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ARTICLE INFO ABSTRACT
Keywords: Background: Spatial ability (SA) shows wide variability. One proposed explanation for the
Spatial ability observed individual difference in SA is variability in interest and engagement in activities that

Spatial cognition
STEM education
Gender differences
Art and sport

promote spatial ability. Research also robustly shown that males on average outperform females
in most aspects of SA. Previous studies have identified a number of activities that can potentially
contribute to both individual and gender differences in SA, including tinkering with electronics,
particular sports activities, and designing. However, the findings regarding these links are
inconsistent. One way to investigate these links is to compare the groups that are intensively
engaged with these activities.

Aim: The present study aims to evaluate the robustness of these links by comparing SA in ado-
lescents with expertise in STEM, arts, and sports, with their unselected peers. We also aimed to
assess whether gender differences in SA are still present in expert groups.

Methods: The data on ten small-scale SA tests was collected in an unselected sample of adolescents
(N = 864, Mean age = 15.4, SD = 1.1); as well as in 3 samples of adolescents with expertise in
STEM (N = 667, Mean age = 15, SD = 1.2); in Arts (N = 280, Mean age = 15, SD = 1.2) and in
Sports (N = 444, Mean age = 14.3, SD = 0.7).

Results: Out of the three expert groups, only STEM experts on average outperformed the unse-
lected group on all SA tasks. The STEM experts also outperformed Arts and Sports experts. Gender
differences persisted in all expert groups, with moderate effect sizes.

Discussion: Findings support previously established links between spatial ability and STEM-related
expertise. In contrast, such links were not found for expertise in arts and sports. Consistent with
previous research, we found gender differences in SA for all samples, which persisted in STEM
experts.
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Abbreviations

SA Spatial ability
STEM Science, technology, engineering, and mathematics.

1. Introduction

Spatial ability (SA) is an ability to produce, recall, store, and modify spatial relations among objects [1]. SA has been linked to
performance in different domains, such as everyday problem-solving [1,2] and maths achievement at school [3]. Research has also
found links between SA (measured at age of 13) and long-term outcomes in STEM-related careers (measured as a number of patents and
publications [4,5]). SA’s links with sports and arts were identified [6-8], but they are less robust.

Individual differences in different aspects of SA are explained by both genetic and environmental factors [1,9]. Research has also
shown that both genetic and environmental factors contribute to links between SA and educational and other outcomes [10,11].
Different mechanisms may underlie links between SA and achievement in different areas, such as STEM, arts, and sports. For example,
both genetic and environmental factors may contribute directly to some aspects of cognitive processing associated with SA (e.g.,
visualisation or manipulation of spatial information). In turn, people with greater SA may show greater performance and engagement
in STEM domain, arts, or sports. This phenomenon has been discussed in the framework of the relevant skills hypothesis [12]. People with
lower SA might avoid specific SA-demanding activities in accordance with the default hypothesis [12]. In addition, genetic and envi-
ronmental factors may contribute to motivation and interest in particular domains [13], which may lead to greater engagement in
STEM or arts or sports, and consequently to greater SA.

Some experimental research has shown that engaging in STEM, arts, sports, and games with spatial content can enhance SA [6,8,14,
15]. For example, one study showed enhanced mental rotation after 10 months of wrestling training in students [16] and the other
showed improved mental rotation after 5 weeks of dance training in young children [17]. However, other studies did not find such
effects [18,19]. The positive effect of training on SA is consistent with a number of causal explanations. SA enhancement might occur
as a result of deliberate practice [20] of a domain activity (e.g. targeted training of aiming in sports or training of perspective view in
drawing) or as a result of near transfer — when practice of a multidimensional activity (such as music performance) might indirectly
enhance SA [6].

Quasi-experimental studies also produced mixed findings. For example, one study compared scores on self-report measures of SA of
students majoring in arts (fine art, painting, sculpture, design, and illustration), STEM, and humanities. Arts students scored higher
than the other groups in visual imagery, object-spatial imagery, and object recognition ability task, with modest effect sizes [21].
Comparison of athletes and non-athletes on the ability to perform mental rotation and spatial orientation tasks yielded athletes’
advantage in these tasks with large effect sizes in several studies [7,22,23]. However, there are inconsistent results on effects of sports
training. Some studies show that the link between SA and sports depends on intensity and time of engagement. One study showed that
longer period of sports experience is associated with better spatial orientation (r = 0.26 [24]). Similarly, longer PE (>10 h per week)
was associated with better mental rotation in comparison to shorter PE (90 min per week) in schoolchildren [25]. In contrast, one study
found no difference in mental rotation between elite and recreational athletes [26], suggesting no “dose effect”.

Beyond expertise, another key factor contributing to individual differences in SA is gender. A wealth of studies demonstrated males
of all ages on average outperform females in most aspects of small-scale SA, including mental rotation, paper folding, and cross-
sections [8,12,18,25,27-32], with medium to large effect sizes (Hedge’s g from 0.62 to 1.34 in meta-analysis [32]). A recent
meta-analysis has also found robust gender differences in large-scale SA, namely navigation ability [33]. Less consistent gender dif-
ferences were found for spatial visualisation tasks [34]. Further, gender differences in SA might be moderated by age. An early
meta-analysis concluded that gender differences in SA appear in childhood and stay persistent over the lifespan [35]. However, a
recent meta-analysis on navigation skills showed smaller gender differences in participants younger than 13 years in comparison to
older ones [33].

Spatial ability level, expertise in different areas (e.g., STEM), engagement in SA-related activity (e.g., videogames), gender, and age
may interact. For example, one study with undergraduate students examined the effects of videogames training on mental rotation
ability [36]. Males outperformed females before the video games training (d = 0.54), but this difference disappeared after the training.
Further analyses showed that the spatial ability gain was greater in females. In contrast, another study with 7-8 year old children
showed somewhat greater gains for males in mental rotation, following a robotics-based training (programming a robot to orient
according to a map [37]. This result may be explained by age differences between the samples, as greater female gains were found in
undergraduate students and greater male gains in 7-8 year olds. An additional moderator may be neuroticism and anxiety, which are
on average higher in females [38] and have been shown to affect self-efficacy and performance [39]. These affective characteristics
may be involved in complex reciprocal processes. For example, if one struggles with the task, it might lead to an increased anxiety,
which in turn might negatively affect performance. Therefore, lower average spatial ability in females may further be impacted by
anxiety triggers. If this is correct, then the gender differences in spatial ability should be smaller in high-performing samples.
Moreover, neuroticism was previously shown to be negatively correlated with performance in timed tasks [40]. As spatial ability tasks
are usually timed, greater neuroticism in females may contribute to the observed gender differences in performance on spatial tasks.
Age may be an additional factor in this complex system. For example, one study has shown that anxiety increases in females (but not in
males) during the transition from childhood to adolescence [41].
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The differences in effect may also be related to gender differences in self-perceived ability, interest, and enjoyment of SA-related
activity, which in turn may affect engagement. For example, one study found that males report greater self-efficacy, enjoyment, and
engagement in spatial activities [42]. Another study [18] showed that females reported more visual-arts experience and less
involvement in spatial-orientation activities than males, with weak effects (np2 = 0.05). In both studies, the link between activities and
SA was negligible. This is consistent with another study, which found little evidence that increased female participation in sports
increase spatial ability and engagement in spatially related occupations [43].

Only a handful of studies explored interaction between spatial ability, gender, and expertise in SA-related areas. For example, one
study found male advantage in SA in an unselected sample that was not observed in a selected sample of athletes [22]. The authors
suggested that sports activity reduced gender differences, presumably via hormonal modulation mechanisms (i.e., via increased levels
of androgens in females). The role of hormones (prenatal and postnatal) in SA has been widely researched, with mixed findings. Some
research supports hormonal explanations of SA advantage in males. For example, some studies of individuals with congenital adrenal
hyperplasia (a disease that affects production of sex steroids) indirectly support the hormonal explanation. In these studies (e.g. Refs.
[44,45]) females with this disorder outperformed unaffected sisters; and affected males performed lower than unaffected brothers on
SA tasks. These results may stem from both direct effect of androgens on SA and indirect effect from androgens on spatial activity
interests. However, several studies, including one meta-analysis, did not support the role of androgens in SA and suggest other causal
processes, including socialisation [30,42,46]. Moreover, it is difficult to apply hormonal explanation to potential positive effects of arts
and music on SA.

Overall, the mechanisms underlying individual and group differences in SA remain poorly understood, as previous research has
multiple limitations: many studies were underpowered (i.e. used insufficient sample sizes); focused only on links between SA and
STEM; investigated a limited number of SA facets (mainly mental rotation and paper folding tasks); and did not explore “the dosage
effect” of engagement.

The present paper aims to explore expertise by gender interactions, addressing limitations of the previous literature. The study used
a battery of 10 SA tests to collect data from a large sample of male and female adolescents, with expertise in STEM, arts, or sports; and
their unselected peers.

Several predictions were made based on previous research:

1. Students with expertise in STEM, arts, or sports will outperform the unselected sample on all SA tasks;
2. Males will outperform females in all SA tasks;
3. There will be reduced or absent gender differences in expert groups of adolescents.

2. Methods
2.1. Participants

2.1.1. Expert samples

One thousand, three hundred and sixty-nine adolescents (Mean age = 14.84; SD = 1.16) with expertise in different areas were
recruited at the educational centres in Russia. Expertise in this study was operationalised as participation in intensive extracurricular
activities in a specific domain. For STEM experts this included clubs, summer schools, boot camps and additional tutoring, partici-
pation in domain-specific competitions, e.g. subject Olympiads (see Ref. [40]). For Sports experts, criteria included participation in
sport teams, clubs, sports leagues, sport camps and competitions. For Arts experts, criteria included training in performing arts, fine
arts, ballet, or literature; participation in clubs, competitions, exhibitions, and concerts. All experts were actively involved in their
domain activities for at least a year and had a track record of high performance in a respective area.

2.1.2. Unselected sample
Eight hundred and sixty-four schoolchildren (413 females; Mean age = 15.40; SD = 1.13) were recruited from public schools in two
cities of Russia with no selection criteria. Table 1 presents the samples’ composition.

Table 1
Composition of all samples.
STEM (N = 656) Arts (N = 280) Sports (N = 443) Unselected (N = 864) Arts and Sports combined
* (N =718)
N Males N Females N Males N Females N Males N Females N Males N Females N Males N Females
390 250 56 (20%) 223 368 (83%) 71 (16%) 451 (52%) 413 424 (59%) 294
(59.4%) (38.1%) (79.6%) (47.8%) (40.9%)
Age range 13-18 13-18 13-18 13-18 13-16 13-17 13-18 13-18 13-18 13-18
Mean age 15.0(1.21) 15.14 14.49 15.08 14.27 14.47 15.41 15.39 14.31 14.96
(SD) (1.26) (1.30) (1.15) (0.58) (1.07) (1.15) (1.12) 0.77) 1.16)

Note: 16 participants from STEM group, 1 participant from Arts group and 4 participants from Sports group did not indicate their gender; *see section
3.1 for explanation on combined sample. Significant age differences were found in Arts sample and Combined non-STEM sample.
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2.2. Procedure

The Ethics committee of the Interdisciplinary Research at Tomsk State University approved the study (code of ethical approval:
16012018-5). The participants and their parents or legal guardians received information regarding goals and procedures of the study
and the voluntary basis of their participation. Only the students whose parents or legal guardians provided written consent forms
participated in the study. Additionally, assent was obtained from the adolescent participants before the testing session. Participants did
not receive any compensation for their participation.

All testing took place at the educational centres, where adolescents from different schools were taking part in some extra curric-
ulum activity. All participants completed the same battery on individual laptops in a similar laboratory condition under supervision of
a researcher. The testing took approximately 90 min.

2.3. Materials

Before the start of the cognitive tests, the participants filled in a computerised socio-demographic inventory providing their age,
gender, and area of expertise.

2.4. King’s Challenge battery

Ten small-scale SA timed tasks from a gamified online battery “King’s challenge” were used to assess different facets of SA [1]. The
sum of correct answers for each task is used to assess each facet of SA. See tests description in Table 2. For a more detailed battery
description, see Rimfeld and colleagues [1]. The battery was adapted to Russian and validated in student [27,47] and adolescent
samples [48].

2.5. Statistical analysis

All statistical analyses were conducted using IBM SPSS (Statistical Package for the Social Sciences), version 23 and RStudio [49]. All
variables were standardised and screened for univariate outliers within groups. The threshold of Z = 3.29 was used as recommended in
Field (2007) to exclude outliers. Overall, there were fewer than 5% of univariate outliers; and fewer than 5% of multivariate outliers
according to Mahalanobis distance within each group. Skewness and kurtosis of all variables varied within an acceptable range (i.e.
below the cut-off of 2 as recommended by George and Mallery [50]). However, distributions deviated from normality according to the
Kolmogorov-Smirnov test; therefore, Pillai’s Trace statistic was used in MANOVAs as the most robust to violation of the assumption.

3. Results

Means and standard deviations for each sample are presented in Fig. 1. Additional details, including post-hoc analyses, are pre-
sented in Appendix (Tables A.1-A.2).

3.1. Sample differences

Before testing the first hypothesis, we created residuals scores after controlling for gender and age. The gender composition of the

Table 2
Test battery description.
Task name N of Time limit per Description Reliability (Cronbach’s alpha)
ftems item (sec) Full STEM  Art Sport  Unselected
sample

3D to 2D drawing 5 45 sketching a 2D layout of a 3D object from a 94 .90 91 .91 .93
specified viewpoint

2D to 3D drawing 7 70 sketching a 3D object from a 2D layout .87 .79 .81 .84 .84

Cross-sections 15 20 visualising cross-sections of objects .85 .79 .83 .78 .81

Elithorn mazes 10 7 joining as many dots as possible from an array .87 .82 .82 .85 .89

Mazes 10 25 searching for a way through a 2D maze .68 .60 .56 .66 .68

Mechanical 16 25 multiple-choice naive physics questions .63 .60 45 .48 .58

reasoning

Paper folding 15 20 visualising holes in a piece of paper which it is .89 .83 .86 .83 .87
folded, pierced, and unfolded

Pattern assembly 15 20 mentally combining pieces of objects together to .78 .68 75 .74 .76
make a complete figure

Perspective- 15 20 visualising objects from a different perspective .89 .89 .85 .87 .88

taking
Shape rotation 15 20 mentally rotating objects .86 .82 .80 .81 .84
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Fig. 1. Standardised residuals for correct answers on SA tasks in all samples (gender and age differences regressed out).

Table 3
Sample x Gender univariate effects.

Samples mean (SD)

Subtest (range of STEM non-STEM *** Unselected Sample x Sample Gender
scores) Gender
interaction
Males Females Males Females  Males Females F 3 F n F 3

3D to 2D drawing 4.37 4.11 2.24 3.27 3.63 3.10 83.83** 0.07  242.04** 0.19 1494.98** 0.42
(0-5) (.65) (.76) (1.44) (1.26) (1.19) (1.31)

2D to 3D drawing 4.08 3.43 .83 2.18 2.69 2.00 80.67** 0.07  281.17** 0.21 417.35%* 0.17
0-7) 1.77) (1.61) (1.11) (1.60) (1.93) (1.68)

Cross-sections 9.10 8.00 3.16 5.00 6.67 5.33 42.54%* 0.04  250.24** 0.20  638.68** 0.24
(0-15) (3.34) (3.53) (2.93) (3.73) (3.73) (3.45)

Elithorn mazes 8.40 7.84 7.13 7.13 7.63 6.86 12.74%* 0.01 81.87** 0.07  5819** 0.74
(0-10) (.91) (.97) (1.61) (1.46) (1.59) (1.76)

Mazes (0-10) 6.51 5.95 4.18 4.91 5.56 5.21 17.20** 0.01 98.46** 0.09 1306.41** 0.39

(1.78) (1.94) (2.16) (1.96) (2.31) (2.09)

Mechanical 12.26 10.28 8.20 8.56 10.58 8.58 50.58%** 0.04  213.55** 0.17  4216.76** 0.67
reasoning (2.24) (2.35) (2.52) (2.34) (2.52) (2.40)
(0-16)

Paper folding 11.48 10.89 3.99 7.17 8.32 7.64 53.28%* 0.05  320.17** 0.24  643.57** 0.24
(0-15) (3.33) (3.18) (3.39) (4.07) (4.36) (4.25)

Pattern assembly 8.18 7.13 3.96 5.32 6.81 5.40 40.73** 0.03 164.22%* 0.14  903.42** 0.31
(0-15) (2.69) (2.72) (2.91) (3.00) (3.23) (2.99)

Perspective- 7.39 3.84 2.52 3.81 5.77 2.79 46.70** 0.04  91.12** 0.08  693.72%* 0.25
taking (0-15) (4.63) (3.61) (3.16) (3.27) (4.43) (2.99)

Shape rotation 10.47 8.95 4.42 5.98 8.03 6.24 38.80** 0.03  210.47**  0.17  862.87** 0.30
(0-15) (3.57) (3.63) (3.55) (3.81) (4.12) (3.949)

Note: *p < .006, **p < .001, *** Art and Sport combined; Means and SD represent scores before age was regressed out. Higher SA for females in
comparison with males in the non-STEM-selected sample for some of the measures might be explained by effects of age: females were slightly older
than males in this sample (see Table 1) and age was correlated with SA. For the main analysis, presented in Section 3.3., age was regressed out,
resulting male advantage for all measures except for 2D to 3D drawing for which no significant gender differences were found.
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samples was uneven (See Table 1). Therefore, we regressed out variance in SA tests scores, associated with gender. We also regressed
out age to control for differences between the samples (See Table 1); and between age-SA correlation (r = [0.12-0.20], ps < 0.01).

Further, we explored the hypothesis regarding differences in SA between individuals with various expertise. MANOVA on
standardised residuals was significant (Pillai’s Trace = 0.484, F (30, 6045) = 29.90, p < .001, ;712, = 0.16). Post-hoc comparisons with
Bonferroni correction showed that STEM experts significantly differed from Arts and Sports; and the unselected sample (See Table A.1
and A.2 in Appendix).

We then conducted ten univariate ANOVAS to see patterns of results by expertise groups for specific SA facets. All ten models were
significant at 0.006 (corrected for multiple comparisons; see Table SA1). We also conducted a non-parametric analysis to confirm the
results using the Kruskal-Wallis H test, as Levene’s test was significant for all facets (F varied from 2.79 to 62.91, all ps < .05) and the
data for all facets violated normality assumption. The differences were significant, with 52 varying from 138.35 to 452.83, p < .001, for
all comparisons.

Post hoc Bonferroni comparisons showed significant differences between the samples, with nﬁ varying from 0.08 to 0.26. For
detailed information, see Table SA1 and Fig. 1. Overall, STEM experts outperformed all other samples on all SA tasks. The Arts experts
performed similar to the unselected sample, while Sports experts showed lower scores on almost all tasks than other samples.
Therefore, the hypothesis that expertise is associated with SA level was supported only for STEM expertise. For further analyses, we
combined two expert groups (Arts and Sports) into one expert sample — non-STEM-experts. This also made samples more balanced in
terms of gender distribution (See Table 1).

3.2. Gender differences

Further, we aimed to investigate gender differences across samples. We explored gender differences in non-STEM-experts (com-
bined Arts-and-Sports sample), STEM-experts, and unselected samples in performance on ten SA tasks in three (Sample) by two
(Gender) MANOVA, using standardised residuals with age regressed out.

Main effect of the sample was again significant (Pillai’s Trace = 0.344, F (20, 3990) = 41.48, p < .001, '7% = 0.172). Univariate
analyses with Post Hoc Bonferroni correction showed that STEM-experts outperformed two other samples on all tasks, irrespective of
gender. The combined Arts-and-Sports sample scored lower than STEM and unselected samples on all tasks (see Table 3; See Table A.3
for raw means and SDs for males and females in Arts and Sports samples).

Main effect of gender was significant (Pillai’s trace = 0.807, F (10.00, 1991.00) = 832.16, p < .001, Thz: = 0.80). Univariate analyses
revealed significant gender differences in all tasks with moderate-to-strong male advantage (']12) vary from 0.17 to 0.67; see Table 3 for

2
Gender
_ . - Female
‘ Male

Score (standardised)

o @ 3 Cd
DY o & =~ 4% N O

Small-scale spatial ability measures

Fig. 2. Standardised residuals of correct answers on SA tasks in Genders (age differences are regressed out).
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raw means and Fig. 2 for standardised residuals).

3.3. Sample by gender interaction

Interaction between sample and gender factors was also significant (Pillai’s trace = 0.117, F (20, 3984) = 12.39, p < .001, ;75 =
0.059). Univariate analyses revealed significant interaction in all tasks, with r/ﬁ varying from 0.01 to 0.07.

We conducted three additional MANOVAs to explore gender differences in each sample. We found significant differences between
males and females in the STEM-selected sample (Pillai’s trace = 0.908, F (10, 584) = 579.42, p < .001, 1112, = 0.90). Univariate analyses
revealed significant differences in all tasks, with nﬁ varying from 0.27 to 0.87, suggesting strong male advantage.

A similar pattern was found in the Unselected sample (Pillai’s trace = 0.819, F (10, 737) = 332.96, p < .001, qﬁ = 0.81). Males
outperformed females on all tasks, with 1112, varying from 0.27 to 0.72.

Similar differences of a bit lower magnitude were found in the non-STEM expert sample consisting of artists and athletes (Pillai’s
trace = 0.747, F (10, 652) = 192.27, p < .001, nlz, = 0.74). Despite female advantage in raw means (that can be attributed to age
differences), strong male advantage was found in almost all tests, with qg varying from 0.06 to 0.67 after controlling for age. The only
exception was the 3D drawing task, in which the difference was nonsignificant. See Table 3 for raw means and Fig. 3 for standardised
residuals.

4. Discussion

The present paper aimed to explore links between spatial ability, gender, and expertise (in STEM, arts, or sports). First, we
examined whether adolescents who are experts in these areas scored higher in SA than their unselected peers. The effect of expertise
was only observed for STEM, replicating a wealth of previous findings of positive associations between SA and STEM [4,5,12,27,51].
The advantage in SA demonstrated by STEM experts further supports adding SA assessment to maths and verbal tests and achievement
measures used for talent identification [4,5,51-53].

The absence of effect expertise on SA in Arts and Sports might be explained by the use of only small-scale SA tasks in the present
study [31]. These tasks might not capture the potentially superior ability of artists and athletes to process visuospatial information in a
natural environment. For example, several studies have shown that visual attention is higher in athletes, including hockey players,
compared with non-athletes [22,54,55]. Moreover, some research suggests that athletes can demonstrate superior performance in

Gender.and.Sample
E3 Female non-STEM
E3 Female STEM
B3 Female Unselected
E3 Male non-STEM

B Male STEM

- Male Unselected

Score (standardised)

Ko
K
6‘@00‘6
%
éod‘
%
%

Small-scale spatial ability measures

Fig. 3. Standardised residuals of correct answers on SA tasks in samples and genders (age differences are regressed out).
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small-scale SA, but only in a task that is directly relevant to their sport. For example, a recent study [56] found that basketball experts
outperformed novice players (np2 = 0.08) on a mental rotation task that has been modified to be directly relevant to basketball.
Similarly, the highest visuo-spatial working memory performance was evident in chess experts when stimuli were chess-specific [57].
These findings are consistent with the investment of effort theory [58] which assumes that direct investment in training of relevant
abilities might inhibit abilities in other domains [59].

It is also possible that specific abilities are related to different types of sports and arts activities. For example, large-scale SA (e.g.
spatial orientation, distance estimation [31]) might be more important for team sports in which athletes often need to process spatial
information regarding positions of partners, opponents, or important field landmarks. In addition, sports performance may enhance
visuospatial working memory. For example, one study [60] shown that dancers and athletes with high expertise (>10 years of
experience) have larger visuospatial working memory capacity than non-experts (<10 years of experience), with moderate effect size
(qg = 0.08-0.15). The effect of expertise on working memory was also found for artistic domains. For example, it was shown that
musicians have larger working memory capacity, including for visual information, compared to nonmusicians [61]. Another study
found higher visuo-spatial working memory performance in adolescents with expertise in arts compared with athletes [62]. In the
current study, the Sports and Arts groups were heterogeneous: figure skaters, hockey, and chess players for Sports; and ballet dancers,
musicians, and fine arts performers for the Arts sample. Further fine-grained research is needed to identify specific aspects of SA
associated with specific domains of expertise.

Beyond specificity of SA with regard to expertise, other factors might have contributed to the absence of main effect of Sport and
Arts expertise on SA in our study. For example, motivation to complete computerised cognitive tests could be lower in Arts and Sports
experts compared to STEM experts, who also have more practice with such tasks. Further, reliability of the measures was suggested to
contribute to differences in performance between samples [63]. Thus, computerised tests might have higher reliability in STEM experts
and lower reliability in Sports and Arts experts. However, we found no evidence of drop in reliability for the Art and Sports samples
(see Table 2). In addition, inconsistencies in the literature regarding reported effects of expertise might be linked with age effects
and/or “dosage” of the training. For example, the effect of some activity, e.g. sport training or learning a second language, may require
longer time to grow in strength and/or may manifest in adulthood [24,64].

In our study, males outperformed females in all SA tasks with moderate effects after controlling for age. The strongest male
advantage was found in Mechanical reasoning and Elithorn mazes, which replicates a previous study with the same battery where
these two tests also demonstrated the largest gender differences [27]. Elithorn mazes had the shortest presentation time, but was found
to be the easiest task in the battery [48]; and showed on average lower correlations with other spatial ability tests [65]. Moreover,
Elithorn mazes and Mechanical reasoning demonstrated somewhat lower reliability in comparison with other tests [47]. Further
research is needed to explore whether these or other factors may contribute to greater gender differences found for these tasks.

Gender differences were present for all expert samples and the unselected sample. Our findings are in line with previous studies that
consistently replicate male advantage in SA (see e.g. Refs. [29,34]). Multiple hypotheses regarding the origins of observed gender
differences have been explored, including evolutionary hunter-gatherer theory [66]; differences in brain structure and function [32];
hormonal differences [29,30,67]; differences in cognitive strategies used to solve spatial tasks [32]; differences in experience with
spatial games and toys [29,67]; cultural settings and social stereotypes [67-69]; and differences in neuroticism that may be partic-
ularly influential for timed tests [29,40]. In addition, lack of interest in STEM [70] and computer science [71] in females might
contribute to the obtained gender gap in results, as the tests were completed on a computer. However, this does not explain observed
gender differences in the expert STEM group, who are proficient computer users. In our study, we expected that gender differences in
SA would be moderated by expertise. Specifically, we expected smaller gender differences in STEM experts in comparison to the
unselected sample, as at least one previous study suggested a reduced gender gap in SA after training [36]. However, our study
demonstrated that gender differences in SA persist at the expert level. Although, STEM experts demonstrated on average higher SA,
intensive and prolonged practice in STEM activities did not narrow the gap between males and females in SA. In fact, even greater male
advantage was found in the sample of STEM (ng =0.90) and non-STEM experts (;1}2, = 0.81), compared with the unselected sample (;112, =
0.74). Moreover, females with expertise in STEM performed worse on average compared with unselected males (Cohen’s d =
[0.55-1.43], all ps < .001).

The results are consistent with the view that high SA is a “relevant skill” for STEM achievement and expertise [12], but is not
necessary or sufficient for such achievement. Our results are also consistent with the default hypothesis [12], according to which people
avoid specific areas because they have weaknesses or perceived weaknesses in a specific ability [72]. This hypothesis has been put
forward as one of the explanations for under-representation of females in STEM fields [73]. These processes may also partly explain
lower proportion of females in STEM group in our study (38%) and lower SA in Arts and Sports groups.

Interestingly, the differences between males and females were found for all tests in non-STEM experts except 3D drawing task. It is
possible that this SA facet is particularly trained in fine arts experts. In our study, most experts in fine arts (almost 80%) were females.

4.1. Limitations

The current research addressed several limitations of previous studies. Specifically, we explored large samples of adolescents with
different expertise and a large control sample. However, our expert samples were heterogeneous, which precluded more fine-grained
analysis. While we used a comprehensive battery of 10 S A tests, this battery did not include any measures of large-scale SA and visual
attention. In addition, the gender disproportion of Arts and Sports samples did not allow us to investigate gender differences in these
two samples separately. It is also worth noting that our groups differed in age range and average age, and therefore the results on raw
means (showing female advantage in some tests) could not be meaningfully interpreted. Once the age was controlled for, this
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advantage disappeared. Moreover, the samples of the current study consisted of adolescents only. As age was shown to moderate the
relationship between gender and spatial ability [32], further research is needed to replicate current results in younger children and
adults.

4.2. Conclusions

Overall, findings support previously established links between spatial ability and STEM-related expertise. In contrast, such links
were not found for expertise in arts and sports. Consistent with previous research, we found gender differences in SA for all samples,
including STEM experts, after controlling for age differences. Future research needs to reconcile the studies that show effects of brief
interventions (videogames, sports activities, etc.) on SA and studies that suggest negligible impact of prolonged intensive training.
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