2.233 —0.182

* The mean difference is significant at the 0.05 level. 2. Adjustment for multiple comparisons: Bonferroni.

Figure 2 graphically illustrates the mean SCL across three conditions from pre-test
baseline SCL to SCL in MRT 1 and MRT 2. The error bars represent the standard error (SE),
which indicates the variability of the estimated means within each condition. Those error
bars representing MRT 1 and MRT 2 overlap, which suggests that the observed differences
between the conditions are not statistically significant. This conclusion is supported by the
results of the statistical analysis. See Figure 2.
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Error bars: +/—-2 SE

Figure 2. Differences in mean skin conductance level (SCL) across three test conditions: pre-test
baseline (GSR_BL), first part of the test (GSR_MRT1) and second part of the test (GSR_MRT?2).

3.2. The Relationship between Skin Conductance, Accuracy, Reaction Time and Item
Difficulty (H2)

A Pearson correlation coefficient found that there was a strong positive significant
relationship between SCL measured by GSR (M = 7.23, SD = 7.74) and scores on items
with abstract stimuli rotated in-depth (M = 1.23, SD = 3.95) (r(21) = 0.67, p < 0.001). This
relationship can account for 67% of variation in scores. Moreover, there was a strong
positive correlation between participant reaction time (RT) (M = 16.83, SD = 6.50) and
scores on items with abstract stimuli rotated in-depth (M =1.23, SD = 3.95) (r(21) = 0.512,
p = 0.009). This relationship can account for 51% of the variation in scores. See Table 3.

Table 3. Pearson coefficient correlations between scores on items with abstract stimuli rotated in-
depth (Mean_Diff), reaction time (Mean_RT) and skin conductance (GSR_Test) during the MR task.

Mean_Diff Mean_RT GSR_Test
b Mean_Diff 1.000 0.510 0.667
c earlso,“ Mean_RT 0.510 1.000 0.439
orrelation GSR_Test 0.667 0.439 1.000
Mean_Diff 0.005 <0.001
Sig. (1-tailed) Mean_RT 0.005 0.016
GSR_Test 0.000 0.016
Mean_Diff 24 24 24
N Mean_RT 24 24 24
GSR_Test 24 24 24

Both variables were then entered into a multiple regression, which was used to test
whether participant SCL measured by GSR and reaction time (RT) were predictors of
scores on items containing abstract stimuli rotated in-depth. The results of the regression
indicated that the two predictors explained 43% of the variance (R? = 0.46, F(2, 21) = 10.64,
p <0.001). It was found that SCL measured by GSR predicted scores on abstract objects
rotated in-depth (8 = 0.55, p = 0.004, 95% CI = 0.10-0.47) but no statistically significant
linear dependence of the mean of scores on abstract objects rotated in-depth on RT was
detected. See Table 4.
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Table 4. Model summary: skin conductance (GSR_Test) and reaction time (Mean_RT) predict scores
on items with abstract stimuli rotated in-depth (Mean_Diff).

ANOVA ?
Model Sum of df Mean F Sig.
Squares Square
Regression 187.825 2 93.912 10.638 <0.001°
1 Residual 185.396 21 8.828
Total 373.221 23

2 Dependent variable: Mean_Diff. b predictors: (constant), GSR_Test, Mean_RT.

3.3. Differences in Accuracy and Reaction Time between SCL Groups on Rotational Axis, Stimulus
Type and on Gendered Objects (H3)

A one-way repeated-measures ANOVA using the Greenhouse-Geiser correction found
that there was no significant differences in accuracy scores between SCL groups on concrete
and abstract stimuli and stimuli rotated in picture-plane or in-depth (F(3, 57) = 0.952,
p =0.444, 172 = 0.04). In relation to the main effect, there was a significant difference in
accuracy scores on concrete and abstract stimuli and stimuli rotated in-depth and in picture-
plane (F (3, 57) = 6.55, p = 0.007) with a small effect size (7% = 0.26). Therefore, rotational
axis and stimulus type explain 26% of the variance in accuracy scores on the MR task. GSR
level did not significantly explain variance in accuracy scores in this context. See Table 5.

Table 5. Tests of within-subjects effects of stimulus type and rotational axis (Rotation_Type) across
two SCL groups (GSR_Levels) on accuracy on the MR task.

Measure: Accuracy

Type III Sum Mean . Partial Eta
Source of Squares df Square F Sig. Squared

Rotation Tvpe Sphericity Assumed 0.172 3 0.057 6.546 <0.001 0.256

=YP€ " Greenhouse-Geisser 0.172 1.579 0.109 6.546 0.007 0.256

Rotation_Type Sphericity Assumed 0.020 3 0.007 0.768 0.517 0.039

*GSR_Levels  Greenhouse-Geisser 0.020 1.579 0.013 0.768 0.444 0.039
Error (Rota-  Sphericity Assumed 0.500 57 0.009
tion_Type) Greenhouse-Geisser 0.500 30.005 0.017

* Indicates all main effects and interactions among the variables Rotational Axis and Stimulus Type (Rotation_Type)
and Skin Conductance Levels (GSR_Levels).

More specifically, pairwise comparisons highlighted accuracy in stimuli rotated in-
depth was significantly lower than in stimuli rotated in picture-plane (M = —0.127, p = 0.054,
CI (95%) —0.251-—0.002). Furthermore, there was a tendency for accuracy on abstract
stimuli to be higher than on stimuli rotated in-depth (M = 0.067, p = 0.057, CI (95%)
—0.001-0.135). See Figure 3.

A one-way repeated-measures ANOVA using the Greenhouse—Geiser correction found
that there was no significant differences in reaction time between SCL groups on concrete
and abstract stimuli and stimuli rotated in the picture-plane or in-depth (F(3, 57) = 0.006,
p =0.983, #> = 0.00). In relation to the main effect, there was a significant difference in
reaction time on concrete and abstract stimuli and stimuli rotated in-depth and in picture-
plane (F(3, 57) = 4.37, p = 0.030) with a small effect size (2 = 0.19). Therefore, stimulus type
and rotational axis explain 19% of the variance in reaction time on the MR task.
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Figure 3. Differences in accuracy on stimuli rotated in-depth and in picture-plane and on concrete
and abstract stimuli during the MR task dependent on GSR.

More specifically, pairwise comparisons highlighted that reaction time on abstract
stimuli was significantly higher than on concrete stimuli (M = —1.21, p = 0.041, CI (95%)
0.103-0.7.22), but there was no significant difference in reaction time between stimuli
rotated in picture-plane and stimuli rotated in-depth. See Figure 4.

Estimated Marginal Means
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ELow
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Mean_2D_RT Mean_3D_RT Mean_Concrete_RT Mean_Abstract-RT
Rotation_Type

Error bars: +- 2 SE

Figure 4. Differences in reaction time on stimuli rotated in-depth and in picture-plane and on concrete
and abstract stimuli during the MR task dependent on GSR.

A one-way repeated-measures ANOVA using the Greenhouse-Geiser correction found
that there was no significant differences in accuracy between SCL groups on the three
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gendered objects (F(2, 38) = 0.585, p = 0.553, 7% = 0.03). In relation to the main effect, there
was no significant difference in accuracy on the three gendered objects (F (2, 38) = 0.584,
p =0.553, 7% = 0.03).

A one-way repeated-measures ANOVA using the Greenhouse-Geiser correction found
that there was a tendency toward significant differences in reaction time between SCL
groups on gender-stereotyped objects (F(2, 38) = 2.91, p = 0.092, 4> = 0.13). In relation to the
main effect, there was a significant difference in reaction time on the three gendered objects
(F (2,38) = 6.19, p = 0.014) with a small effect size (5> = 0.25). Therefore, the three gendered
objects explain 25% of the variance in reaction time on the MR task. See Table 6.

Table 6. Tests of within-subjects effects of gendered objects (Gendered_Obj) across two SCL groups
(GSR_Levels) on reaction time on the MR task.

Measure: Reaction_Time

Type III Sum Mean . Partial Eta
Source of Squares df Square F Sig: Squared

Gendered Obi Sphericity Assumed 148.545 2 74.272 6.192 0.005 0.246

) Greenhouse-Geisser 148.545 1.293 114.848 6.192 0.014 0.246

Gendered_Obj Sphericity Assumed 69.729 2 34.864 2.906 0.067 0.133

*GSR_Levels  Greenhouse-Geisser 69.729 1.293 53.911 2.906 0.092 0.133
Error (Gen-  Sphericity Assumed 455.829 38 11.995
dered_Obj)  Greenhouse-Geisser 455.829 24.575 18.549

* Indicates all main effects and interactions among the variables Gendered Objects (Gendered_Obj) and Skin
Conductance Levels (GSR_Levels).

Moreover, pairwise comparisons highlighted reaction time (RT) on neutral objects
was significantly higher than on female-stereotyped objects (M = 3.73, p = 0.004, CI (95%)
1.15-6.30). However, RT on neutral objects was not significantly higher than on the male-
stereotyped objects (M = 2.33, p = 0.334, CI (95%) —1.34-6.00) See Table 7 and Figure 5.

Table 7. Pairwise comparisons with interactions between skin conductance conditions (SCL levels)
and reaction time (RT) on items with gender-stereotyped stimuli: male-, female- and neutral objects.

Measure: Reaction_Time

95% Confidence Interval

Mean : a
(I) Gen- (J) Gen- . . for Difference
. . Difference  Std. Erro Sig. 2

dered_Obj dered_ODbj (1)) ! 8 Lower Upper
Bound Bound

1 2 1.394 0.722 0.205 —0.500 3.289

3 —2.332 1.397 0.334 —6.000 1.336

9 1 —1.394 0.722 0.205 —3.289 0.500
3 —3.726 % 0.981 0.004 —6.302 —1.151

3 1 2.332 1.397 0.334 —-1.336 6.000

2 3.726 * 0.981 0.004 1.151 6.302

Based on estimated marginal means. * The mean difference is significant at the 0.05 level. * Adjustment for
multiple comparisons: Bonferroni.
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Figure 5. Differences in reaction time across two SCL levels (GSR_Levels) on gendered objects during
the MR task.

3.4. Gender Stereotyped Nature of Stimuli and Difficulty of Stimuli Questionnaire Differences (H4
and H5)

Responses on the gender-stereotyped nature of stimuli questionnaire descriptively
show that more students rated the Car (M = 1.88, SD = 0.74) and the Cube figure (M = 2.52,
SD = 1.05) stimuli as more masculine. Other stimuli, that is, the Letter_g, the Stag, the
Pellet and the Polyhedron figure presented in the questionnaire were rated as more neutral
(M =3.05, 5D =0.87).

Responses on the perceived difficulty of stimuli questionnaire descriptively show that
more students rated the Letter_F (M = 1.58, SD = 0.83), the Crocodile (M = 2.45, SD =0.71)
and the Hammer (M = 2.50, SD = 1.02) stimuli, all of which were rotated in the picture-plane,
as easier. As expected, concrete stimuli (M =2.17, SD = 0.85) were rated easier than abstract
stimuli (M = 3.03, SD = 0.84).

A two-way repeated measures ANOVA using the Greenhouse Geiser correction found
that there were significant differences in accuracy (F(4, 68) = 4.61, p = 0.012, % = 0.21) and
reaction time (F(4, 68) = 4.30, p = 0.029, #? = 0.20) on the items identified as masculine in
the stereotyped nature of stimuli questionnaire and those items identified as easier in the
perceived difficulty questionnaire, explaining 21% of the variance in accuracy and 20% of
the variance in reaction time on these items. See Table 8.

Upon inspection of the means for accuracy and reaction time on these stimuli, it
was found that the Hammer had the highest mean accuracy (M = 0.56, SD = 0.511) and
the highest reaction time (M = 16.12, SD = 5.37). The Car had the lowest mean accuracy
(M =0.17, SD = 0.383) and a high reaction time (M = 13.94, SD = 0.383). The Crocodile
had a high mean accuracy (M = 0.50, SD = 0.514) and the lowest reaction time (M = 9.74,
SD =4.01). The Letter_F had mean accuracy (M = 0.44, SD = 0.511) and mean reaction time
(M =11.83, SD = 4.17). The Cube figure had mean accuracy (M = 0.39, SD = 0.502) and mean
reaction time (M = 14.91, SD = 7.35). See Figure 6.
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Table 8. Differences in accuracy and reaction time (RT) on items identified in the stereotyped nature
of stimuli and perceived difficulty questionnaire.

Type III Sum daf Mean F Sig, Partial Eta
Squared

Source Measure of Squares Square
Sphericity Assumed 1.622 4 0.406 4.613 0.002 0.213

frctor] Accuracy oo enhouse-Geisser 1.622 2.372 0.684 4613 0012 0213
RT Sphericity Assumed 472.286 4 118.072 4.301 0.004 0.202
Greenhouse-Geisser 472.286 2.678 176.377 4.301 0.012 0.202
Accurac Sphericity Assumed 5.978 68 0.088
error y Greenhouse-Geisser 5.978 40.318 0.148
(factorl)

Sphericity Assumed 1866.817 68 27.453

RT Greenhouse-Geisser 1866.817 45.521 41.010

Estimated Marginal Means of Accuracy of ltems Identified in Questionnaires

e G A e A |
G ot G G ) GG I M 2
T e A S e A |
+ e
a2 A K |
G ot G G ) GG I M 2
T e A S e A |
+ e
a2 A K |
G ot G G ) GG I M 2
T e A S e A |
+ e
a2 A K |
G ot G G ) GG I M 2
a2 I A K |
R e 2 s G O e
a2 A K |
G ot G G ) GG I M 2
a2 I A MK |
ot ot 2
bt ) e o |
G % A 2 A G A A A
S N N N L E e N 3 |
R G G 2 G G G 2 K
a2 G e A K |
G % A 2 A G A A A
S N N N L E e N 3 |
R G 2 G G O )

Rt G G e e

R e i G G G )

S N N N L RE N e

##ﬂ#ﬂ#ﬂﬂ#ﬂﬂi
N S

Car

Cube_3D

Estimated Marginal Means

+

&
+-I.

s

ﬁﬂ

Crocodile Letter_F Hammer

Estimated Marginal Means of Reaction_Time of Items Identified in Questionnaires

20.00

15.00
T cSsiIs! bt
+
10.00 7 ik
500
G e S S A A
0.00
Car

Crocodile Letter F Hammer Cube_3D

+H
53
+H
3

+
+
+
+
3
+H
3
+H
3

+
+
+
+
+
+
+

+,
+
+,
+
+,

+
+
+
+
+
+
+
+
+
+
£

+,
+
+,
+
+,

+
+

+,
+

+
+
s
+ 4 H
+

+
-+,
+
+,

+
+
+
+
+
+

+
-+
+
+
+
+
+
+
+
+

ity
¥
¥
¥
¥
¥
+,

+
+,
+
+,
+
+,
+
+,
+
+,

.
0
0
0
0
0
¥
i
e
f5cs
e
(3
i
+ %

+
-+,
+
+,
+
+

+
+
+
+

o3
gocs
41
gacs
&

+
+
+
+

+
+
ot
+
+
+
+,
+
+
J
+

+,
+
+,
+

+
+
+
+
+
ﬂ;

+
+,
+
+,
+
+,

+
+
+
+
+
+
+
+
+
+
+
£

+
+
-+,
+
+
+
+,
+
+
+
+,
+
+
+
+,
+
+
+
+,
+
+
L2
4

+

+
-+

+
+

+
+

+
+

+
+

+
+

+
B
+

+

+

+
+
+
+
+
+
+
+
+
+
+
+

+
+,
+
+,
+
+,
+
+,

+
b

+
-+,
+
+,
+
+,
+
+,
+

+
+,
o+,
+,
+
+,
+,
+,
+
+,
+,
+,
+
+,
+,
+,
++
e
e e o e
+,
+

+
+
+
+
+
+
+
+
+
+
+
+

+,
+
+
+
+,
+
+
+
+,
+
+
+
+,
+
+
+
+,
e
+
+
+

+
+,
+
+,
+
+,
+
+,
+
+,

+
+
+
+
+
+
+
+
+
+
+
£

+
-+,
+
+,
+
+,
+
+,
+
+,
+

+
+
+
+
+
+
+
+
+
+
+
+

+
o+,
+
+,
+
+,
+
+,
+
+,
+
+,

Estimated Marginal Means

+
+
+
+
+
+
+
+
+
+
+
+

+
+,
+
+,
+
+,
+
+,
+
+,
+
+,

+
+
+
+
+
+
+
+
+
+
+
+

+
+,
-+,
+,
+
+,
+,
+,
+
+,
+,
+,
+
+,
+,
+,
+
+,
+,
+,
+
T
+

+
o+,
+
+,
+
+,
+
+,
+
+,
+
+,

+
+
+
+
+
+
+
+
+
+
+
+

+,
+
+,
+
+,
+
+,
+
+,
+
+,
+

ﬂ}
ﬂj
ﬂj
ﬂj
ﬂj
ﬂj
ﬂj
ﬂj
ﬂj
ﬂj
ﬂj
E5e

+
-+,
+
+,
+
+,
+
+,
+
+,
+
+,

+
+
+
+
+
+
+
+
+
+
+
+

+
o+,
+
+,
+
+,
+
+,
+
+,
+
+,

+
+
+,
+
+
+
+,
+
+
+
+,
+
+
+
+,
+
+
+
+,
+
+
‘j
+

+
+
+
+
+
+
+
+
+
+
+
+

+
-+,
+
+,
+
+,
+
+,
+
+,
+
+,

Figure 6. Differences in accuracy and reaction time on objects identified in the stereotyped nature of
stimuli and perceived difficulty questionnaires.
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4. Discussion

This pilot study set out to investigate whether emotional regulation measured by skin
conductance has an impact on primary school children’s performance on an MR task with a
view to using the results to support the development of a computer adaptive test of mental
rotation.

4.1. Skin Conductance Levels across the MR Task

Firstly, results demonstrate that skin conductance levels (SCL) did indeed change
as soon as the MR task began. There was a significant increase in SCL from baseline
measurements to part one of the task (MRT1), which was considered the easier part as
stimuli were rotated in picture-plane only. Moreover, SCL on both parts of the task was
significantly higher than in the baseline condition. Contrary to expectations, there was,
however, no significant difference in SCL between the first part of the task (MRT 1) and the
second, which was considered the more difficult part due to stimuli being rotated in-depth
(MRT 2). Therefore, in this sample, an increased task difficulty had no significant effect
on emotional reactivity measured by SCL in the second part of the MR task. There were,
however, clear groups of participants who experienced “high” and “low” SCL levels during
the MR task and these states influenced their performance on some items. These results
will now be discussed.

4.2. The Relationship between Skin Conductance, Accuracy, Reaction Time and Item Difficulty

It is known from previous research that items containing abstract stimuli rotated
in-depth are more difficult to solve on an MR task than items with concrete stimuli rotated
in picture-plane. Therefore, this study also investigated the relationship between item
difficulty, emotional regulation measured by SCL and reaction time (RT) on the MR task.
The results demonstrate that there was a positive relationship between emotional regulation
measured by SCL, RT and scores on difficult items (considered all items across the full MRT
containing abstract stimuli rotated in-depth) in this study. Indeed, as emotional regulation
measured by SCL and RT increased, so did scores on these items. Therefore, it appears
that performance on the difficult items benefitted from increases in participant effort and
time spent on these items. Furthermore, findings of this study also show that emotional
regulation measured by SCL, in particular along with RT, were significant predictors of
scores on difficult items. Thus, in this sample, participants who were able to regulate
emotions effectively and who spent more time trying to determine the correct solution to
more difficult items benefitted in that they achieved better outcomes.

4.3. Differences in Accuracy and Reaction Time between SCL Groups on Rotational Axis, Stimulus
Type and on Gendered Objects

Individual SCL varied, and likewise in this sample. There were participants with
a higher SCL than others. Therefore, the study endeavored to examine if the rotational
axis (whether rotated in picture-plane or in-depth), the type of stimuli (whether concrete
or abstract) and the gender-stereotyped nature of the stimuli (whether male-stereotyped,
female-stereotyped or gender-neutral objects) would lead to differences in accuracy and
reaction time across groups of “high” and “low” SCL participants. It was found that
rotational axis, stimulus type and the gender-stereotyped nature of stimuli did lead to
significant differences in accuracy as a main effect, but they did not significantly interact
with SCL. Therefore, as SCL differs individually, each participant’s emotional reactivity
measured by SCL appears to have adjusted accordingly during the cognitive task so that
it did not result in differences in performance. Therefore, being a “high” or “low” SCL
individual did not impact accuracy and did not interact with performance by stimulus
type, rotational axis or gender-stereotyped stimuli.

It was, however, found that there was a tendency toward significant differences in
reaction time (RT) on gender-stereotyped objects. Moreover, this difference was significant
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between SCL groups. Specifically, RT in the “high” SCL group was significantly higher on
the gender-neutral objects than on the female-stereotyped objects.

There are two possible explanations for this result. Emotional arousal increases when
an individual is presented with stimulus which is relevant and salient to them. Through
this increase, the observer assigns a higher priority to that stimulus. It may therefore be
that objects represented in the gender-neutral stimuli were more relevant to participants
in this study. These stimuli contained everyday objects, which also have recreational or
educational significance, such as the scissors, the bicycle and the pot. Participants were
likely very familiar with these objects, hence, they were relevant and important to them,
resulting in more time spent at attempting to solve the MR test items containing these
objects. The female-stereotyped objects on the other hand, such as the bow, the pram and the
handbag, may have been assigned a lower relevance and priority by participants because
they do not regularly use these objects or they are devalued due to negative associations
arising from stereotype threat. This may have resulted in a tendency for participants to
dismiss the items containing these objects more quickly.

Another explanation for longer RT on the gender-neutral objects, but one which was
not investigated in this study, is the role of occlusion. Two-dimensional representations of
three-dimensional objects do not allow the viewer to scan the object from multiple angles.
This results in parts of it being hidden. Hidden or occluded parts of objects represented
using two-dimensional media such as paper-and-pencil tests or tests undertaken on a
computer screen or mobile device make it difficult for the participant to know the shape of
the object without seeing it from another angle. The resulting occlusion is not only known
to contribute to item difficulty and longer reaction times, but also to gender differences in
performance on MR tasks (Felix et al. 2011; Nolte et al. 2022).

4.4. Gender-Stereotyped Objects and Perceived Difficulty of Stimuli

As expected, participants identified the ‘Car’ and the ‘Cube’, which are often classified
as male-stereotyped and associated with construction and transportation activities (often
referred to as “boys’ toys”) as more masculine (Ruthsatz et al. 2019). On the perceived
difficulty questionnaire, the ‘Hammer’, the ‘Crocodile” and the ‘Letter_F were rated as
easier. Items with animals and letters are found on the picture-rotation test, which was
designed to test mental rotation skills in pre-school children (Quaiser-Pohl 2003).

Upon an analysis of accuracy and reaction time during the MR task on objects iden-
tified in the stereotyped nature of stimuli and the perceived difficulty questionnaires,
there were significant differences found within the sample. Participants achieved higher
scores and spent more time on the male-stereotyped ‘Hammer’. Similarly, the highest
reaction time was found on the male-stereotyped ‘Car’. These objects appear to have been
highly salient and participants may therefore have prioritized them by spending more time
attempting to solve them. As expected, easy items such as the ‘Crocodile’ were solved
accurately and quickly in this sample.

4.5. Relevance for the Development of a CAT-MR

In this study, items with abstract and gendered stimuli and objects rotated in-depth
appeared to be more difficult and required a longer amount of time to solve than others
types of items, a result also found in previous research (Neuburger et al. 2011, 2012b;
Ruthsatz et al. 2017).

Salience and relevance of stimuli are also important factors when choosing items
containing these objects for a CAT, as they may be given higher priority by participants,
resulting in longer reaction times and, hence, in many cases, a higher accuracy. Similarly,
items with stimuli considered easier or less relevant to participants may result in shorter
reaction times, which may then impact accuracy or the ability to correctly solve items
containing these objects.

Although a purely anecdotal observation in this study, the visibility of features of some
stimuli, such as the hidden edges of cube figures or gender-neutral objects, has been found
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to be related to the level of difficulty in solving them. Therefore, presenting the stimuli
in another format such as real-life objects or three-dimensional models on the computer
screen may improve accuracy. Such items could also be incorporated into a CAT.

Item banks in CAT are files of various suitable test items that are coded by subject
area, instructional level and other pertinent item characteristics such as item difficulty
and discriminating power (Gronlund 1998). In creating an item bank for the CAT-MR, the
results of this and any consequent replicated study regarding those items to be used in a
CAT-MR need to be considered.

4.6. Limitations and Outlook

This was a pilot study, so the sample size was a significant limitation. Therefore, the
study is now being replicated with a bigger sample size.

As occlusion may be limiting participants” performance on the MR task, it may be
useful to develop an MR task using real-life objects or three-dimensional models of stimuli
to be used in future experiments.

No data regarding test or spatial anxiety were collected, but this could be beneficial
in providing more insight into participants” experience of and their feelings about the
task. Furthermore, academic self-concept could provide useful data on baseline perceived
academic ability in primary school children. Self-concept questions regarding mathematical
ability are included in this questionnaire and could yield valuable additional information.
Mathematical ability is highly correlated with spatial ability in adults and children (Rahe
and Quaiser-Pohl 2021)

There was unfortunately a loss of data due to technical issues. This has now been
resolved so that it should not occur during the larger data collection. An additional
physiological method of measuring emotional arousal during an MR task has been added
for the main study.

Due to the above-mentioned limitations, a number of queries arose, which the pilot
study was unable to answer, but which are important for the development of the CAT-MR:
(a) whether the MR task was too difficult and too long for some participants; (b) the issue of
how the test was constructed, i.e., gender-stereotyped items and increasing item difficulty
in the second part of the task; (c) whether some participants may have performed better on
a test in which item selection is adapted to their ability, e.g., a CAT-MR; and (d) whether
taking a CAT-MR might impact positively on emotional reactivity, accuracy and speed.
These queries will be addressed in more detail in the larger study.

5. Conclusions

Reducing the disadvantages in cognitive testing is paramount to preserving the relia-
bility and validity of psychometric instruments designed to measure spatial abilities such
as mental rotation. Moreover, providing individuals exposed to stereotype threat with a
means to cope effectively with negative emotions such as anxiety can restore executive
resources, improve cognition and thus, test performance (Johns et al. 2008). This can also
lead to diminishing the gender difference in spatial test performance (Voyer et al. 1995;
Wraga et al. 2006). Therefore, the identification of the effects of gender-stereotyped stimuli
and emotional arousal arising during testing, as well as item difficulty and the chrono-
logical order of items on spatial ability performance warrant ongoing investigation. This
research is key to ensuring that these factors do not compromise measurement accuracy
nor contribute to increasing gender differences, but rather serve to measure spatial ability
accurately, regardless of gender. Test construction as a science benefits from such research
as does the field of gender and STEM. In the pursuit of the development of psychological
assessment approaches such as a CAT-MR, the authors seek to identify and decrease bias
in tests on spatial ability, thus contributing positively to the reduction in the gender gap
in STEM.
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Supplementary Materials: PsychoPy® is a free, cross-platform, open-source package allowing re-
searchers to run a wide range of experiments in the behavioral sciences. It can be downloaded at
www.psychopy.org/download.html (accessed on 6 April 2023).
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On a sliding 5-point scale, participants were asked to rate how difficult they found
various items on the MR task.
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Introduction: Factors such as low self-concept and anxiety have been shown
to negatively impact mathematical achievement and spatial skills, as well as
enjoyment of math-related subjects. Understanding these factors is crucial for
promoting STEM interest and performance, particularly among primary school
students.

Methods: This cross-sectional study examines the influence of gender,
childhood development stage, maths self-concept, spatial anxiety, perceived
difficulty, mental rotation performance, and STEM preferences in a sample of
144 primary school students (mean age M =8.47), comprising 70 girls and 74
boys. Data were collected through four questionnaires and a computerized
Mental Rotation Task (MRT).

Results: Girls and tweens (9-to-11-year-olds) exhibit lower maths self-concept,
impacting their preference for maths as a STEM subject. Girls also demonstrate higher
spatial anxiety and perceived difficulty of the MRT compared to boys. Maths self-
concept is significantly associated with spatial anxiety and perceived difficulty, while
gender is not. Maths self-concept shows marginal effects on students’ accuracy on
the MRT, with evidence of a mediating effect of spatial anxiety.

Discussion: These findings underscore the importance of maths self-concept
in shaping STEM preferences, particularly among girls and tweens. Additionally,
maths self-concept serves as a mitigating factor for spatial anxiety and perceived
difficulty in spatial tasks among primary school children. The study also suggests
that spatial anxiety may contribute to gender disparities in mathematics and
STEM-related domains. Further research is needed to explore interventions
targeting maths self-concept and spatial anxiety to promote equitable STEM
engagement amongst primary school students.

KEYWORDS

mathematics self-concept, spatial anxiety, STEM subject preferences, stage of
childhood development, mental rotation performance, primary education
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1 Introduction

“I must tell you what my opinion of my own mind and powers is
exactly ... I believe myself to possess a most singular combination
of qualities exactly fitted to make me pre-eminently a discoverer
of the hidden realities of nature.”

Ada Noel King, The Bride of Science (Woolley, 2000).

Augusta Ada King Noel, Countess of Lovelace, was a British
pioneer in the fields of mathematics and science. She was born in
London in 1815, into an era in which fundamental rights for women
had not yet been established. Ada, who was also the daughter of the
renowned poet Lord Byron, often found herself overshadowed by her
father’s reputation for literary greatness and notoriety (Chiaverini,
2017). However, with her mother’s encouragement, Ada pursued a
keen interest in mathematics and computation carving her niche in
the field and achieving greatness in her own right. Throughout her
short life, Ada, who referred to herself as the “Enchantress of
Numbers,” demonstrated a strong and undeterred self-belief in her
intellectual ability as the opening quote illustrates.

The focus of this cross-sectional study is therefore to examine the
role of self-concept, specifically maths self-concept, and its association
with preference for STEM (Science, Technology, Engineering and
Mathematics) subjects and spatial ability in a sample of primary
school children at two stages of childhood development. Furthermore,
the association between maths self-concept, spatial anxiety, the
perceived difficulty of the spatial task and their role in spatial ability
are investigated.

1.1 Mathematical skills: nature or nurture?

While it might come last in the acronym “STEM,” maths is the
foundation of science, technology, and engineering. Educational
research has frequently focused on STEM in the context of science
with less focus on maths in classroom activities (Maass et al., 2019;
Larsen et al., 2022). However, maths alongside its models serves as the
language of science and the means through which scientific concepts
are interpreted and communicated (Just and Siller, 2022). Traditionally,
maths skills were thought to be fixed and innate: Recent evidence
reveals distinct individual differences in the brains and genes of
individuals with a propensity towards maths (Chen et al., 2017; Skeide
etal,, 2020). From a biopsychosocial perspective, however, the role of
the environment, attitudes and even emotions experienced around
engagement with the subject also play an important role in the
development of mathematical ability (Petrill et al., 2009). Contrary to
the notion of fixed abilities, research supports the idea that maths
skills, even in low-performing school children, are malleable (Lopez-
Pedersen et al., 2023). Moreover, findings demonstrate that experts in
the field are characterized not by giftedness alone, but by extended and
intense training which leads to enhancement of numerical cognition
(Sella and Cohen Kadosh, 2018). That said, it is also essential to
understand and appreciate how attitudes and emotions impact maths
learning and achievement. They must also be taken into account in
order improve outcomes in this field for all children (Dowker
etal., 2016).

Frontiers in Education

10.3389/feduc.2024.1300598

1.2 Maths self-concept and its impact on
maths achievement

There is evidence that humans are born sensitive to numeracy
(Berger et al., 2006) and that in fact, attitudes and perceptions as well
as classroom experience shape children’s beliefs about their
mathematical ability (Attard, 2013). For many, an aversion towards
maths is attributed to negative experiences during their school years
leading to decreased engagement with the subject (Boaler, 2015;
Hawes et al., 2022). Maths frequently serves as that academic domain
in which children encounter significant challenges, characterized by
profound setbacks, a circumstance further compounded by the
responses of educators and attitudes adopted by parents (Rossnan,
2006; Boaler, 2015; Davadas and Lay, 2017). These experiences shape
what is referred to as maths self-concept, or how children think about
themselves in relation to maths, which in turn impacts their
engagement with and achievement in the subject (Cvencek et al.,
2020). Maths self-concept is an important factor accounting for
differences in school children’s mathematical achievement with the
socialization process having a significant effect on this (Manger and
Eikeland, 1998; Eccles, 2009; Else-Quest et al., 2010).

In a longitudinal study conducted over 6 years in Germany, Marsh
etal. (2018) found that maths self-concept was predictive of secondary
school students’ maths scores and grades (Marsh et al., 2018). A study
conducted over 9years in Australia found maths self-concept to be a
significant predictor of post-school preference for STEM studies
(Parker et al, 2014). The Programme for International Student
Assessment (PISA) conducted a large-scale, longitudinal study across
35 member countries of the Organisation for Economic Co-operation
and Development (OECD) and 31 partner countries and economies
whose finding show that students who have low maths self-concept
perform worse than students who are more confident in their maths
ability (OECD, 2013).

The Reciprocal Effects Model (REM) posits a mutually
reinforcing relationship between self-concept and academic
achievement over time (Marsh, 1990; Marsh and Craven, 2006).
According to this theoretical framework, proficiency in mathematics
fosters a positive self-concept in students, which, in turn, contributes
to enhanced academic performance (Sewasew et al, 2018).
Encouraging active involvement and participation in mathematics is
therefore anticipated to yield positive effects on students’ self-
concept. For example, studies conducted in the United States and
China with pre- and primary school children found a reciprocal
relationship between maths self-concept, interest, and achievement
(Fisher et al., 2012; Cai et al., 2018).

All of these findings emphasize the critical role of maths self-
concept in shaping educational trajectories.

1.3 Gender differences in maths
self-concept and the impact on STEM as a
career choice

Unlike the abundance of confidence demonstrated by Countess
Lovelace with regards to her intellectual and scientific prowess, many
of todays’ girls and women do not appear so self-assured when it
comes to their mathematical ability. Although women now excel in
the STEM field, poor maths self-concept may explain why they
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continue to be under-represented in university programs which are
the most mathematically intensive, such as engineering, computer
science and the physical sciences (Ceci et al., 2014). Frequently,
students with low maths self-concept lack faith in their maths ability
which in turn can have a major impact on their preference for STEM
careers (Goldman and Penner, 2016).

There is evidence from research conducted with adults that despite
similar levels of maths achievement, women demonstrate lower maths
self-concept than men (Sax et al., 2015). Initially, girls display similar
or even superior maths achievement compared to boys, but a shift
occurs as they advance through the school system, especially in the
upper levels of the skills distribution (Fryer and Levitt, 2010; Cimpian
etal., 2016). In a longitudinal study conducted in the USA, spanning
children from kindergarten through primary school, initially both
girls and boys demonstrated comparable proficiency in mathematics.
However, by third grade, significant gender differences were found in
both maths confidence and achievement particularly at the top of the
attainment distribution (Fryer and Levitt, 2010). The gender gap
observed at the upper tiers of maths achievement is especially
disconcerting, given that this subgroup often generates future STEM
professionals (Cimpian et al., 2016).

Moreover, international assessments reveal persistent gender gaps
in maths self-concept, with girls expressing less confidence in
mastering challenging mathematical concepts compared to boys
(OECD, 2013). Notably, countries such as Switzerland, Denmark, and
Germany revealed particularly pronounced gender disparities in
maths self-concept (OECD, 2013).

1.4 STEM stereotypes influence tweens’
and girls’ preference for maths and related
careers

Stereotype threat (ST) describes situations in which individuals
perceive themselves to be at risk of conforming to negative stereotypes
about their ingroup (Aronson et al., 2014). ST is a factor which has
been found to negatively influence attractivity of STEM subjects such
as maths, physics, computer science and associated professions for
young people (Garriott et al., 2017). A stereotype frequently associated
with individuals who excel in such fields is that of the “nerd” or “geek,”
the characteristics of whom include disproportionate intelligence,
awkwardness in social circumstances, unattractive appearance and
romantically unsuccessful (Starr and Leaper, 2019). Findings confirm
that the “STEM-nerd” or enthusiast stereotype was endorsed among
secondary school students in the USA (Garriott et al., 2017), as well
as middle-school students in Germany (Kessels, 2005). This attitude
is problematic because it may undermine some young people’s interest
in the field due to the threat of confirming a negative stereotype
(Starr, 2018).

A period in which young people begin to explore their identities
and in which self-concept and stereotypes become more salient is
the pre-adolescent or tween stage of childhood development (Starr,
2018). Tweens are young people around the age of 9 to 12 years, a
period directly preceding adolescence and following middle
childhood (McArthur et al., 2021). Tweens are on the cusp of a
significant educational transition between primary and secondary
school. In many countries, they are required to make important
choices regarding subjects they will focus on in secondary
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education. Moreover, tweens are beginning to develop an awareness
of gender identity as well as societal norms, roles, and hierarchies
(McArthur et al,, 2021). They are more cognizant of negative
cultural stereotypes such as those surrounding STEM professions
and this can affect their preference for and engagement with
associated subjects such as maths (McGuire et al., 2022). At this
stage, however, awareness of stereotypes is new and not yet
established making it ideal for introducing interventions such as
peer engagement programs to foster positive socialization towards
STEM (Space Science Institute, 2023).

The STEM-enthusiast stereotype has also been found to
negatively influence girl’s identification with related career fields
and associated professions (Starr, 2018). Although male STEM
professionals such as computer scientists, are often unfairly
stereotyped as socially awkward outsiders who neglect their
appearance, there remains a societal expectation for women to
be attractive, sociable, and skilled in romantic pursuits (Cheryan
et al., 2013). Mentoring programs for young women in the tween
and adolescent stage, such as the Ada Lovelace Project based in
Germany (Ada Lovelace-Projekt, 2023), employ female role models
to exercise a positive influence on STEM’s appeal for these groups
(Quaiser-Pohl, 2012; Quaiser-Pohl and Endepohls-Ulpe, 2012;
Quaiser-Pohl et al., 2012, 2014a).

1.5 Mental rotation and its relationship with
mathematics skills

Mental Rotation (MR), the ability to rotate mental representations
of two- and three-dimensional objects, is a spatial skill extensively
studied in psychology and education (Quaiser-Pohl et al., 2014b;
Neuburger et al., 2015; Buckley et al., 2018). Studies have shown that
boys perform significantly better on mental rotation tasks than girls,
making it an important topic to research (Linn and Petersen, 1985;
Voyer et al., 1995).

The relationship between spatial and mathematical ability has
been widely investigated and is well-established (Hawes et al., 2015;
Mix, 2019; Lowrie et al., 2020). The findings from a recent meta-
analysis conducted by Hawes et al. (2022) align with previous research
and theoretical assertions, indicating that engaging in spatial training
serves as an effective method for improving both comprehension and
performance in mathematics (Hawes et al., 2022).

As with mathematical and other spatial skills, mental rotation
(MR) ability can be improved through practice and training
(Uttal et al., 2013). This training can have a spillover effect on
maths performance, also enhancing these skills. Furthermore,
mental rotation has been linked to higher-level mathematical
skills and is a significant predictor of mathematical ability in
pre-and primary school children (Moe, 2018; Rahe and Quaiser-
Pohl, 2019).

Mental rotation performance has also been identified as a
significant predictor of academic success and career choice in
STEM fields (Moe, 2018; Moe et al., 2018). However, gender
disparities in mental rotation performance can be exacerbated by
factors such as stereotype threat and spatial anxiety, particularly
among girls. Addressing these barriers is crucial for promoting
equitable participation in STEM fields and fostering a diverse
talent pool.
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1.6 Stereotype threat, child spatial anxiety,
and mental-rotation performance

Gender-stereotyped beliefs influence boys’ and girls’ preferences and
behaviors early in life, including their play and choice of toys (Ruthsatz
etal., 2019). Boys’ preference for construction toys and other games that
are related to object manipulation in space may lead to gender differences
as a result of more practice and confidence acquired during play
(Moe etal.,, 2018). An increased familiarity with spatially related objects
and activities appears to be advantageous to male participants on a
mental rotation task consisting of items with frequently used cubical
figures (Ruthsatz et al., 2014). Female performance on spatial tasks may
also be compromised by the fear of confirming existing gender negative
stereotypes about spatial abilities (McGlone and Aronson, 2006;
Campbell and Collaer, 2009). Research on spatial ability consistently
finds the most significant and dependable cognitive gender gaps on
mental rotation tests, where men typically outperform women by around
one standard deviation (Wraga et al., 2006). Noteworthy, however, is the
effect of emotions such as anxiety on mental rotation performance and
cognitive processes in general. For instance, pronounced gender
differences in spatial anxiety and spatial self-efficacy have been found to
mediate gender differences in mental rotation performance, particularly
on more demanding tasks (Arrighi and Hausmann, 2022).

Child Spatial Anxiety (CSA) or feelings of nervousness at the prospect
of engaging in spatial tasks, is known to affect mental rotation
performance in young children (Ramirez et al., 2012). Worry associated
with maths and complex cognitive tasks such as mental manipulation can
limit executive resources such as working memory (WM) and can lead to
performance deficits in these domains (Engle, 2002). WM is a short-term
memory store which actively holds information in the mind needed to
complete complex tasks such as mental rotation or numerical operations
(Alloway and Passolunghi, 2011). An interaction between working
memory and spatial anxiety appears to contribute to gender differences
in mental rotation performance. Girls are further disadvantaged by the
added effects of stereotype threat which usurps working memory capacity
needed to perform well on spatial tasks (Schmader et al., 2008; Schmader,
2010; Ramirez et al, 2012). Consequently, girls' performance may
be impacted by the fluctuating spatial anxiety during related tasks.

In the tween stage of development, spatial ability undergoes
significant growth and development, surpassing the levels observed
in middle childhood (Hodgkiss et al., 2021). The development of
mental rotation in pre-adolescence is associated with changes in the
brain, particularly in regions related to spatial processing and
cognitive control. The parietal cortex, which plays a crucial role in
spatial cognition, undergoes maturation during this period.
Structural changes, such as increased grey matter density and
synaptic pruning, contribute to improved spatial abilities (Modrono
et al., 2018). This developmental period therefore presents a prime
opportunity for the expansion and enhancement of cognitive
abilities, which are essential for excelling in STEM subjects during
secondary education. Subjects such as advanced mathematics,
computer science, physics, and chemistry benefit greatly from
development in spatial cognition. This developmental juncture sets
the stage for not only cognitive enhancement but also potential
challenges such as the emergence of negative attitudes and emotions
related to spatial tasks. Hence, it is important that in girls and
pre-adolescents, spatial skills are actively nurtured and interest in
mathematics sustained.
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1.7 Perceived difficulty of a mental-rotation
task and its relationship to affect,
self-concept and performance

Transitioning from the intricate dynamics of spatial anxiety,
stereotype and gender influences on mental rotation performance,
the focus shifts to the perceived difficulty of a mental rotation task.
This can also have consequences for students’ affect, self-concept, and
cognitive performance (Nuutila et al., 2021). High perceived difficulty
of a task can lead to increased frustration and negative emotional
reaction which in turn impairs performance (Brunstein and Schmitt,
2010). However, self-efficacy and interest in the subject matter can
buffer these effects leading to increased time and effort spent
attempting to solve associated tasks (van Steensel et al., 2019).

The difficulty of a mental rotation task depends on its
characteristics, for example, on the rotational axis, stimulus complexity,
dimensionality and familiarity of stimuli (Nolte et al., 2022). These
factors can influence both the number of items answered correctly but
also the time spent attempting to solve them. Response time as well as
accuracy is often measured in studies of mental rotation as longer
processing time can lead to increased accuracy on the task (Liesefeld
et al,, 2014). Indeed, the removal of time limitations imposed on
mental rotation tasks has been found to influence gender differences
in performance due to diversity in processing strategies (Voyer, 2011).

Women are known to approach mental rotation tasks more
cautiously and analytically, a processing style known to be more time-
consuming (Peters, 2005). A study of the eye-movement patterns of
primary school students found that girls tend to analyse parts of the
stimulus whereas boys approach these more holistically (Taragin et al.,
2019). A holistic strategy involves a comprehensive approach, where
all parts of a test stimulus are viewed as a whole. An analytic strategy
involves breaking down the problem into individual components and
finding solutions for each component separately (Li and O’Boyle,
2013). Therefore, if children perceive a mental rotation task as more
difficult, this may impair their performance. Raised negative affect
such as anxiety and higher frustration levels interfere with response
time. Test takers may take too long to solve items, which can
compromise their performance on time-limited tests. Alternatively,
they might not spend enough time on and put sufficient effort into
solving items which may lead to guessing the solutions (Liesefeld
etal., 2014; Neuburger et al., 2015).

1.8 Rationale and aim of the current study

In summary, this study investigates the effect of children’s maths
self-concept, their spatial task-related anxiety, and their perception of
task difficulty on mental rotation performance across two age groups.
Moreover, the role of gender, childhood developmental stage, maths
self-concept, spatial anxiety, and perceived difficulty in shaping
children’s preferences for STEM or maths and their performance on
spatial tasks is examined. Our study aims to provide insights for
improving STEM engagement and reducing gender gaps in
STEM fields.

1.8.1 Research questions and hypotheses

Based on our review of the literature, in this study we will examine
the following research questions:
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Q.1. Are there gender and age differences in children’s maths self-
concept, spatial anxiety, perceived difficulty of spatial tasks,
mental rotation performance and preference for STEM subjects?

Hypothesis 1. We expect there will be significant gender differences
in maths self-concept, spatial anxiety, perceived difficulty, accuracy
and response times on the mental rotation task and preference for the
STEM subject maths in primary school students. Specifically, girls will
have significantly lower maths self-concept, higher spatial anxiety,
and higher perceived difficulty than boys. Girls will have lower scores
and longer response times on the mental rotation task than boys. Girls
are less likely to choose the STEM subject maths than boys.

Hypothesis 2. We expect there will be significant age differences in
maths self-concept, spatial anxiety, perceived difficulty, accuracy and
response times on the mental rotation task and preference for the
STEM subject maths in primary school students. Specifically, tweens
(9-to-11-year-olds) will have significantly lower maths self-concept,
lower spatial anxiety and lower perceived difficulty than students in
middle childhood (6-to-8-year-olds). Tweens will have significantly
higher scores and shorter response times on the mental rotation task
than students in middle childhood. Tweens are less likely to choose
the STEM subject maths than students in middle childhood.

Q.2. Does students’ preference for STEM or non-STEM subjects
predict maths self-concept?

Hypothesis 3. We expect students who prefer the STEM subject
maths at school will have higher maths self-concept than students
who prefer non-STEM subjects.

Q.3. How does maths self-concept relate to spatial anxiety and
perceived difficulty?

Hypothesis 4. We expect maths self-concept is significantly
associated with spatial anxiety and perceived difficulty of the mental
rotation task in primary school students. Specifically, as maths self-
concept increases. Spatial anxiety decreases. Additionally, as maths
self-concept increases, perceived difficulty decreases.

Q4. Does maths self-concept predict mental rotation
performance? Is this association mediated by spatial anxiety and
perceived task difficulty?

Hypothesis 5. We expect maths self-concept is a significant predictor
of accuracy and response time on the mental rotation task and that

this association is mediated by spatial anxiety and perceived difficulty.

2 Materials and methods
2.1 Participants

A total of one-hundred-and-forty-eight students were recruited
from primary schools in the state of Rhineland Palatinate in Germany
(N=148). All of the students belonged to first, second, third, and
fourth-grade classes, respectively, and were enrolled in five

primary  schools in  Rhineland  Palatinate, ~Germany.

Frontiers in Education

05

10.3389/feduc.2024.1300598

One-hundred-and-forty-seven students (N=147) took the mental
rotation task and completed the questionnaires. Due to a technical
error however, one student could not complete the questionnaires
during the data collection. As three children were no longer enrolled
in primary education, their data were removed from the sample
leaving a total of one-hundred-and-forty-four (N=144) whose data
were analysed for this study. Seven children included in the sample
were tested in the home environment as opposed to the school setting.
Upon analysis, however, their responses and performance on the
various measures did not significantly differ from that of the rest of
the participants.

Included in the sample were 74 students who identified as boys
and 70 as girls. The average age of the students was M =8.47 (SD=1.12)
years old. The gender variable was dichotomous and contained boys
(M) coded 0 and girls (F) coded 1. A variable for the stage of childhood
development students was also dichotomous and contained two
groups: Group 1 consisting of 72 children aged 6 to 8 years old (N=72)
in Middle Childhood, coded 0; Group 2 consisting of 72 children aged
9 to 11 years old (N="72) in the Tween or pre-adolescent stage, coded
1. The age distribution by gender is shown in Table 1 and across two
stages of childhood development in the bar chart in Figure 1.

Every student entered their preferred subject at school into the
online questionnaire. Preferred subjects were then divided into three
categories: A STEM group was created based on preference for Maths
as preferred subject and coded 0; A Non-STEM group was based on
preference for Art, Music, and languages as preferred subjects, coded
8; An ‘Other’ group represented students’ preference for Physical
Education (P.E.) and was coded 9.

Schools from which the data were collected, were situated in areas
with diverse socio-economic and cultural populations, in both urban
and rural areas.

An a-priori G*Power analysis was used to calculate the minimum
number of participants needed for the planned statistical analyses with
a medium effect size and power of 0.8. The sample size was found to
be adequate and the number of participants in each of the groups was
balanced, with the exception of the one-way analysis of variance
(ANOVA) (Faul et al., 2007). The G*Power protocol is appended to
this report (Appendix 1).

2.2 Material and instrumentation
2.2.1 Demographic data

An online questionnaire, created in PsychoPy®, was presented to
each participant at the beginning of the experiment before

TABLE 1 Gender (sex) * stage of childhood development crosstabulation
count.

Stage of childhood

development
Middle
childhood Tweens
Sex Boys 35 39 74
Girls 37 33 70
Total 72 72 144
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Age distribution of students across two stages of childhood development.
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undertaking the mental rotation task (MRT) in order to collect data
relating to participants’ age and gender.

2.2.2 Self-report questionnaires

In order to avoid priming or activation of stereotypes, four self-
report questionnaires were presented following the MRT. The purpose
of these questionnaires was to assess the students’ levels of maths self-
concept, spatial anxiety and perceived difficulty of stimuli, all of which
were presented to the students in the German language.

2.2.2.1 Preferred subject at school

Students were asked to name their favourite subject and a blank
space was provided for them to type this. It was explained that
students could pick a preferred subject from all of the subjects
at school.

2.2.2.2 Academic self-concept questionnaire in primary
school children

Students were asked to complete the Academic Self-Concept in
Primary School Children (ASKG) questionnaire (Ehm, 2014). This is
a German language self-report measure based on the revised
hierarchical self-concept model from Marsh et al. (1988). It allows
primary school students to self-assess their mathematical, reading and
writing skills on three subscales on a 7-point sliding scale. Each
subscale consists of 6 items. The mathematics self-concept subscale
was analysed for this study. An example of an item from this subscale
is as follows: “I like Maths...” Participants are then asked to choose
from a scale of 1 labelled “not at all” to 7 labelled “very much,” how
much they like or dislike mathematics at school. Researchers explained
to students that the higher up the sliding scale they choose, the more
they demonstrate enjoyment of mathematics for example. A reliability
analysis of the full ASKG conducted on the data from our sample
yielded a Cronbach’s Alpha of @=0.90. Cronbach’s Alpha for the
mathematics self-concept subscale was also a=0.90.
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2.2.2.3 Child spatial anxiety

The Child Spatial Anxiety Questionnaire (CSAQ) (Ramirez et al.,
2012) consists of 8 items in which students are asked to rate how
anxiety-provoking they find various spatial tasks. All tasks described
in the questionnaire require spatial ability and skills. Researchers
explained to students in advance that this questionnaire was about
feelings and gave an example of how children might experience
nervousness and anxiety, i.e., heart racing, rapid breathing, hands
trembling. An example of one item from the CSAQ is as follows: “How
would you feel if your teacher asked you to measure something with
aruler?” Participants are then asked to rate on a scale of 1 to 5, 1 being
“not nervous at all, calm,” 3 being “neither calm nor nervous” and 5
being “very, very nervous,” how anxious they would feel about
completing this task. A reliability analysis of the CSAQ conducted on
the data from our sample yielded a Cronbach’s Alpha of a=0.65.
Despite reliability of the CSAQ being marginally below the acceptable
range of =0.70, it was nevertheless chosen for its practicality and
suitability in the school setting.

2.2.2.4 Perceived difficulty of stimuli

The Perceived Difficulty of Stimuli (PDQ) scale, adapted from the
Stereotyped Nature of Stimuli questionnaire (Neuburger et al., 2015),
uses emojis on a sliding 5-point scale to assess perceived difficulty of
items in the MRT. Participants are presented with 6 stimuli included
in items from the MRT and are asked to rate the difficulty of these
items on the emoji scale. The first point on the scale (1) represents easy
or happy face emoji, and the fifth (5) difficult or sad face emoji. The
third point (3) represents neither easy nor difficult or neutral face
emoji. A reliability analysis of the PDQ conducted on the data from
our sample yielded a Cronbach’s Alpha of @=0.72.

2.2.3 Mental rotation task
A computerized mental rotation task (MRT; Vandenberg and
Kuse 1978) was programmed in PsychoPy® software and installed on
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Microsoft Pro 8 Surface tablets, each with a keyboard and a mouse.
The task was programmed to record both accuracy and response time
in seconds. Items included stimuli for younger children, i.e., animals,
letters and cubes rotated in picture-plane (Quaiser-Pohl, 2003) as well
as abstract and concrete stimuli rotated in picture-plane and in-depth.
Abstract items consisted of stimuli such as cubes, pellets (Ruthsatz
et al., 2014) and polyhedral figures (Ruthsatz et al., forthcoming).
Concrete items consisted of male and female-stereotyped stimuli
(Ruthsatz et al., 2015) and gender-neutral stimuli (Ruthsatz et al.,
forthcoming). Examples of some of the items used in the task are
shown in Figure 2.

The task was divided into two parts, each with a time limit: Part
one (MRT 1) consisted of 6 abstract and 10 concrete items which were
rotated in picture-plane only. It was limited to 5min. Part two (MRT
2) contained 6 abstract and 6 concrete items rotated in-depth and was
limited to 8 min (see sample items in Appendix 5). MRT 2 was
considered more difficult due to the rotational axes of the stimuli
(Neuburger Ruthsatz et al., 2012). Items were presented randomly in
each part of the task with one target stimulus on the left and four
comparison stimuli on the right. Participants were instructed to
identify two out of four stimuli on the right which, although rotated,
were identical to that on the left. A reliability analysis of the full MRT
conducted on the data from our sample yielded a Cronbach’s Alpha of
a=0.86. A Cronbach’s Alpha analysis on MRT 1 yielded @=0.71 and
on MRT 2 a=0.86.

2.3 Procedure

Approval for the pilot study was provided by the Ethics Committee
of the University of Koblenz and the state authorities in Rhineland

A
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S -‘(/. ) ) v Y R
| ¥ Lo
D
= \
rm @ﬁb % éé ¥ >
FIGURE 2
Examples of MRT items used with concrete objects: (A) animal
stimulus and (B) letter stimulus (Quaiser-Pohl, 2003); (C) female-
stereotyped stimulus "Pram” (Ruthsatz et al.,, 2015; Rahe and
Quaiser-Pohl, 2019) and with an abstract object (D) "Cube” figure
(Ruthsatz et al., 2014).
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Palatine overseeing schools. Informed consent was sought and
provided by parents and guardians of all students involved in the
study. The class teacher and the principal also gave permission for the
study to be conducted in the school. Students provided verbal assent
prior to commencing the experiment and were informed that they
could withdraw their participation at any stage of the experiment with
no consequences. The students were tested by two female researchers
in a separate classroom with access to their teacher, if required. The
room had adequate lighting and individual seating arrangements. The
researchers explained the MRT to the students by rotating objects such
as a pair of scissors, a toy and a wooden object. They demonstrated
that rotating the object does not change its features. Students were
then asked to imagine the object in their mind, then try to rotate it
mentally. The purpose of the study and the significance of mental
rotation in everyday life and for school work was also explained. The
researchers also checked in advance that students were familiar and
comfortable with the use of a keyboard and a mouse. Furthermore,
any student who required eye glasses was reminded to wear these
while viewing the tablet screen (Jansen et al., 2013).

2.4 Data analysis

Quantitative data analyses were conducted using SPSS® 29
software. We employed a range of statistical tests to explore various
aspects of our research questions.

Independent samples t-tests were conducted to investigate
potential age and gender differences in the following variables: Maths
self-concept (MSC); Child spatial anxiety (CSA); Perceived difficulty
of stimuli (PD) and Accuracy and Response Times on the mental
rotation task (MRT). Data for all dependent variables were examined
for normality, outliers were identified and removed, and missing data
were imputed with the median for each variable. The independent
variables were found to be normally distributed.

A Chi-Squared test of association was used to check which
groups were less likely to choose the preferred STEM subject, girls
or boys and tweens or children in middle childhood. The
assumptions for application of this test were met, that is, the sample
size was large enough, the nominal variables were categorical,
participants were randomly and independently sampled, the data
consisted of raw frequencies and the expected frequency (Fe) within
each cell was greater than 1 and no more than 20% of the cells had
less than 5.

One-way ANOVA was used to assess differences in maths self-
concept based on preferred school subjects was conducted.
Assumptions of normal distribution of data were met but homogeneity
of variance was not due to unequal sizes of STEM, Non-STEM, and
Other (physical education) subject groups. Therefore, the ANOVA
was run on a subsample of N=97 with equal numbers of participants
in each group.

A two-way multivariate analysis of variance (MANOVA) was used
to assess the interaction effects of gender and stage of childhood
development on child spatial anxiety, perceived difficulty, and mental
rotation performance (accuracy and response time in the MRT).
Assumptions for the MANOVA, such as homogeneity of variances
(verified with Levene’s test) and the absence of multivariate outliers
(confirmed with Box’s test), were satisfied (Tabachnick and
Fidell, 2013).
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Multiple Regression was performed to test the relationship
between gender, age, maths self-concept, spatial anxiety, and perceived
difficulty of the MRT and the relationship of maths-self-concept to
accuracy and response time on the task. A mediation analysis was
performed utilizing the PROCESS procedure in SPSS Version 4.2
(Hayes, 2022) to test whether the effects of maths self-concept on
accuracy and response time were mediated by spatial anxiety and
perceived difficulty of the task. Assumptions for regression and
mediation analyses were validated, including the continuous nature of
the criterion variable, absence of substantial outliers, normal
distribution of residual scores, and the absence of multicollinearity
(tolerance values below 0.2). Furthermore, for mediation analysis,
independence of observations and absence of measurement error were
insured. For moderator analyses, homoscedasticity was checked in
PROCESS and was found not to be violated (MacKinnon, 2008).

3 Results

3.1 Gender differences in maths
self-concept, spatial anxiety, perceived
difficulty, mental rotation performance and
preference for the STEM subject maths in
primary school children

H.1. Girls will have significantly lower maths self-concept, higher
spatial anxiety, and higher perceived difficulty than boys. Girls will
have lower scores and longer response times on the mental rotation
task than boys. Girls are less likely to choose the STEM subject maths
than boys.

An independent samples t-test with the dependent variables
‘Maths Self-Concept, Child Spatial Anxiety and Perceived Difficulty’
and independent variable ‘Sex’ found that there was a statistically
significant difference in maths self-concept of boys (M=28.85,
SD=7.06) and girls (M=25.57, SD=7.67) (t(141) =2.67, p=0.009, CI
(95%) 0.850 — 5.72) with a small to medium effect size (d=0.45).
Therefore, girls showed significantly lower maths self-concept than
boys. There was a statistically significant difference in spatial anxiety
of boys (M=16.07, SD=4.94) and girls (M=18.20, SD=5.05)
(t(141)=—2.52, p=0.013, CI (95%) —3.80 — —0.46) with a small to
medium effect size (d=—0.42). There was a statistically significant
difference in perceived difficulty of boys (M=11.71, SD=3.41) and
girls (M=13.10, SD=3.10) (£(141)=—2.35, p=0.014, CI (95%) —2.44

10.3389/feduc.2024.1300598

— —0.28) with a small to medium effect size (d=—0.42). Therefore,
girls showed significantly higher spatial anxiety and perceived
difficulty than boys. There was no statistically significant difference
between girls and boys in accuracy and response times on the mental
rotation task (Table 2).

A Chi-Square test for association with the criterion variable
‘Subject_Preference’ and predictor variable ‘Sex’ revealed a
statistically significant relationship between students’ preference
for the STEM subject and gender (X2 (1, N=141)=7.58,
p=0.023). The association between preference for the STEM
subject and gender was moderately positive. Specifically, girls
were less likely than boys to choose STEM subject maths
(Figure 3).

3.2 Age differences in maths self-concept,
spatial anxiety, perceived difficulty, mental
rotation performance and preference for
the STEM subject maths in primary school
children

H.2. Tweens (9-to-11-year-olds) will have significantly lower maths
self-concept, lower spatial anxiety and lower perceived difficulty
than students in middle childhood (6-to-8-year-olds). Tweens will
have significantly higher scores and shorter response times on the
mental rotation task than students in middle childhood. Tweens are
less likely to choose the STEM subject maths than students in
middle childhood.

An independent samples t-test with the dependent variable
‘Maths Self-Concept, Child Spatial Anxiety and Perceived Difficulty’
and independent variable ‘Stage of Childhood Development’ found
that there was a statistically significant difference in maths self-
concept of the tween group (M=25.79, SD=7.57) and the middle
childhood group (M=28.67, SD=7.24) (#(141)=2.32, p=0.022, CI
(95%) 0.43 — 5.33) with a small to medium effect size (d=0.39).
Therefore, students in the tween group demonstrated significantly
lower maths self-concept than students in the middle childhood
group. There was no difference in spatial anxiety and perceived
difficulty between the tween group and the middle childhood group.
The was a statistically significant difference between the tween group
(M=0.35, SD=0.20) and the middle childhood group (M=0.27,
SD=1.67) (#(141) =—2.66, p=0.009, CI (95%) —0.141 — —0.021) with
a small to medium effect size (d=—0.45) in accuracy on the mental

TABLE 2 Independent samples test: gender differences in maths self-concept (MSC), spatial anxiety (CSA) and perceived difficulty of the mental

rotation task (PD).

Levene's test for
equality of variances

t-test for equality of means

F Sig. Significance 95% Confidence interval of
the difference
Two-sided p Lower Upper
MSC 1.997 0.162 2.667 141 0.009 0.85045 5.72108
CSA 0.002 0.969 ~2.522 141 0.013 —3.78837 —0.45922
PD 0.223 0.638 ~2.504 141 0.014 —2.43947 —0.28575
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TABLE 3 Independent samples test: age differences in maths self-concept

Levene's test for
equality of variances

(MSC), and accuracy on the mental rotation task.

t-test for equality of means

F Significance 95% confidence interval of
the difference
Two-sided p Lower Upper
MSC 0.862 0355 2.234 141 0.022 0.42953 532764
Accuracy 5.115 0.025 —2.657 136.725 0.009 —0.14144 —0.02073

rotation test but there was no difference in response times. Therefore,
tweens scored higher than students in middle childhood on the
mental rotation task (Table 3).

A Chi-Square test for association with the criterion variable
‘Subject_Preference’ and predictor variable ‘Stage of Childhood
Development’ revealed a statistically significant relationship between
students’ preference for the STEM subject and developmental stage
(X2 (1, N=142)=15.66, p<0.001). The association between
preference for the STEM subject and developmental stage was
moderately positive. Specifically, tweens were less likely than
students in middle childhood to choose the STEM subject maths
(Figure 4).

A two-way MANOVA was used to test the interaction effects of
Gender and Stage of Childhood Development on Spatial Anxiety,
Perceived Difficulty, Accuracy and Response Time on the Mental
Rotation Task (MRT). Following a Bonferroni adjustment at 0.025,
there were no significant interaction effects of gender and age on
perceived difficulty or on accuracy and response time in the
MRT. There were, however, significant interaction effects of gender
and age on spatial anxiety (F (1, 143) =5.81, p=0.017) with a small to
medium effect size (yp*=0.04). Pairwise comparisons highlight there
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were no differences in spatial anxiety between girls and boys in the
tween group but spatial anxiety in girls in the middle childhood group
was significantly higher than in boys in the same group (Mean
Difference=3.33) (Figure 5).

3.3 Students’ preference for STEM or
non-STEM subjects predicts maths
self-concept

H.3. Students who prefer the STEM subject maths at school will
have higher maths self-concept than students who prefer
non-STEM subjects.

A one-way analysis of variance with dependent variable ‘Maths
Self-Concept’ and Between Subjects Factor ‘STEM_Subject’ was
conducted on a subsample of the data (N=97) in order to ensure
group homogeneity in the STEM, Non-STEM (Art, Music,
Languages) and Other (Physical Education or P.E.) groups. All
groups had thirty-two participants (N =32) with forty-nine boys
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Interaction effects of gender and developmental stage on spatial anxiety in primary school students.

(N=49) and fifty-one girls (N=51). Fifty-two students were in the
Middle Childhood stage of development (N=52) and there were
forty-eight tweens (N =48). The ANOVA was run to examine the
relationship between students’ preferred subject at school and
their levels of maths self-concept. The results indicated a
statistically significant difference in maths self-concept on this
subsample among the three preferred subject groups (F (2,
95)=10.70, p <0.001) with a large effect size (5>=0.19). This large
effect size indicates that 19%, so a substantial amount of the
variance, in maths self-concept can be explained by students’
subject preferences. Subsequent Tukey HSD post hoc analyses were
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conducted to further explore these differences and this revealed
the following significant differences in maths self-concept:

In the STEM subject preference group, maths self-concept was
significantly higher than in the non-STEM group (Mean
difference=8.22, p<0.001, 95% CI [3.92, 12.53]).

In the STEM subject preference group, maths self-concept was not
significantly higher than in the Other (PE.) group (Mean
difference=2.78, p=0.277, 95% CI [—1.52, 7.10]).

In the Other (P.E.) preference group, maths self-concept was
significantly higher than in the non-STEM group (Mean
difference=5.44, p=0.009, 95% CI [1.13, 9.75)).
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In summary, students who indicated a preference for the STEM
subject Maths or for P.E. demonstrated significantly higher levels of
maths self-concept compared to those who preferred a non-STEM
subject (Figure 6).

3.4 Maths self-concept is significantly
associated with spatial anxiety and
perceived difficulty of the mental rotation
task

H.4. Maths self-concept is significantly associated with spatial
anxiety and perceived difficulty of the mental rotation task in
primary school students. Specifically, as maths self-concept increases,
spatial anxiety decreases. Additionally, as maths self-concept
increases, perceived difficulty decreases.

Multiple regression with criterion variable ‘Child Spatial Anxiety’
and predictor variables ‘Sex, ‘Age’ and ‘Maths Self-Concept’ was used
to analyse the association of maths self-concept with spatial anxiety in
primary school children. The results of the regression indicated that
three predictors explained 18% of the variance in Child Spatial Anxiety
(R’adj=0.183, F (3, 142)=11.60, p<0.001). Age (f=—0.25, p=0.003,
95% CI=—-1.83 — —0.45) and Maths Self-Concept (f=-0.38, p=<
0.001, 95% CI=—0.36 ——0.15) are significantly associated with
spatial anxiety in primary school children but gender is not ($=0.11,
p=0.174,95% CI=—0.49 — 2.68) The negative beta coeflicient for age
and maths self-concept suggests that, as students” age and maths self-
concept increase, spatial anxiety tends to decrease (Table 4).

Multiple regression with criterion variable ‘Perceived Difficulty’ and
predictor variables ‘Sex, Age’ and ‘Maths Self-Concept’ was used to
analyse the association of maths self-concept with perceived difficulty
of the mental rotation task in primary school children. The results of the
regression indicated that three predictors explained 7% of the variance
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in Perceived Difficulty (R?adj=0.073, F (3, 142) =4.72, p=0.004). Maths
Self-Concept (f=-0.23, p=0.007, 95% CI=-0.18 ——0.03) is
significantly associated with Perceived Difficulty but Gender ($=0.15,
p=0.076, 95% CI=-0.10 — 2.10) and Age (f=—0.08, p=0.341, 95%
CI=-0.72 — —0.25) and are not. The negative beta coefficient for maths
self-concept suggests that, as students’ maths self-concept increases,
their perceived difficulty of the task tends to decrease (Table 5).

3.5 Maths self-concept predicts accuracy

and response time on the mental rotation

task and is mediated by spatial anxiety and
perceived difficulty

H.4. Maths self-concept is a significant predictor of accuracy
and response time on the mental rotation task and this

association is  mediated by spatial and

perceived difficulty.

anxiety

3.5.1 Accuracy

A simple mediation was performed utilizing the PROCESS
procedure in SPSS Version 4.2 (Hayes, 2022) was conducted to
examine the indirect effect of Maths Self-Concept (MSC) on Accuracy
on the MRT (Acc_MRT) through two proposed mediators: Spatial
Anxiety (CSA) and Perceived Difficulty of the MRT (PD).

The total effect of MSC on Acc_MRT was found to be marginally
significant, =0.0038, SE=0.0019, #(141)=1.96, p=0.052, 95% CI
[0.0000, 0.0077], completely standardized indirect effect
(CSI)=0.1542. The direct effect of MSC on Acc_MRT was not
significant, =0.0029, SE=0.0020, #(141)=1.42, p=0.159, 95% CI
[—0.0011, 0.0068], effect
(CSD)=0.1153.

completely standardized direct
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TABLE 4 Coefficients: age and maths self-concept (MSC) predict spatial anxiety (CSA) in primary school children.

Unstandardized

Standardized

95.0% confidence

coefficients coefficients interval for B
B Std. error Beta Lower Upper
bound bound
‘ 1 (Constant) 33358 3.769 8.851 <0.001 25.906 40.810
‘ Sex 1.094 0.801 0.107 1.366 0.174 —0.489 2.677
‘ Age —1.156 0.357 —0.252 —3.234 0.002 —1.863 —0.449
MSC —0.256 0.054 —0.376 —4.717 <0.001 —0.364 —0.149

a. Dependent Variable: CSA.

TABLE 5 Coefficients: maths self-concept (MSC) predicts perceived difficulty (PD) of the MRT in primary school children.

Unstandardized

Standardized

95.0% confidence

coefficients coefficients interval for B
B Std. error Beta Lower Upper
bound bound
‘ 1 (Constant) 16.683 2.597 6.425 <0.001 11.549 21.817
‘ Sex 0.987 0.552 0.149 1.790 0.076 —0.103 2.077
‘ Age —0.235 0.246 —0.079 —0.956 0.341 —0.722 0.252
MSC —0.103 0.037 -0.233 —2.743 0.007 —0.177 —0.029

a. Dependent variable: PD.

Indirect effects analysis revealed that the total indirect effect of
MSC on Acc_MRT through all mediators combined was significant,
£=0.0010, BootSE=0.0009, 95% CI [—0.0006, 0.0031], CSI=0.0389.
Specifically, CSA mediated this relationship with a significant path a
of the indirect effect, #=0.0003, BootSE=0.0009, 95% CI [—0.0014,
0.0022], CSI=0.0133. However, path a of the indirect effect through
PD was not significant, #=0.0006, BootSE=0.0006, 95% CI [—0.0003,
0.0021], CSI=0.0256. Moreover, the specific indirect effect contrast
(CI) comparing the mediation effects of CSA and PD showed a
non-significant indirect effect, #=—0.0003, BootSE=0.0012, 95% CI
[-0.0029, 0.0020], CSI=—-0.0123.

These findings suggest that the relationship between Maths Self-
Concept and Accuracy on the MRT is partially mediated by Spatial
Anxiety, but not by Perceived Difficulty (Figure 7).

3.5.2 Response time

A mediation analysis was conducted to explore the indirect effect
of Maths Self-Concept (MSC) on Response Times on the Mental
Rotation Task (RT_MRT) through Spatial Anxiety (CSA) and
Perceived Difficulty of the MRT (PD).

The total effect of MSC on RT_MRT was not statistically
significant, f=0.1016, SE=0.0768, #(141)=1.32, p=0.188, 95% CI
[-0.0504, 0.2535], completely standardized indirect -effect
(CSI)=0.1086. The direct effect of MSC on RT_MRT was also not
significant, f=0.0811, SE=0.0824, #(141)=0.98, p=0.327, 95% CI
[—0.0818, 0.2441], CSI=0.0867.

Further examination of the indirect effects revealed that the total
indirect effect of MSC on RT_MRT through all mediators combined
was not significant, f=0.0204, BootSE=0.0337, 95% CI [—0.0428,
0.0924], CSI=0.0218. Specifically, while path a of the indirect effect
through CSA was significant, f=0.0441, BootSE=0.0344, 95% CI
[—0.0189, 0.1158], CSI=0.0471, path a of the indirect effect through
PD was not signiﬁcant, p=—-0.0236, BootSE=0.0236, 95% CI
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[—0.0759, 0.0158], CSI=—0.0253. Moreover, the specific indirect effect
contrast (CI) comparing the mediation effects of CSA and PD showed
a non-significant indirect effect, f=0.0677, BootSE=0.0484, 95% CI
[-0.0213, 0.1700], CSI=0.0724.

These results suggest that neither Spatial Anxiety nor Perceived
Difficulty significantly mediate the relationship between Maths Self-
Concept and Response Time on the MRT.

4 Discussion

4.1 Gender and age differences in
children’s maths self-concept, spatial
anxiety, and perceived difficulty

In this study, notable gender disparities emerged in maths self-
concept, spatial anxiety, and perceived difficulty of mental rotation
tasks. Specifically, primary school girls exhibited markedly lower
maths self-concept compared to boys, alongside reporting higher
levels of spatial anxiety and perceived difficulty in spatial tasks. These
findings underscore potential discrepancies in confidence and comfort
levels among male and female students when navigating mathematical
and spatial concepts during primary education.

Variances in emotional expression between genders are believed
to stem from a combination of biologically influenced temperamental
predispositions and socialization processes (Sanchis-Sanchis et al.,
2020). Boys and girls tend to adhere to gender-specific norms
regarding the expression of emotions; for instance, girls often exhibit
more positive emotions but also display higher rates of negative
internalizing emotions such as sadness and anxiety (Brody and Hall,
2008). Moreover, gender disparities in emotional expression can
be influenced by the nature of the task children are engaged in

(Chaplin and Aldao, 2013). Boys increased exposure to
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Spatial Anxiety

b=-.0014

Accuracy on the Mental

A\ 4

(CSA4)

a=-2382%

Maths Self-Concept
(MSC)

FIGURE 7

Simple mediation diagram: association between maths self-concept (MSC) and accuracy on the mental rotation task (Acc_MRT) as mediated by spatial
anxiety (CSA). Paths a and b represent the indirect (mediated) effects of MSC on Acc_MRT through CSA. Path c represents the total (mediated and
direct) effect of maths self-concept on accuracy in the MRT. Path ¢’ represents the direct effect of MSC on Acc_MRT and is calculated controlling for
the indirect, mediated effect. Paths a and c are significant (*) indicating the association between MSC and Acc_MRT is partially mediated by CSA.

Rotation Test (Acc_MRT)

spatially-related objects and activities may contribute to their reduced
spatial anxiety and perceived difficulty on mental rotation tasks
(Ruthsatz et al., 2014). Furthermore, parental and teacher stereotypes,
as well as their own anxieties regarding spatial tasks and related
subjects, can potentially impede the development of girls spatial skills
and their inclination towards STEM disciplines (Gunderson et al.,
2012; Garcia et al,, 2021; Rocha et al., 2022). Hence, it is imperative to
address these issues through targeted teacher training initiatives and
support programs for parents of primary school children.

In the tween group, noticeably lower maths self-concept was
observed compared to the middle childhood group, although no
significant disparities emerged in spatial anxiety and perceived
difficulty between these developmental phases. A decline in maths
self-concept in the tween group may be a result of an emerging
awareness of negative stereotypes associated with individuals who
excel in maths and STEM (Starr, 2018). Fear of confirming negative
stereotypes about maths and STEM can demotivate young people
from engaging in these subjects preceding adolescence when social
norms, hierarchies and a desire to fit in among peers is important
(Cheryan et al., 2013).

Several factors, including developmental growth, exposure, and
experience, may elucidate outcomes for spatial anxiety and perceived
task difficulty. The tween stage signifies a period marked by substantial
cognitive and socio-emotional development. Notably, neurobiological
maturation during this stage enhances emotion regulatory processes,
enabling older children to better manage task-related anxiety (Sanchis-
Sanchis et al., 2020). As children progress through this stage, they
typically experience improvements in cognitive abilities, including
spatial reasoning skills, potentially contributing to a diminished
perceived difficulty in spatial tasks (McGlone and Aronson, 2006;
McArthur et al,, 2021; McGuire et al., 2022). Furthermore, tweens are
likely to have greater exposure to spatial tasks and activities, both
within and outside of educational settings, compared to younger
children. This increased exposure fosters familiarity with spatial tasks,
thereby potentially reducing levels of spatial anxiety and perceived
difficulty (Neuburger et al., 2011; Peterson et al., 2020).
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These insights underscore the dynamic interplay between
cognitive development, emotional regulation, and experiential
learning for girls and during the tween stage, shaping perceptions and
abilities related to mathematical and spatial domains.

4.2 Gender and age differences in
children’s’ preference for STEM subjects,
and mental rotation performance

Our analysis also yielded significant results with regards to
students’ preference for maths as a subject in primary school. Our
findings show girls were less likely to choose maths as were children
in the tween group. We observed that girls in primary education
demonstrate a persistent belief that maths is not a subject with which
they identify. Socialization and environmental factors may contribute
significantly to children’s relationship with maths and this may
account for differences in interest and achievement in the STEM field
beyond the school years. Moreover, low maths self-concept in the
tween group suggests that as children progress through development,
their preferences for STEM subjects change, warranting further
investigation into the underlying factors. These shifts may be evidence
that pre-adolescents as well as girls stereotypically believe maths and
other STEM subjects to be male-dominated domains which are only
for the most mathematically-gifted. The large effect size yielded by the
ANOVA indicates that students’ preferences for school subjects had a
substantial impact on their maths self-concept. Specifically, students
who expressed a preference for maths demonstrated higher levels of
maths self-concept compared to those who preferred non-STEM
subjects such as art, music, or languages.

Contrary to the bulk of research and despite girls’ lower maths
self-concept, higher spatial anxiety and perceived difficulty, we found
no significant gender differences in mental rotation performance,
neither accuracy nor response time, among students. Gender-specific
differences in spatial experiences, role models, ability-related self-
concept, and socio-economic status are well-established factors that
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exert a significant influence on mental rotation performance (Ruthsatz
and Quaiser-Pohl, 2013). This study was conducted in Germany,
known for its strong emphasis on education and social welfare. In this
country, significant investments are made to provide equal access to
resources and opportunities for all students, regardless of gender or
socio-economic background (OECD, 2020).

Other factors may also be influential, such as the nature of mental
rotation task used in the study: This included stimuli that appeal to
both males and females (Ruthsatz et al., 2015) and stimuli such as
polyhedral figures and other objects known to be gender-neutral
(Ruthsatz et al., 2014, forthcoming). Additionally, time limits on the
task, particularly on the second subscale consisting of stimuli rotated
in-depth were longer than on a standard MRT to allow for gender-
diverse processing strategies (Taragin et al., 2019; Saunders and
Quaiser-Pohl, 2020). These factors may have diminished the power of
negative emotions such as anxiety as well as stereotype threat, resulting
in more equity across the task.

Despite dwindling interest in maths, tweens demonstrated higher
accuracy in the mental rotation task compared to students in middle
childhood, indicating potential advancements in spatial cognition and
emotion suppression strategies as children progress through
development and education (Neuburger et al., 2011; Sanchis-Sanchis
et al., 2020).

Regarding girls and tweens lower maths self-concept, our
findings suggest these groups may be at risk of a decline in interest and
hence in achievement in STEM subjects. A trend towards
disengagement from maths and related subjects at primary level has
implications for childrens’ academic and professional options for the
future. If students’ subject preferences are based on poor self-concept
rather than actual ability, the STEM field will lose many potential
candidates before they enter secondary school. Interventions such as
peer mentoring to counteract negative attitudes and stereotypes for
girls and tweens are helpful in maintaining their engagement with
maths and STEM going forward (Quaiser-Pohl et al., 2014a; Ada
Lovelace-Projekt, 2023; Space Science Institute, 2023). Moreover, as
reciprocal relations between active participation in mathematics
practice and maths self-concept have been observed, it is important to
sustain and encourage students’ engagement at primary level and
beyond (Sewasew et al., 2018).

An unexpected outcome of this study was children’s preference for
sport and physical education (P.E. or “Sport” in German). Indeed, it
was the most popular choice in our sample overall with more boys
choosing P.E. as their preferred subject than girls. Moreover, maths
self-concept in students who indicated a preference for physical
education (P.E.) was significantly higher than those who preferred the
non-STEM subjects but not substantially higher than in those who
preferred maths. A close link between physical activity, mathematical
skills and the development of spatial ability has already been identified
in research (Jansen and Pietsch, 2022). Findings demonstrate that
sport and regular exercise lead to enhancement of children’s visuo-
spatial skills (Morawietz and Muehlbauer, 2021). Moreover, specific
physical activities such as kinetics and creative dance can improve
mental rotation in primary school children (Jansen et al., 2013; Pietsch
et al., 2017). Therefore, promoting sports and offering attractive
physical education options for girls may be beneficial in improving
mental rotation during the primary school years.

The findings of the two-way MANOVA examining the interplay
between gender and age on aspects of the mental rotation task, spatial
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anxiety and the perceived difficulty of the task revealed interesting
insights. Despite employing a stringent Bonferroni adjustment, no
significant interaction effects emerged for perceived difficulty,
accuracy, or response time in the MRT. However, a notable interaction
effect was observed for spatial anxiety, underscoring the nuanced
influence of gender and age on this domain. Specifically, girls in the
middle childhood stage exhibited significantly higher levels of spatial
anxiety compared to boys in the same developmental phase,
contrasting with the absence of such disparity in the tween group. This
outcome suggests that gender differences in spatial anxiety may
manifest more prominently during certain developmental stages,
possibly reflecting social or cognitive factors that vary across age
groups. The effect size, although modest, implies a meaningful
contribution of this interaction to understanding individual
differences in spatial cognition during childhood. These findings
underscore the importance of considering developmental nuances
when exploring gender-related disparities in cognitive and emotional
processes, highlighting avenues for future research to delve deeper
into the underlying mechanisms driving such variations.

We conclude that while gender and age play a role in maths self-
concept and spatial anxiety, other factors such as prior experience in
tasks or activities involving mental rotation, such as playing certain
video games or engaging in activities such as puzzles or construction
play may be influencing performance on the spatial task and further
research is needed to explore these (Quaiser-Pohl et al., 2006; Milani
etal, 2019; Ruthsatz et al., 2019; Liu et al., 2020). Factors such as stress
or fatigue, during test administration can also affect cognitive
performance and might be explored using physiological measures
such as skin conductance measurement (Memar and Mokaribolhassan,
2021). Higher motivation and interest in completing the task may also
lead to improved performance (Moe, 2016). Variations in learning
styles, cognitive strategies, and problem-solving approaches may also
affect how individuals approach and perform on mental rotation tasks
(Janssen and Geiser, 2010; Khooshabeh et al., 2013; Mo¢, 2013).
Moreover, sample characteristics or methodological constraints may
have affected the results warranting further exploration of individual
differences or cognitive factors that might influence childrens’
performance on spatial tasks.

4.3 Predictive effects of gender, age, maths
self-concept on spatial anxiety and
perceived difficulty of the spatial task

Due to its long-established and robust link to mathematics, the
focus of this study was ultimately the impact of motivational factors
such as maths self-concept on spatial ability. By considering gender,
age, maths self-concept, we aimed to explore potentially predictive
influences on spatial anxiety and perceived difficulty of the task in
primary school children. Our findings reveal that the three predictors
collectively account for a significant proportion of the variance in
spatial anxiety and perceived difficulty. While age, maths self-concept
emerged as significant for spatial anxiety in the regression model,
gender was not. Specifically, older children and those with higher
levels of maths self-concept tended to exhibit lower levels of spatial
anxiety. Furthermore, maths self-concept accounted for a noteworthy
proportion of the variance in students’ perceived difficulty of the
mental rotation task but gender and age did not.
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Contrary to expectations, gender was not found to be a
significantly predictor of spatial anxiety nor perceived difficulty in our
sample. While gender differences in spatial abilities and anxiety have
been documented in previous research (Ramirez et al., 2012; Arrighi
and Hausmann, 2022), our findings suggest that other factors, such as
age, maths self-concept may play a more prominent role in influencing
spatial anxiety among this particular sample. The effect of gender on
spatial anxiety and indeed perceived difficulty of the task may
be moderated by, for example, environmental circumstances,
individual learning experiences, or socio-cultural influences, factors
not included in our analysis. Greater access to educational materials,
extracurricular activities, and supportive family environments that
foster the development of spatial skills can mitigate gender disparities
and stereotype threat by providing girls with opportunities to develop
and practice spatial reasoning abilities (Quaiser-Pohl and Endepohls-
Ulpe, 2012; Ruthsatz and Quaiser-Pohl, 2013). Additionally, as
outlined in the previous section, the nature of the mental rotation task
itself may have reduced the risk of provoking stereotype threat. A pilot
study in which primary school children were asked to rate the
stereotyped nature of stimuli and the perceived difficulty of the same
task found students identified objects as gendered, neutral, or difficult
and this in turn impacted accuracy and response time on these items
during the task (Lennon-Maslin et al., 2023).

Additionally, both researchers collecting the data were female, a
feature of the study which may have contributed to the non-significant
gender effects. The researchers may potentially have been perceived as
positive science role models mitigating stereotype threat in girls.
Additionally, the testing took place in small mixed gender groups of
students from the same class, who were therefore familiar with one
another. Moreover, securing participation from schools for this large
research project posed a significant challenge. However, those schools
who agreed to participate typically employed principals and teaching
staff who were dedicated to fostering students’ interest in STEM
subjects. Moreover, parents, by the very nature of providing consent
for their children to participate in the study, are actively nurturing and
supporting their interest in science and research.

To conclude, interventions aimed at addressing socio-economic
disparities, such as providing equal access to resources and support,
can help level the playing field and improve girls’ performance on
mental rotation tasks. However, interventions to overcome anxiety
and improve spatial skills should focus on all children regardless of
gender whose maths self-concept has been identified as low. This
may in turn reduce their perceived difficulty of spatial tasks and
increase the likelihood of engagement with related activities and
STEM subjects.

4.4 Mediating effects of spatial anxiety and
perceived difficulty on the relationship
between maths self-concept and accuracy
on the mental rotation task

Concerning on the mental rotation task, the total effect of maths
self-concept approached statistical significance. Moreover, path a of
the indirect effect through spatial anxiety was significant, indicating
that higher levels of maths self-concept are associated with higher
scores on the mental rotation task via reduced spatial anxiety. This
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finding highlights the importance of fostering positive self-concept in
maths from an early age. Children who feel confident in their
mathematical abilities may experience less spatial anxiety, which can
positively impact their performance on spatial tasks such as a mental
rotation test. Therefore, interventions aimed at reducing spatial anxiety
could potentially improve children’s performance in both spatial and
mathematical domains (Lauer et al., 2018; Garcia et al., 2021).

4.5 Mediating effects of spatial anxiety and
perceived difficulty on the relationship
between maths self-concept and response
times on the mental rotation task

The results of the mediation analysis regarding the relationship
between maths self-concept and response time on the mental rotation
task revealed that neither the direct nor the total effect of maths self-
concept on accuracy was statistically significant. Additionally, the
indirect effects through spatial anxiety and perceived difficulty were
not significant, suggesting that these variables do not mediate the
relationship between maths self-concept and response time on the
mental rotation task. Other psychological constructs or variables not
included in the analysis might be more relevant in mediating this
relationship. For example, motivation or task-specific strategies can
influence both maths self-concept and performance on spatial tasks
in primary school children (Mo¢, 2016). Furthermore, the relationship
between maths self-concept, anxiety, and response time on the mental
rotation task may be bidirectional or reciprocal: A recent study found
that performance on mental rotation tasks mediates gender differences
in maths anxiety (Rahe and Quaiser-Pohl, 2019), creating complex
feedback loops that are not adequately captured in a simple mediation
model. Therefore, further research investigating the interplay of other
influential factors alongside maths self-concept and demographic
variables such as gender and age could provide a more comprehensive
understanding of response times on mental rotation tasks.

4.6 Implications of mediation findings for
spatial ability development

The results of the mediation analyses underscore the
interconnectedness of various cognitive skills. Positive self-concept
in mathematics is known to influence mathematical performance
but also indirectly affects spatial performance through reduced
spatial anxiety. This suggests that interventions targeting one skill
area may have spillover effects on other related skills. Specifically,
exposure to mathematical and spatial activities in a supportive
environment may raise comfort levels in children who might
otherwise avoid these pursuits. Therefore, addressing spatial anxiety
may have implications for improving performance on spatial tasks
among primary school children, emphasizing the importance of
considering affective factors in educational interventions aimed at
enhancing mathematical abilities. However, this warrants further
investigation in future research. These results highlight the need for
a nuanced understanding of the factors influencing performance on
cognitive tasks such as mental rotation and suggests avenues for
future research and intervention development.
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4.7 Limitations and future research

One limitation of this study is that maths performance was not
measured. This will be collected in a future study. Moreover, the
measurement of other emotional mediators such as maths anxiety
may also contribute significantly and provide additional evidence to
compliment maths self-concept. Future research may also benefit
from the exploration of physiological measures of emotional arousal
during a mental rotation task to counteract reliance on self-report.

Upon analysis of the data from our sample, the Child Spatial
Anxiety Questionnaire, yielded internal reliability in the lower range.
Removal of items with a reliability rating below the acceptable
threshold of @=0.70 did not lead to an increased Cronbach’s Alpha
indicating that 8 items were not sufficient to assess the construct
reliably. Ramirez et al. (2012) also refer to a low reliability rating for
the CSAQ based on the number of items. These were purposely kept
small in order to reduce fatigue in child participants (Ramirez et al.,
2012). We also felt it was important to minimize participant fatigue,
especially considering the age group and the number of other measures
involved. Furthermore, we are not aware of any other measure of child
spatial anxiety suitable for use in the busy school setting.

Although reliability of the Perceived Difficulty of items on the
MRT questionnaire was within the acceptable range, there were more
male-stereotyped objects (the hammer and the cubical figure) than
female and neutral objects (the pellet and the polyhedral figure)
included in this instrument. Upon analysis, gender differences in
response times in favour of boys were found on the male-stereotyped
“hammer” in the MRT. It may be, that this item triggered stereotype
threat in girls and stereotype lift in boys. The questionnaire will
be amended to include another female-stereotyped object to avoid the
risk of triggering stereotype threat or lift in future studies.

The results of the regression analysis should be interpreted with
caution as the study was cross-sectional. A future research project
might adopt a longitudinal approach which follows a cohort of
students across their primary school years, in order to study the effects
of the predictor variables over time.

With regards to the ANOVA results, the sample size fell short of
the G*Power A priori calculation of optimal sample size. Therefore,
the ANOVA was run on a subsample in order to avoid violating
assumptions of equal variances in groups. The effect size was however
noteworthy with a large proportion of the variance in students’ maths
self-concept being explained by their preference for subjects at school.
Important to note however, that students did not choose any other
preferred STEM subject, so that the results can effectively only
be applied to maths with potential implications for STEM.

To minimize the risk of introducing bias or stereotype threat and
improve the validity of the study, collecting demographic data such as
gender and age might best be done in conclusion rather than
preceding testing.

5 Conclusion

This study provides insights into critical factors influencing
children’s attitudes and performance in mathematics, spatial tasks,
and STEM subjects. One key finding is the persistent gender disparity
in maths self-concept, spatial anxiety, perceived difficulty of spatial
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tasks, and preference for maths as a STEM subject, highlighting
enduring negative stereotypes in these fields. Similarly, low maths
self-concept and loss of interest and enthusiasm for maths in late
primary school children warrants attention in order to prevent
disengagement from STEM-related subjects in further education.
Counteracting stereotypes early is essential to ensure childrens’
academic choices are based on ability rather than attitude. The
findings emphasize the importance of addressing spatial anxiety and
promoting positive maths self-concept to enhance performance on
spatial tasks among primary school children. Interventions aimed at
improving maths self-concept may indirectly benefit spatial task
performance by alleviating spatial anxiety. Further investigation is
warranted to explore the complex interplay between cognitive,
affective, and demographic factors influencing performance on
spatial tasks in primary school children. Additionally, longitudinal
studies could provide insights into the developmental trajectories of
maths self-concept and spatial skills. In conclusion, while maths self-
concept plays a role in performance on spatial tasks, its influence is
mediated by factors such as spatial anxiety, with gender showing
limited moderating effects. Understanding these dynamics is crucial
for developing targeted interventions to effectively support children’s
mathematical self-concept and spatial skills development in
educational settings.
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Abstract: (1) Background: This study examines the role of subjective anxiety (mathematics and
spatial anxiety), along with physiological responses, in mathematics or math and mental rotation
performance in 131 German primary school students (65 girls, 66 boys; Mean age = 8.73 years).
(2) Method: Students’” preference for math vs. German and their subjective anxiety were assessed
using standardized questionnaires. Emotional reactivity was measured using the Galvanic Skin
Response (GSR). Math performance was evaluated via percentage scored and completion times on
number line estimation, word problems, and missing terms tasks. Spatial skills were assessed using a
novel mental rotation task (nMRT) incorporating gender-congruent and -neutral stimuli. (3) Results:
Girls outperformed boys on percentage scored on the math task but took longer to complete this.
No gender differences were found in performance on the nMRT. Girls demonstrated higher math
anxiety and were less likely to prefer math over German. Math anxiety predicted math scores and
accuracy on the nMRT while gender predicted math performance and mental rotation response
time. Subject preference was associated with longer completion times and emotional reactivity with
longer response times. Girls” preference for math and lower emotional reactivity was linked to
shorter completion times, while lower math anxiety predicted higher scores. In contrast, these factors
did not affect boys” math performance. Additionally, subjective anxiety, emotional reactivity, or
subject preference did not impact spatial performance for either gender. (4) Conclusions: Supporting
mathematical self-efficacy and emotional regulation, especially in girls, is crucial for enhancing STEM
outcomes in primary education. Gender-fair assessment in mental rotation reveals equitable spatial
performance and reduces the impact of anxiety.

Keywords: math anxiety; physiological arousal; math performance; mental rotation skills; gender
differences; primary education

1. Introduction

The recent social media phenomenon, “Girl Math”, which began as a light-hearted viral
joke about women'’s alleged shopping and bargaining habits, has also reignited a persistent
stereotype that women have a negative relationship with mathematics [1]. In a recent
interview, British mathematician Hannah Fry, who describes herself as a “numberphile”,
discussed the low number of women pursuing careers in math-related fields. When asked
about the reasons behind this gender disparity, Fry stated that it cannot be attributed to a
single cause. Instead, she described it as “death by a thousand cuts” [2]. Fry elaborated
that these “cuts’ collectively reinforce the notion that women do not belong in the field,
highlighting a significant impact of stereotype threat. The article further outlines evidence
from research which consistently demonstrates that stress and math anxiety severely affect
girls’ focus, undermining their working memory and limiting their ability to perform well
in the subject [3-5]. Poor female math performance perpetuates the gender stereotype
that “girls are just not good at math” a belief which, despite their desire to excel, many
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girls internalize hindering their success in the field [2]. Therefore, the aim of this study
is to investigate the role of emotion, particularly anxiety, in the performance of primary
school children on mathematical and spatial tasks. By measuring specific forms of subjective
anxiety as well as physiological arousal, this study seeks to unravel the complex relationship
between these psychological factors and their influence on performance in early education.

1.1. Gender Differences in Mathematics Performance in Primary School Students

Evidence for gender differences in math performance in primary school is mixed and
context-dependent. Historically, studies indicate no significant differences between boys
and girls in early education settings. Meta-analyses and longitudinal studies have generally
found that any observed gender differences are small and often not statistically significant.
For instance, Hyde et al. (2008) [6] conducted a meta-analysis in the USA and found gender
differences in math performance to be negligible. However, gender differences can vary
significantly by country and cultural context. Cross-national studies, such as those by the
Program for International Student Assessment (PISA), show varying gender gaps across
different educational systems [7]. The 2018 PISA study found that in Germany, the gender
gap in math performance among adolescents was wider compared to the OECD average [7].
Research suggests that stereotypes and peer influence contribute to this outcome. Wolff
(2021) [8] found that in German secondary schools, stereotypes like “boys are better at math
than girls” negatively impacted girls” self-concept but not boys’, even after controlling for
grades and age. Gender stereotypes regarding math ability can emerge as early as primary
school, affecting confidence and interest in the subject [9,10]. Additionally, negative cultural
stereotypes such as the “STEM-nerd” influence the attractiveness of Science, Technology,
Engineering, and Mathematics (STEM) and related careers, often limiting girls” identifica-
tion with and choice of related fields [11]. The effects of societal stereotypes and associated
thinking can also affect STEM subject preferences as early as primary and secondary school,
leading to gender differences in the pursuit of mathematically related studies and STEM
careers going forward [12-14].

1.2. Mental Rotation and the Role of Stereotypes in Its Assessment

Mental rotation (MR), the ability to mentally manipulate two- and three-dimensional
objects, is a critical spatial skill extensively examined in psychology and education [15,16].
MR is typically assessed using psychometric instruments such as the mental rotation
test (MRT), which usually consists of items with cubical stimuli (Vandenberg and Kuse,
1978 [17]). These tasks consistently show large and reliable performance differences fa-
voring males [18]. Traditionally, MR tasks have shown a male performance advantage,
potentially due to boys” greater engagement in spatially oriented play [19,20]. However,
recent studies indicate that the design of MR tasks, including the use of gender-stereotyped
or -neutral stimuli, can influence these gender differences by either reinforcing or mitigating
stereotype threat [16,21]. Findings indicate that the familiarity or gender congruence of stim-
ulus objects significantly influences performance differences. There is a positive correlation
between the stereotyped content of the stimuli and children’s MR performance [22-24].

1.3. The Association between Mental Rotation and Mathematical Performance

Numerous studies confirm the association between spatial and mathematical abil-
ities [25-27]. Mental rotation (MR), like other spatial reasoning skills, can be improved
through targeted practice and training, which often translates to better mathematical per-
formance [28,29]. MR skills are linked to advanced mathematical skills and are strong
predictors of mathematical competence in young children [30]. Moreover, MR performance
is a significant indicator of academic success and career choices in STEM fields [31]. Similar
to mathematical ability, gender differences in MR performance are influenced by stereotype
threat, self-concept, and emotional arousal. These factors tend to negatively affect women'’s
task performance due to a fear of confirming negative stereotypes about female weaknesses
in visuo-spatial cognition [32-34].
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Gender differences in performance on math and spatial tasks may be particularly evi-
dent in processing speed. Limited working memory capacity constrains speed, impacting
completion, reaction, and response times for cognitive tasks like math and MR. Girls may
be more sensitive to stress from time pressure on a math or spatial test or fear making
mistakes, which diverts their cognitive resources, slowing the mental operations needed
for rapid and accurate responses on timed tasks [34,35]. Boys, on the other hand, tend to
demonstrate higher math self-concept and confidence in their mathematical ability [13].
They often overestimate their aptitude and are more influenced by peer dynamics, with
social comparisons shaping their confidence in math [36]. Additionally, boys” tendency to
prioritize speed over accuracy which can result in shorter processing times on cognitive
tasks, potentially sacrificing thoroughness and leading to errors [37,38]. There is evidence
from research that girls’ performance on mathematical and spatial tasks is slower than boys’,
which in turn leads to a disadvantage in their overall performance in these areas [39,40].
This may be due to a variety of factors such as the effects of stereotype threat, higher anxiety
levels during the tasks, and diverse processing strategies [34,41-43].

1.4. Interplay of Psychological Factors and Their Role in Mathematical and Spatial Performance

Mathematics performance is a fundamental component of academic achievement
and cognitive development in primary school children [44]. Understanding mathematical
concepts is crucial for success in various educational domains, including STEM fields [45,46].
However, individual differences in math performance are influenced by factors beyond
cognitive abilities, such as self-concept and emotional arousal [47,48].

Mathematics anxiety, characterized by fear or apprehension during mathematical
tasks, significantly hinders learning and achievement by depleting working memory and
leading to poorer cognitive performance [49,50]. High math anxiety often results in re-
duced motivation and avoidance behaviors, contributing to underperformance [42,51,52].
Compared to boys, girls” appear to experience more negative effects of math anxiety on
performance [53,54]. Similarly, spatial anxiety, which involves discomfort with spatial
reasoning tasks, is linked to deficits in spatial abilities, particularly in girls and women.
It can disrupt performance on mental rotation tests, especially when gender stereotypes
are at play [41,55,56]. Hence, anxiety in both math and spatial tasks can hinder children’s
cognitive performance.

Recent studies highlight the interconnectedness of psychological factors in gender
differences in mathematical and spatial performance. Spatial anxiety and spatial self-
efficacy have been found to mediate gender differences in mental rotation performance,
particularly in challenging tasks [57]. Additionally, mental rotation performance and
perceived competence mediate the relationship between gender and math anxiety in
younger populations [58]. Research also links statistics anxiety with spatial processing
and performance, and recent findings suggest that lower math self-concept in girls may
affect accuracy in mental rotation, with spatial anxiety playing a mediating role [13,59].
These studies highlight the interconnectedness of mathematical and spatial skills and
associated anxieties.

1.5. Physiological Markers of Emotion Regulation and Their Role in Spatial and Mathematical Ability

Arousal, representing the level of central nervous system activity, plays a critical
role in regulating the human stress response [60]. Transactional models of stress suggest
that various events, tasks, and conditions, as well as the individual’s assessment of these,
trigger physiological, cognitive, behavioral, and emotional responses [61]. Measuring
physiological markers, such as systolic blood pressure and electrodermal activity (EDA),
offers valuable insights into emotional reactivity and cognitive engagement during learning
tasks [62,63].

Galvanic Skin Responses (GSRs) serve as biomarkers of autonomic nervous system
(ANS) arousal and are well established for assessing psychophysiological functioning
in humans [64,65]. The GSR effectively captures physiological changes associated with
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emotional expressions such as anxiety and stress in children [66,67]. Wearable devices for
GSR measurement facilitate the examination of physiological responses in children engaged
in cognitive tasks under real-life conditions [68,69]. Galvanic Skin Responses (GSRs) in
children vary depending on the context in which they are measured. These variations
are influenced by the emotional and stressful nature of tasks, reflecting differences in
emotional arousal and stress responses [67,70]. For example, anxiety linked to math tasks
is associated with increased vigilance and heightened amygdala activity, leading to greater
physiological reactivity [48,71]. Mental rotation tasks, due to their demand for spatial
reasoning, can trigger significant stress and emotional arousal, especially when new to
children [41]. In contrast, familiar math tasks practiced regularly in school may reduce
anxiety and physiological arousal [72].

The ability to regulate emotions impacts performance on spatial tasks, with gender dif-
ferences in skin conductance responses observed during mental rotation tasks [73,74]. A pilot
study by Lennon-Maslin and colleagues (2023) highlighted that increased physiological
arousal, measured by GSR, influenced primary school children’s response times on specific
items in a novel mental rotation task [75]. These physiological responses are context-
dependent, influenced by factors such as stimulus type, measurement context, emotion
regulation strategies, and sociocultural influences [76]. Understanding these variables is
crucial for interpreting GSR differences among children in educational settings.

1.6. Aims of the Current Study

Despite growing interest in the role of anxiety and physiological arousal in mathe-
matics and spatial performance [48,62], limited research has investigated their combined
effects in primary school children. Moreover, only one pilot study to date has examined
the role of emotional reactivity measured by the GSR in mental rotation performance
in the same target group [75]. The present study, therefore, represents a novel contribu-
tion to research in this field by examining the simultaneous impact of math and spatial
anxiety, along with physiological arousal measured through skin conductance, on both
mathematical performance and mental rotation skills in primary school children. By uti-
lizing standardized measures for anxiety and physiological assessment, this study aims
to provide an unprecedented, comprehensive understanding of the interplay between
emotional reactivity and anxiety-related psychological factors in shaping early cognitive
performance. This integrated approach not only addresses a critical gap in the literature
but also offers valuable insights which could inform educational interventions designed to
enhance learning outcomes in young children.

1.7. Research Questions

Based on an extensive review of the literature, our study set out to explore some key
questions about gender differences in performance on math and spatial ability among
primary school children. Specifically, we sought to determine if there are noticeable
differences between boys and girls in their performance on mathematical and spatial
tasks and their association with task-related subjective anxiety, emotional reactivity, and
their preferences for school subjects.

Our first research question seeks to answer whether there are gender differences in
the performance of our sample on cognitive tasks, specifically in math and mental rotation,
in subjective anxiety (math and spatial anxiety), and in the preference for math vs. German.
This question addresses a critical gap in the literature, as previous studies have shown
mixed and context-dependent findings regarding gender differences in these areas [6-8].
By examining these variables in primary school children within a specific cultural context,
our study aims to clarify these inconsistencies.

Our second research question delves into the interplay between several factors—gender,
subject preference, emotional reactivity (as measured by the Galvanic Skin Response or
GSR), and subjective anxiety (both math and spatial anxiety)—and how they collectively
influence performance on cognitive tasks, specifically in math and mental rotation. While
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previous research has extensively explored these variables individually, few studies have
examined how they interact to influence cognitive performance in young children, particu-
larly in a primary school setting [42,48,77]. This research question seeks to address this gap
by providing a more holistic view of how these factors combine to affect performance.

1.8. Hypotheses

H1. We hypothesized that there would be significant gender differences in both the percentage scored
and the completion times on the math task. We further hypothesized that girls would outperform
boys in terms of the percentage scored but would take longer to complete the task.

Rationale: This hypothesis explores the idea that girls often perform just as well or
better than boys in math accuracy but often at the cost of speed, potentially due to increased
anxiety and diverse problem-solving strategies [40,43].

H2. We expected no significant gender differences in terms of accuracy and response time on the
mental rotation task.

Rationale: Recent research challenges traditional beliefs about gender differences in
spatial abilities, particularly when tasks are designed to minimize stereotype threat [22-24,75].
This hypothesis also tests whether these findings hold in a primary school context.

H3. We anticipated that girls would report higher levels of subjective anxiety (both math and
spatial) compared to boys.

Rationale: This expectation aligns with the existing literature, which frequently doc-
uments higher anxiety levels among females in math-related contexts [53,54] and also
on spatial tasks [13,41,55]. Studies exploring gender differences in spatial anxiety in pri-
mary school children are particularly limited, as are studies examining its effects on math
performance [13,78].

H4. We hypothesized that girls in primary education would be less likely than boys to choose math
as their preferred school subject over German.

Rationale: Although some studies have examined how stereotypical thinking can lead
to gender differences in the preference for mathematics and STEM as a subject at secondary
school and beyond, few studies have examined this in the primary school context [12-14].
This hypothesis addresses a gap in understanding how early subject preferences play a role
in performance on math and spatial tasks in primary education. This may have implications
for the pursuit of STEM studies and careers, a field in which gender disparities are most
pronounced [79,80].

H5. We hypothesized that there would be a significant association between gender, subject preference,
and performance on the math task when controlling for emotional reactivity and math and spatial
anxiety. For girls, we expected that a preference for math, lower emotional reactivity, and lower
math and spatial anxiety would predict higher percentages scored and shorter completion times on
the math task compared to boys.

Rationale: This hypothesis aims to identify potential protective factors, such as subject
preference, reduced subjective anxiety and physiological arousal that might mitigate po-
tential negative impacts on performance [13,59,81]. This area remains underexplored in
the literature.

Hé6. We hypothesized that there would be a significant association between gender, subject preference,
and performance on the mental rotation task when controlling for math and spatial anxiety and



Behav. Sci. 2024, 14, 809

6 of 31

emotional reactivity. However, we expected no significant gender differences in how these factors affect
performance on the mental rotation task, that is, the effects would be similar for both girls and boys.

Rationale: Anxiety, emotional reactivity, and physiological arousal are known to affect
performance on complex cognitive tasks such as mental manipulation which may trigger
stereotype effects known to be associated with spatial ability [48,67,73]. This hypothesis
examines whether commonly observed gender differences in emotional and physiological
factors persist on a mental rotation task consisting of gender-congruent and -neutral stimuli.

2. Materials and Methods

A total of one hundred and thirty-one students were recruited from primary schools
in the state of Rhineland Palatinate in Germany (N = 131). All of the students belonged
to second-, third-, and fourth-grade classes, respectively, and were enrolled in five local
primary schools in Rhineland Palatinate, Germany. Schools were situated in both urban
and rural settings. Although all of the children were fluent German speakers, some
were also bilingual and had diverse ethnic backgrounds. Unfortunately, specific data
regarding ethnicity and socio-economic status was not collected from parents and guardians.
These observations were made by the researchers and through information volunteered by
children prior to testing.

All students completed the math task, the mental rotation task, and various question-
naires. Included in this sample were 66 students who identified as boys and 65 as girls.
There were no students who identified as non-binary in this sample. The average age of
the students was M = 8.73 (SD = 1.02) years old. Mean grade level distribution by gender is
shown in the bar chart in Table 1.

Table 1. Class, sex crosstabulation, and grade in primary school.

Sex
Boys Girls Total
2nd Grade 16 21 37
Class 3rd Grade 23 22 45
4th Grade 27 22 49
Total 66 65 131

2.1. Skin Conductance

Shimmer3 GSR+ Unit® (https:/ /shimmersensing.com /product/consensyspro-software/,
accessed on 1 January 2024) was used to measure galvanic skin response (GSR). These
devices were synchronized with ConsensysBasic® multi-sensor management software
(https:/ /shimmersensing.com/product/consensyspro-software/, accessed on 1 January
2024) where they were calibrated for recording and a sampling rate of 1 Hz was set. A
baseline recording of 2 min per participant was planned in order to compare this with GSR
during the math task and during the MRT.

Shimmer devices were attached to the index and middle fingers of the non-dominant
hand. This placement allows for optimal signal detection while minimizing interference
with the tasks performed using their dominant hand. Each child was asked to try and
keep the monitored hand as still as possible throughout the measurement period. This
was to ensure consistent and accurate readings by minimizing movement artifacts. The
GSR measurement began with a 2 min baseline recording. During this period, the children
were asked to sit quietly and relax. This baseline data served as a control to compare
physiological arousal during the subsequent tasks. After the baseline measurement, the
students performed a series of math problems. The GSR device continued to record
physiological responses throughout this task. Following the completion of the math task,
students proceeded to the mental rotation task. The GSR measurement continued during
this period to capture physiological responses associated with this cognitive activity.
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Once the tasks were completed, the devices were redocked to stop the recording.
This was completed before administering the self-report questionnaires to ensure that
the GSR data were isolated to the periods of baseline, math, and mental rotation tasks.
The measurements were conducted in a controlled environment, specifically a separate
classroom with adequate lighting and individual seating arrangements. This setup aimed to
minimize external distractions and create a comfortable setting for the children to perform
the tasks. The room temperature and other ambient conditions were kept consistent to
avoid any environmental factors that might influence physiological responses. This careful
administration and controlled environment ensured the reliability and validity of the GSR
measurements, allowing for an accurate assessment of the children’s physiological arousal
in response to the cognitive tasks.

Skin conductivity is measured in units referred to as microsiemens (S). “Micro” is
a prefix meaning millionths, so 1 microsiemen (1 S) is a unit of time in the International
System of Units (SI) equal to one millionth of a siemen [82].

2.2. Math Task

Students were given a paper-and-pencil math task consisting of 9 items of varying
difficulty levels: A, B, and C. Each item had 5 possible solutions, with only one correct
answer. A-level tasks were the easiest, worth 3 points each, B-level tasks were more difficult,
worth 4 points each, and C-level tasks were the most difficult, worth 5 points each. Second-
and third-grade students had to solve three A-level, four B-level, and two C-level problems
and could score a maximum of 35 points, while fourth-grade students could score 36 points
due to an additional C-level problem. The problems were drawn from the Mathematical
Kangaroo Competition an international math challenge in over 77 countries, the purpose
of which is to show students that math can be interesting, beneficial, and even fun [83].
The Kangaroo math problems have been translated into many languages; therefore, for our
task, we drew the problems in the German language from the “Mathematikwettbewerb
Kanguru” website [84]. To ensure unfamiliarity, problems from past competitions were
chosen. Our math task included three types of math problems: number line estimation,
word problem representation, and missing terms. Math performance was measured based
on the percentage scored and the completion time, that is, the interval from when the task is
presented to when the participant finishes solving the problems and submits their answers.

Students received written instructions to work individually, circle or mark answers,
and refrain from using a calculator or other electronic aid. Zero points were given for
unanswered questions. The task aimed to engage students in math and minimize fatigue.
An example of each type of math problem used in the task is listed in Appendix A.

2.3. Mental Rotation Task

A novel, computerized mental rotation task (nMRT) based on Vandeberg and Kuse’s
original MRT but consisting of more varied stimuli was programmed in PsychoPy® soft-
ware (www.psychopy.org/download.html, accessed on 6 April 2023) and installed on
Microsoft Pro 8 Surface tablets, each with a keyboard and a mouse. The task was pro-
grammed to record both the number of correct responses (accuracy) as well as the duration
in seconds from when the stimulus is presented to when the participant provides the
answer (response time). Items included mental rotation stimuli for younger children, i.e.,
animals and letters [85], as well as other concrete stimuli and abstract stimuli, all either
rotated in-depth or in picture plane. Abstract items consisted of stimuli such as cubes,
pellets [22], and polyhedral figures [24]. Other concrete items consisted of male and female
gender-stereotyped stimuli [21,23] and gender-neutral stimuli [24]. Examples of some of
the items used are shown in Figure 1 and are also appended to this report.

The MRT was divided into two parts, each with a time limit. Part one (MRT 1)
consisted of 6 abstract and 10 concrete items which were rotated in picture plane only. It
was limited to 5 min. Part two (MRT 2) contained 6 abstract and 6 concrete items rotated
in-depth and was limited to 8 min. Items were presented randomly in each part of the task
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with one target stimulus on the left and four comparison stimuli on the right. Participants
were instructed to identify two out of four stimuli on the right which, although rotated,
were identical to that on the left. A reliability analysis of MRT conducted on the data from
our sample yielded a Cronbach’s Alpha of & = 0.86.

(A)
(B) 1 7
(A -,;JI; N (15\ (‘.'f*\" f ’ _ \hg
C) & (OYON i (g(, @Xp 3D
( ¢ ‘
_ o ooy ~
(D)

Figure 1. Examples of MRT items used with concrete objects: (A) animal stimulus and (B) letter
stimulus [85]; (C) female-stereotyped stimulus “Pram” [21,23]; and with an abstract object (D) “Cube”
figure [22].

2.4. Demographic Data

An online questionnaire was presented to each participant following the MRT to
collect data relating to participants” age and gender. The position of this and the other
self-report questionnaires in the procedural sequence, i.e., being placed after the math and
mental rotation tasks, aimed to avoid priming or eliciting stereotype threat in male and
female participants.

2.5. Self-Report Questionnaires

Three further self-report questionnaires were also presented in PsychoPy®, the pur-
pose of which was to assess the students’ preference for math vs. German, their spatial
anxiety, and their math anxiety. All the questionnaires were presented to students in the
German language.

2.5.1. Math versus German Preference Survey

Students were surveyed to indicate their preferred school subject among math, Ger-
man, or no preference for either subject. Their responses were coded in SPSS for statistical
analysis as follows: math = 1; German = 2; no preference = 3. This question is part of
the Academic Self-Concept in Primary School Children (ASKG) questionnaire, a German
self-report measure of reading, writing, and math self-concept for children [86]. We used
only the Math vs. German survey section, which is appended to this article.

2.5.2. Child Spatial Anxiety Questionnaire

The Child Spatial Anxiety Questionnaire (CSAQ) [41] consists of 8 items in which
students are asked to rate how anxiety-provoking they find a particular task. All tasks
described in the questionnaire require spatial ability and skills. Researchers explained to
students in advance that this questionnaire was about feelings and gave an example of
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how children might experience nervousness and anxiety, i.e., heart racing, rapid breathing,
hands trembling. An example of one item from the CSAQ is as follows: “How would you
feel if your teacher asked you to measure something with a ruler?” Participants are then
asked to rate on an emoji scale of 1 to 5, 1 being “not nervous at all, calm”, 3 being “neither
calm nor nervous”, and 5 being “very, very nervous”, how nervous they would feel about
completing this task. A reliability analysis of the CSAQ conducted on the data from our
sample yielded a Cronbach’s Alpha of & = 0.69.

2.5.3. Modified Abbreviated Math Anxiety Scale (nAMAS)

The Modified Abbreviated Math Anxiety Scale (mMAMAS) is based on the Abbrevi-
ated Math Anxiety Scale, an American self-report instrument developed by Hopko and
colleagues (2003) [87]. It was modified by [88] to be used with British children aged
8-13 year-old and is designed to measure levels of mathematics anxiety. The scale consists
of 9 items, which are rated on a 5-point Likert scale ranging from 0 (strongly disagree) to 4
(strongly agree). Respondents indicate the extent to which they experience anxiety-related
thoughts and feelings when faced with mathematical tasks or situations. The mAMAS
items cover various aspects of math anxiety, including worries about math classes, fear of
performing poorly in math-related activities, and discomfort with mathematical problem
solving. The scale aims to provide a brief yet reliable measure of math anxiety, making it
suitable for use in research studies where brevity and efficiency are a priority. We used
a translation of this scale previously validated for its psychometric properties by native
German-speaking colleagues. Students rated their level of math anxiety on a scale of 1
to 5 with 1 being “low anxiety” and 5 being “high anxiety” based on statements such as
the following: “Finding out that you are going to have a surprise math test when you
start your math lesson?” Total scores on the mAMAS can range from 0 to 36, with higher
scores indicating greater levels of mathematics anxiety. The reported internal consistency
of this questionnaire is high. We found a Cronbach’s Alpha consistent with high reliability
(« = 0.87) when we tested this on our sample data.

2.6. Procedure

Approval for the pilot study was provided by the Ethics Committee of the University
of Koblenz and the state authorities in Rhineland Palatinate overseeing schools. Informed
consent was sought and provided by parents and guardians of all students involved in
this study. The class teacher and the principal also gave permission for this study to
be conducted in the school. Students provided verbal assent prior to commencing the
experiment and were informed that they could withdraw their participation with no
consequences at any point. Students were tested by two female researchers in a separate
classroom with access to their teacher, if required. Consistent supervision of the data
collection by teaching staff could not be provided in any of the schools where data were
collected and, although this arrangement was approved by the ethics committee, it may
have inadvertently evoked increased anxiety in some students, an issue discussed in
the limitations of this article. The room had adequate lighting and individual seating
arrangements. The researchers explained the mental rotation task to the students by
rotating objects such as a pair of scissors, a toy, and a wooden object, it does not change
its features. Students were then asked to imagine the object in their mind then try to
rotate it mentally. The purpose of this study and the significance of mental rotation in
everyday life and for schoolwork was also explained. The researchers also checked in
advance that students were familiar and comfortable with the use of a keyboard and a
mouse. Furthermore, any student who required eye-glasses was reminded to wear these
while viewing the tablet screen.

2.7. Data Analysis

Quantitative data analyses were conducted using SPSS® 29 software. We employed a
range of statistical tests to explore various aspects of our research questions. Raw scores
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on the math task were standardized by converting them to percentages for comparability
during the statistical analyses.

The accuracy scores and response time on the mental rotation task and the spatial
anxiety score variables exhibited positive skewness, as evidenced by the skewness statistic
and visual inspection of the histogram and Q-Q plot. To address this, a square root
transformation was applied to accuracy (Sqr_Acc) and response time (Sqr_RT) and a
logarithmic transformation was applied to the spatial anxiety variable (log_CSA). This
transformation improved the normality of the distribution, reducing skewness and bringing
the distribution of these variables closer to a normal shape.

A Chi-Square test of association was used to test whether girls or boys were more
likely to choose math or German as their preferred school subject. The assumptions for the
application of this test were met, that is, the sample size was large enough, the nominal
variables were categorical, participants were randomly and independently sampled, the
data consisted of raw frequencies and the expected frequency (Fe) within each cell was
greater than 1, and no more than 20% of the cells should have less than 5.

A multivariate analysis of covariance (MANCOVA) was used to assess gender differ-
ences in math and mental rotation performance and math and spatial anxiety. Assumptions
for the MANCOVA, such as multivariate normality of the dependent variables, homogene-
ity of variances (verified with Levene’s test) and covariances (verified with Box’s test),
linearity, homogeneity of slopes (verified by checking interaction terms), the independence
of observations, and the absence of multicollinearity and outliers, were satisfied for all
variables [89].

Prior to data analyses, raw skin conductance data were pre-processed by removing
artefacts and noise [82]. The mean of the GSR for the three experimental conditions of
baseline and during the math and mental rotation tasks was calculated for each participant
in order to facilitate analysis. GSR variability can lead to skewed distributions within
the data which require further processing and robust statistical methods which are not
sensitive to non-normality. Following the removal of outliers and checks for normality
on the skin conductance variables, the data were found to be skewed. This is common
with physiological data due to the nature of measurements, which often do not follow a
normal distribution [82]. Pre-processing and data transformation such as square-root and
logarithmic transformation did not improve this. However, the test of normality within
the MANCOVA did not reveal any significant effects. Additionally, as skin conductance
can vary widely between individuals due to differences in baseline arousal levels, skin
properties, and other factors, raw GSR data were standardized by performing a z-score
transformation. Z-scores help normalize differences, making individual responses more
comparable [90].

3. Results
3.1. Gender Differences in Math and Mental Rotation Performance, Math and Spatial Anxiety, and
Subject Preference

A multivariate analysis of variance (MANOVA) was conducted to examine the effects
of the fixed factor gender on the combined dependent variables of math performance
(percentage scored and completion times), mental rotation performance (accuracy and
response time), math anxiety, and spatial anxiety. The multivariate effect of gender was
significant, A = 0.80, F(1, 129) =5.22, p < 0.001, with a small effect size of 172 =0.20, indicating
significant differences between boys and girls across the dependent variables (see Table 2).

Table 2. Multivariate tests: effect of gender (sex) on performance on math and mental rotation tasks,
math, and spatial anxiety in primary school children.

Effect

Value F Hypothesis df Error df Sig. Partial Eta Squared

Sex

Wilks” Lambda

0.798 5.219 6.000 124.000 <0.001 0.202

Design: intercept + sex.
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A series of between-subjects effects tests were conducted to examine gender differences
in percentage scored and completion times on the math task, accuracy and response time
on the mental rotation task, math anxiety, and spatial anxiety. The analyses yielded the
following results.

For the math percentage scored, there was a statistically significant effect of gender,
F(1, 129) = 4.63, p = 0.033, #?> = 0.03. This indicates that gender accounts for 3% of the
variance in percentage scores. Similarly, for completion times on the math task, the effect of
gender was also statistically significant, F(1, 129) = 7.20, p = 0.008, 7% = 0.05, indicating that
gender accounts for 5% of the variance in completion times. In contrast, gender did not
have a significant effect on accuracy in the mental rotation task, F(1, 129) = 0.03, p = 0.872,
1% = 0.00, nor on response time, F(1, 129) = 3.20, p = 0.076, 5 = 0.02. The effect of gender
on math anxiety was significant, F(1, 129) = 10.50, p = 0.002, 7% = 0.08. This indicates that
gender explains 8% of the variance in math anxiety scores. For spatial anxiety, the effect of
gender was not statistically significant, F(1, 129) = 2.28, p = 0.134, 52 = 0.02.

Overall, these results indicate significant gender differences in percentage scores and
completion times on the math task, as well as in math anxiety. The effect of gender on
accuracy, response time, and spatial anxiety was not significant (see Table 3).

Table 3. Tests of between-subjects: effects of gender (sex) on percentage scored (Math_PT) and
completion time (Math_CT) on the math task, and math anxiety (MA) in primary school children.

Source  Dependent Variable Type III Sum of Squares df  Mean Square F Sig. Partial Eta Squared
Math_PT 1643.461 1 1643.461 4.630 0.033 0.035
Sex Math_CT 195.693 1 195.693 7.200 0.008 0.053
6.015 1 6.015 10.501  0.002 0.075

Pairwise comparisons were conducted to examine the differences between boys and
girls on various dependent variables, including math percentage scores, math completion
times, accuracy, response time, math anxiety, and spatial anxiety.

For math percentage scores, girls scored significantly higher than boys, with a mean
difference of 7.08, SE = 3.30, p = 0.033, 95% CI [0.57, 13.56]. Regarding math completion
times, girls took significantly longer to complete the tasks compared to boys, mean differ-
ence =2.44, SE = 0.91, p = 0.008, 95% CI [0.64, 4.25]. In terms of accuracy on the nMRT, there
were no significant differences between boys and girls, mean difference = 0.005, SE = 0.03,
p = 0.872, 95% CI [—-0.05, 0.06], nor in response time, mean difference = —0.19, SE = 0.12,
p =0.076, 95% CI [—0.40, 0.02]. Regarding math anxiety, girls reported significantly higher
levels of math anxiety than boys, mean difference = 0.43, SE = 0.13, p = 0.002, 95% CI [0.17,
0.69]. For spatial anxiety, there were no significant differences between boys and girls, mean
difference = 0.005, SE = 0.03, p = 0.872, 95% CI [—0.05, 0.06].

Overall, the results suggest that girls outperform boys in terms of math percentage
scores but take longer to complete the math task. The error bars in Figure 2 represent
the standard error of the mean (SEM). The difference in the width of the error bars for
percentage scored and completion times indicates that there is more variability in the scores
compared to the completion times. Scores might be more sensitive to individual differences
in mathematical ability, understanding, and problem-solving strategies, leading to greater
variability in scores. Completion times might be less variable because they are influenced
by factors such as time constraints and task pacing, which could be more consistent across
participants. There are no significant differences between boys and girls in accuracy nor
response time on the mental rotation task or in spatial anxiety.
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Figure 2. Gender (sex) differences in percentage scored (blue bar = Math_PT) and completion times
(red bar = Math_CT) on the math task. Error bars represent the standard error of the mean (SEM).
The error bars indicate similar variability in scores and completion times between boys and girls.

A Chi-Square test for association was performed to examine the relationship between
gender and preference for math vs. German. The results indicated a strong significant
association between gender and subject preference, x> (2, N = 131) = 13.50, p < 0.001.
Specifically, girls were significantly less likely than boys to indicate a preference for math
and were more likely to choose German or indicate no preference for either subject (see
Figure 3). A crosstabulation analysis was conducted to examine the relationship between
gender (sex) and subject preference (math vs. German). The results are as follows. Out of
the 66 boys, 44 (65.7%) preferred math, 8 (28.6%) preferred German, and 14 (38.9%) had no
preference. Out of the 65 girls, 23 (34.3%) preferred math, 20 (71.4%) preferred German,
and 22 (61.1%) had no preference. The overall distribution across both sexes showed that
67 participants (51.1%) preferred math, 28 participants (21.4%) preferred German, and
36 participants (27.5%) had no preference.

Bar Chart

50 Sex

.Boys
[ [ei

Count

Math German Mo Preference

Math versus German Preference

Figure 3. Percentage of math vs. German as the preferred school subject by gender (sex).
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3.2. Association between Gender, Subject Preference, Emotional Reactivity (Measured by GSR),
Subjective Anxiety (Math and Spatial Anxiety), and Performance on the Math and Mental
Rotation Tasks

3.2.1. Effects on Math Performance

A multivariate analysis of covariance (MANCOVA) was conducted to examine the
effects of various predictors on two dependent variables: percentage scored and completion
times on the math task. The predictors included two fixed factors, gender and subject
preference, and three covariates, emotional reactivity measured by GSR, math anxiety, and
spatial anxiety.

The results of the multivariate tests, as indicated the main effect of gender was signifi-
cant, Wilks” A =0.91, F(2,121) = 5.60, p = 0.004, 172 =0.09, indicating a significant difference in
the combined dependent variables based on gender. Additionally, Wilks” Lambda showed
a significant effect of math anxiety on the combined dependent variables, Wilks” A = 0.910,
F(2,121) =5.96, p = 0.003, 5 = 0.09, suggesting that math anxiety significantly impacts the
combined dependent variables. The main effect of subject preference was also significant,
Wilks” A = 0.89, F(4, 242) = 3.43, p = 0.009, 5 = 0.05, suggesting that subject preference
significantly impacts the combined dependent variables. The interaction effect between
gender and subject preference was not significant, Wilks” A = 0.98, F(4, 242) = 0.52, p = 0.718,
n? = 0.01, indicating that this interaction does not significantly affect the combined depen-
dent variables. The individual effects of emotional reactivity measured by GSR and spatial
anxiety on the combined dependent variables were not significant, with Wilks” A = 0.97,
F(2,121) = 1.78, p = 0.172, %> = 0.03 for emotional reactivity measured by GSR and Wilks’
A =097, F(2,121) = 1.93, p = 0.15, 5> = 0.03 for spatial anxiety.

Overall, these multivariate tests demonstrate that gender has a significant impact on
the dependent variables, with notable contributions from subject preference and math
anxiety. The effect of emotional reactivity measured by GSR and spatial anxiety were not
significant. The results are summarized in Table 4.

Table 4. Multivariate tests: effects of math anxiety (MA), gender (sex), and subject preference on
performance on the math task in primary school children.

Effect Value F Hypothesis df  Error df Sig. Partial Eta Squared
MA Wilks” Lambda 0.910 5.965 2.000 121.000 0.003 0.090
Sex Wilks” Lambda 0.913 5.797 2.000 121.000 0.004 0.087
Subject Preference ~ Wilks” Lambda 0.895 3.433 4.000 242.000 0.009 0.054

Design: intercept + MA + sex + subject preference.

A series of tests of between-subjects effects were conducted to examine the influence
of gender, subject preference on percentage scored, and completion times on the math task
while controlling for emotional reactivity measured by GSR and math anxiety and spatial
anxiety. The analyses yielded the following results.

For the dependent variable percentage scored, the between-subjects effects indicated
several significant results. There was a significant effect of math anxiety on percentage
scored, F(1,122) = 11.86, p < 0.001, ;72 = 0.09. The effect of gender on percentage scored was
also significant, F(1, 122) = 6.53, p = 0.012, 172 =0.051.

For the dependent variable completion times, the between-subjects effects showed the
following significant results. The effect of gender on completion times was significant, F(1,
122) = 4.44, p = 0.037, % = 0.03. There was also a significant effect of subject preference on
completion times, F(2, 122) = 5.94, p = 0.003, 112 = 0.09. The effect of emotional reactivity
measured by GSR on completion times was not significant, F(1, 122) = 3.06, p = 0.083,
172 = 0.02, nor was the effect of spatial anxiety, F(1, 122) = 3.79, p = 0.054, 172 =0.03. The
interaction effect between gender and subject preference was not significant for either
percentage scored, F(2, 122) =1.01, p = 0.367, 112 =0.02, or completion times, F(2, 122) = 0.08,
p=0.921, % = 0.00.
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These results indicate that, while gender and math anxiety have significant effects
on math percentage scored, gender and subject preference are significant for completion
times. The interaction between gender and subject preference does not significantly impact
either dependent variable. Additionally, emotional reactivity measured by GSR and spatial
anxiety do not show significant effects on math completion times (see Table 5).

Table 5. Tests of between-subjects effects of math anxiety (MA), gender (sex), and subject preference
on percentage scored (Math_PT) and completion times (Math_CT) on the math task.

Dependent  Type III Sum . Partial Eta
Source Variable of Squares df Mean Square F Sig: Squared
MA Math_PT 3884.253 1 3884.253 11.856 <0.001 0.089
S Math_PT 2140.623 1 2140.623 6.534 0.012 0.051
X Math_CT 108.920 1 108.920 4437 0.037 0.035
Subject_Preference Math_CT 291.391 2 145.696 5.936 0.003 0.089

3.2.2. Gender-Specific Effects on Math Performance

A multivariate analysis of covariance (MANCOVA) was conducted to examine the ef-
fects of subject preference, emotional reactivity measured by GSR, math anxiety, and spatial
anxiety on math percentage scored and completion times separately for boys and girls.

For boys:

Multivariate tests showed that the effects of emotional reactivity measured by GSR on
boys’ performance on the math task were not significant (Wilks” A = 0.10, F(2, 59) = 0.09,
p =0915, 172 = 0.00), neither was math anxiety (Wilks” A = 0.95, F(2, 59) = 1.55, p = 0.220,
7% = 0.05), nor spatial anxiety (Wilks” A = 0.98, F(2, 59) = 0.72, p = 0.489, %> = 0.02), nor
subject preference (Wilks” A = 0.90, F(4, 118) = 1.62, p = 0.173, 7% = 0.05). Tests of between-
subjects effects showed no significant effect of emotional reactivity on boys’ percentage
scored (F(1, 60) = 0.01, p = 0.929, 72 = 0.00). Neither math anxiety (F(1, 60) = 3.14, p = 0.081
1% = 0.05), nor spatial anxiety (F(1, 60) = 0.02, p = 0.876, > = 0.00), nor subject preference
(F(2, 60) = 1.04, p = 0.359, 57? = 0.03) showed significant effects on percentage scored on the
math task.

For boys’ completion times on the math task, neither emotional reactivity measured
by GSR (F(1, 60) = 0.172, p = 0.680, 172 = 0.00), nor math anxiety (F(1, 60) = 0.02, p = 0.878,
1% = 0.00), nor spatial anxiety (F(1, 60) = 1.44, p = 0.234, 5 = 0.02), nor subject preference
(F(2, 60) = 2.31, p = 0.108, %> = 0.07) showed significant effects.

For girls:

Multivariate tests showed significant effects of emotional reactivity measured by GSR
(Wilks” A = 0.84, F(2, 58) = 5.53, p = 0.006, 7> = 0.16) on girls’ performance on the math task.
Math anxiety (Wilks” A = 0.83, F(2, 58) = 5.93, p = 0.005, %> = 0.17) and subject preference
(Wilks” A = 80, F(4, 116) = 3.45, p = 0.011, % = 0.11) also had significant effects, but spatial
anxiety did not (Wilks” A = 0.95, F(2, 58) = 1.67, p = 0.197, 172 = 0.05) (see Table 6).

Table 6. Multivariate tests: gender-specific effects of emotional reactivity measured by GSR
(ZGSR_Math), math anxiety (MA), and subject preference and performance on the math task.

Sex Effect Value F Hypothesis Error df Sig. Partial Eta
df Squared
ZGSR_Math Wilks” Lambda 0.840 5.532 2.000 58.000 0.006 0.160
Girls MA Wilks” Lambda 0.170 5.929 2.000 58.000 0.005 0.170
Subject_Preference ~ Wilks” Lambda 0.799 3.450 4.000 116.000 0.011 0.106

Design: intercept + ZGSR_Math + MA + Subject_Preference.

Tests of between-subjects effects showed that emotional reactivity measured by GSR
had no significant effects on girls’ percentage scored, F(1,59) = 1.34, p = 0.251, 52 = 0.02.
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Math anxiety showed significant effects (F(1, 59) = 10.22, p = 0.002, 7% = 0.145), but spatial
anxiety (F(1,59) =1.13, p = 0.292, 772 =0.02) and subject preference (F(2, 59) = 1.45, p = 0.242,
1% = 0.05) did not (see Table 7).

Table 7. Tests of between-subjects gender-specific effects of math anxiety (MA), emotional reactivity
measured by GSR (ZGSR_Math), and subject preferences on percentage scored (Math_PT) and
completion times (Math_CT) on the math task.

Dependent Type III Sum Mean . Partial Eta
Sex Source Variable of Squares df Square F Sig. Squared
ZGSR_Math Math_CT 158.365 1 158.365 8.480 0.005 0.126
Girls MA Math_PT 3394.999 1 3394.999 10.223 0.002 0.148
Subject_Preference Math_CT 202.922 2 101.461 5.433 0.007 0.156
For girls’ completion times, emotional reactivity measured by GSR showed significant
effects (F(1, 59) = 8.48, p = 0.005, 172 = 0.13), as did subject preference (F(2, 59) = 5.43,
p = 0.007, 7% = 0.16), but math anxiety (F(1, 59) = 0.65, p = 0.423, ? = 0.01) and spatial
anxiety (F(1,59) = 2.76, p = 0.102, %> = 0.04) did not (see Figure 4).
Sex: Girls
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Figure 4. Effects of math anxiety on percentage scores and emotional reactivity (GSR) on completion
times for girls. X-Axis = standardized scores; Y-Axis = percentage scores and completion times; blue
circles: percentage scores (Math_PT) vs. math anxiety (MA); blue line: trend line for percentage
scores (Math_PT); red circles: completion times (Math_CT) vs. emotional reactivity (ZGSR_Math);
red line: trend line for completion times (Math_CT).

For boys, none of the predictors were significant for performance on the math task.
For girls, math anxiety had a significant effect on percentage scored, and both emotional
reactivity and subject preference had significant effects on completion times. For girls, lower
math anxiety is significantly associated with higher math scores, and reduced emotional
reactivity is significantly associated with shorter completion times on the math task. Subject
preference does not significantly affect their math scores but girls who preferred math also
had significantly shorter completion times.
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3.2.3. Effects on Mental Rotation Performance

A multivariate analysis of covariance (MANCOVA) was conducted to examine the
associations between the fixed factors gender, subject preference, and performance on
the combined dependent variables accuracy and response time on the mental rotation
task when controlling for covariates of emotional reactivity measured by GSR and math
and spatial anxiety. The results of the multivariate tests, as indicated by Wilks” Lambda,
showed no significant effect of emotional reactivity measured by GSR on mental rotation
performance, Wilks” A = 0.96, F(2,121) =2.70, p = 0.071, 172 = 0.04. Neither math anxiety,
Wilks” A = 0.96, F(2, 121) = 2.64, p = 0.075, 172 = 0.04, nor spatial anxiety, Wilks” A = 0.10,
F(2,121) =0.23, p = 0.798, 172 =0.004, had a significant effect. A significant effect of gender,
Wilks” A = 0.94, F(2, 121) = 3.73, p = 0.027, #*> = 0.06, but no significant effect of subject
preference, Wilks” A = 0.96, F(4, 242) = 1.11, p = 0.350, 172 = 0.02, was found. There was
no significant interaction effect for gender and subject preference, Wilks” A = 0.98, F(4,
242) = 0.71, p = 0.582, 2 = 0.01 (see Table 8).

Table 8. Multivariate tests: effects of gender (sex) on performance on the mental rotation task.

Effect Value F Hypothesis df Error df Sig. Partial Eta Squared

Sex Wilks” Lambda 0.942 3.731 2.000 121.000 0.027 0.058
Design: intercept + ZGSR_MRT + MA + sex.

The results of multivariate tests further indicate that gender had a significant effect
on accuracy and response time in the mental rotation task, while emotional reactivity
measured by GSR and math anxiety both showed no significant effects.

A series of between-subjects effect tests were conducted to examine the influence
of gender, emotional reactivity measured by GSR, math anxiety, and spatial anxiety on
accuracy and response time on the mental rotation task. The analyses yielded the follow-
ing results.

For accuracy, the between-subjects effects indicated the following results. The effect
of emotional reactivity measured by GSR was not significant, F(1, 122) = 0.27, p = 0.603,
1% = 0.00, but the effect of math anxiety was significant, F(1, 122) = 5.26, p = 0.023, %> = 0.04.
The effects of spatial anxiety, F(1, 122) = 0.310, p = 0.579, 172 =0.003, gender, F(1, 122) = 0.02,
p =0.885, 172 =0.00, and subject preference, F(2, 122) = 0.138, p = 0.871, 172 =0.00, on accuracy
were not significant.

For response time, the between-subjects effects showed the following results. The
effect of emotional reactivity measured by GSR was significant, F(1, 122) = 5.43, p = 0.021,
5% = 0.04. The effects of math anxiety, F(1, 122) = 0.80, p = 0.373, 5% = 0.01, and spatial
anxiety, F(1, 122) = 0.274, p = 0.602, %> = 0.00, were not significant. The effect of gender
was significant, F(1, 122) = 7.12, p = 0.009, 172 = 0.06, but subject preference was not, F(2,
122) = 2.06, p = 0.131, % = 0.03 (see Table 9).

Table 9. Tests of between-subjects effects of emotional reactivity measured by GSR (ZGSR_MRT),
math anxiety (MA), and gender (sex) on accuracy (Sqr_Acc) and response times (Sqr_RT) on the
mental rotation task.

Dependent Type III Sum . Partial Eta
Source Variable of Squares df Mean Square F Sig: Squared
ZGSR_MRT Sqr_RT 1.929 1 1.929 5.433 0.021 0.043
MA Sqr_Acc 0.133 1 0.133 5.263 0.023 0.041
Sex Sqr_RT 2.527 1 2.527 7.120 0.009 0.055

These results indicate that math anxiety has a significant effect on accuracy, while
emotional reactivity measured by GSR and gender have significant effects on response



Behav. Sci. 2024, 14, 809

17 of 31

time. However, neither spatial anxiety, nor subject preference, nor their interaction have
significant effects on mental rotation performance.

3.2.4. Gender-Specific Effects on Mental Rotation Performance

The results of a MANCOVA examining the gender-specific effects of emotional re-
activity, math anxiety, and spatial anxiety, as well as subject preference on accuracy and
response time on the mental rotation task, are presented below.

For boys:

Multivariate tests showed no significant effect of emotional reactivity measured by
GSR on boys” mental rotation performance (Wilks” A = 0.95, F(2, 59) = 1.57, p = 0.217,
172 = 0.050). Neither math anxiety (Wilks” A = 0.94, F(2, 59) = 1.74, p = 0.185, 172 = 0.06),
spatial anxiety (Wilks” A = 0.99, F(2, 59) = 0.36, p = 0.699, 172 = 0.01), nor subject preference
(Wilks” A =0.912, F(4, 118) = 1.40, p = 0.239, %> = 0.04) show significant effects.

Tests of between-subjects effects showed no significant effects of emotional reactivity
on boys’ accuracy (F(1, 60) = 0.61, p = 0.437, % = 0.01). Neither math anxiety (F(1, 60) = 3.35,
p = 0.072, 5% = 0.05), nor spatial anxiety (F(1, 60) = 0.003, p = 0.954, %> = 0.00), nor subject
preference (F(2, 60) = 0.31, p = 0.734, % = 0.01) showed significant effects.

For boys’ response time, neither emotional reactivity measured by GSR (F(1, 60) = 3.17,
p = 0.080, 52 = 0.05), nor math anxiety (F(1, 60) = 0.08, p = 0.783, #% = 0.00), nor spatial
anxiety, (F(1, 60) = 0.60, p = 0.442, 772 =0.01) nor subject preference (F(2, 60) = 1.91, p = 0.156,
1? = 0.06) showed significant effects.

For girls:

Multivariate tests showed no significant effect of emotional reactivity measured by
GSR on girls” mental rotation performance (Wilks” A = 0.94, F(2, 58) = 1.70, p = 0.191,
1% = 0.05). Neither math anxiety (Wilks’ A = 0.97, F(2, 58) = 0.974, p = 0.384, 2 = 0.03), nor
spatial anxiety (Wilks” A = 0.98, F(2, 58) = 0.72, p = 0.490, 52 = 0.02), nor subject preference
(Wilks” A = 0.98, F(4,116) = 0.28, p = 0.893, 7> = 0.01) showed significant effects.

Tests of between-subjects effects showed no significant effects of emotional reactivity
on girls” accuracy, F(1, 59) = 0.34, p = 0.562, 172 = 0.01), and neither did math anxiety (F(1,
59) =1.37,p = 0.246, 172 = 0.02), nor spatial anxiety (F(1, 59) = 1.28, p = 0.262, 172 =0.02), nor
subject preference (F(2, 59) = 0.12, p = 0.891, 172 =0.00).

For girls’ response times, neither emotional reactivity measured by GSR (F(1, 59) =2.57,
p = 0.114, ? = 0.04), nor math anxiety (F(1, 59) = 1.02, p = 0.316, 4% = 0.02), nor spatial
anxiety (F(1,59) = 0.03, p = 0.854, 1% = 0.00), nor subject preference (F(2,59) = 0.478, p = 0.623,
1% = 0.00) showed significant effects.

In summary, none of the factors showed significant effects on spatial performance for
either gender.

4. Discussion
4.1. Overview of Findings

This study explored gender differences in mathematics and mental rotation perfor-
mance, focusing on the roles of subjective anxiety (math and spatial anxiety), subject
preference math versus German, and emotional reactivity as measured by the Galvanic
Skin Response (GSR). The findings indicate that girls outperformed boys in percentage
scores on the math task but took longer to complete it. This aligns with previous research
suggesting that girls often perform just as well or better than boys in terms of scores but
take more time, possibly due to higher levels of anxiety [35,40]. Lower math anxiety in
girls was associated with higher percentage scores, highlighting the critical role of anxiety
in cognitive performance [43,91]. However, no significant gender differences were found in
mental rotation accuracy nor response times, suggesting that spatial ability might be more
evenly distributed among primary school children when tasks are designed to mitigate
stereotype threat [22-24,75].
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4.2. Gender Differences in Math and Mental Rotation Performance, Subjective Anxiety, and
Subject Preference

The MANOVA results demonstrated significant gender differences in math perfor-
mance, with girls scoring higher but taking longer to complete the tasks. This may be due
to the cognitive load imposed by higher anxiety levels, which can limit working memory
capacity and slow down processing speed [34,35]. Girls” higher math anxiety, consistent
with previous findings [77,91], likely contributed to their longer completion times. This
anxiety may cause girls to adopt a more meticulous approach to problem solving, resulting
in higher accuracy but slower performance [36,38]. Girls may have taken extra time to
thoroughly understand and accurately solve each problem, leading to fewer mistakes and
higher overall scores. This strategy contrasts with potentially quicker, but less precise,
approaches and has been found to produce better results in children [38]. Boys were faster
but scored lower on the math task, which might be explained by a tendency to prioritize
speed over accuracy. This approach may reflect social validation sought by boys from peers
regarding their math ability [36]. This involves rushing through problems to complete the
task quickly, which can lead to more mistakes and lower overall scores. Additionally, boys
might have been more confident in their initial responses and less likely to double-check
their work, resulting in a higher rate of errors. This contrasts with a more thorough ap-
proach, where taking additional time to carefully solve each problem can lead to higher
accuracy and better performance, a strategy also found to be effective on spatial tasks [37].

Interestingly, no significant gender differences were found in spatial anxiety, con-
trasting with some studies that report higher spatial anxiety in girls [41,55]. The superior
math performance of girls in this study may have mitigated the expected differences in
spatial anxiety, suggesting that mathematical self-efficacy might mitigate anxiety levels
across related cognitive domains [13]. Furthermore, some studies show that girls excel
in the Kangaroo Challenge, in which the math problems involved are known to correlate
with spatial abilities [92,93]. Additionally, the order of the math task, which preceded
the spatial task, demonstrates that practice on number line estimation, word problems,
and missing term tasks, known to correlate with mental rotation, may also have reduced
students’ spatial anxiety [94,95]. From a statistical perspective, the spatial anxiety variable
in the current study, although improved through log transformation, deviated marginally
from normality. The potential effects of this are discussed further in the limitations.

Contrary to traditional findings that boys outperform girls on mental rotation tasks [96],
this study found no significant gender differences in accuracy or response times on the
nMRT. This result supports recent research suggesting that, when tasks are designed to
minimize stereotype threat, gender differences in spatial abilities may diminish [20,23]. The
use of gender-congruent and -neutral stimuli and the inclusion of a balanced task design
likely contributed to this outcome [22,24]. As observed by the researchers, a preference
expressed by children for the tablet-based task over the paper-and-pencil math task also
highlights the potential impact of task format on engagement and performance.

The significant association between gender and subject preference, with girls less
likely to choose math as their preferred subject, reflects enduring societal stereotypes and
their influence on academic choices [12-14]. This preference for German over math among
girls may stem from their higher math anxiety and the internalization of societal beliefs
about gender and mathematical ability [9,10].

4.3. Association between Gender, Subject Preference, Emotional Reactivity Measured by GSR,
Subjective Anxiety, and Performance on the Math and Mental Rotation Tasks

A unique aspect of the present study is that it explored the association between gender
and subject preference, but also multiple related psychological as well as physiological
factors and their effects on performance on math and mental rotation tasks among pri-
mary school children. The findings provide insights into the role of these factors in task
performance, with notable differences observed across gender and task type.



Behav. Sci. 2024, 14, 809

19 of 31

4.3.1. Subject Preference

Subject preference significantly impacted math completion times but not scores. Stu-
dents who preferred math completed tasks quicker, highlighting the importance of interest
and engagement in efficient performance. This supports the hypothesis and aligns with
research suggesting that subject interest, societal stereotypes, and intrinsic motivation
significantly influence academic performance [12,14,97]. Additionally, this result provides
further evidence for the reciprocal effects of engagement and interest on math self-concept,
which in turn leads to greater achievement, and vice versa [98,99].

The finding that a preference for math over German had a protective effect on comple-
tion times for the math task, particularly among girls, is noteworthy. This suggests that girls
who prefer math may experience reduced cognitive and emotional barriers when engaging
with mathematical tasks. One possible explanation is that these girls may be less susceptible
to stereotype threat. By identifying more strongly with math, these girls may be less af-
fected by societal stereotypes that suggest girls are less capable in math, thereby mitigating
the anxiety that can deplete working memory and hinder task performance [34]. Girls with
a preference for math might view the challenge of the task as an opportunity to improve
rather than as threats to their self-concept, which could further reduce performance anxiety
and increase task efficiency. Additionally, a genuine interest and enjoyment in math could
create a positive feedback loop where pleasure and fun derived from engaging in the subject
counteract the stress typically associated with challenging tasks [97,100]. When girls enjoy
math, they are likely to approach the task with greater confidence and motivation, which
can enhance focus and efficiency, leading to faster completion times. Another potential
factor could be the development of more effective problem-solving strategies. Girls who
prefer math might have more practice and experience with mathematical thinking, allowing
them to navigate the tasks more quickly eliciting less cognitive load [43]. These factors
work together to create a more favorable psychological environment for girls, enabling
them to perform math tasks more efficiently.

4.3.2. Emotional Reactivity

The results indicate that emotional reactivity, as measured by GSR, plays a nuanced
role in mathematical and spatial task performance. For the math task, higher emotional
reactivity was a significant predictor of longer completion times but did not significantly
impact the percentage scored. This suggests that, while physiological arousal may slow
down task completion, it does not necessarily detract from the precision of performance.
Similarly, emotional reactivity was a significant predictor of response time on the mental
rotation task, indicating that higher physiological arousal was associated with slower per-
formance. These findings align with the Yerkes-Dodson law, which posits that higher levels
of arousal can hamper performance on complex tasks by decreasing focus and cognitive re-
sources [60,101]. This also provides evidence to support the theory that executive resources
such as working memory are limited by emotional reactivity, leading to interference with
cognitive focus, slowing down responses on both tasks [34,95].

A particular significance of this study, therefore, lies in its contribution to understand-
ing the physiological underpinnings of how negative emotions and stereotype thinking
impact cognitive performance. This is particularly relevant for females, who are often
subjected to stereotypes about their abilities in mathematics and spatial tasks and related
fields [102]. The findings highlight that the physiological arousal associated with stereotype
threat not only affects how quickly tasks are completed but also suggests a potential mech-
anism by which stereotype threat undermines cognitive performance. When females face
tasks in domains where they are stereotypically expected to perform poorly, the resulting
emotional arousal may deplete the cognitive resources needed for optimal performance,
thereby reinforcing the stereotype [34,103].

This study adds important empirical evidence to the literature on gender differences
in cognitive performance by demonstrating that emotional reactivity, an often-overlooked
factor, plays a significant role in these differences. By measuring physiological arousal
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through GSR, this study provides concrete data showing that the emotional and physiolog-
ical responses elicited by stereotype threat can slow performance, even if accuracy remains
unaffected. This finding is critical for educators and policymakers aiming to address gender
disparities in STEM fields, as it suggests that interventions designed to reduce stereotype
threat and manage emotional reactivity could be key to improving performance outcomes
for girls in mathematics and spatial tasks.

Additionally, the findings underscore the complex interplay between emotional states
and cognitive performance, particularly under conditions of stereotype threat. This study
not only broadens the understanding of how gender differences in performance manifest,
but also points to the importance of considering physiological and emotional factors in
educational interventions. By emphasizing the role of emotional reactivity, this research
makes a vital contribution to knowledge on how gender disparities in STEM fields can
be mitigated.

4.3.3. Subjective Anxiety

Math anxiety emerged as a significant predictor of performance on both the math
and the mental rotation tasks, with higher levels of anxiety associated with lower math
percentage scores and less mental rotation accuracy. The former is consistent with the
existing literature highlighting the detrimental effects of math anxiety on math performance,
likely due to increased cognitive load and interference with working memory [34,91,95].
Similar to research on the effects of psychological factors such as math self-concept on
accuracy on a mental rotation task [13], the findings of the current study suggest that
individuals with higher anxiety about math also tend to struggle more with spatial tasks
like mental rotation.

Interestingly, in this study, math anxiety did not significantly affect math completion
times nor mental rotation response time. This suggests that the primary impact of math
anxiety may be on the precision and accuracy of math and spatial task performance rather
than on the speed of processing. This distinction is important because it indicates that, while
anxious individuals may not necessarily take longer to complete tasks, their heightened
anxiety could lead to more errors or less accurate responses. This could be due to the fact
that anxiety diverts cognitive resources away from the task at hand, leading to a focus on
avoiding mistakes rather than on efficient problem solving [37,39].

In contrast, spatial anxiety did not emerge as a significant predictor of either percentage
scores or completion times on the math task nor accuracy and response times on the spatial
task. This finding is intriguing, particularly in light of the literature discussed in the
introduction, which suggests that spatial anxiety can disrupt performance on tasks that
require spatial reasoning, such as mental rotation [41,55,56]. One possible explanation
for this result is that the math problems, although correlating with mental rotation, were
mathematical in nature, thus diminishing the influence of spatial anxiety on performance
outcomes. Additionally, the prior engagement with these kinds of math problems may
have served as a warm-up that reduced the impact of spatial anxiety on subsequent
spatial performance. The lack of a significant relationship between spatial anxiety and
performance in this study could also reflect the influence of other moderating factors,
such as task familiarity or the presence of stereotype threat, which were mentioned in
the introduction as important considerations in understanding the effects of anxiety on
cognitive performance.

Overall, these findings contribute to a nuanced understanding of the role of anxiety in
educational contexts, highlighting that, while math anxiety clearly impairs performance
accuracy, its effects on speed are less straightforward. This insight underscores the impor-
tance of considering the specific cognitive demands of tasks when assessing the effects of
different types of anxiety on performance, as well as the potential for targeted interventions
to mitigate these effects.
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4.4. Gender-Specific Effects of Subject Preference, Emotional Reactivity, and Subjective Anxiety on
Math and Mental Rotation Performance

This study revealed significant gender differences in how subject preferences, emo-
tional reactivity, and subjective anxiety impact task performance. For boys, none of the
predictors played a significant role in performance outcomes on the math tasks. These
findings may indicate that boys” performance is less affected by anxiety and physiological
arousal, or it may reflect different coping mechanisms or cognitive strategies employed
by boys [54,73]. Additionally, boys may also be aware of stereotypes suggesting male
superiority in math, which could increase pressure to excel in math tasks. This pressure to
uphold the stereotype and compete with male peers may lead to faster performance but
result in more errors [37]. Additionally, an element of bravado along with peer pressure
may lead boys to under-report subjective anxiety [36,104]. On the mental rotation task,
none of the factors were significantly associated with boys’ spatial performance.

Girls, on the other hand, performed better on the math task when they reported less
subjective anxiety, that is, they had better percentage scores. Additionally, their preference
for math, and an ability to keep physiological arousal in check and regulate emotions, was
associated with shorter completion times on the same task. None of the factors played
a role in girls” performance on the mental rotation task. These findings suggest that
girls” math performance is more sensitive to the effects of subject preference, anxiety, and
physiological arousal. There are several possible explanations for this difference, which
have been previously identified in the literature. Firstly, females are known to employ
an analytic, piecemeal processing strategy when attempting to solve items on a task with
spatial elements [102], such as the Kangaroo problems. This approach is known to be
more time-consuming than the alternative holistic approach employed by males. It is
well-known that having sufficient time is an important factor for females in performing
spatial tasks [105]. Also, higher sensitivity to emotional and physiological states could be
attributed to gender differences in emotion regulation strategies and stress responses [73,74].
Stereotypes associated with female math inferiority, in other words, stereotype threat, may
have had a more powerful effect for girls” performance on the math task than on the less
familiar mental rotation task [9,51,54]. Moreover, evidence from research has found that
individuals with high levels of math anxiety and increased physiological arousal showed
decreases in math accuracy compared to those who had lower math-related anxiety [48].

Girls who indicated a preference for math had significantly higher percentage scores
and lower completion times on the math task. This preference for math reflects a charac-
teristic of the sample and provides further evidence that reciprocal effects exist between
engagement, practice, a more positive math attitude, and performance on both mathemati-
cal tasks [13,99,106].

As mentioned, neither boys’ nor girls’ mental rotation performance was significantly
influenced by any of the factors measured in this study, including emotional reactivity,
math anxiety, or spatial anxiety. This finding is noteworthy, particularly in light of the
well-documented gender differences in mental rotation tasks, where boys have traditionally
outperformed girls [96]. However, recent research suggests that, when the design of such
tasks is adjusted to reduce gender bias and stereotype threat, these differences may diminish
or even disappear [20,22-24]. By carefully selecting stimuli that were gender-congruent or
gender-neutral and ensuring that the task was novel and free from culturally ingrained
biases, this study likely reduced the activation of any stereotype-related concerns. This
might explain why none of the measured factors, including those typically associated
with stereotype vulnerability, such as math and spatial anxiety, had a significant impact
on performance [34,41,51]. Additionally, the extended time limits may have allowed for
more thoughtful and strategic processing, further reducing the influence of anxiety or
emotional reactivity. The opportunity to approach the task without the pressure of a strict
time constraint might have enabled both boys and girls to employ their optimal cognitive
strategies, leading to similar levels of performance across genders. This outcome supports
the idea that time constraints and task pressure are critical factors that can exacerbate or
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mitigate gender differences in spatial tasks [35]. This highlights the importance of task
design in educational assessments and suggests that gender differences in spatial abilities
might be more context-dependent than previously assumed. Overall, the lack of significant
effects on children’s spatial performance in this study provides valuable insights into how
stereotype threat can be mitigated through thoughtful task design, and it challenges the
notion that gender differences in spatial abilities are innate or unchangeable.

4.5. Limitations and Future Research

Generally, there is a need to replicate this study in future research due to a number
of limitations outlined in this section. The log-transformed spatial anxiety variable was
approximately normally distributed, with minor deviations that did not significantly impact
the analyses’ validity. However, caution is advised regarding these deviations as they can
lead to the incorrect interpretation of related findings.

Physiological measurements, such as skin conductance, inherently vary and can be
skewed. Despite standardization and normality tests, some limitations persist due to
individual differences in baseline levels and potential measurement artifacts [82]. Thus,
while our findings offer valuable insights, further research is needed to confirm these
results and explore their generalizability across different populations. Other physiological
measurements such as pupillometry, eye-tracking measurement, or photoplethysmography
(PPG) could capture autonomic nervous system activity during cognitive tasks, which may
provide more insight into the effects of physiological arousal.

The math task used in this study, derived from the Kangaroo Challenge, differs from
the standardized problems children typically encounter in the German primary school
curriculum. Although designed to engage and encourage enjoyment of math [83], the
unfamiliar and creative nature of these problems might have caused stress or led to rushing
through the task to engage with the computerized spatial task.

Future studies could benefit from utilizing a computerized math task. Such a task,
which also records the response times of individual items, would allow for a full investi-
gation of the effects of gender, subject preferences, subjective anxiety, and physiological
arousal on performance on more difficult tasks, for example. This could facilitate an analy-
sis of whether gender differences in scores and processing times persist on more difficult
math tasks. An analysis of the current paper-and-pencil data allowed for only a limited
insight into the effects of physiological arousal and the math completion times as a whole
rather than individual items.

A notable limitation is the reliance on quantitative data, which does not capture the
nuanced experiences and thoughts of the children during the tasks. Including qualitative
data could provide deeper insights into the cognitive and emotional processes children
experience while performing math and mental rotation tasks. Mixed methods allow for
the integration of both quantitative (physiological measures, test scores) and qualitative
(e.g., interviews, observations) data, providing a more comprehensive understanding of
the phenomena under study. This approach helps to capture the complexity of children’s
experiences with anxiety and cognitive tasks, offering insights that might be missed with a
single-method approach.

The sample may be biased because the children who agreed to participate likely had
more interest and enjoyment in math than the general school population. Furthermore,
their parents may have consented for children with a more positive attitude towards math
after discussing participation in this study with them. Additionally, the sample was taken
from one region in a single European WEIRD (Western, Educated, Industrialized, Rich, and
Democratic) state. Replicating this study with a more diverse socio-economic and cultural
population may contribute to a higher generalizability of the findings to primary school
contexts globally.

A factor which may have led to increased anxiety levels in students is testing by
unfamiliar individuals which did not take place in their own classroom. Although they had
access to their teachers at any stage, this may have caused some children to feel more anx-
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ious. Moreover, the effects of teacher and educator attitudes and anxieties regarding math
and spatial activities were not explored in this study, but could have valuable educational
implications. Information about parent’s socio-economic status and cultural background
could also enhance findings in future research.

Future research should investigate the associations between anxiety and physiological
arousal with larger, more diverse samples to confirm and elaborate on these findings.
Longitudinal studies could offer insights into how these relationships evolve over time and
across different educational stages. Additionally, examining the effectiveness of specific
interventions such as mindfulness or relaxation in primary education aimed at reducing
anxiety and managing physiological arousal could offer practical solutions for improving
academic performance.

4.6. Educational Implications of This Study

The results of this study suggest several implications for teachers and educators. Given
that girls demonstrate higher math performance but also higher anxiety in mathematics,
interventions should focus on reducing math anxiety and providing support to build
confidence. Encouraging a positive math identity in girls from a young age could help
balance subject preferences and potentially increase the number of girls pursuing STEM
fields in the future [97]. Furthermore, fostering interest and enthusiasm for math in girls can
have significant benefits for their performance [100]. This could involve providing positive
role models, offering engaging math activities, and addressing anxiety through targeted
interventions [107]. Engaging and relevant math problems that connect to real-world
applications can make the subject more relatable and interesting [92,93]. Interventions such
as stress management training, mindfulness practices, and anxiety reduction techniques
can help students manage physiological arousal and negative emotions, thereby enhancing
performance. For boys, strategies to improve focus and attention during tasks may be
more effective. Also, techniques such as positive reinforcement and encouraging a growth
mindset can also be beneficial [51,108]. Educators could counteract gender stereotypes in
math and science by promoting positive role models and creating an inclusive classroom
environment. Encouraging all students to see themselves as capable mathematicians can
improve self-concept and reduce anxiety [8,100]. Overall, these educational strategies could
contribute to more balanced academic outcomes and encourage greater participation of
girls in STEM disciplines.

Additionally, as spatial ability is critical in many STEM-related tasks, such as geometry,
engineering design, architecture, and physics, the spill-over effects of math-related psycho-
logical and emotional factors such as math self-concept, math anxiety, and physiological
arousal negatively impact spatial abilities. Students with high math anxiety and high
emotional reactivity may struggle in these areas, even if their spatial reasoning skills would
otherwise be strong. This could result in students avoiding STEM subjects or careers, per-
petuating under-representation in fields that rely heavily on spatial reasoning. Curriculums
could integrate more spatial reasoning activities in non-math contexts, which would allow
students to develop spatial skills without the pressure of math tasks, potentially reducing
the impact of math anxiety. For example, including more visual arts, design, and hands-on
learning can improve spatial reasoning in less anxiety-inducing environments [109].

5. Conclusions

This study highlights significant gender differences in mathematics performance,
subjective anxiety, subject preference, and emotional reactivity among primary school
children. Girls outperformed boys in percentage scores on the math task but took longer
to complete it, suggesting a more meticulous approach with higher anxiety levels playing
a significant role. Boys, on the other hand, prioritized speed over precision, resulting in
lower scores but faster completion times. Math anxiety significantly impacted students’
performance, with higher anxiety associated with lower scores for both genders, though its
effect was more pronounced in girls. Emotional reactivity, as measured by GSR, influenced
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completion times for the math and the spatial tasks, indicating that higher physiological
arousal can slow performance on both. Girls who preferred math performed better in
this domain and completed the task faster, highlighting the importance of fostering a
positive attitude towards the subject at this important educational stage in order to enhance
performance. No significant gender differences were found in mental rotation accuracy
nor response times, suggesting that spatial ability may be more evenly distributed among
primary school children or that educational practices in Germany effectively mitigate these
differences. These findings underscore the need for educational interventions designed to
address the unique needs of boys and girls.

Furthermore, addressing societal influences and systemic issues such as gender stereo-
types, poor attitudes towards mathematics, and gender inequity in STEM fields is vital
for creating a more equitable and supportive environment for all students. Several inter-
ventions can be implemented; for example, training teachers in gender-sensitive practices
and diverse teaching methods [110]; developing educational materials that promote gender
equality and feature diverse STEM role models [111]; engaging parents and communi-
ties through workshops and resources to support positive attitudes towards math and
STEM [112]; launching media campaigns to change societal perceptions and highlight
successful women in STEM [113]; advocating for policies that promote gender equity in
education, including training for educators and anti-discrimination policies [114]; and
conducting research to continuously assess and improve these interventions. These steps
aim to create a more inclusive and supportive environment, benefiting all students and
fostering a culture of respect and equity in education.
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Appendix A. Sample Problems from Math Task

Sample number line estimation problem for second-grade students.
Difficulty level: high.

Cc-2

Die Mdadchen Lia und Mia und die Jungen Leo, Ole und Ali stehen in einer
Reihe.

Lia steht zwischen Ole und Leo. w 5@¢ '@- @
Leo steht am Rand. ()
23 Zak. )
Ali hat einen Pulli mit einem FuBbaill. B L e Yo
A B C D E

Welches Kind ist Mia?

Translation from German: “The girls Lia and Mia and the boys Leo, Ole and Ali are
standing in a row. Lia is standing between Ole and Leo. Leo is standing on the edge. Ali
has a sweater with a soccer ball on it. Which child is Mia?”

Sample word problem for third-grade students.

Difficulty level: high.

Egon, the mole, is working on his burrow. He already made o G

5 molehills, 2 of them today. Only one of the hills A, C and D
was made today. C or E was made today, but not both. A and D
were both made yesterday. Which 2 molehills were made today? o G

(AYAandE (B)BandC (C)BandD (D)CandE (E)BandE

Sample missing term problem for fourth-grade students.
Difficulty level: high.

C7/| Using 3 types of cans, 2 scales were brought into balance. What has to be added to
the left side of the third scale so that it is also balanced?

e &8 8=
_ S A __
(A) (B) (C) (D) (E) ==

All problems are available in several languages from the German Kangaroo and
Mini-Kangaroo competition website, but were presented to participants in German.
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Appendix B. Examples of Stimuli Used in the Two Subtests of the Mental Rotation Test

MRT 1
Letter_g

Lorry_2D

Cubes_2D_#1

MRT 2
Hairbrush_3D

Cubes_#5_3D

Pellets_3D_#5

o

=
!
o

Polyhedron_3D_#1

e
vl

'\_,’ ; ._.'.' :.' 2 ..J\
Yy

Appendix C. Math versus German Survey

Appendix D. Child Spatial Anxiety Questionnaire

Math
German

questions:

1.
2.

How do you feel being asked to say which direction is right or left?

I'like both subjects the same.

Children were asked to indicate whether they preferred math or German or preferred
both subjects equally well by ticking one of the following boxes:

g
g

Children rated their anxiety on a sliding 5-point emoji scale based on the following

How would you feel if your teacher asked you to build this house out of these blocks

in 5 min? [Show child card with picture of a Lego house].

Sample picture shown to students:
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3. How would you feel if you were given this problem: John is taller than Mary, and
Mary is taller than Chris? Who is shorter, John or Chris?

4. How do you feel when you are asked to point to a certain place on a map, like this
one? [Show card with image of a map of Germany].

5. How do you feel when your teacher asks you whether these shapes are rectangles
and why? [Show child card with similar shapes].

6. How do you feel when you have to solve a maze like this in one minute? [Show child

card with maze].

How do you feel if you are asked to measure something with a ruler?

8. How do you feel when a friend asks you how to get from school to your house?

N

ey} 3) &)

V o A
— —y

The scale was translated from the original English version and presented to partici-
pants in German.

Appendix E. Modified Abbreviated Math Anxiety Scale (mnAMAS)

Children rated their level of math anxiety on a scale of 1 to 5 based on the following
statements:

Having to use the tables in the back of a math book

Thinking about a math test the day before you take it

Watching the teacher work out a math problem on the board

Taking a math test

Being given math homework with lots of difficult questions that you have to hand in

the next day

Listening to the teacher talk for a long time in math

Listening to another child in your class explain a math problem

8.  Finding out that you are going to have a surprise math test when you start your math
lesson

9.  Starting a new topic in math

A

N

The scale was translated by a native German speaker at the university and presented
to participants in German.
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