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Abstract
A strong link exists between spatial and numerical abilities, but establishing causal relations remains challenging due to limited longitudinal research and mixed findings from training studies. There is also little consensus on which spatial subdomains are most predictive at different developmental stages, as few studies have directly compared multiple spatial abilities or distinguished between numerical outcomes while controlling for prior skills. To address this gap, the present longitudinal study followed 148 children to examine how three spatial subdomains—intrinsic-static, intrinsic-dynamic, and extrinsic-static abilities—assessed in kindergarten, predict addition and subtraction performance in first grade. Analyses controlled for sociodemographic factors, phonological awareness, and prior numerical knowledge. Hierarchical multiple regression revealed that spatial abilities, along with backward counting, significantly predicted first-grade arithmetic skills. Specifically, intrinsic-dynamic ability was associated with addition, whereas extrinsic-static ability predicted subtraction. Non-symbolic and symbolic magnitude comparisons, phonological awareness, and sociodemographic variables were not significant predictors when spatial abilities were included. These findings underscore the general importance of spatial skills in early arithmetic development and highlight their role as scaffolds for newly acquired skills. Furthermore, they demonstrate qualitative differences in how specific spatial subdomains support addition versus subtraction, providing actionable insights for designing targeted kindergarten interventions aimed at enhancing foundational mathematical abilities.
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Educational Impact and Implications Statement
This study demonstrates that young children’s spatial abilities—such as mentally rotating objects and understanding how they relate in space—are closely linked to their development of arithmetic skills. Even after accounting for other important factors, including language abilities, early number knowledge, and family background, spatial skills uniquely predicted children’s addition and subtraction performance one year later. Moreover, different types of spatial abilities supported distinct arithmetic operations: mental transformation skills were more strongly associated with addition, whereas understanding spatial relations was more closely linked to subtraction. These findings suggest that fostering spatial reasoning through play and everyday activities in early childhood may help lay stronger foundations for later mathematical learning.


Introduction
Relation Between Spatial and Mathematical Skills
Over the past three decades, a growing body of research has examined the relation between spatial skills and mathematical abilities using experimental (for reviews, see Hawes et al., 2020; Mix & Cheng, 2012; Young et al., 2018), factor analytic (e.g., Delage et al., 2024; Mix et al., 2016, 2017), and meta-analytic methods (e.g., Atit et al., 2022; Hawes et al., 2022; Xie et al., 2020). Studies have consistently demonstrated that spatial cognition is reliably associated with mathematical performance across a broad range of age groups and task contexts. In a recent meta-analysis, Atit and colleagues (2022) reported a positive, moderate association between spatial and mathematical skills—an effect that remained stable regardless of participants’ grade level or gender. Consistent with this meta-analytic finding, significant correlations have indeed been repetitively observed among preschool (e.g., Verdine, Golinkoff et al., 2014; Verdine, Irwin et al., 2014), elementary (Geer et al., 2019), secondary (Delgado & Prieto, 2004), and post-secondary students (Casey et al., 1995). Moreover, spatial abilities appear to support a wide array of mathematical domains (see also Xie et al., 2020), ranging from early numeracy and arithmetic (Gunderson et al., 2012; Hawes et al., 2015; Tam et al., 2019), to geometry (Battista et al., 2018), and even more advanced areas such as algebra, word problem solving (Oostermeijer et al., 2014), and calculus (Sorby et al., 2013). Together, these findings underscore the robustness and generalizability of the spatial–mathematical relation, highlighting spatial cognition as a foundational component of mathematical learning across development.
Mechanisms Underlying the Relation Between Spatial and Mathematical Skills
While there is little doubt that spatial and mathematical thinking are strongly intertwined, the cognitive mechanisms underlying this association are less well understood. In an effort to better characterize the processes that may explain this link, Hawes and Ansari (2020) draw on evidence from psychology, neuroscience, and education to propose a comprehensive framework outlining several candidate mechanisms. Importantly, these accounts are not mutually exclusive and may each contribute, in complementary ways, to the robust and well-documented spatial–mathematical relation.
One widely proposed explanation for the link between spatial and numerical cognition is the concept of the mental number line—the idea that numbers are mentally represented along a spatial continuum (Dehaene et al., 1993; see also Toomarian & Hubbard, 2018). This is supported not only by robust behavioural evidence, but also by neuroscientific findings indicating that spatial and numerical processing rely on shared brain regions and similar neural computations. In particular, studies have shown that both types of tasks consistently activate overlapping areas in the parietal cortex—most notably in and around the intraparietal sulcus—suggesting a common neural basis for spatial and mathematical reasoning (Hubbard et al., 2005; Hawes et al., 2019).
Another frequently cited mechanism is the spatial modelling account, whereby the connection between spatial thinking and mathematics arises from the role of spatial visualization in supporting mathematical reasoning. Specifically, spatial visualization functions as a kind of "mental workspace" where mathematical concepts, relationships, and operations can be mentally represented and manipulated (Lourenco et al., 2018). For instance, when solving a word problem, individuals may use their visualization skills to mentally organize and structure the relevant information. While such visualization may be less necessary for familiar or automatized tasks (e.g., basic addition facts), it becomes especially valuable when learners face novel or complex problems, such as multi-step arithmetic. Supporting this view, recent findings show that spatial ability predicts performance on newly learned multiplication and division problems, but not on well-practiced addition and subtraction, among third-grade students (Georges et al., 2019). These findings support the assumption of developmental cycling suggested by Mix et al. (2016) wherein spatial skills are tightly linked to mathematics at each age level, but specifically with only those mathematical tasks that are newly introduced at each age. 
Open Questions Concerning the Relation Between Spatial and Mathematical Skills
Despite the wealth of existing research, continued investigation is warranted, as several key aspects of the relation between spatial and mathematical skills still require deeper exploration. Only by gaining a clearer understanding of the factors that truly drive this association can we effectively leverage spatial skills as a mechanism for enhancing mathematical competencies in educational contexts.
First of all, it remains uncertain whether the spatial–mathematical relation is truly causal or whether it instead reflects shared underlying mechanisms or confounding influences. Establishing causality in this domain is particularly challenging due to the relatively limited number of longitudinal studies available (but see, e.g., Geer et al., 2019) as well as inconsistent results from intervention studies (see e.g., Hawes et al., 2022). For example, Xie et al. (2020) conducted a meta-analysis of 73 studies on spatial–mathematical associations, yet fewer than half employed longitudinal designs—substantially limiting the strength of any causal claims. Moreover, among those longitudinal studies that do exist, not all have adequately controlled for relevant covariates, particularly domain-specific variables such as early numerical competencies. This lack of comprehensive control makes it difficult to determine whether spatial skills uniquely predict later mathematical outcomes or whether their apparent predictive power is driven by shared variance with other cognitive or contextual factors. Even among studies that have included relevant covariates, findings remain inconclusive—especially with regard to the extent to which spatial–mathematical associations are mediated, either partially or fully, by such variables. For example, Green et al. (2017) found that spatial skills, along with age and vocabulary, were not significant predictors of future mathematical achievement once fluid reasoning was accounted for. In contrast, a meta-analysis by Atit et al. (2022) reported that domain-general abilities such as fluid reasoning and verbal skills only partially mediated the spatial–mathematical link. Nonetheless, because domain-specific confounds, such as basic numerical knowledge, were not considered in either case, the strength of causal interpretations remains limited. However, even in longitudinal studies that have explicitly accounted for such domain-specific influences, the evidence for the unique contribution of spatial skills to mathematical development remains mixed and often unconvincing. For example, Krajewski and Schneider (2009) found that both linguistic (e.g., phonological awareness) and spatial (e.g., visuospatial working memory) abilities were initially associated with arithmetic outcomes, yet these associations became non-significant once quantity-number competencies were introduced into the model. Likewise, Gunderson et al. (2012) reported that the relation between children’s mental rotation ability at age 5 and their performance in an approximate symbolic calculation task at age 8 was fully mediated by their mental number line knowledge at age 6. Complementary findings from Aunola et al. (2004) and Koponen et al. (2007) further underscore this pattern, showing that while spatial and linguistic skills predict early math to some extent, their explanatory power diminishes substantially when early number knowledge is included. Collectively, these results suggest that when spatial skills are considered within more comprehensive models, their direct contribution to mathematical outcomes may be largely accounted for by underlying basic numerical competencies.
These observations in longitudinal research are further underscored by inconsistent findings from training studies, which also raise questions about the causal nature of the spatial–mathematical relation. For instance, while the meta-analysis by Hawes et al. (2022) reported that spatial training was associated with improvements in both spatial and mathematical performances, it also revealed moderate to large between-study heterogeneity in effect sizes. This variability highlights the need to better understand the specific conditions under which transfer occurs. Larger transfer effects were, for instance, observed for mathematics outcomes that were more similar to the spatial training tasks delivered, suggesting that the degree of cognitive overlap between training and outcome measures may play a critical role in facilitating transfer. This also implies that spatial skills may not be equally important across all types of mathematical tasks; rather, their influence may be more pronounced in domains with higher spatial demands—such as geometry. Support for this assumption comes from the findings of Delage et al. (2024; see also Mix et al., 2016), who investigated the unique relations between five different mathematical tasks and five different spatial tasks in a sample of undergraduate students. They found that the mathematical tasks were strongly interrelated, forming a cohesive cluster, and similarly, the spatial tasks grouped together. Crucially, these two clusters were connected via a geometry task, which showed unique associations with both the mathematical and spatial domains. These findings suggest that specific types of spatial and mathematical skills are linked in targeted ways, rather than being broadly or uniformly related.
In this vein, the meta-analysis by Xie et al. (2020) identified mathematical domain as a significant moderator in the spatial-mathematical relation, with the strongest associations observed between spatial skills and logical reasoning (i.e., word problem-solving, mathematical reasoning) compared to numerical or arithmetical abilities. As such, inconsistent findings in the literature regarding unique relations between spatial and mathematical skills may stem either from the use of standardized tests assessing a wide range of mathematical concepts (e.g., see Geer et al., 2019; Gilligan et al., 2017; Wang et al., 2021), which obscure distinctions between specific mathematical competencies, or from studies that rely on a single mathematical outcome measure—often varying across studies—thereby limiting comparability of results. Additionally, many studies have focused on latent constructs of mathematical ability rather than directly observed mathematical variables, which may further complicate the interpretation and comparison of findings across studies (e.g., Frick, 2019).
While the meta-analysis by Xie et al. (2020) indicates that the majority of studies have focused on arithmetic (e.g., Casey et al., 2015; Dearing et al., 2012; Gunderson et al., 2012; Fuchs et al., 2010; Passolunghi et al. 2014; Zhang et al., 2014, 2017)—likely due to its foundational role in early mathematical learning—relatively few have differentiated between or directly contrasted individual arithmetic operations. This represents a notable gap, particularly given that, on the one hand, neuroimaging evidence suggests that different arithmetic operations—such as addition and subtraction—may rely on partly distinct neural mechanisms (Istomina & Arsalidou, 2024), and on the other hand, behavioural studies indicate that spatial skills may differentially relate to arithmetic operations, being especially relevant for newer or more complex operations like multiplication and division compared to well-mastered operations like addition and subtraction in relatively older children (Georges et al., 2019; see also, Ackerman, 1988; Uttal & Cohen, 2012). Furthermore, visual–spatial WM demands were shown to vary depending on the layout of arithmetic problems (horizontal vs. vertical; Caviola et al., 2012; Trbovich & LeFevre, 2003) and the difﬁculty of subtractions (small-operand vs. large-operand; Robert & Lefevre, 2013).
Apart from differentiating between distinct mathematical domains when assessing their relations to spatial skills, it is equally important to consider which specific spatial skills are most relevant for mathematical development. Spatial cognition is multifaceted, encompassing components such as mental rotation, spatial visualization, and spatial working memory (Linn & Petersen, 1985; Newcombe & Shipley, 2015). Despite growing consensus that various spatial subdomains are linked to mathematics—often with comparable effect sizes (Xie et al., 2020)—much of the literature has focused on a single spatial skill, most commonly object-based abilities like mental rotation (e.g., Casey et al., 2017; Li & Geary, 2013; see also Xie et al., 2020). This has contributed to a bias toward the use of intrinsic-dynamic spatial tasks in studies of primary school children. However, this narrow focus overlooks the possibility that different spatial skills may differently support mathematical thinking. Unfortunately, only a handful of studies have systematically contrasted multiple spatial subcomponents within the same analytical framework, limiting our understanding of the specific pathways through which spatial cognition contributes to mathematical development. A notable exception is the study by Gilligan et al. (2019), which examined the contributions of four spatial subdomains, as defined by Uttal et al.’s (2013) taxonomy, across several mathematical outcomes. Specifically, this taxonomy conceptualizes spatial thinking along two orthogonal dimensions, distinguishing between intrinsic (within-object) and extrinsic (between-object or environment-based) spatial relations, as well as between static (unchanging) and dynamic (transformational or movement-based) spatial processes. The intersection of these two dimensions gives rise to four categories of spatial skills—intrinsic–static, intrinsic–dynamic, extrinsic–static, and extrinsic–dynamic—which together provide a comprehensive framework for classifying and interpreting the broad range of spatial reasoning abilities studied in the literature. Interestingly, Gilligan and colleagues (2019) found that these spatial subdomains were differentially related to mathematical outcomes in a task‐ and age‐dependent manner, with only spatial scaling (classified as extrinsic-static skill) predicting all mathematical measures across all ages. Similarly, Frick (2019) assessed children from kindergarten through second grade using a comprehensive set of spatial and mathematical tasks. Exploratory factor analysis identified two distinct spatial transformation components: egocentric transformations (e.g., mental rotation, spatial scaling) and allocentric transformations (e.g., perspective taking, cross-sectioning), which were differentially related to mathematical outcomes. Egocentric skills were most strongly associated with arithmetic performance, whereas allocentric skills showed stronger links to tasks involving numeric-logical and spatial functions, as well as geometry. These findings highlight the importance of examining specific spatial subdomains, as they may differentially support distinct areas of mathematical development.
Studies by Mix et al. (2016, 2017) and Delage et al. (2024) have also assessed a broader range of spatial and mathematical subdomains within the same sample. Using exploratory and confirmatory factor analyses, they demonstrated that while spatial and mathematical tasks were highly correlated, they loaded onto distinct latent factors. Crucially, these studies identified specific links between particular spatial skills and mathematical domains through meaningful cross-factor loadings, whereby certain spatial tasks showed statistically significant associations with specific mathematical tasks across latent domains. These patterns of cross-factor loadings provide further evidence for a more nuanced spatial–mathematical relation, indicating that not all spatial skills contribute equally to all areas of mathematics, but rather in targeted, domain-specific ways.
Nonetheless, the interpretability of such findings remains somewhat limited by the lack of consistent control for key domain-specific covariates, such as early numerical knowledge, in some of these studies (e.g., Gilligan et al., 2019). Without adequately accounting for foundational number skills when examining the associations between spatial abilities and mathematical outcomes, it is difficult to determine whether the observed relations reflect the unique contributions of specific spatial skills or are instead driven by shared variance with early numerical competencies.
A final critical issue concerns the developmental timing of the spatial–mathematical relation. It remains unclear at which stages of development spatial skills are most predictive of mathematical achievement, limiting our ability to determine when spatial interventions might be most effective. Xie et al. (2020) and Atit et al. (2022) assessed age or grade level as moderators of the overall spatial–math association but reported no evidence for systematic developmental differences (see also Hawes et al., 2019). Although Xie et al. (2020) considered task-level moderators, they did not test whether age differentially affected relations between particular spatial and mathematical subdomains. Nonetheless, other previous studies suggest that the strength and nature of the relation between spatial and mathematical skills may change over time (Stannard et al., 2001; Wolfgang et al., 2001). For instance, Mix et al. (2016) have shown that while mental rotation was a strong predictor of mathematics performance in kindergarten and third grade, it did not affect performances in sixth grade. At that later stage, other skills such as working memory and visual–motor integration emerged as stronger predictors. These findings suggest that the cognitive mechanisms underlying spatial–mathematical links evolve with age, highlighting the importance of a developmental perspective—particularly given that the complexity of mathematical instruction and associated cognitive demands increase over time, potentially shifting the relevance of different cognitive skills.
In this context, the transition from kindergarten to first grade represents a particularly critical window for studying the spatial–mathematical relation (e.g., Frick, 2019; Gilligan et al., 2017, 2019; Krajewski & Schneider, 2009; Meng et al., 2024; Wang et al., 2021). Not only is this a period of rapid cognitive growth, but it also marks the beginning of formal mathematics instruction, where symbolic number concepts, arithmetic, and structured problem-solving begin to take place. As such, examining how different spatial skills relate to mathematical development at this transition point may offer unique insights into the early emergence—and potential malleability—of these associations. Understanding these dynamics is essential for identifying when, and for whom, spatial interventions are likely to be most beneficial.
The Present Study
Previous research has consistently demonstrated strong links between spatial and mathematical skills (e.g., Young et al., 2018; for meta-analyses, see Atit et al., 2022; Xie et al., 2020). While some studies have investigated the spatial–mathematical relation longitudinally (e.g., Geer et al., 2019; Träff et al., 2023; Wang et al., 2021; Zhang & Lin, 2017) and/or accounted for key covariates such as foundational cognitive abilities (e.g., Leung & Wong, 2023; Otálora & Taborda-Osorio, 2025; Tam et al., 2019; Träff et al., 2023, 2025; Whithead & Hawes, 2023) or sociodemographic factors (e.g., Harris et al., 2025; Johnson et al., 2022), others have contrasted the effects of different spatial domains (e.g., Cornu et al., 2017; Delage et al., 2024; Gilligan et al., 2019; Mix et al., 2016, 2017) and/or differentiated among specific mathematical outcomes (e.g., Cornu et al., 2017; Georges et al., 2019; Gilligan et al., 2019; Mix et al., 2016; Otálora & Taborda-Osorio, 2025). However, few studies have integrated all of these elements within a single framework (but see e.g., Cornu et al., 2017; Wang et al., 2021). Although focusing on individual aspects—such as specific spatial skills, longitudinal change, or covariate control—has yielded valuable insights, these approaches often consider only a subset of relevant factors in isolation. In particular, there is a notable lack of longitudinal research that simultaneously contrasts the effects of multiple spatial subdomains, differentiates between various arithmetic outcome measures, and controls for a comprehensive set of relevant, especially domain-specific, covariates—particularly during the early years of formal schooling, when such insights are crucial for guiding the timing and content of effective educational interventions.
The present study aims to address this gap by examining the predictive contributions of three distinct types of spatial skills—intrinsic–static, intrinsic–dynamic, and extrinsic–static—assessed in kindergarten to newly acquired addition and subtraction performance in first grade. These spatial categories are derived from the theoretical framework proposed by Uttal et al. (2013) and further elaborated by Newcombe and Shipley (2015), which characterizes spatial skills along two orthogonal dimensions: intrinsic vs. extrinsic and static vs. dynamic. In principle, this framework yields four categories of spatial skills—intrinsic–static, intrinsic–dynamic, extrinsic–static, and extrinsic–dynamic; however, the present study includes only the first three, as tasks assessing extrinsic–dynamic skills are generally considered too demanding for kindergarten-aged children (e.g., Frick, Möhring, & Newcombe, 2014; see also, Gilligan et al., 2019). The study is exploratory regarding whether certain spatial skills may be more predictive than others depending on the arithmetic outcome. Yet this question is important, as few studies have directly contrasted different spatial subdomains (e.g., Gilligan et al., 2019), particularly while also distinguishing between arithmetic outcomes such as newly acquired addition and subtraction skills. Based on the cognitive strategies commonly engaged across these domains one might hypothesize differential relations between spatial and arithmetic skills. Intrinsic–dynamic spatial skills may thus play a greater role in arithmetic development than intrinsic–static skills, as they involve mentally rotating, transforming, or reconfiguring spatial information—processes also used when combining or separating numerical magnitudes during addition and subtraction. In contrast, intrinsic–static skills primarily involve recognizing spatial configurations or part–whole relations without transformation, which may align less directly with the procedural and representational demands of arithmetic. Moreover, extrinsic–static spatial skills may be particularly relevant for subtraction, which depends on understanding numerical magnitudes in terms of spatial distance and proportional relationships (see e.g., Berteletti et al., 2015)—processes that closely parallel the scaling and relational reasoning demands of extrinsic–static spatial tasks.
In addition to applying this multidimensional spatial framework within a longitudinal design during the transition to formal schooling, the present study also controls for key cognitive and sociodemographic covariates that are commonly linked to mathematical development. More specifically, besides sociodemographic variables such as age, gender (Else-Quest et al., 2010; Ganley & Lubienski, 2016; Lauer et al., 2019; Levine et al., 1999; Yuan et al., 2019), and socioeconomic status (SES; e.g., Bachman et al., 2022; James-Brabham et al., 2023), it also includes phonological awareness (e.g., Krajewski & Schneider, 2009; Meng et al., 2024; Simmons & Singleton, 2008; Zhang & Lin,2017) and, importantly, a variety of numerical skills as potential confounding factors measured in kindergarten. We specifically controlled for forward and backward counting abilities, as well as non-verbal symbolic and non-symbolic number processing, given that these skills have been shown to be particularly predictive of arithmetic performance at the start of formal schooling (Chu & Geary, 2018; Desoete et al., 2012; Finke et al., 2020; Fuchs et al., 2010; Geary, 2011; Hornung et al., 2014; Lonnemann et al., 2017; Lyons & Ansari, 2009; Lyons et al., 2014; Sasanguie et al., 2012; Träff et al., 2023; 2025; Xenidou-Dervou et al., 2018).
By integrating these multiple dimensions into a single analytic framework, this study aims to provide a more comprehensive understanding of the relation between spatial and mathematical abilities at the start of formal schooling—a critical developmental window when targeted interventions may still yield long-term benefits.

Methods
This study was conducted in accordance with the ethical standards of the American Psychological Association and approved by the local Ethics Review Panel (ERP; Approval No. ERP 22-016 SpaNuMaDev; Study Title: Understanding the role of spatial number representations and spatial skills in mathematical abilities in young children). Written informed consent for longitudinal testing was obtained from all parents or legal guardians prior to the start of the study, and all children gave their verbal consent to participate before each testing session at T1 and T2. All procedures adhered to ethical guidelines for research with human participants. Data collected in the context of this study were pseudonymized with only the first author having access to the pseudonymization list. 
Participants
All children were recruited from eight different public schools spread across the country. 172 children were initially tested at T1. From this sample, 148 children (i.e., 86%) were successfully re-tested at T2. Reasons for drop-out at T2 were either relocation to a different hometown (n = 15), placement into a different class within the same school (n = 3), retention in kindergarten (n = 4), or absence during one (n = 1) or both (n = 1) testing sessions at T2.
Sociodemographic information in terms of age, gender, socioeconomic status (SES) and language background was provided by a parental questionnaire, distributed along with the consent form. SES was assessed through parental self-reports on their main occupation and qualification level, using 10 predefined categories (e.g., unemployed, agricultural worker, scientist). Occupational data were coded according to the International Standard Classification of Occupations (ISCO-08), and SES was indexed using the International Socio-Economic Index of Occupational Status (ISEI; Ganzeboom, 2010; see also Ganzeboom et al., 1992). As in prior work (Georges et al., 2023), data were collected from both parents, and the highest ISEI score within each family was used to compute the Highest Socio-Economic Index (HISEI).
Language background was determined by asking both parents which language they primarily used when speaking with their child. Six families did not provide language information. Among the respondents, 74 children (i.e., 52%) spoke the native Luxembourgish language at home, with 50 of them speaking it with both parents. The remaining 68 children spoke a different language at home, and within this group, 53 used the same language with both parents. Among the non-Luxembourgish-speaking monolinguals, the largest subgroup spoke Portuguese (n = 22), followed by French (n = 10), English (n = 4), South Slavic languages (n = 4), and Italian (n = 1). Additionally, 12 children indicated speaking a language other than those explicitly listed in the questionnaire (i.e., Luxembourgish, German, French, Portuguese, Spanish, Italian, English, or South Slavic languages). Such linguistic diversity is characteristic of the sample’s region and reflects both its multilingual education system and its highly international population (STATEC, 2024).
Data Collection 
Data were collected at two time points, T1 and T2, approximately one year apart. The first assessment (T1) took place at the end of the children’s last term in kindergarten in June/July 2022, and the second assessment (T2) occurred at the end of first grade in June/July 2023. At each time point, participants completed two testing sessions, with an average interval of 5.82 days (standard deviation [SD] = 4.10) between sessions at T1, and 13.70 days (SD = 7.43) at T2.
Children were tested individually by trained student helpers in a quiet room inside their school building at T1 and during the first testing session at T2. During the second testing session at T2, children were assessed in small groups of 5 in a similar setting. Each session lasted approximately 35 minutes. All children were able to follow the task instructions in the country’s native language (i.e., Luxembourgish) and performed the tests in the same fixed order during each testing session at T1 and T2. 
This study was part of a larger project investigating number–space associations and included additional tasks not reported here. For clarity and relevance, only the tasks directly related to the current research questions are described below. At T1, session 1 included forward counting, backward counting, numerosity comparison, figure ground, and spatial relations tasks. Session 2 comprised symbolic magnitude classification, the Children’s Mental Transformation Task (CMTT), and phonological awareness. At T2, the Tempo Test Automatiseren (TTA) assessing arithmetic fluency was administered during Session 2. All tasks were conducted using a paper-and-pencil format, except for the symbolic magnitude classification and numerosity comparison tasks presented digitally on an ACER Spin laptop via E-Prime and Matlab software, respectively.
T1 Predictor Variables
All T1 predictor variables are described in detail in Georges et al. (2023). 
Spatial Skills 
Children’s spatial skills were assessed using three spatial tasks: the figure ground task, a shortened version of the children’s mental transformation task (CMTT), and the spatial relations task. The figure ground and spatial relations tasks were taken from the paper-and-pencil-based FEW-2 (“Frostigs Entwicklungstest der visuellen Wahrnehmung 2”, Büttner, 2008), which is a standardized German developmental test battery equivalent to the DTVP-2 (Developmental Test of Visual Perception 2). According to the 2x2 taxonomy of Newcombe and Shipley (2015), the figure ground and spatial relations tasks can be used to index intrinsic-static and extrinsic-static spatial abilities, respectively. The FEW-2 does not include tasks assessing intrinsic-dynamic spatial abilities. For this reason, we included a shortened version of the CMTT. In the original task (Levine et al., 1999), half of the items required mental rotation, while the remaining half focused on mental translation. Since we used this task as an index of intrinsic-dynamic spatial abilities (i.e., mental rotation), we opted to include only those items involving mental rotation (see also Hawes et al., 2015; Turan et al., 2021).
In the figure ground task, children were presented with a two-dimensional target figure composed of several superimposed shapes. Their task was to identify the individual shapes embedded within the target figure by selecting them from 5 to 10 alternatives displayed below. The target figure either included only the relevant shapes or also contained a distracting background image. The task comprised 18 trials, and one point was awarded for each trial in which all embedded shapes were correctly identified, yielding a maximum score of 18. Prior to the test phase, children completed three practice trials with feedback to ensure task comprehension. Cronbach’s alpha was 0.58.
In the shortened version of the CMTT, children were shown a target shape split into two halves, displayed above a 2×2 array of four choice shapes. They were asked to select the shape that would result from mentally combining the two halves. The task included 16 mental rotation trials, with one point awarded for each correct response (maximum score = 16). No feedback was provided during the task. Cronbach’s alpha was 0.66.
In the spatial relations task, children were presented with 10 grids composed of regularly arranged dots, varying in size from 2×2 to 4×6. Within each grid, a subset of the dots was connected by straight lines, with the number of connections ranging from 2 to 10. Using a pencil, children were instructed to replicate the pattern of lines by connecting the corresponding dots in an empty grid displayed directly below the target grid. One point was awarded for each correctly reproduced line—defined as a line accurately connecting the same two dots as in the original figure. The maximum score for the task was 34, reflecting the total number of lines to be reproduced across all 10 grids. The task began with three practice trials involving only two connected dots per grid, during which feedback was provided. No feedback was given during the test phase. Cronbach’s alpha was 0.67.
Numerical Skills 
Children’s numerical skills were assessed using four numerical tasks: forward counting, backward counting, symbolic magnitude classification, and numerosity comparison.
In the forward counting task, children had to verbally recite the number chain as high as possible. They were interrupted after their first mistake. Following the scoring method used by Georges et al. (2021; see also Cornu et al., 2018), scores ranging from 0 to 10 were assigned based on the highest number correctly produced. Children who were unable to count up to 5 received a score of 0. Those who counted between 5 and 9 were awarded 1 point, and those reaching between 10 and 14 received 2 points. This scoring pattern continued in increments of 1 point for every additional five numbers correctly counted. The maximum score of 10 corresponded to a correct counting sequence up to 50 or beyond. One child was excluded from this task, as they refused to recite any numbers.
In the backward counting task, children were asked to count backward from the starting numbers 4, 8, 12, and 20, always presented in that order. 1 point was awarded for correctly counting four numbers backward. Testing was discontinued after failure to count four numbers backward on two successive trials. The remaining trials were then scored as 0. The maximum score that children could reach on this task was thus 4. Cronbach’s alpha was 0.72.
In the symbolic magnitude classification task, children had to judge whether a centrally presented Arabic digit (1–4, 6–9) was smaller or larger than 5. The task design was adapted from Hoffmann et al. (2013) and described in detail in Georges et al. (2023). Stimuli were presented pseudo-randomly, avoiding immediate repetitions and more than two consecutive same-side responses. Children completed two blocks of 40 trials each, with 5 repetitions per digit. In the first block, they pressed the "A"/”L” key for numbers smaller/larger than 5, respectively. Each block began with 8–16 training trials, depending on accuracy, during which feedback was given. Children’s performances were analysed in terms of accuracy (number of correct items, maximum = 80). RTs < 200 ms were considered as anticipations and discarded as errors (average = 0.25 trials, SD = 0.9). Two children were excluded due to a technical issue that prematurely ended the task. Split-half reliability, calculated using the odd–even method, yielded a correlation coefficient of r = 0.93. Applying the Spearman–Brown correction resulted in an estimated reliability of 0.96.
In the numerosity comparison task, children were shown two dot arrays on the left/right side of the screen and asked to indicate which contained more dots by pressing the “A”/“L” key, respectively. Each trial started with a 500 ms fixation cross, followed by an 800 ms display of the arrays (to prevent counting) on a greyish-blue background. An active mask was shown until response to prevent afterimages. The task included 60 randomized trials, with a 400 ms inter-stimulus interval. Four practice trials (with feedback) preceded the test phase. Stimulus pairs were equally distributed across four numerical ratio bins: 1:2, 2:3, 3:4, and 6:7. The number of dots per array ranged from 4 to 14, and the total number of dots on the screen ranged between 10 and 26. Arrays were balanced across trials for visual features such as total area, convex hull, item size, and mean occupancy. All stimuli were generated using the NASCO application, controlling for Number, Area, Size, Convex hull, and Occupancy (Guillaume et al., 2020). Children’s performances on this task were analysed in terms of accuracy (number of correct items, maximum = 60, see also Guillaume & Van Rinsveld, 2018). RTs < 200 ms were considered as anticipations and discarded as errors (average = 0.67 trials, SD = 2.45). One child was excluded due to task interruption. A repeated-measures ANOVA showed a significant main effect of ratio (F(3, 438) = 47.18, p < .001, ηp² = .24), with higher accuracy for easier ratios. Cronbach’s alpha was 0.89. Given the randomized item order and potential variability in item difficulty, we also calculated McDonald’s omega as a more robust estimate of internal consistency, accounting for possible violations of tau-equivalence. Omega was 0.89.
Phonological Awareness 
Phonological awareness was assessed using a task consisting of four subtests (see Georges et al., 2023): phoneme detection part 1 and 2, phoneme blending, and rhyme identification. As in prior work, a single score indexing phonological awareness was calculated by adding the children’s normalized scores across the four subtests. Cronbach’s alpha across all items was 0.67.
T2 Outcome Variables
Arithmetic Skills 
Arithmetic fluency was assessed using the TempoTest Automatiseren (TTA; De Vos, 2010), a standardized paper-and-pencil test designed to measure the speed and accuracy of basic arithmetic operations in children. The TTA comprises five subtests, each targeting a different operation: addition, subtraction, multiplication, and division, as well as mixed operations. Only the addition and subtraction subtests were administered in the current study, as none of the other operations are part of the curriculum yet. Each subtest contained 40 arithmetic problems of increasing difficulty, presented in a horizontal format. Children were given two minutes per subtest to solve as many problems as possible. The number of correctly solved problems within the time limit was used as the score for each operation. The TTA is widely used in Dutch primary education and has demonstrated good psychometric properties, including high internal consistency and strong predictive validity for mathematics achievement. A repeated measures ANOVA indicated that subtraction was significantly more difficult than addition (F(1, 147) = 277.87, p < 0.001, η²ₚ = 0.65, see Table 1).
Transparency and Openness
We report how we determined our sample size, all data exclusions (if any), all manipulations, and all measures in the study, consistent with the APA’s Journal Article Reporting Standards (JARS; Kazak, 2018). The final sample comprised all children who were longitudinally followed and completed all relevant tasks at both time points. All participants meeting these criteria were included in the analyses, and no outliers were removed. All measures administered are reported in the manuscript to ensure replicability. All statistical analyses were conducted using IBM SPSS Statistics (Version 27). The study’s design and analyses were not preregistered. The complete dataset is publicly available on the Open Science Framework (Georges et al., 2025).

Results
Mean performances for all cognitive tasks and sociodemographic information are presented in Table 1. 
Table 1
Descriptives
	Variables
	n
	Mean
	SD
	Range

	T1 predictor variables

	Age
	147
	6.36
	0.35
	5.69 – 7.71

	SES
	141
	51.74
	16.56
	20.82 – 69.90

	Gender (f/m)
	82/66
	
	
	

	Intrinsic-static: Figure Ground
	148
	12.46
	2.39
	6 – 17 

	Intrinsic-dynamic: CMTT
	148
	10.45
	3.02
	2 – 16 

	Extrinsic-static: Spatial Relations
	148
	25.60
	6.57
	7 – 34 

	Forward Counting
	147
	5.64
	2.72
	2 – 10 

	Backward Counting
	148
	2.24
	1.21
	0 – 4 

	Symbolic Magnitude Classification
	146
	70.43
	12.16
	23 – 80 

	Numerosity Comparison
	147
	43.03
	9.76
	6 – 57 

	Phonological Awareness
	148
	3.12
	0.60
	1.46 – 4 

	T2 outcome variables

	TTA: Addition
	148
	14.80
	4.43
	4 – 26 

	TTA: Subtraction
	148
	10.13
	4.77
	1 – 26 


Analyses of variance (ANOVA) revealed no significant effect of gender on any of the cognitive or sociodemographic variables included in the present study. 
Correlation Analyses 
All correlation coefficients are displayed in Table 2. Strong positive relations were observed between addition and subtraction performances. Furthermore, these arithmetic skills were significantly associated with all kindergarten numerical and spatial measures, phonological awareness, and SES, but not with age. Kindergarten numerical skills showed strong intercorrelations, as did the spatial skills. Notably, significant associations were also observed between the numerical and spatial domains, with the exception of the relation between forward counting and performances on the figure ground task. Additionally, all numerical and spatial measures were correlated with phonological awareness. Higher SES was associated with stronger numerical and arithmetic performances—except in the case of numerosity comparisons—and was also positively related to both phonological awareness and performances on the CMTT. Finally, age was significantly associated only with symbolic magnitude classification performances. 

Table 2
Correlations Among Study Variables
	Variable
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	1. TTA: Addition
	—
	.73***
	.28**
	.43***
	.34***
	.21*
	.27**
	.27**
	.48***
	.41***
	.10
	.28**

	2. TTA: Subtraction
	
	—
	.26**
	.47***
	.31***
	.25**
	.30***
	.18*
	.37***
	.40***
	.07
	.20*

	3. Forward Counting
	
	
	—
	.64***
	.18*
	.31***
	.38***
	.08
	.28**
	.34***
	.01
	.28**

	4. Backward Counting
	
	
	
	—
	.30***
	.40***
	.51***
	.17*
	.35***
	.45***
	.00
	.22**

	5. Symbolic Magnitude Classification
	
	
	
	
	—
	.23**
	.32***
	.30***
	.23**
	.21*
	.18*
	.28**

	6. Numerosity Comparison
	
	
	
	
	
	—
	.35***
	.18*
	.27**
	.39***
	.01
	.10

	7. Phonological Awareness
	
	
	
	
	
	
	—
	.17*
	.36***
	.32***
	.08
	.22**

	8. Intrinsic-static: Figure Ground
	
	
	
	
	
	
	
	—
	.28**
	.39***
	.15
	.07

	9. Intrinsic-dynamic: CMTT
	
	
	
	
	
	
	
	
	—
	.40***
	.13
	.17*

	10. Extrinsic-static: Spatial Relations
	
	
	
	
	
	
	
	
	
	—
	.06
	.09

	11. Age
	
	
	
	
	
	
	
	
	
	
	—
	–.14

	12. SES
	
	
	
	
	
	
	
	
	
	
	
	—


Note. *p < .05; **p < .01; ***p < .001.
Hierarchical Multiple Linear Regression Analyses 
Hierarchical multiple linear regression analyses were conducted to examine whether kindergarten spatial skills uniquely predict first-grade addition and subtraction performances. Covariates were entered sequentially in a stepwise manner to control for shared variance between spatial skills and other relevant predictors, including numerical abilities, phonological awareness, and sociodemographic factors significantly associated with arithmetic outcomes. Specifically, step 1 included sociodemographic variables: age, gender, and SES. Step 2 added domain-specific and domain-general cognitive covariates, including numerical skills—forward and backward counting, symbolic magnitude classification, and numerosity comparison—as well as phonological awareness. Step 3 introduced spatial skills to assess their unique contribution beyond the influence of the previously entered predictors.
Regression diagnostics showed that variance inflation factor (VIF) values were all below 2.65, indicating no concerns regarding multicollinearity. Additionally, the Durbin-Watson test suggested no evidence of autocorrelation (see Table 3 for details).
The inclusion of spatial skills in step 3 significantly improved the predictive power of the regression models for both addition and subtraction performance. Notably, performance on the Children’s Mental Transformation Task (CMTT), reflecting intrinsic-dynamic spatial processing, accounted for unique variance in addition skills, while spatial relations, indexing extrinsic-static spatial processing, uniquely predicted subtraction skills, even after controlling for kindergarten numerical abilities, phonological awareness, and sociodemographic factors. Additionally, backward counting emerged as the sole numerical skill that significantly predicted arithmetic performance when controlling for sociodemographic variables, phonological awareness (step 2), and spatial skills (step 3). Performances on the figure ground task were not significantly related to either addition or subtraction skills after controlling for other spatial predictors and/or covariates in step 3 of the models. Similarly, phonological awareness no longer significantly predicted arithmetic outcomes once numerical skills were accounted for in step 2. SES continued to explain unique variance in addition but not subtraction skills in step 3.

Table 3
Hierarchical Multiple Linear Regressions on Addition and Subtraction Performances
	
	Addition
	Subtraction

	Step 1
	R2
	F
	D-W
	R2
	F
	D-W

	
	0.13
	6.65***
	2.25
	0.09
	4.25**
	1.92

	Predictors
	b
	β
	p
	
	b
	β
	p
	

	Age
	2.55
	0.20
	0.019
	
	2.22
	0.16
	0.066
	

	SES
	0.08
	0.31
	<0.001
	
	0.07
	0.23
	0.006
	

	Gender
	-0.96
	-0.11
	0.181
	
	-1.26
	-0.13
	0.115
	

	Step 2
	R2
	F
	ΔR2
	ΔF
	R2
	F
	ΔR2
	ΔF

	
	0.29
	6.47***
	0.16
	5.67***
	0.31
	6.96***
	0.22
	7.92***

	Predictors
	b
	β
	p
	
	b
	β
	p
	

	Age
	1.72
	0.13
	0.096
	
	1.28
	0.09
	0.253
	

	SES
	0.05
	0.18
	0.036
	
	0.03
	0.09
	0.255
	

	Gender
	-0.90
	-0.10
	0.184
	
	-1.21
	-0.13
	0.099
	

	Forward Counting
	-0.01
	-0.01
	0.928
	
	-0.14
	-0.08
	0.419
	

	Backward Counting
	1.18
	0.33
	0.005
	
	1.63
	0.42
	<0.001
	

	Symbolic Magnitude Classification
	0.05
	0.14
	0.115
	
	0.05
	0.12
	0.143
	

	Numerosity Comparison
	0.02
	0.05
	0.587
	
	0.04
	0.09
	0.323
	

	Phonological Awareness
	0.15
	0.02
	0.822
	
	0.26
	0.03
	0.712
	

	Step 3
	R2
	F
	ΔR2
	ΔF
	R2
	F
	ΔR2
	ΔF

	
	0.38
	6.90***
	0.09
	6.02***
	0.35
	6.01***
	0.04
	2.72*

	Predictors
	b
	β
	p
	
	b
	β
	p
	

	Age
	1.18
	0.09
	0.236
	
	1.05
	0.07
	0.345
	

	SES
	0.04
	0.17
	0.039
	
	0.03
	0.10
	0.240
	

	Gender
	-0.71
	-0.08
	0.276
	
	-1.06
	-0.11
	0.146
	

	Forward Counting
	-0.06
	-0.04
	0.696
	
	-0.18
	-0.10
	0.297
	

	Backward Counting
	0.94
	0.26
	0.020
	
	1.38
	0.35
	0.003
	

	Symbolic Magnitude Classification
	0.04
	0.12
	0.148
	
	0.05
	0.13
	0.123
	

	Numerosity Comparison
	-0.02
	-0.04
	0.677
	
	0.01
	0.03
	0.757
	

	Phonological Awareness
	-0.38
	-0.05
	0.553
	
	-0.05
	-0.01
	0.940
	

	Intrinsic-static: Figure Ground
	0.09
	0.05
	0.562
	
	-0.10
	-0.05
	0.541
	

	Intrinsic-dynamic: CMTT
	0.37
	0.25
	0.003
	
	0.19
	0.12
	0.171
	

	Extrinsic-static: Spatial Relations
	0.11
	0.16
	0.075
	
	0.15
	0.20
	0.028
	


Note. D-W = Durbin-Watson;  *p < .05; **p < .01; ***p < .001.



Discussion
The present longitudinal study examined whether three distinct types of spatial skills assessed in kindergarten uniquely predicted performances in newly acquired addition and subtraction in first grade. To isolate these effects, the analysis controlled for sociodemographic factors, as well as domain-general and domain-specific covariates—also measured in kindergarten—known to be associated with early arithmetic competence. 
Including kindergarten spatial skills in the final step of the regression models significantly improved the prediction of both addition and subtraction performance in first grade. This finding supports a general longitudinal effect of early spatial abilities on the development of newly acquired arithmetic skills at the beginning of formal schooling (Frick, 2019; LeFevre et al., 2013). Especially, these findings extend earlier research conducted with older children, demonstrating that spatial skills play a key role in mastering relatively more complex and less familiar arithmetic operations—such as multiplication and division—in third grade (Georges et al., 2019). They also align with earlier work suggesting the importance of spatial skills particularly for understanding novel mathematical content (e.g., Ackerman, 1988; Uttal & Cohen, 2012). In this line, Mix et al. (2016) also found that spatial visualization skills—measured by a block design task—were primarily linked to newly learned rather than already mastered mathematical problems in kindergarten and elementary school children.
Importantly, spatial skills uniquely predicted addition and subtraction performance beyond the influences of relevant sociodemographic and cognitive covariates, including basic numerical knowledge and phonological awareness, all measured concurrently in kindergarten. These results imply that spatial skills have a direct longitudinal influence on arithmetic performance, rather than exerting their effects solely through other domain-general or domain-specific skills. While it remains possible that spatial skills also exert indirect effects on first-grade arithmetic competence—e.g., through domain-specific numerical factors—the present findings support the existence of a direct pathway. This result aligns with the outcomes of a recent meta-analysis by Atit and colleagues (2022), which reported that although fluid reasoning (see also Harris et al., 2025) and verbal skills mediated the relation between spatial and mathematical abilities, a unique direct effect of spatial skills still remained. Notably, the residual relation between spatial and mathematical skills was stronger than either of the indirect paths via verbal or reasoning abilities. Similar findings were reported by Träff et al. (2023), who examined key cognitive abilities underlying the development of early single-digit arithmetic in 6-year-old children from preschool to first grade. Using a latent change score model, they found that arithmetic development was supported primarily by spatial processing (i.e., mental rotation), which accounted for 19.6% of the explained variance. Likewise, Whitehead and Hawes (2023) examined how executive functions, numerical, and spatial skills related to both number line estimation and arithmetic (addition) abilities. They found that spatial skills were the only unique predictor of addition performances, operating through more advanced addition strategies such as composition/decomposition and retrieval. In contrast to those observations, Cirino (2011) and Krajewski and Schneider (2009) found that although both linguistic (e.g., phonological awareness) and spatial (e.g., visuospatial working memory) skills were initially associated with arithmetic abilities, these relationships became non-significant once early number skills were accounted for. Similarly, Aunola et al. (2004; see also Koponen et al., 2007) reported that linguistic and spatial (i.e., visual attention) precursors explained only a small portion of the variance in arithmetic outcomes when included alongside numerical skills. These discrepant findings may be partly attributable to differences in the spatial measures used across studies, underscoring the importance of assessing multiple spatial subdomains when evaluating their unique contributions to early mathematical development. Additionally, these mixed findings regarding whether the spatial–mathematical relation is fully or only partially mediated likely reflect variation in the types and number of numerical variables included as controls across studies. Importantly, the present study controlled for four distinct domain-specific numerical skills—covering non-symbolic as well as both verbal and non-verbal symbolic processing—measured at the same time point as spatial skills. The present findings thus provide particularly strong evidence for a robust and direct contribution of spatial skills to newly acquired arithmetic in first grade, beyond what can be explained by children’s existing numerical knowledge alone.
Interestingly, despite the unique contribution of spatial skills to early arithmetic development in general, specific spatial subdomains demonstrated unique predictive effects on addition and subtraction performance. Concretely, mental rotation (an intrinsic-dynamic spatial skill) uniquely predicted addition performance (see also Whitehead & Hawes, 2023), while spatial relations (an extrinsic-static spatial skill) were specifically associated with subtraction performance. In contrast, performances on the figure ground task were not significantly related to either arithmetic operation when controlling for competing spatial predictors and covariates. These findings provide further support for dual-process accounts of spatial cognition—which distinguish between intrinsic versus extrinsic and static versus dynamic spatial representations (Uttal et al., 2013; Newcombe & Shipley, 2015)—and align with prior research demonstrating domain-specific roles of these spatial subcomponents in mathematical development (Gilligan et al., 2019; Mix et al., 2016). For example, Mix et al. (2016) showed that while spatial visualization tasks, including block design, only related to novel math content, visual motor integration was exclusively associated with familiar problems in kindergarten children. Moreover, performances on an approximate number sense task were predicted by spatial scaling, but not by other spatial subdomains such as mental rotation or disembedding (Gilligan et al., 2019).
The differential relations between specific spatial subskills and performances in addition and subtraction also further support the existence of domain-specific pathways in early mathematical development (Istomina & Arsalidou, 2024; Ren et al., 2025; Yang et al., 2017). That is, different arithmetic operations may draw on distinct cognitive—particularly spatial—processes. Accordingly, addition performance was found to be associated with mental rotation, but not with spatial relations, potentially because effective addition often involves advanced strategies such as composition and decomposition, rather than simpler strategies like counting on, at this age. These higher-order strategies closely parallel the cognitive demands of mental rotation, which requires the mental manipulation and integration of spatial components (e.g., Mix, 2019). Conversely, such dynamic spatial transformations might be less directly involved in typical subtraction strategies, which rely more on relational reasoning, therefore explaining their association with spatial relations rather than mental rotation. This assumption is supported by a previous study showing that brain activity during single-digit subtraction correlated with performance on a number line estimation task (Berteletti et al., 2015), which relies on understanding relative positions and proportional distances between numbers—processes also engaged in spatial relations tasks. Greater reliance on fact retrieval, rather than spatially demanding strategies, for both addition and subtraction—as children age and gain arithmetic mastery—could then help explain why spatial skills are no longer associated with any of these operations at later developmental stages (see Georges et al., 2019). 
Alternatively, the aforementioned differential associations may not reflect fundamentally distinct cognitive mechanisms for each operation, but could instead stem from differences in task difficulty, given that subtraction is generally more complex than addition in early learning contexts (e.g., Kamii et al., 2001; Yang et al., 2017)—a pattern also observed in the current study. In that vein, extrinsic-static rather than intrinsic-dynamic spatial skills may play a more prominent role in solving relatively more difficult arithmetic tasks. This idea is consistent with recent findings from Gilligan et al. (2019), who showed that while mental rotation (an intrinsic-dynamic skill) was associated with mathematics performance primarily in younger children, spatial scaling (an extrinsic-static skill) remained a significant predictor of math outcomes at older ages—when tasks are typically more complex.
Apart from discussing the effects of spatial skills, another noteworthy finding of the present study was that backward counting emerged as the only significant numerical predictor of both addition and subtraction performance. As such, despite their differential associations with specific spatial subskills, these results suggest that both arithmetic operations draw on shared underlying numerical processes, specifically those associated with reciting numbers backwardly. In contrast, neither forward counting nor the comparison of (symbolic) numerical magnitudes showed significant associations with either arithmetic skill when their effects were considered alongside those of backward counting, phonological awareness, and sociodemographic variables. This finding corroborates previous research emphasizing the central role of a flexible counting sequence knowledge—over other early numerical abilities—in the development of foundational arithmetic competencies during the elementary school years (e.g., Aunola et al., 2004; Krajewski & Schneider, 2009; Träff et al., 2025; Zhang et al., 2014). For instance, Träff and colleagues (2023, 2025) have recently shown that arithmetic performance at the beginning of formal schooling depended amongst others on prior counting knowledge but was not supported by symbolic or non-symbolic magnitude comparison. This outcome could also be supported by a recent training study showing that transfer effects of spatial training to arithmetic performance were not mediated by numerical magnitude knowledge in first graders (Vasilyeva et al., 2025). Moreover, Xenidou-Dervou et al. (2018) reported that while several numerical skills contributed to early math performance, such as addition and subtraction, counting knowledge skills had the strongest predictive power. These findings collectively support the view that counting strategies—particularly more advanced forms that involve flexible manipulation of the number sequence, such as backward counting (see current findings)—are actively used in early addition and subtraction (Siegler & Shrager, 1984). A plausible explanation for the lack of a unique association between magnitude comparison—particularly with non-symbolic stimuli—and arithmetic outcomes is that the core number system may no longer play a central role in supporting early arithmetic learning once children have acquired sufficient numerical knowledge to employ various counting strategies (Chu et al., 2015; Skagerlund & Träff, 2016; see also Träff et al., 2023).
Interestingly, the lack of unique contribution from magnitude comparison diverges, however, from the results of Martin et al. (2018), who found that symbolic magnitude identification and comparison in kindergarten uniquely predicted addition and subtraction fluency in first grade, even after controlling for counting-related skills, which were not themselves significant predictors. Nonetheless, it should be noted that these authors did not examine backward counting as a separate measure, potentially overlooking its unique contribution to arithmetic performance. If included as an individual predictor, backward counting might, in fact, play a more critical role than non-verbal symbolic or non-symbolic number processing in early arithmetic development.
Another point worth noting is that, in contrast to spatial skills, phonological awareness did not significantly predict arithmetic outcomes once relevant covariates—particularly numerical skills—were accounted for. This pattern is consistent with previous research suggesting that the contribution of phonological awareness to mathematical performance may be largely indirect or mediated through its influence on numerical abilities (e.g., Cirino, 2011; Krajewski & Schneider, 2009). Namely, Zhang et al. (2014) have shown that the relation between linguistic skills and arithmetic was mediated by both forward and backward counting knowledge. Supporting evidence was also found in the longitudinal study by Passolunghi and colleagues (2007), where only counting skills, but not phonological ability, predicted later mathematical achievement. 
No effect of gender was found in the current study, consistent with prior research suggesting that gender differences in basic numerical and arithmetic skills are minimal or absent in younger children (e.g., Kersey et al., 2018). When such differences do emerge, they are often attributed to sociocultural factors, such as teacher expectations or parental input, rather than innate cognitive ability (Gunderson et al., 2012). Although small gender gaps may arise with the onset of formal mathematics instruction, findings are mixed (Else-Quest et al., 2010), and observed differences are frequently linked to non-cognitive influences like math anxiety and confidence, rather than genuine disparities in mathematical competence (Ganley & Lubienski, 2016; Devine et al., 2012).
Similarly, the absence of gender effects in spatial skills observed in the present study aligns with research showing that such differences are small or inconsistent during early childhood and tend to increase with age (Lauer et al., 2019; Yuan et al., 2019). Although some studies find that boys may outperform girls on specific spatial tasks, particularly mental rotation (e.g., Levine et al., 1999), these differences generally emerge later, around middle childhood (see Neuburger et al., 2011), and are strongly shaped by environmental experiences, such as spatial play (Levine et al., 2012).
Implications
The present findings suggest several potential educational implications. Nevertheless, these interpretations remain speculative and should be considered preliminary, as the findings are correlational in nature and therefore do not permit causal inferences regarding the relationship between spatial and arithmetic skills (see also “Limitations and Future Directions”).
First, the unique contribution of spatial skills in kindergarten to newly acquired arithmetic performances in first grade underscores the value of integrating spatial reasoning into early math instruction. Teachers might for instance consider embedding targeted spatial activities—such as mental transformation (cf., Hawes et al., 2015; Weber et al., 2024) or spatial relational tasks—into kindergarten curricula to support the development of specific arithmetic operations in formal education. Such early interventions would not only offer a promising avenue for enhancing arithmetic performances in first grade but could also help clarify the causal role of specific spatial subskills in early mathematical development. Interestingly, the meta-analytic findings of Yang et al. (2020) suggest that targeting intrinsic-dynamic and extrinsic-static spatial skills in training may be especially effective, as indicated by their relatively high effect sizes compared to other spatial subdomains. This is encouraging, considering the current results indicating that these specific spatial skills are also most relevant for supporting early arithmetic competencies.
Secondly, given that different spatial subskills predicted addition and subtraction performances, these arithmetic operations might benefit from differentiated instructional strategies, tailored to the distinct cognitive demands of each. For example, spatial transformation exercises, such as solving puzzles, may be particularly useful for fostering addition, while activities emphasizing spatial relations— such as navigating mazes, working with number lines, or estimating distances—might better support subtraction learning. 
The strong predictive role of backward counting also highlights the need to place greater instructional emphasis on this often-overlooked foundational numerical skill. While numerical training often focuses on non-verbal symbolic tasks, the present findings suggest that verbal numerical competencies—particularly those involving sequential processing, such as backward counting—play a critical role in supporting early arithmetic development. As such, instructional approaches should not only emphasize symbolic understanding but also incorporate structured opportunities to practice and apply verbal counting strategies, particularly in contexts that encourage flexible number chain manipulation. Although backward counting was a significant predictor of both addition and subtraction, it is plausible that training in backward counting may be especially beneficial for fostering subtraction skills, given that subtraction is thought to rely more heavily on reverse-sequential processing. In any case, additionally focusing on backward counting when aiming to enhance early mathematical ability may be particularly relevant, given that a recent study by Fye and Borriello (2024) suggests that a combined training paradigm—targeting both domain-specific and domain-general skills—yields greater overall gains than training spatial skills in isolation.
Beyond instructional interventions, early screening for spatial abilities may also serve as a valuable tool for identifying children at risk for mathematical difficulties before the start of formal schooling. Implementing such screening in educational settings, however, would require the development and use of brief yet reliable spatial tasks that are both age-appropriate and feasible for teachers to administer within typical classroom routines.
Limitations and Future Directions
While longitudinal designs—like the current one—provide temporal precedence and, in combination with the inclusion of key covariates (notably prior numerical knowledge), offer strong evidence for a directional effect whereby spatial skills in kindergarten predict improved addition and subtraction performance at the start of formal education in first grade, the present findings cannot fully rule out alternative explanations and therefore do not constitute definitive proof of causality. 
For instance, despite the inclusion of relevant domain-specific and domain-general covariates, it remains possible that the observed association between spatial and arithmetic abilities is driven, at least in part, by an unmeasured third variable, such as executive functioning or working memory, which supports development in both spatial and mathematical domains (e.g., Allen et al., 2019; Miyake et al., 2001; Pascual et al., 2019). In this context, future research might consider visuospatial working memory (VSWM) as a particularly relevant domain-general factor. Given its spatial nature, VSWM may not only act as a potential confound but could also be conceptualized as a related but distinct spatial construct (see Xie et al., 2020). Rather than treating it solely as a confounding variable, it may be informative to model VSWM alongside spatial skills to better understand their unique and shared contributions to early arithmetic development.
To move beyond correlational evidence and establish a true causal link between early spatial skills and later arithmetic performances, experimental intervention studies (see also e.g., Fyfe & Borriello, 2024; Hawes et al., 2022; Judd & Klingberg, 2021; Yang et al., 2020) are essential. Carefully controlled training studies that systematically enhance specific spatial skills, such as mental transformation and spatial relations, and examine their effects on addition and subtraction outcomes over time are therefore a critical next step. Such interventions would allow us to directly test whether improving those spatial subskills in kindergarten leads to measurable gains in arithmetic performance at the beginning of formal education, and whether effects differ across operations like addition and subtraction. 
Future research should also explore the possibility of bidirectional influences between spatial skills and arithmetic abilities (see e.g., Geer et al., 2019). Even if evidence for a unidirectional causal pathway could be established through training studies, it still remains plausible that early numerical experiences, in turn, contribute to the development of better spatial skills, thereby creating a dynamic, reciprocal relation over time. To assess these potential mutual effects, studies should employ random-intercept cross-lagged panel models or latent change score analysis. This would allow for a more nuanced understanding of how spatial skills and arithmetic abilities co-develop, and whether early interventions in one domain might generate cascading benefits in the other.
Another point worth mentioning is that while simultaneously entering all three types of spatial skills in the final regression block provides a stringent test of specificity, it can also suppress potentially meaningful effects due to shared variance—either within the spatial domain or with earlier-entered cognitive predictors such as numerical skills. As a result, spatial skills that do not emerge as significant independent predictors in the full model may still play an important role. For instance, certain spatial subskills, such as figure ground, might have shown significant associations with arithmetic outcomes if analysed in isolation in the final step, without competing spatial predictors. Moreover, it is possible that some spatial skills influence arithmetic indirectly, through mediating variables like for instance backward counting. In this way, mental transformation and spatial relational skills may have contributed to subtraction and addition, respectively, via their effects on numerical skills. In line with this assumption, prior research has shown that the relation between spatial skills and arithmetic performance can indeed be mediated by backward—but not forward—counting (Zhang et al., 2014). Unfortunately, all predictors in the present study were assessed concurrently, which precludes testing for mediation effects. As such, it remains an open question whether spatial skills that do not independently predict addition and subtraction are genuinely unimportant, or whether their influence is exerted indirectly. To address this, future research should employ longitudinal or experimental designs capable of examining potential mediating mechanisms and supporting stronger causal inferences.
Future research should also examine whether the unique predictive effects of spatial subdomains differ when accounting for extrinsic–dynamic spatial skills (e.g., perspective taking), particularly in older children. This subdomain, outlined in the Uttal et al. (2013) framework, was omitted from the present study because such tasks are typically too challenging for younger participants (e.g., Frick et al., 2014). Nonetheless, previous findings suggest that this skill may be less directly associated with arithmetic performance (Frick, 2019).
Furthermore, while the current results suggest differential use of (spatial) strategies across addition and subtraction in first grade, future studies should place greater emphasis on directly assessing strategy use, as this may help clarify the mechanisms underlying the observed associations between specific spatial subskills and different arithmetic operations. One promising approach involves collecting verbal reports, in which children are asked to explain how they arrived at their answers, thereby providing valuable insight into the specific strategies used during addition and subtraction (see e.g., Laski et al., 2013; Torbeyns et al., 2018).
Another issue to consider is that the lack of a significant unique effect of the figure-ground task in the regression models could partly reflect the task’s relatively low internal consistency (Cronbach’s alpha = 0.58). This suggests the task might not reliably capture a single underlying construct, potentially introducing measurement error. Consequently, associations involving this task should be interpreted with caution. Future research should therefore consider using alternative measures of intrinsic-static spatial skills with higher reliability to enhance the robustness of the current findings.
Finally, future research might also examine whether the observed relation between specific spatial skills and addition and subtraction abilities can indirectly explain the well-documented links between spatial skills and higher-level mathematical outcomes (Hawes et al., 2019; Oostermeijer et al., 2014)—with arithmetic skills potentially serving as a mediating factor (e.g., Meng et al., 2024).
Conclusion
The present study highlights the significant role of spatial skills, alongside early numerical abilities, in supporting arithmetic development at the start of formal education. While backward counting emerged as a common numerical foundation for both addition and subtraction, distinct spatial subskills differentially supported these operations: intrinsic-dynamic skills (i.e., CMTT) uniquely predicted addition, whereas extrinsic-static skills (i.e., spatial relations) were specifically linked to subtraction. These findings not only reinforce multicomponent models of spatial cognition (e.g., Uttal et al., 2013) but also align with the view that different arithmetic operations draw on distinct cognitive processes. Importantly, the predictive contributions of spatial skills were observed even when controlling for domain-specific numerical variables and other relevant domain-general factors, including phonological awareness and sociodemographic variables. This underscores the unique and complementary roles of spatial cognition and core numerical competencies—particularly backward counting—in the early development of arithmetic skills, especially in the acquisition of addition and subtraction during first grade.
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