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Abstract

:

Research has demonstrated links between sport and mathematics learning, and their relationship with spatial abilities in children. This study explored the association between the development of fundamental movement skills (FMS) and mathematics achievement, and whether the understanding of specific spatial concepts mediated these relationships. Overall, 154 Year 3 children (69 males, 85 females, aged 7–8 years) from four schools in England completed an FMS assessment involving six skills; four spatial tasks assessing intrinsic-static, intrinsic-dynamic, extrinsic-static, and extrinsic-dynamic spatial abilities; and a mathematics test assessing numerical, geometrical, and arithmetical abilities. Overall FMS ability (a combined score across the six skills) was significantly positively correlated to overall mathematics achievement. This relationship was mediated by children’s performance on the intrinsic-static spatial ability test. These findings suggest that children who have more mature FMS perform better in mathematics tasks, and this could be due to more developed intrinsic-static spatial ability. However, further research is necessary to determine the mediation effects of intrinsic-dynamic and extrinsic-static spatial ability.
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1. Introduction


Fundamental movement skills (FMS) are basic locomotor, object manipulation, and stability patterns that lead to complex specialised skills (Gallahue and Ozmun 2006; Rudd et al. 2015). They contribute to the holistic development and well-being of children (Brown and Cairney 2020). Duncan et al. (2018) report that underdeveloped FMS in children may hinder the development of a physically active lifestyle as they grow older and result in long term well-being problems (Barnett et al. 2016). The beneficial effects of mature FMS and thus physical activity on one’s physical and mental health and well-being have been thoroughly examined (Bize et al. 2007; Lee et al. 2012). However, what is less well known about FMS is their relationship with academic performance, specifically in mathematics. The main goal of this study is to investigate the relationships between FMS performance, achievement in mathematics, and spatial abilities in primary school children.



In the UK, by the end of Key Stage 1 (8-years-old), children should be able to master FMS (Department for Education 2013), which are taught and developed throughout their PE lessons (Bailey 2006). Locomotor movements involve the body moving from one place to another in any direction, for example, running, hopping, or jumping (Gallahue and Ozmun 2006). The object manipulation construct is formed of movements that involve giving or receiving force to or from an object using a body part or tool, such as catching, throwing, kicking, and striking (Gallahue and Ozmun 2006). Stabilisation, which Rudd et al. (2015) propose is as important as locomotion and object manipulation skills, are movements that involve the body remaining in place whilst either being stationary or moving around its horizontal and vertical axis, for example, turning, twisting, and static and dynamic balances (Gallahue and Ozmun 2006).



Mathematics is a valued, core, and compulsory academic subject globally (Maass et al. 2019). It is important for everyday life (Organisation for Economic Co-operation and Development 1999) and benefits nations economically (National Mathematics Advisory Panel 2008); therefore, mathematics skills in children are considered important. Mathematical achievement in early childhood is related to long term academic success (Duncan et al. 2007) and poor achievement in mathematics has been associated with underperformance in general academic achievement and poor future economic and health outcomes (Butterworth et al. 2011). However, many school children do not like mathematics and consider it a difficult and demanding subject, with many wishing they no longer had to study the subject (Haag and Gotz 2012, as cited in Heyder et al. 2020; Sharma 2008). Students have reported that they are more anxious about mathematics than other academic subjects (Goetz et al. 2007) and mathematical anxiety is evident in young children (Ramirez et al. 2013). This may be a reason why internationally there are declines in mathematical achievement among students (Wijsman et al. 2016). Within the UK, the Department for Education (2015) has discovered that many children do not meet the required levels of mathematics needed by the end of primary school to be ready for secondary school. Therefore, if we can identify the factors that may positively affect mathematics performance early on, more benefits will hopefully occur later in life.



FMS are associated with mathematical achievement. Overall FMS scores have been found to be positively associated with mathematics scores in early childhood (Willoughby et al. 2021), primary school (de Bruijn et al. 2019), and secondary school-aged children (Ericsson and Karlsson 2014; Jaakkola et al. 2015). Very few studies have looked at the specific relationships between different FMS and mathematical abilities, such as numerical, arithmetical, geometrical, and logical reasoning, as defined by Xie et al. (2020). In a study conducted by de Waal (2019), different FMS within the locomotion, stability, and object manipulation constructs were investigated in relation to numerical and geometrical mathematical skills in 5-to-6-year-old children. de Waal (2019) found that hopping, jumping, gliding, skipping, and dynamic and static balancing were positively correlated with numerical ability, and all but skipping correlated positively with geometrical ability. No FMS correlated with measurement. Further, there were no correlations between any of the object manipulation skills (catching and overarm throw) and mathematical abilities. These results highlight that there may be specific relationships between certain FMS and mathematical abilities, which requires further examination to better understand the mechanisms or mediators of the relationship between FMS and mathematics.



There is a need to explain why an association between FMS and achievement in mathematics has been found; spatial ability may be an intermediary factor to explain this association. Spatial ability is defined as the capacity to process, memorise, recall, and transform visual stimuli to comprehend visual-spatial relationships (Linn and Petersen 1985). Uttal et al.’s (2013) approach classifies spatial skills by distinguishing between intrinsic and extrinsic (defining the spatial relationships within objects or between objects in a group relative to one another), and static and dynamic spatial skills (defining spatial characteristics without or with the need for mental or physical transformation). This results in the creation of a 2 × 2 classification of spatial ability: intrinsic-static (IS); intrinsic-dynamic (ID); extrinsic-static (ES); and extrinsic-dynamic (ED), see Figure 1. Despite factor analysis research not confirming Uttal’s distinction of four spatial skills via a four-factor model in children (Mix et al. 2018), which may be due to limited and complicated research into the distinction between static and dynamic skills in children (Newcombe 2018), Uttal’s model is used in this study to assess spatial skills. This selection is based on the evidence that spatial ability is not a unitary construct (Newcombe and Shipley 2015). Behavioural evidence in young children supports the distinction between intrinsic and extrinsic skills (Mix et al. 2018), and behavioural evidence in adults supports the static-dynamic dimension (Kozhevnikov et al. 2005). Further, Gilligan et al. (2019) found that the model’s four spatial skills had varying roles in explaining academic achievement, specifically in mathematics, supporting the distinction between both the intrinsic-extrinsic and static-dynamic dimensions in children.



Regarding the relationship between FMS and spatial ability, adults who participate in sports have better spatial skills than those who do not (Moè et al. 2018). Further, Moraweitz and Muehlbauer (2021)’s review found that spatial abilities could be improved through physical activity interventions in children and adolescents, highlighting that physical activity and spatial abilities are positively related and may positively influence one another across all ages. When examining the associations with specific spatial skills, most of the research focuses on ID spatial ability. Girls aged between 6 and 14 years old had improved mental rotation performance after completing a three-month juggling programme that incorporated high coordination demands than girls who completed a light strengthening programme (Jansen et al. 2011), and mental rotation performance in first and second graders was improved in children who attended a dance training group compared to a traditional PE lesson (Jansen and Richter 2015). This highlights that spatial ability, specifically mental rotation ability, is positively related to physical activity in children.



Potential mechanisms that may explain this relationship between motor and spatial abilities, specifically ID spatial ability, have been proposed. For example, activation in motor areas of the brain have been found during mental rotation tasks (Kosslyn et al. 2001). In addition, mental rotation reaction times were slower when children performed a motor task simultaneously, highlighting a motor interference on mental rotation (Frick et al. 2009). Therefore, it appears that mental representations and transformations are connected to sensory and motor systems, which could explain the observed relationship found between physical activity, motor skills, and spatial ability.



Evidence shows consistent positive associations between mathematical ability and spatial ability (Atit et al. 2022; Frick 2019), and this relationship is evident in infancy and continues through to adulthood (Verdine et al. 2017). Research has found a link between IS spatial skills and numerical and arithmetical ability in young children (Harvey and Miller 2017; LeFevre et al. 2013). There is also evidence supporting a positive relationship between ID spatial ability and numerical (Cornu et al. 2018; Fernandez-Mendez et al. 2021; Hawes et al. 2015), arithmetical (Zhang et al. 2017; Zhou et al. 2015), and logical reasoning ability (Boonen et al. 2014; Oostermeijer et al. 2014) in 5-to-10-year-old children. ES spatial ability has also been found to be positively related with numerical (Anobile et al. 2018), arithmetical, and logical reasoning ability (Zhang and Lin 2015) in children and geometrical ability in adolescents (Goldsmith et al. 2016). Recent research in spatial training has found significant improvements in mathematics after participating in spatial training compared to control groups in children and young adults, with the effects increasing with age (Hawes et al. 2022). This convincingly highlights that spatial skills may exert a causal effect on mathematics learning.



These studies support the conclusions made by Xie et al.’s (2020) meta-analysis of 73 studies, which found that IS, ID, and ES were significantly positively related to arithmetic, numeracy, geometry, and logical reasoning. ED spatial ability was not associated with mathematics. However, the conclusion that ED spatial ability is not related to mathematics should be viewed cautiously as few effect sizes were reported for ED spatial ability. This conclusion also contrasts the results found by research in children which used perspective taking tasks to assess ED spatial ability (Gilligan et al. 2019; Mix et al. 2016; Tam et al. 2019). This difference could be due to Xie et al.’s (2020) meta-analysis comprising an overview of studies with children, adolescents, and adults, and various methods to assess each spatial ability were used. Therefore, when the most appropriate tests are used for the age group being assessed, it appears that there is a significant positive relationship between all spatial ability skills and all areas of mathematical ability.



Theoretical explanations for why spatial skills and mathematics may be related have been proposed. The first is that numbers are spatially represented along a mental number line, with smaller number magnitudes being represented on the left and larger number magnitudes represented on the right (Gunderson et al. 2012). In addition, evidence highlights that spatial skills and mathematics skills share underlying neurology. For example, the parietal and frontal cortex are activated in both spatial and mathematics tasks (Hawes et al. 2019). Another explanation may be that mathematical skills are linked to embodied cognition (Lakoff and Nunez 2000). This theory proposes that perceptual spatial skills aid individuals to solve mathematical problems because mathematical concepts become more meaningful when grounded with daily sensorimotor and visual-perceptual experiences. This evidence further adds to the literature to support relationships between mathematics and spatial abilities.



One study has investigated specific FMS in relation to specific spatial abilities and mathematical abilities. Jansen and Pietsch (2022) investigated the relationships between running, jumping, and throwing, and their equivalent spatial ability dimension, as per Pietsch (2018)’s visual-spatial taxonomy of sport skills, and mathematics performance in 8-to-10-year-old children. There were positive relationships between running and IS spatial ability, as assessed by the visual figures test, and throwing and ES spatial ability, as assessed by the water level test, but no relationship was found between jumping and ID spatial ability, as assessed by mental rotation. Performance in arithmetical, numerical, and geometrical ability was assessed and the only significant positive correlation found was between IS spatial ability and geometrical ability, specifically in boys; the more items solved in the visual figures test, the better the children’s geometrical scores. However, geometrical ability could not be predicted by sprinting ability; performance in sprinting only explained 7% of the variance in geometrical ability. This is the first study to investigate the potential relationship between achievement in FMS and mathematics by focusing on specific abilities and incorporating spatial ability into the relationship. As some of the FMS assessed were not age-appropriate, ED spatial ability was omitted and not all areas of mathematical ability were assessed, further research into this area is necessary to highlight the potential beneficial impact FMS may have on achievement in mathematics.



To address the need for further research in this area, to help clarify the relationships between FMS, spatial skills, and mathematics achievement, the present study hypothesised that total FMS score is positively associated with higher performance in mathematics (H1) and that spatial ability will mediate the relationship between FMS and mathematical achievement (H2). Previous research has only focused on locomotion and object manipulation skills, omitting stability skills. In addition, ED spatial ability has previously been assessed with age-inappropriate tests, which has led to inconclusive conclusions being determined between mathematics and spatial ability. Therefore, the current study aims to address these limitations by combining FMS performance, spatial ability, and mathematical ability in one study. All three constructs of FMS will be assessed, as well as all four spatial abilities as according to the 2 × 2 classification described by Uttal et al. (2013), using age-appropriate tests. To assess mathematics achievement, a UK standardised test covering several areas of numeracy, arithmetical ability, and geometry, as described by Xie et al. (2020), will be administered.




2. Materials and Methods


2.1. Participants and Procedure


Four primary schools consisting of 178 Year 3 children from the UK were approached. Approval for the research to take part within the school was granted by the headteachers. A favourable ethical decision was also granted by the Ethics Review Sub-Committee at Loughborough University. Parents and guardians were sent information sheets and parental consent forms via the school channels. Children who had been given informed parental consent and who gave their own informed assent participated in the study.



Overall, 155 Year 3 children participated in the study (65 boys, mean age: 8.04, SD = .301). The ethnicity of the sample was mostly White British (75.5%, n = 117). The sample represented these other ethnic groups: White and Black Caribbean (3.2%, n = 5); White and Asian (2.6%, n = 4); White and Black African (2.6%, n = 4); Pakistani (1.9%, n = 3); Bangladeshi (1.9%, n = 3); Any Other Asian Background (1.9%, n = 3); White Other (1.3%, n = 2); Indian (1.3%, n = 2); Chinese (1.3%, n = 2); Black Caribbean (1.3%, n = 2); Other (1.3%, n = 2); Any Other Mixed Background (1.3%, n = 2); and Black African (0.7%, n = 1). The ethnicities of three children were not disclosed. In addition, 17 children (35.3% boys) received financial school aid, 21 children (57.1% boys) had a learning disability, and 4 children (50% boys) had a physical impairment. The sample size meets the required sample size needed for a mediation analysis. According to Fritz and MacKinnon (2007), when conducting a simple mediation analysis using the bootstrapping (bias-corrected) method, for an anticipated effect size of .26 for both paths a and b, a statistical power of 80%, and a probability level of .05, a minimum of 148 participants is needed.



Data collection was conducted via a cross-sectional correlational design during the second half of the school year (March to June 2022). FMS, spatial ability, and mathematics ability were assessed on different days. FMS were assessed first during a PE lesson. Children watched the researcher demonstrate the first skill, then five children at one time performed this skill and were assessed by the researcher. Once all the children had been assessed on this skill, the researcher demonstrated the second skill and this method repeated until all skills were assessed. This took approximately one hour to complete for 30 children in a class. The following week, spatial abilities were assessed. Each child was assessed independently and completed the four tests on paper. This took approximately 30 min to complete per child as no time limits were enforced. Mathematics ability was assessed the following week during a mathematics lesson. Each child completed their own paper, and this took approximately 45 min to complete.




2.2. Measures


2.2.1. FMS


FMS were assessed using the class-level product measure FUNMOVES (Eddy et al. 2021). FUNMOVES assesses locomotion (running, jumping, and hopping), object manipulation (throwing and kicking), and stability (static balances) skills. Each child is assessed along a one-metre by five-metre lane, with markings at every one-metre point, creating five one-metre by one-metre boxes. On these lines, there is an increasingly smaller target zone, marked in a different colour (see Figure 2).



Running is assessed by how many full lengths of the grid are run in 15 s. The jumping activity requires children to do as many small jumps as necessary to reach and stop still with both feet on the next target line, which becomes increasingly smaller. The assessor then counts for three seconds, and the children are then set off again to the next line. This is repeated until the children reach the back of the grid. Jumping is assessed on a scale of 1 to 4: 1—fails in zone 1, 2—can do the activity to halfway line (fails in zone 2), 3—can do the activity past halfway but cannot finish it (fails in zone 3), and 4—can complete the activity (does not fail). Falling, losing balance, not stopping on the line, or one or both feet is not on the coloured target line counts as failure. For the hopping task, children must perform as many hops as necessary on their chosen leg to reach and stop still on the next target line on one leg, landing on the increasingly smaller target lines, and wait until the assessor sets them off again. This is repeated until the children reach the back of the grid. This skill is also marked on a scale from 1 to 4, based on the zone that the children lose balance in, fail to land their foot on the coloured target line, put their other foot down on the ground, or shuffle whilst waiting on the coloured target line. In the present study, the three component scores for running, jumping, and hopping were combined to create a total locomotion score.



For the throwing skill, children must throw underarm one beanbag in each of the five one-metre by one-metre boxes in their lane. This is completed once for each arm. The kicking skill requires children to kick a beanbag along the floor into each of the boxes along their lane. This must only be done by the same leg, and only for one leg, chosen by the child. Both these skills are scored on a scale from 0 to 5, based on the number of boxes filled with a beanbag. In the present study the component scores for throwing and kicking were combined to create a total object manipulation score.



For the final skill, children must hold four balance positions: (i) balancing on both feet together with their eyes open and pass a beanbag around their body three times, (ii) balancing on one leg (chosen by the child) and pass a beanbag around their body three times, (iii) picking up a beanbag from the floor whilst balancing on one leg (chosen by the child), and (iv) balancing on one leg (chosen by the child) with their eyes closed and pass a beanbag around their body three times. This skill is scored on a scale from 0 to 4, based on how many balances were successfully completed. Once a balance is not completed correctly scoring is stopped for that child.




2.2.2. Spatial Ability


IS Spatial Ability. The Children’s Embedded Figures Task (CEFT; Witkin et al. 1971) was used to assess IS spatial ability. Children are required to locate a target shape (a tent in block A and a house in block B) embedded within a more complex picture (see Figure 3 for an example). First, children complete discrimination, demonstration, and practice trails before the experimental trails (11 trials for block A, and 14 trials for block B). If children fail to identify the tent shape in all the 11 trials, they do not move onto block B. If a child does not correctly identify the house shape in five consecutive trials, the test is stopped. One point is awarded for each trial that has the shape correctly identified, resulting in a total score of 25. This test is reliable to use on 6-to-10-year-old children (Gilligan et al. 2019), with internal consistency coefficients ranging from .83 to .90 (Witkin et al. 1971).



ID Spatial Ability. The Picture Mental Rotation Task, animal stimuli (Neuburger et al. 2011), assessed ID spatial ability. Children must select the two pictures from the four on the right-hand side of the page that match the target item presented on the left-hand side of the page (see Figure 3 for an example). The two correct items are rotated versions of the target item; the other two are mirror images that have been rotated. The items are rotated at 45°, 90°, 135°, or 225° compared to the target item. The children are shown two examples and complete two practice trials before completing 16 experimental trials. One point is awarded if both correct pictures are crossed out, resulting in a total score of 16. Prior research has indicated good internal consistency (Cronbach’s alpha = .92).



ES Spatial Ability. The Water Level Test (Piaget and Inhelder 1956), as described in Jansen and Pietsch’s (2022) study, was used to assess ES spatial ability. Children are shown an image of a transparent jar half-full of water. The children must then draw the water surface line in 16 containers. Eight of the containers are identical to the example container but tilted in different positions; the other eight containers are of different designs and various sizes tilted at different angles (see Figure 3 for an example). One point was awarded for each correctly drawn horizontal line within a five-degree range either side of 180 degrees, resulting in a total score of 16.



ED Spatial Ability. The Perspective Taking Task (Frick 2019) was used to assess ED spatial ability. Children are required to identify the correct photograph that represents the picture taken by a character in a certain position based on a pictorial representation of the photographer in an arrangement. One of the four pictures shows the correct view, the other three are foils (see Figure 3 for an example). Children complete four introduction trials with real 3D objects and Playmobil characters, before completing five practice trails and 22 experimental trials. Complexity is introduced by increasing the number of objects in the stimulus picture (one, two, or four objects) and the objects differ in angular difference between the child and the photographer (0°, 90°, and 180°). A total score of 22 can be achieved. Previous research has highlighted that this test is reliable to use on this age group (Guttman’s Lambda-2 = .70, Frick 2019).




2.2.3. Mathematics Ability


Mathematics ability was assessed using the class-level Mathematics Assessment for Learning and Teaching (MaLT; Williams 2005). For the sample age group, it was most appropriate to use the MaLT8, which is used for Year 3 children and has norms for ages 7 to 9.5 years. This assessment assesses areas of mathematics that match to the strands and learning objectives of the Primary Education Curriculum in England. These areas are counting and understanding number (CN, numerical ability), knowing and understanding number facts (NF, numerical ability), calculation (arithmetical ability), and understanding shape, measurement, and handling data, which are all geometrical abilities. The test provides a total mark (out of 45) and separate strand marks: a score out of 13 for CN, 8 for NF, 10 for calculation, 4 for shape, 7 for measurement, and 3 for handling data. For the present study, a total numerical score was calculated by combining the CN and NF scores, a total geometrical score was calculated by combing the shape, measurement, and handling data scores, and calculation scores represented arithmetical ability.





2.3. Data Analysis


Calculations of descriptive statistics and Spearman’s correlations were performed using IBM SPSS 28.0. To test H2, mediation effects were verified by indirect effects (Williams and MacKinnon 2008) using IBM SPSS Amos 26. Bias-corrected bootstrapped point estimates for the indirect effects of FMS on mathematics achievement were estimated, considering 95% confidence intervals. Significant indirect effects were considered if 95% confidence intervals did not include zero. Bias corrected intervals supported by 5000 bootstrapping samples were used to make inferences. Bootstrapping procedures have been recommended as more efficient and powerful in detecting indirect effects than alternative approaches (Williams and MacKinnon 2008).





3. Results


3.1. Preliminary Analysis


Of the 155 participants who completed the research tasks, one participant did not complete the mathematics test paper. Their data for the FMS and spatial ability tests were removed. The data for ID and ES spatial ability were also removed. This was because ceiling effects for ID spatial ability (skewness: −1.627) and floor effects for ES spatial ability (skewness: 1.737) were discovered. Participants scored, on average, very highly (over 85%, M = 13.65) on the ID spatial ability test, with 35% of participants scoring the maximum score of 16, whereas participants scored on average very low on the test of ES spatial ability (M = 2.88), with 36% of participants scoring the minimum score of 0. In addition, no extreme outliers were identified on the remaining data (using the Tukey method on SPSS). These preliminary analyses resulted in a final sample size of 154 participants (mean age: 8.04, SD = .302); with 69 males (mean age: 8.05, SD = .315) and 85 females (mean age: 8.03, SD = .293).




3.2. Descriptive Statistics and Correlations


On average, the scores for all the different FMS were above 50%. Participants scored, on average, above 50% on the tests of IS and ED spatial ability (M = 13.17, out of 25, and M = 16.40, out of 22, respectively). Participants also scored, on average, 50% or above on most of the mathematics abilities. Performance on shape was the exception (M = 1.43, out of 4).



To test H1 that FMS are positively related to mathematics achievement and to explore which specific FMS are related to which specific mathematics abilities, Spearman correlation coefficients were calculated (see Table 1), as the data were not normally distributed (D(154) > .086, p < .007). To summarise, across the whole sample, analyses found that total FMS ability was significantly positively correlated with total mathematics score (rs = .171, p = .035). When breaking down FMS into the three components that form it, total locomotion score also significantly positively correlated with total mathematics score (rs = .166, p = .040). There were no significant correlations between balance (stability) and mathematics ability, nor total object manipulation score and total mathematics score, however, total object manipulation score significantly positively correlated with measurement score (rs = .190, p = .018). Correlation analyses were also conducted between FMS and spatial ability, and mathematics ability and spatial ability. Total FMS score only significantly correlated positively with IS spatial ability for the whole sample (rs = .228, p = .004). Total FMS score did not correlate with any other spatial ability. In addition, across the whole sample, all spatial ability skills significantly positively correlated with all mathematics abilities.




3.3. Mediation Analysis


As a significant positive effect was found between total FMS score and total mathematics score (β = .498, p = .043); a mediation analysis of the effect of spatial ability on this relationship was conducted, testing H2. Only IS spatial ability met the assumptions of a regression analysis and was the only spatial ability that had a positive correlation with total FMS score, therefore, a mediation analysis using a 5000-sample bootstrap analysis with 95% confidence intervals was only completed with IS spatial ability. The results show that IS spatial ability fully mediated the relationship between FMS and mathematics ability. Path a (i.e., FMS on IS spatial ability) and path b (i.e., IS spatial ability on mathematics achievement) were both significant (β = .368, p = .003 and β = 1.211, p < .001, respectively). The direct effect of FMS on mathematics achievement in the presence of IS spatial ability was not significant (β = .053, p = .770), however, the indirect effect of FMS on mathematics achievement was significant (β = .445, p = .005, 95% CI: [.139 to .804]). This highlights that IS spatial ability fully mediated the relationship between FMS and mathematics achievement, see Figure 4.





4. Discussion


The aim of this study was to investigate the relationship between FMS and mathematics achievement, and whether spatial ability mediated this relationship in Year 3 children. Regarding the first hypothesis, the results showed FMS to be significantly positively related to mathematics achievement, supporting H1. However, not all FMS were significantly correlated with all mathematics abilities. In relation to the second hypothesis, IS spatial ability, as assessed by the CEFT, mediated this relationship, providing only partial support for H2.



4.1. Relation between FMS and Mathematics Achievement


The main finding of this study confirms that there is a significant, but weak, correlation between FMS and mathematics achievement. This supports previous research that found that motor skills were positively related to mathematics achievement in school aged children. For example, the systematic review by Macdonald et al. (2018) found that motor skills have a weak positive association with achievement in mathematics across school aged children and adolescents. Further, de Bruijn et al. (2019) found that FMS were related to mathematics achievement in children a school year older than those in the current study. This research adds to the literature suggesting that the more developed and mature one’s overall FMS are, the better one’s overall mathematics achievement.



However, this study specifically found a positive correlation between total FMS ability and arithmetical (calculation) and geometrical (measurement) ability, but not numerical ability. No FMS measure correlated with either of the two numeracy skills assessed: counting and knowing number facts. This refutes previous research that found that locomotion and stability skills correlated with basic numeracy skills (de Waal 2019). Further, this study found that object manipulation skills, specifically throwing, were related to geometrical ability, as assessed by understanding measurement, which refutes de Waal (2019) who found no relation between throwing and mathematical abilities. This may be explained by the different types of throwing being assessed. For example, in the current study, children needed to throw one beanbag into each of the five boxes that are placed in increasing distance away from the child, requiring the understanding of changing one’s force in accordance with distance, whereas the children in de Waal’s (2019) study had to only throw a ball over a 7.5 m distance, thus not requiring the calculation of different distances.



The positive relationship found between FMS and mathematics might be explained by cognitive and motor functions using the same brain regions. Research proposes that physical activity and fitness improve cognitive performance by creating neural changes, such as increased cerebral blood flow, upregulation of brain-derived neurotrophic factors, and increase in synaptic plasticity in the brain regions responsible for learning (Best 2010; Etnier et al. 1997). Further, both FMS and cognitive skills involve monitoring, planning, and adaptively changing based on the information provided in the environment, therefore, motor and cognitive skills co-activate the same brain areas—specifically, the prefrontal cortex, cerebellum, and basal ganglia (Diamond 2000). If one has more developed motor skills, this may enhance the connections between these brain areas, improving the development of executive function skills, which may facilitate children’s learning of mathematics, resulting in higher mathematics achievement.




4.2. Spatial Ability as a Mediator


Our results are in accordance with previous research that found a positive relationship between all four spatial abilities and arithmetical, numerical, and geometrical ability (Gilligan et al. 2019; Xie et al. 2020). However, only IS spatial ability was positively related to FMS, specifically running, jumping, and total object manipulation scores, which refutes previous research. For example, throwing was positively correlated to performance on the water level test (ES spatial ability) (Jansen and Pietsch 2022), and physical activity and coordinative exercise (such as juggling, which involves object manipulation skills) were positively correlated to ID spatial ability, where individuals score higher on tests of mental rotation (Jansen et al. 2011; Pietsch and Jansen 2012).



The results demonstrated that IS spatial ability mediated the relationship between FMS and mathematics. This highlights that children who had more developed FMS had higher mathematics achievement, and this may be due to them performing better on the CEFT. They were better at finding a shape in a picture by ignoring irrelevant information (disembedding). This could be explained by motor experts having greater visual perception skills. Elite athletes have greater visual perception skills; they are quicker at moving their eyes and detecting valuable perceptual cues whilst ignoring irrelevant information in the environment to perform highly in their sport (Voss et al. 2010). Therefore, the children with mature FMS might engage in more sport and physical activity than children with less developed FMS, which may result in better visual perceptual skills and IS spatial ability, potentially explaining why they score higher in the CEFT and mathematics assessments.



ID and ES spatial ability could not be included in the mediation analysis due to the tests not assessing the child’s true spatial ability, and thus relationships were not found with FMS scores. This study used the same water level test as Jansen and Pietsch (2022) but on a different sample age group. Jansen and Pietsch (2022) used the task on a group of 9-year-old children, who are in Piaget and Inhelder’s (1956) conception of space substage IIIb; they are developmentally able to accurately predict the water level without aid as they understand the principle of invariant horizontality, whereas the children in this study were aged 7–8 years. These children are in stage II and think that the water level will remain constantly parallel to the base of the vessel. Therefore, the test may be unsuitable to assess ES spatial ability in children below 8 years old due to their developmental stage of not being able to understand horizontality; a test of ES spatial ability that does not require this knowledge and is more suitable to the abilities of the sample could have found a relationship between FMS and ES spatial ability. Furthermore, the MRT could have been too easy for the children as the time restriction was removed. This could have led to a lack of variability in the results to find a relationship between FMS and ID spatial ability. If these problems are addressed, then these spatial abilities may also mediate the relationship between FMS and mathematics; thus, our finding that only IS spatial ability mediated the relationship between FMS and mathematics should be viewed with caution.




4.3. Limitations


This is the first study to our knowledge that looks at the relationship between FMS and mathematics, and in particular whether spatial abilities mediate this relationship. Despite all three FMS constructs, the four spatial abilities described by Uttal et al. (2013), and arithmetical, numerical, and geometrical abilities being assessed, this research study is not without its limitations. First, as this is a cross-sectional correlational study, directions of causality cannot be inferred. Further, this study used a product-based, rather than process-based, FMS assessment; the quality of the children’s FMS was not explored, which could be a better indication of one’s FMS ability and have stronger relationships to spatial and mathematical skills. Furthermore, two of the spatial tests resulted in ceiling and floor effects—the animal stimuli MRT and the water level test, respectively. Using different tests to assess ID and ES spatial ability may produce more reliable insights into the children’s spatial ability. In addition, logical reasoning was not assessed in this study. Xie et al. (2020) incorporated logical reasoning in their definition of mathematical ability. Future studies should incorporate tests to assess logical reasoning, as solving logical reasoning problems requires the individual to create visual representations and transformations (Oostermeijer et al. 2014), thus tapping into spatial ability. Therefore, logical reasoning could be strongly related to FMS, but this relationship was not investigated in this study. A further limitation of this study is that no control task was included in this correlational study. Future studies should include a control for potential factors that could also cause these variables to correlate, for example, intelligence, as this cognitive process is correlated to mathematical skills in children (Filippetti and Richaud 2017).




4.4. Implications


Despite these limitations, the results suggest some future practical implications. Primary school teachers could begin to feel encouraged to read that mathematics achievement could be improved without the need for completing more mathematics. Instead, teachers could ensure PE lessons are delivered to improve the children’s FMS, resulting in not only better physical and mental health, but potentially better mathematics achievement in children. However, further research must be completed to ensure that the effects of FMS on mathematics via the development of spatial skills are true, robust, and replicable before changes within the curriculum are made prematurely.





5. Conclusions


This study investigated the relationships between FMS, spatial abilities, and mathematics achievement. It found that total FMS was positively related to total mathematics achievement, albeit weakly, and that IS spatial ability mediated this relationship. However, these relationships found should be regarded with caution. Replication of this study is needed to confirm and strengthen the relationships found and whether the implementation of different spatial tests identify different findings. This will provide more conclusive findings on the relationships between FMS and mathematics, and how one may affect the other, and the impact spatial ability has on this relationship.







Author Contributions


Conceptualization, J.S., T.J. and C.S.; methodology, J.S., T.J. and C.S.; formal analysis, J.S.; investigation, J.S.; data curation, J.S.; writing—original draft preparation, J.S.; writing—review and editing, J.S., T.J. and C.S.; supervision, T.J. and C.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Loughborough University (protocol code 2022-7157-8052 on the 7th of February 2022).




Informed Consent Statement


Informed consent was obtained from all parents of the subjects involved in the study; informed assent was obtained from all subjects.




Data Availability Statement


The data are not publicly available due to ethical restrictions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Anobile, Giovanni, Roberto Arrighi, Eisa Castaldi, Eleonora Grassi, Lara Pedonese, and Paula A. M. Moscoso. 2018. Spatial but not temporal numerosity thresholds correlate with formal mathematical skills in children. Developmental Psychology 54: 458–73. [Google Scholar] [CrossRef] [PubMed]

	



Atit, Kinnari, Jason R. Power, Terri Pigott, Jihyun Lee, Elyssa A. Geer, David H. Uttal, Colleen M. Ganley, and Sheryl A. Sorby. 2022. Examining the relations between spatial skills and mathematical performance: A meta-analysis. Psychonomic Bulletin and Review 29: 699–720. [Google Scholar] [CrossRef]

	



Bailey, Richard. 2006. Physical Education and Sport in Schools: A Review of Benefits and Outcomes. Journal of School Health 76: 397–401. [Google Scholar] [CrossRef] [PubMed]

	



Barnett, Lisa M., David Stodden, Kristen E. Cohen, Jordan J. Smith, David R. Lubans, Matthieu Lenoir, Susanna Iivonen, Andrew D. Miller, Arto Laukkanen, Dean Dudley, and et al. 2016. Fundamental Movement Skills: An Important Focus. Journal of Teaching in Physical Education 35: 219–25. [Google Scholar] [CrossRef]

	



Best, John R. 2010. Effects of physical activity on children’s executive function: Contributions of experimental research on aerobic exercise. Developmental Review 30: 331–51. [Google Scholar] [CrossRef]

	



Bize, Raphael, Jeffrey A. Johnson, and Ronald C. Plotnikoff. 2007. Physical activity level and health-related quality of life in the general adult population: A systematic review. Preventive Medicine 45: 401–15. [Google Scholar] [CrossRef]

	



Boonen, Anton J. H., Floryt van Wesel, Jelle Jolles, and Menno van der Schoot. 2014. The role of visual representation type, spatial ability, and reading comprehension in word problem solving: An item-level analysis in elementary school children. International Journal of Educational Research 68: 15–26. [Google Scholar] [CrossRef]

	



Brown, Denver M. Y., and John Cairney. 2020. The synergistic effect of poor motor coordination, gender and age on self-concept in children: A longitudinal analysis. Research in Developmental Disabilities 98: 103576. [Google Scholar] [CrossRef] [PubMed]

	



Butterworth, Brian, Sashank Varma, and Diana Laurillard. 2011. Dyscalculia: From brain to education. Science 332: 1049–53. [Google Scholar] [CrossRef]

	



Cornu, Véronique, Christine Schiltz, Romain Martin, and Caroline Hornung. 2018. Visuo-spatial abilities are key for young children’s verbal number skills. Journal of Experimental Child Psychology 166: 604–20. [Google Scholar] [CrossRef]

	



de Bruijn, Anne G. M., Danny D. N. M. Kostons, Irene M. J. van der Fels, Chris Visscher, Jaap Oosterlaan, Esther Hartman, and Roel J. Bosker. 2019. Importance of aerobic fitness and fundamental motor skills for academic achievement. Psychology of Sport and Exercise 43: 200–9. [Google Scholar] [CrossRef]

	



de Waal, Elna. 2019. Fundamental Movement Skills and Academic Performance of 5- to 6-Year Old Preschoolers. Early Childhood Education Journal 47: 455–64. [Google Scholar] [CrossRef]

	



Department for Education. 2013. National Curriculum in England: Primary Curriculum. Available online: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/425601/PRIMARY_national_curriculum.pdf (accessed on 1 August 2022).

	



Department for Education. 2015. National Curriculum Assessments at Key Stage 2 in England (Revised). Available online: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/483897/SFR47_2015_text.pdf (accessed on 1 August 2022).

	



Diamond, Adele. 2000. Close interrelation of motor development and cognitive development and of the cerebellum and prefrontal cortex. Child Development 71: 44–56. [Google Scholar] [CrossRef] [PubMed]

	



Duncan, Greg J., Chantelle J. Doswett, Amy Claessens, Katherine Magnuson, Aletha C. Huston, Pamela Klebanov, Linda S. Pagani, Leon Feinstein, Mimi Engel, Jeanne Brooks-Gunn, and et al. 2007. School readiness and later achievement. Developmental Psychology 43: 1428–46. [Google Scholar] [CrossRef]

	



Duncan, Michael J., Emma L. J. Eyre, and Samuel W. Oxford. 2018. The effects of 10-week integrated neuromuscular training on fundamental movement skills and physical self-efficacy in 6–7-year-old children. The Journal of Strength and Conditioning Research 32: 3348–56. [Google Scholar] [CrossRef]

	



Eddy, Lucy H., Nick Preston, Mark Mon-Williams, Daniel D. Bingham, Jo M. C. Atkinson, Marsha Ellingham-Khan, Ava Otteslev, and Liam J. B. Hill. 2021. Developing and validating a school-based screening tool of Fundamental Movement Skills (FUNMOVES) using Rasch analysis. PLoS ONE 16: e0250002. [Google Scholar] [CrossRef] [PubMed]

	



Ericsson, Ingegerd, and Magnus K. Karlsson. 2014. Motor skills and school performance in children with daily physical education in school—A 9-year intervention study. Scandinavian Journal of Medicine and Science in Sports 24: 273–78. [Google Scholar] [CrossRef]

	



Etnier, Jennifer L., Walter Salazar, Daniel M. Landers, Steven J. Petruzzello, Myungwoo Han, and Priscilla Nowell. 1997. The influence of physical fitness and exercise upon cognitive functioning: A meta-analysis. Journal of Sport and Exercise Psychology 19: 249–77. [Google Scholar] [CrossRef]

	



Fernandez-Mendez, Laura M., Maria J.Contreras, Irene C. Mammarella, Tommaso Feraco, and Chiara Meneghetti. 2021. Mathematical achievement: The role of spatial and motor skills in 6–8 year-old children. PeerJ 8: e10095. [Google Scholar] [CrossRef]

	



Filippetti, Vanessa A., and Maria C. Richaud. 2017. A structural equation modeling of executive functions, IQ and mathematical skills in primary students: Differential effects on number production, mental calculus and arithmetical problems. Child Neuropsychology 23: 864–88. [Google Scholar] [CrossRef]

	



Frick, Andrea. 2019. Spatial transformation abilities and their relation to later mathematics performance. Psychological Research 83: 1465–84. [Google Scholar] [CrossRef]

	



Frick, Andrea, Mortiz M. Daum, Simone Walser, and Fred W. Mast. 2009. Motor Processes in Children’s Mental Rotation. Journal of Cognition and Development 10: 18–40. [Google Scholar] [CrossRef]

	



Fritz, Matthew S., and David P. MacKinnon. 2007. Required Sample Size to Detect the Mediated Effect. Psychological Science 18: 233–39. [Google Scholar] [CrossRef]

	



Gallahue, David L., and John C. Ozmun. 2006. Understanding Motor Development: Infants, Children, Adolescents, Adults, 6th ed. New York: McGraw-Hill. [Google Scholar]

	



Gilligan, Katie A., Alex Hodgkiss, Michael S. C. Thomas, and Emily K. Farran. 2019. The developmental relations between spatial cognition and mathematics in primary school children. Developmental Science 22: e12786. [Google Scholar] [CrossRef]

	



Goetz, Thomas, Anne C. Frenzel, Reinhard Pekrun, Nathan C. Hall, and Oliver Lüdtke. 2007. Between- and within-domain relations of students’ academic emotions. Journal of Educational Psychology 99: 715–33. [Google Scholar] [CrossRef]

	



Goldsmith, Lynn T., Lois Hetland, Craig Hoyle, and Ellen Winner. 2016. Visual-spatial thinking in geometry and the visual arts. Psychology of Aesthetics Creativity and the Arts 10: 56–71. [Google Scholar] [CrossRef]

	



Gunderson, Elizabeth A., Gerardo Ramirez, Sian L. Beilock, and Susan C. Levine. 2012. The Relation Between Spatial Skill and Early Number Knowledge: The Role of the Linear Number Line. Developmental Psychology 48: 1229–41. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, Hattie A., and Gloria E. Miller. 2017. Executive Function Skills, Early Mathematics, and Vocabulary in Head Start Preschool Children. Early Education and Development 28: 290–307. [Google Scholar] [CrossRef]

	



Hawes, Zachary, H. Moriah Sokolowski, Chuka B. Ononye, and Daniel Ansari. 2019. Neural underpinnings of numerical and spatial cognition: An fMRI meta-analysis of brain regions associated with symbolic number, arithmetic, and mental rotation. Neuroscience and Biobehavioral Reviews 103: 316–36. [Google Scholar] [CrossRef]

	



Hawes, Zachary, Joan Moss, Beverly Caswell, and Daniel Poliszczuk. 2015. Effects of mental rotation training on children’s spatial and mathematics performance: A randomized controlled study. Trends in Neuroscience and Education 4: 60–68. [Google Scholar] [CrossRef]

	



Hawes, Zachary, Katie A. Gilligan-Lee, and Kelly S. Mix. 2022. Effects of spatial training on mathematics performance: A meta-analysis. Developmental Psychology 58: 112–37. [Google Scholar] [CrossRef]

	



Heyder, Anke, Anne F. Weidinger, Andrei Cimpian, and Ricarda Steinmayr. 2020. Teachers’ belief that math requires innate ability predicts lower intrinsic motivation among low-achieving students. Learning and Instruction 65: 101220. [Google Scholar] [CrossRef]

	



Jaakkola, Timo, Charles Hillman, Sami Kalaja, and Jarmo Liukkonen. 2015. The associations among fundamental movement skills, self-reported physical activity and academic performance during junior high school in Finland. Journal of Sports Sciences 3: 1719–29. [Google Scholar] [CrossRef]

	



Jansen, Petra, and Stefanie Richter. 2015. Effects of a One-Hour Creative Dance Training on Mental Rotation Performance in Primary School Aged Children. International Journal of Learning, Teaching and Educational Research 13: 49–57. [Google Scholar]

	



Jansen, Petra, and Stefanie Pietsch. 2022. Sports and mathematical abilities in primary school-aged children: How important are spatial abilities? An explorative study. Current Psychology 41: 7132–41. [Google Scholar] [CrossRef]

	



Jansen, Petra, Léonie Lange, and Martin Heil. 2011. The influence of juggling on mental rotation performance in children. Biomedical Human Kinetics 3: 18–22. [Google Scholar] [CrossRef]

	



Kosslyn, Stephen M., William L. Thompson, M. Wraga, and Nathaniel M. Alpert. 2001. Imagining rotation by endogenous versus exogenous forces: Distinct neural mechanisms. Neuroreport 12: 2519–25. [Google Scholar] [CrossRef]

	



Kozhevnikov, Maria, Stephen Kosslyn, and Jennifer Shephard. 2005. Spatial versus object visualizers: A new characterization of visual cognitive style. Memory & Cognition 33: 710–26. [Google Scholar] [CrossRef]

	



Lakoff, George, and Rafael E. Nunez. 2000. Where Mathematics Comes From: How the Embodied Mind Brings Mathematics into Being. New York: Basic Books. [Google Scholar]

	



Lee, I-Min, Eric J. Shiroma, Felipe Lobelo, Pekka Puska, Steven N. Blair, Peter K. Katzmarzyk, and for the Lancet Physical Activity Series Working Group. 2012. Effect of physical inactivity on major non-communicable diseases worldwide: An analysis of burden of disease and life expectancy. The Lancet 380: 219–29. [Google Scholar] [CrossRef]

	



LeFevre, Jo-Anne, Carolina J. Lira, Carla Sowinski, Ozlem Cankaya, Deepthi Kamawar, and Sheri-Lynn Skwarchuk. 2013. Charting the role of the number line in mathematical development. Frontiers in Psychology 4: 641. [Google Scholar] [CrossRef]

	



Linn, Marcia C., and Anne C. Petersen. 1985. Emergence and characterization of sex differences in spatial ability: A meta-analysis. Child Development 56: 1479–98. [Google Scholar] [CrossRef] [PubMed]

	



Maass, Katja, Vince Geiger, Marta Romero Ariza, and Merrilyn Goos. 2019. The Role of Mathematics in Interdisciplinary STEM Education. ZDM 51: 869–84. [Google Scholar] [CrossRef]

	



Macdonald, Kristin, Nikki Milne, Robin Orr, and Rodney Pope. 2018. Relationships between motor proficiency and academic performance in mathematics and reading in school-aged children and adolescents: A systematic review. International Journal of Environmental Research and Public Health 15: 1603. [Google Scholar] [CrossRef]

	



Mix, Kelly S., David Z. Hambrick, V. Rani Satyam, Alexander P. Burgoyne, and Susan C. Levine. 2018. The latent structure of spatial skill: A test of the 2 × 2 typology. Cognition 180: 268–78. [Google Scholar] [CrossRef] [PubMed]

	



Mix, Kelly S., Susan C. Levine, Yi-Ling Cheng, Chris Young, Zachary D. Hambrick, Raedy Ping, and Spyros Konstantopoulos. 2016. Sepearate But Correlated: The Latent Structure of Space and Mathematics Across Development. Journal of Experimental Psychology: General 145: 1206–27. [Google Scholar] [CrossRef]

	



Moè, Angelica, Petra Jansen, and Stefanie Pietsch. 2018. Childhood preference for spatial toys. Gender differences and relationships with mental rotation in STEM and non-STEM students. Learning and Individual Differences 68: 108–15. [Google Scholar] [CrossRef]

	



Moraweitz, Christina, and Thomas Muehlbauer. 2021. Effects of Physical Exercise Interventions on Spatial Orientation in Children and Adolescents: A Systematic Scoping Review. Frontiers in Sports and Active Living 3: 664640. [Google Scholar] [CrossRef]

	



National Mathematics Advisory Panel. 2008. Foundations for Success: The Final Report of the National Mathematics Advisory Panel; Washington, DC: U.S. Department of Education. Available online: https://files.eric.ed.gov/fulltext/ED500486.pdf (accessed on 1 August 2022).

	



Neuburger, Sarah, Petra Jansen, Martin Heil, and Claudia Quaiser-Pohl. 2011. Gender differences in pre-adolescents’ mental rotation performance: Do they depend on grade and stimuli? Personality and Individual Differences 50: 1238–42. [Google Scholar] [CrossRef]

	



Newcombe, Nora S. 2018. Three kinds of spatial cognition. In Stevens’ Handbook of Experimental Psychology and Cognitive Neuroscience, 4th ed. Edited by John T. Wixted. Hoboken: Wiley, pp. 521–52. [Google Scholar]

	



Newcombe, Nora S., and Thomas F. Shipley. 2015. Thinking about Spatial thinking: New Typology, New Assessments. In Studying Visual and Spatial Reasoning for Design Creativity. Edited by John S. Gero. Dordrecht: Springer. [Google Scholar] [CrossRef]

	



Oostermeijer, Meike, Anton J. H. Boonen, and Jelle Jolles. 2014. The relation between children’s constructive play activities, spatial ability, and mathematical word problem-solving performance: A mediation analysis in sixth-grade students. Frontiers in Psychology 5: 782. [Google Scholar] [CrossRef]

	



Organisation for Economic Co-operation and Development. 1999. Measuring Student Knowledge and Skills: A New Framework for Assessment. Paris: OECD Publishing. Available online: https://www.oecd.org/education/school/programmeforinternationalstudentassessmentpisa/33693997.pdf (accessed on 1 August 2022).

	



Piaget, Jean, and Bärbel Inhelder. 1956. Child’s Conception of Space: Selected Works. London: Routledge. [Google Scholar]

	



Pietsch, Stefanie. 2018. A different point of view—A visual-spatial taxonomy for sports. Journal of Athletic Enhancement 7: 1000296. [Google Scholar] [CrossRef]

	



Pietsch, Stefanie, and Petra Jansen. 2012. Different mental rotation performance in students of music, sports and education science. Learning and Individual Differences 2: 159–63. [Google Scholar] [CrossRef]

	



Ramirez, Gerardo, Elizabeth A. Gunderson, Susan C. Levine, and Sian L. Beilock. 2013. Math Anxiety, Working Memory, and Math Achievement in Early Elementary School. Journal of Cognition and Development 14: 187–202. [Google Scholar] [CrossRef]

	



Rudd, James R., Lisa M. Barnett, Michael L. Butson, Damian Farrow, Jason Berry, and Remco C. J. Polman. 2015. Fundamental movement skills are more than run, throw and catch: The role of stability skills. PLoS ONE 10: e0140224. [Google Scholar] [CrossRef]

	



Sharma, Mahesh. 2008. Dyslexia, Dyscalculia and other Mathematical Language Difficulties. Framingham: CT/LM. [Google Scholar]

	



Tam, Yuen P., Terry T-Y. Wong, and Winnie W. L. Chan. 2019. The relation between spatial skills and mathematical abilities: The mediating role of mental number line representation. Contemporary Educational Psychology 56: 14–24. [Google Scholar] [CrossRef]

	



Uttal, David H., Nathaniel G. Meadow, Elizabeth Tipton, Linda L. Hand, Alison R. Alden, Christopher Warren, and Nora S. Newcombe. 2013. The Malleability of Spatial Skills: A Meta-Analysis of Training Studies. Psychological Bulletin 139: 352–402. [Google Scholar] [CrossRef]

	



Verdine, Brian N., Roberta M. Golinkoff, Kathy Hirsh-Pasek, and Nora S. Newcombe. 2017. Links between spatial and mathematical skills across the preschool years. Monographs of the Society for Research in Child Development 82: 7–30. [Google Scholar] [CrossRef] [PubMed]

	



Voss, Michelle W., Arthur F. Kramer, Chandramallika Basak, Ruchika S. Parkash, and Brent Roberts. 2010. Are expert athletes expert in the cognitive laboratory? A meta-analytic review of cognition and sport expertise. Applied Cognitive Psychology 24: 812–26. [Google Scholar] [CrossRef]

	



Wijsman, Lindy A., Matthijs J. Warrens, Nadira Saab, Jan H. van Driel, and P. Michiel Westenberg. 2016. Declining trends in student performance in lower secondary education. European Journal of Psychology of Education 31: 595–612. [Google Scholar] [CrossRef]

	



Williams, Jason, and David P. MacKinnon. 2008. Resampling and distribution of the product methods for testing indirect effects in complex models. Structural Equation Modeling: A Multidisciplinary Journal 15: 23–51. [Google Scholar] [CrossRef] [PubMed]

	



Williams, Julian. 2005. Mathematics Assessment for Learning and Teaching. Kyoto: Hodder Education. [Google Scholar]

	



Willoughby, Michael, Kesha Hudson, Yihua Hong, and Amanda Wylie. 2021. Improvements in Motor Competence Skills Are Associated With Improvements in Executive Function and Math Problem-Solving Skills in Early Childhood. Developmental Psychology 57: 1463–70. [Google Scholar] [CrossRef]

	



Witkin, Herman A., P. Oltman, E. Raskin, and S. Karp. 1971. A Manual for the Embedded Figures Test. Palo Alto: Consulting Psychologists Press. [Google Scholar]

	



Xie, Fang, Li Zhang, Xu Chen, and Ziqiang Xin. 2020. Is Spatial Ability Related to Mathematical Ability: A Meta-analysis. Educational Psychology Review 32: 113–55. [Google Scholar] [CrossRef]

	



Zhang, Xiao, and Dan Lin. 2015. Pathways to arithmetic: The role of visual-spatial and language skills in written arithmetic, arithmetic word problems, and nonsymbolic arithmetic. Contemporary Educational Psychology 41: 188–97. [Google Scholar] [CrossRef]

	



Zhang, Xiao, Pekka Räsänen, Tuire Koponen, Kaisa Aunola, Marja-Kristiina Lerkkanen, and Jari-Erik Nurmi. 2017. Knowing, Applying, and Reasoning About Arithmetic: Roles of Domain-General and Numerical Skills in Multiple Domains of Arithmetic Learning. Developmental Psychology 53: 2304–18. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Xinlin, Wei Wei, Yiyun Zhang, Jiaxin Cui, and Chuansheng Chen. 2015. Visual perception can account for the close relation between numerosity processing and computational fluency. Frontiers in Psychology 6: 1364. [Google Scholar] [CrossRef] [PubMed]








[image: Jintelligence 11 00087 g001 550] 





Figure 1. Uttal et al.’s (2013) 2 × 2 classification of spatial abilities (adapted from Uttal et al. (2013)). 
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Figure 2. Grid layout to assess the FMS of five children at one time using FUNMOVES. The first target line is one meter long and this forms zone 1. The second target line is 75 cm long and the third target line is 50 cm long, both of which form zone 2. The fourth target line is 25 cm long and this forms zone 3, and the final target line is 10 cm long, forming zone 4. 
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Figure 3. Example materials from the spatial tasks used in this research: (A) Children’s Embedded Figures Task, (B) Mental Rotation Task, (C) Water Level Task, (D) Perspective Taking Task. 
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Figure 4. Mediation model showing the effect of FMS on mathematics achievement, as mediated by IS spatial ability. Note: Standardised coefficients reported. * p < .05, ** p < .01 *** p < .001. a Standardised direct effect coefficient. b Standardised total effect coefficient. 
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Table 1. Means, standard deviations, and Spearman Rho Correlations Between Fundamental Movement Skills, Spatial Abilities, and Mathematical Abilities for the Whole Sample (N = 154).
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	Variable (Score)
	Mean (SD)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19





	1. Running
	6.45 (.871)
	-
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	2. Jumping
	3.14 (.943)
	.097
	-
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	3. Hopping
	3.13 (.853)
	.199 *
	.406 **
	-
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	4. Total Throw
	7.71 (1.256)
	.291 **
	−.008
	.093
	-
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	5. Kicking
	2.47 (.785)
	.201 *
	−.032
	.010
	−.004
	-
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	6. Balance (Stability)
	2.91 (.986)
	−.024
	.157
	.296 **
	−.091
	−.024
	-
	
	
	
	
	
	
	
	
	
	
	
	
	



	7. Total Locomotion
	12.72 (1.866)
	.551 **
	.752 **
	.763 **
	.156
	.063
	.224 **
	-
	
	
	
	
	
	
	
	
	
	
	
	



	8. Total Object Manipulation
	10.19 (1.459)
	.339 **
	−.046
	.060
	.831 **
	.527 **
	−.106
	.136
	-
	
	
	
	
	
	
	
	
	
	
	



	9. Total FMS
	25.82 (2.852)
	.526 **
	.534 **
	.665 **
	.489 **
	.265 **
	.459 **
	.818 **
	.534 **
	-
	
	
	
	
	
	
	
	
	
	



	10. IS Spatial Ability
	13.17 (4.419)
	.183 *
	.172 *
	−.007
	.136
	.138
	.120
	.144
	.175 *
	.228 **
	-
	
	
	
	
	
	
	
	
	



	11. ED Spatial Ability
	16.40 (3.928)
	−.029
	−.031
	−.062
	.167 *
	−.007
	−.005
	−.073
	.123
	.007
	.462 **
	-
	
	
	
	
	
	
	
	



	12. Counting
	9.29 (2.373)
	.181 *
	.091
	.048
	.120
	.102
	−.031
	.119
	.060
	.156
	.587 **
	.445 **
	-
	
	
	
	
	
	
	



	13. Number Facts
	5.47 (1.900)
	.144
	.049
	.094
	.041
	.025
	−.023
	.099
	.026
	.085
	.504 **
	.406 **
	.694 **
	-
	
	
	
	
	
	



	14. Calculation
	5.90 (2.370)
	.244 **
	.190 *
	.120
	.066
	.034
	−.009
	.230 **
	.060
	.194 *
	.587 **
	.382 **
	.758 **
	.703 **
	-
	
	
	
	
	



	15. Shape
	1.43 (1.034)
	.132
	.115
	.087
	.078
	−.014
	−.056
	.128
	.039
	.108
	.366 **
	.303 **
	.509 **
	.422 **
	.536 **
	-
	
	
	
	



	16. Measurement
	3.95 (1.911)
	.276 **
	.019
	.069
	.204 *
	.062
	−.029
	.135
	.190 *
	.191*
	.533 **
	.328 **
	.676 **
	.588 **
	.642 **
	.412 **
	-
	
	
	



	17. Handling Data
	1.99 (1.029)
	.009
	.025
	.068
	.001
	.001
	−.049
	.032
	−.017
	−.013
	.346 **
	.283 **
	.499 **
	.398 **
	.493 **
	.380 **
	.391 **
	-
	
	



	18. Numerical Ability
	14.76 (3.956)
	.183 *
	.086
	.076
	.084
	.069
	−.032
	.126
	.095
	.136
	.595 **
	.469 **
	.937 **
	.896 **
	.797 **
	.513 **
	.692 **
	.489 **
	-
	



	19. Geometrical Ability
	7.37 (3.121)
	.207 *
	.066
	.093
	.144
	.049
	−.049
	.136
	.126
	.153
	.564 **
	.401 **
	.749 **
	.636 **
	.737 **
	.706 **
	.868 **
	.693 **
	.759 **
	-



	20. Total Maths Score
	28.03 (8.699)
	.226 **
	.110
	.098
	.110
	.067
	−.035
	.166 *
	.111
	.171 *
	.630 **
	.458 **
	.897 **
	.823 **
	.905 **
	.632 **
	.799 **
	.603 **
	.939 **
	.904 **







Note: * p < .05, ** p < .01.
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