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Abstract
Background: Children's numerical and arithmetic skills 
differ greatly already at an early age. Although research 
focusing on accounting for these large individual differences 
clearly demonstrates that mathematical performance draws 
upon several cognitive abilities, our knowledge concerning 
key abilities underlying mathematical skill development is still 
limited.
Aims: First, to identify key cognitive abilities contributing 
to children's development of  early arithmetic skills. Second, 
to examine the extent to which early arithmetic performance 
and early arithmetic development rely on different or simi-
lar constellations of  domain-specific number abilities and 
domain-general cognitive abilities.
Sample: In all, 134 Swedish children (Mage = 6 years and 
4 months, SD = 3 months, 74 boys) participated in this study.
Method: Verbal and non-verbal logical reasoning, 
non-symbolic number comparison, counting knowledge, 
spatial processing, verbal working memory and arithmetic 
were assessed. Twelve months later, arithmetic skills were 
reassessed. A latent change score model was computed to 
determine whether any of  the abilities accounted for varia-
tions in arithmetic development.
Results: Arithmetic performance was supported by count-
ing knowledge, verbal and non-verbal logical reasoning and 
spatial processing. Arithmetic skill development was only 
supported by spatial processing.
Conclusions: Results show that young children's early 
arithmetic performance and arithmetic development are 
supported by different cognitive processes. The findings 
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BACKGROUND

It is well established that children's numerical and arithmetic skills differ greatly already at an early age, 
prior to formal school entry (Berch & Mazzocco, 2007; Duncan et al., 2007). Given this, a bulk of  
studies founded on contemporary models of  mathematical development have focused on accounting 
for these large individual differences by identifying predictors of  children's mathematical achievement 
(Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010; LeFevre et al., 2010; von Aster & 
Shalev, 2007). Although this research clearly demonstrates that children's concurrent and future mathe-
matical performance—assessed at a single timepoint—draws upon several cognitive abilities, our knowl-
edge concerning key cognitive abilities underlying mathematical skill development (i.e., growth in skill) is 
still limited (Träff  et al., 2020; Xenidou-Dervou et al., 2018). Hence, the current study sought to bridge 
this knowledge gap concerning the underlying cognitive resources of  children's early arithmetic skill 
development. To extend the research literature, the following two aims were addressed: First, to iden-
tify key cognitive abilities contributing to children's development of  early arithmetic skills. Second, to 
examine to what extent early arithmetic performance and early arithmetic development (i.e., growth) rely 
on different or similar constellations of  domain-specific number abilities and domain-general cognitive 
abilities. To accomplish this, Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al.'s (2010) extended 
version of  von Aster and Shalev's (2007) developmental model of  numerical cognition was utilized as a 
theoretical foundation when 134 six-year-olds were assessed on number abilities, cognitive abilities and 
basic arithmetic. Twelve months later, the arithmetic tests were administered once again, and latent change 
scores (LCSs) were computed based on the two measurement points to be used as an index of  skill devel-
opment as well as an index of  initial arithmetic performance. Domain-general cognitive abilities refer to 
abilities (e.g., working memory, processing speed, logical reasoning) that may play roles in learning within 
all types of  academic domains (mathematics, native language, foreign language, sciences). In contrast, 
domain-specific number abilities refer to abilities (e.g., counting, symbolic number magnitude processing) 
that only play roles in learning within certain types of  academic domains (e.g., STEM).

The extended developmental model

Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al. (2010) performed a developmental study based 
on von Aster and Shalev's (2007) four-step developmental model of  numerical cognition, with the aim to 
extend the model by pinpointing number abilities and general cognitive abilities that support arithmetic 
development (i.e., growth). The four-step model assumes that children are born with a cardinal magnitude 
system (step 1), and that children develop, when learning to speak, a verbal number magnitude system 
(step 2) and an Arabic number magnitude system (step 3) by learning number words and Arabic numer-
als. These number symbols are integrated with the core magnitude system (step 1) to acquire a cardinal 
understanding of  symbolic numbers (step 1; cf. Dehaene, 1992; Feigenson et al., 2004). The fourth and 

regarding performance supported Fuchs et al.'s model (Dev 
Psychol, 46, 2010b, 1731) but the developmental findings did 
not. The developmental findings align partially to Geary 
et al.'s (J Educ Psychol, 109, 2017, 680) hypothesis stating 
that young children's early arithmetic development is more 
dependent on general cognitive abilities than number abilities.

K E Y W O R D S
arithmetic development, counting, logical reasoning, number processing, 
spatial processing, verbal working memory
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827PREDICTORS OF ARITHMETIC DEVELOPMENT

last step of  the model consists of  a spatially represented mental number line (step 4) that evolves based 
on steps 3 and 2. The symbolic mental number line represents akin to steps 2–3 cardinality, but also an 
understanding of  ordinality which is the second core principle of  numbers. A basic assumption of  the 
model is that the learning of  number symbols and their integration with the core magnitude system (step 
1) is only possible with support from general cognitive abilities (e.g., language, working memory, executive 
function). The symbolic number systems (i.e., steps 2–4) constitute the foundation for acquiring formal 
mathematical knowledge and skills (e.g., arithmetic). The verbal number system (step 2) contributes to 
arithmetic learning by supporting counting and enumeration processes necessary for solving basic arith-
metic problems via counting strategies or direct retrieval, while the Arabic number system (step 3) is 
responsible for processes contributing to written calculation. The symbolic mental number line (step 4) 
supports complex arithmetic thinking and higher-order mathematical reasoning by executing required 
symbolic ordinal and cardinal number processes (von Aster & Shalev, 2007).

Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al. (2010) found that growth in word problem 
solving was supported by both number abilities (number sets test, number line estimation) and cognitive 
abilities (verbal working memory, classroom attention, non-verbal logical reasoning, language comprehen-
sion). In contrast, growth in multi-digit calculation was primarily supported by number abilities (number 
sets test, number line estimation) and marginally by verbal working memory (Fuchs, Geary, Compton, 
Fuchs, Hamlett, Seethaler, et al., 2010). The researchers concluded that these results corroborate von 
Aster and Shalev's model, but that it should also be extended to consider more advanced arithmetic skills 
(i.e., multi-digit calculation, word problem solving). More specifically, the extended model, developed by 
Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al. (2010), postulates that children's mathematical 
learning (i.e., development) is supported by an interaction between domain-specific number abilities and 
domain-general cognitive abilities. The model also affirms that the relative importance of  these two types 
of  abilities varies between different aspects of  mathematical learning (see Figure 1). The development of  
early and basic arithmetic skills (i.e., single-, multi-digit tasks) is assumed to be tightly connected to the 
innate number magnitude system (i.e., the approximate number system; Feigenson et al., 2004) while the 
development of  more complex and later acquired arithmetic skills (i.e., word problem solving) is more 
remote to the innate number magnitude system.

As a result, the earlier and more basic skills depend heavily on basic number abilities and less on 
general cognitive abilities, whereas later and advanced skills depend more on general cognitive abilities 
and less on basic number abilities.

Domain-specific number predictors and general cognitive predictors of  
arithmetic performance

Consistent with Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al.'s (2010) extended model, numer-
ous cross-sectional studies performed on young children (5–8 years old) provide converging evidence 
supporting the claim that the cognitive resources underlying single-digit arithmetic performance comprise 
a combined contribution from number abilities and general cognitive abilities (Cowan & Powell, 2014; 
Hornung et al., 2014; Martin et al., 2014; Östergren & Träff, 2013; Sowinski et al., 2015; Träff  et al., 2020). 
Evidence also demonstrates that multi-digit calculation and arithmetic word problem solving are uniquely 
supported by both types of  abilities (Cowan & Powell, 2014; Fuchs, Geary, Compton, Fuchs, Hamlett, & 
Bryant, 2010; Martin et al., 2014; Sowinski et al., 2015).

Yet, research related to the claim that basic arithmetic skills rely heavily upon number abilities and 
less on general cognitive abilities, while complex arithmetic skills rely more on general cognitive abilities 
and less on number abilities, have been challenged by some recent studies. However, it should be noted 
that a few studies on older children (10–13 years old) support this claim of  the extended model (Cirino 
et al., 2016; Träff, 2013; see also Martin et al., 2014). Findings obtained from two longitudinal studies, 
on the other hand, contest this claim. Geary et al. (2017) observed in their study, that across grades 
1–8, prior general abilities (i.e., working memory, intelligence, reading) and number abilities (number sets 
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TRÄFF et al.828

test, number line estimation) consistently supported future math achievement. More importantly, math 
achievement in early grades was more dependent on general cognitive abilities than upon number abilities, 
but the two abilities were equally important to math achievement in later grades (see also Skagerlund & 
Träff, 2016). In addition, Träff  et al. (2020) found in their longitudinal hierarchical development study 
that three levels of  mathematics (kindergarten arithmetic, third-grade advanced arithmetic, sixth-grade 
advanced mathematics) all involve an interaction between number abilities (counting knowledge, digit 
comparison) and general cognitive abilities (logical reasoning, phonological awareness, working memory). 
Aligning with the model by Fuchs et al., it was found that the contribution of  number abilities declined 
during development. However, contrary to the model, the contribution of  the general cognitive abilities 
remained approximately the same across all levels of  mathematical learning.

These longitudinal findings challenge the assumption of  Fuchs, Geary, Compton, Fuchs, Hamlett, 
Seethaler, et al.'s (2010) model, stating that basic arithmetic skills should rely less on general cognitive 
abilities, while complex mathematical skills should rely more on general cognitive abilities. A rational 
explanation of  these findings provided by Geary et al. (2017; see also Lee & Bull, 2016; Träff  et al., 2020) 
holds that the relative complexity and difficulty of  the task at the time of  measurement—given the child's 
age and knowledge level—define the level of  demand the task inflicts on the child's general cognitive 
capacity. Accordingly, for young children (5–7 years old), single-digit arithmetic (e.g., 3 + 2) imposes high 
cognitive demand, given their low mathematical knowledge and skill level. For older children (10–12 years 
old), on the other hand, single-digit arithmetic should only elicit low cognitive demand due to their much 
higher knowledge level, while a complex task at a higher knowledge level should be cognitively challeng-
ing even for older children. This explanation provides a reasonable account of  the conflicting findings 
obtained from cross-sectional and longitudinal studies (Cirino et al., 2016; Cowan & Powell, 2014; Geary 
et al., 2017; Träff  et al., 2020).

F I G U R E  1  The extended developmental model: The contribution from domain-specific number abilities and 
domain-general cognitive abilities to different aspects of  arithmetic learning.
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829PREDICTORS OF ARITHMETIC DEVELOPMENT

Domain-specific number and general cognitive predictors of  arithmetic 
development

Although considerable cross-sectional evidence supports Fuchs, Geary, Compton, Fuchs, Hamlett, 
Seethaler, et al.'s (2010) model, developmental evidence is still more or less lacking. This shortage of  
developmental research is surprising given that it is a developmental model of  mathematics learning. While a 
few developmental studies do exist, they have generated mixed results. This is not surprising as the differ-
ent studies have employed different outcome measures and different sets of  predictors. Furthermore, 
time of  study duration varies greatly among the studies, from 7 months (Fuchs, Geary, Compton, Fuchs, 
Hamlett, Seethaler, et al., 2010) to 5 years (Geary, 2011).

As previously mentioned, Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al. (2010) found, 
using LCSs as an index of  arithmetic development, that the number sets test, number line estimation, 
verbal working memory, classroom attention, non-verbal logical reasoning and language comprehension 
contributed to development of  arithmetic word problem solving skills during grade 1. Development of  
multi-digit calculation was, on the other hand, primarily supported by the number sets test, number line 
estimation and verbal working memory. Similar to Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, 
et al. (2010), Zhang et al. (2014) focused on accounting for individual differences in basic arithmetic skill 
development from first to third grade using a specific arithmetic outcome measure (e.g., 2 + 1; 3 + 4 + 6; 
4 − 1;  20 − 2 − 4). However,  they  used  a  less  extensive  and  quite  different  constellation  of   predictors 
compared to Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al. (2010). Even so, the results of  
the growth curve model corroborated Fuchs et al.'s finding by revealing that kindergarten counting skills 
(19.36%) and spatial processing ability (3.24%) account for unique variation in arithmetic development 
(R 2 = .23). Arithmetic performance (R 2 = .37) was, in turn, supported by counting skills (15.21%) and 
spatial processing ability (3.61%), letter knowledge (2.25%) and parental education (1.44%).

In addition to Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al. (2010) and Zhang et al. (2014), 
some researchers have employed broad general measures of  mathematics to track skill development. In 
an earlier study, Aunola et al. (2004) found that skill development from preschool to grade 2 on a broad 
general measure of  mathematics (R 2 = .23) was predicted by preschool counting skills (19.36%) and visual 
selective attention (2.25%), while performance (R 2 = .58) was predicted by counting skills (37.4%), listen-
ing comprehension (2.6%) and meta-cognitive knowledge (2.9%). Additional developmental evidence in 
favour of  the model has been provided by Geary (2011). He examined development of  number skills 
and arithmetic skills from kindergarten to fifth grade using the numerical operations test. He found that 
skill development was supported by verbal working memory (11.56%), number line estimation (1.69%), 
addition fact retrieval (14.44%) and addition decomposition (4.84%). Initial performance, on the other 
hand, was supported by four general cognitive abilities (intelligence, processing speed, visual–spatial 
short-term memory and verbal working memory), two number abilities (number sets test and pseudo 
counting) and two arithmetic skills (addition decomposition and complex procedural addition). Recently, 
Xenidou-Dervou et al. (2018) investigated mathematical skill development from the middle of  grade 1 
to the end of  grade 2 using a curriculum-based general mathematics achievement test. Contrary to prior 
studies (Aunola et al., 2004; Fuchs, Geary, Compton, Fuchs, Hamlett, & Bryant, 2010; Fuchs, Geary, 
Compton, Fuchs, Hamlett, Seethaler, et al., 2010; Geary, 2011; Zhang et al., 2014), latent growth model-
ling showed that the children's growth rates (R 2 = .11) were only uniquely accounted for by symbolic 
approximate addition (6.76%). The researchers proposed that symbolic approximate addition supports 
skill development as it reflects a basic sense of  magnitude, which enables the child to decide whether the 
answer is reasonable or not. This sense of  magnitude in combination with a basic understanding of  arith-
metic principles drives the development of  early mathematics skills forward. Initial performance (R 2 = .52) 
was, similar to prior studies, predicted by four general cognitive abilities (verbal working memory, verbal 
short-term memory, visual–spatial short-term memory and logical reasoning) and four number abilities 
(counting skills, non-symbolic and symbolic number processing and symbolic approximate addition).

In summary, akin to research focusing on young children's early arithmetic performance, four out of  
five developmental studies display that children's development in mathematics relies on a combination 
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TRÄFF et al.830

of  number abilities and cognitive abilities (Aunola et al., 2004; Fuchs, Geary, Compton, Fuchs, Hamlett, 
Seethaler, et al., 2010; Geary, 2011; Zhang et al., 2014). Another consistent finding obtained from existing 
developmental research is that number abilities and general cognitive abilities account for a much smaller 
amount of  the variation in mathematical development (growth) compared to mathematical performance. 
The number of  abilities that emerged as significant predictors of  development is also fewer compared 
to performance. In some studies, only one or two abilities emerged as significant predictors of  develop-
ment (cf. Aunola et al., 2004; Xenidou-Dervou et al., 2018; Zhang et al., 2014). However, it appears that 
studies using specific outcome measures have been more successful in accounting for skill development 
(Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010; Zhang et al., 2014) than researchers using 
general outcome measures (Xenidou-Dervou et al., 2018). The reason for this tendency is probably that 
skill development in different aspects of  mathematics is supported by different cognitive abilities. Early 
items on broad outcome measures usually assess basic number skills (e.g., rote counting, number identi-
fication, number discrimination), while later items assess arithmetic (e.g., calculation) and other aspects 
of  mathematics (e.g., measurement). Thus, broad outcome measures assess different aspects of  mathe-
matics across timepoints (e.g., grade 1 vs. grade 3), which makes it difficult to predict skill development. 
Specific outcome measures, on the other hand, assess the same aspects of  mathematics across timepoints, 
although task difficulty increases progressively across the test.

In contrast to early arithmetic performance, it is not possible to pinpoint a firm set of  abilities that—
with some consistency—support children's early arithmetic development as studies have used quite differ-
ent sets of  predictors and outcome measures. This empirical pattern suggests that different aspects of  
arithmetic rely on different constellations of  resources (cf. Fuchs, Geary, Compton, Fuchs, Hamlett, 
Seethaler, et al., 2010). So, the cognitive resources that underlie children's early arithmetic skill devel-
opment remains an open question. This is obviously a highly problematic state of  affair when selecting 
which abilities to use to account for individual differences in skill development.

Specific predictors of  early arithmetic performance and development

Although research has identified numerous key cognitive abilities contributing to math performance and 
development, Fuchs et al.'s extended model does not provide any specific theoretical rationale regarding 
how the number and cognitive abilities contribute to early arithmetic performance and development. Yet, 
the selection of  the present abilities was based on findings from prior developmental research and they 
should all, in theory (cf. Dehaene, 1992; Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010; 
von Aster & Shalev, 2007), play critical roles during early arithmetic learning.

Given the participating children's age (5–6 years), it is theoretically reasonable to assume that counting 
knowledge skills support the early stages of  arithmetic development by enabling the use of  finger counting 
and verbal counting strategies (Aunola et al., 2004; Geary & Hoard, 2005; Logie & Baddeley, 1987; Siegler 
& Shrager, 1984; von Aster & Shalev, 2007; Zhang et al., 2014). Moreover, identifying number symbols 
(i.e., counting words; digits) and accessing the underlying quantity (i.e., cardinality) of  the symbols are 
essential for solving basic arithmetic problems (3 + 2; 4 − 2). This provides an additional role that count-
ing ability may play during early arithmetic skill development (Aunola et al., 2004; Cirino et al., 2016; von 
Aster & Shalev, 2007; Zhang et al., 2014).

According to the extended model (Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010), the 
development of  basic arithmetic (i.e., single-digit tasks) is tightly connected to the innate whole-number 
representation system (i.e., the approximate number system; Feigenson et al., 2004). Moreover, 
Xenidou-Dervou et al. (2018) suggested that 5- to 6-year-olds utilize the core number system as a moni-
toring mechanism during early arithmetic development, to decide whether an answer to a novel arithmetic 
problem is reasonable or not (cf. Siegler & Ramani, 2009). Based on these assumptions and prior studies, 
early arithmetic development should rely on non-symbolic magnitude comparison ability (i.e., cardinality; 
cf. Libertus et al., 2011; Mazzocco et al., 2011; Xenidou-Dervou et al., 2018).

There are also theoretical reasons for arguing that spatial processing is important for young chil-
dren's early arithmetic development. According to Xenidou-Dervou et al. (2018), spatial processing is 
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831PREDICTORS OF ARITHMETIC DEVELOPMENT

involved in the process in which the spatially based number representation system is used as a monitor-
ing and control mechanism during early arithmetic development (cf. Zhang et al., 2014). Furthermore, 
young and mathematically inexperienced children may transform even simple but novel verbal arithmetic 
problems into a spatial format to solve them efficiently and accurately (Hegarty & Kozhevnikov, 1999; 
Kaufmann, 1990; Marghetis et al., 2014; Mix & Cheng, 2012; van Garderen, 2006).

Verbal and non-verbal logical reasoning is crucial for succeeding in arithmetic, as it relies to a great 
extent on logical thinking (Geary, 2013; Roth et al., 2015; Träff, 2013). In line with Geary et al.'s (2017) 
notion, logical reasoning should play an important role when the child is confronted with a task that 
proves challenging to their current knowledge level (Geary et al., 2017; Lee & Bull, 2016). For example, 
verbal and non-verbal logical reasoning should facilitate the acquisition of  conceptual understanding of  
numbers (i.e., cardinality; ordinality; place value; the base-ten number system), and mathematical concepts 
such as operators (i.e., +, −, =; Baroody & Dowker, 2003; Geary, 1994).

Verbal working memory should support the early stages of  arithmetic development by enabling simul-
taneous temporary storage of  relevant numerical information and efficient execution of  finger counting 
and verbal counting strategies (Geary & Hoard, 2005; Raghubar et al., 2010; von Aster & Shalev, 2007).

The current study

The purpose of  the study was to extend the research literature concerning the underlying cognitive resources 
of  young children's early arithmetic skill development, using Fuchs, Geary, Compton, Fuchs, Hamlett, 
Seethaler, et al.'s (2010) extended developmental model as a theoretical foundation. The first aim of  the 
study was to identify key cognitive abilities contributing to children's development of  early arithmetic skills.

In relation to this first aim, Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al.'s (2010) model states 
that 6-year-old children's early arithmetic skill development (i.e., single-digit tasks) relies on independent 
support from both number processing abilities and general cognitive abilities. However, young children's early 
arithmetic skill development (i.e., single-digit tasks) is relatively more dependent on number processing abili-
ties than general cognitive abilities, due to its strong dependence on the innate number representation system.

Against the background of  some recent findings, an alternative account has been proposed regarding 
the relative importance of  basic number abilities and general cognitive abilities to basic arithmetic devel-
opment and performance (Geary et al., 2017; Lee & Bull, 2016; Träff  et al., 2020). According to Geary 
et al. (2017) and Lee and Bull (2016), young children should be more, or at least equally dependent on 
general cognitive abilities compared to number abilities when solving and developing basic arithmetic 
skills, due to their low mathematical knowledge level and low chronological age (cognitive maturation).

The second aim was to examine to what extent early arithmetic performance and early arithmetic 
development (i.e., growth) rely on different or similar constellations of  number abilities and general 
cognitive abilities. Due to few developmental studies and the fact that researchers have used different sets 
of  abilities and outcome measures, it is not possible to provide a detailed hypothesis in relation to this 
aim. Nevertheless, in view of  prior developmental research, it is expected that the present abilities should 
contribute to both arithmetic performance and skill development. However, a smaller amount of  varia-
tion in skill development is expected to be accounted for by the present abilities compared to variation in 
performance. Similarly, fewer abilities should account for unique variance in development compared to 
unique variance in performance (cf. Aunola et al., 2004; Xenidou-Dervou et al., 2018; Zhang et al., 2014).

METHOD

Participants

In all, 134 Swedish children (74 boys) attending eight schools, located in middle-class areas, participated 
in this study. Mean age of  the 134 children was 6 years and 4 months (SD = 3 months; min = 5 years and 

 20448279, 2023, 3, D
ow

nloaded from
 https://bpspsychub.onlinelibrary.w

iley.com
/doi/10.1111/bjep.12599 by L

inkoping U
niversitet, W

iley O
nline L

ibrary on [15/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TRÄFF et al.832

8 months; max = 6 years and 10 months). The children were fluent speakers of  Swedish, with normal or 
corrected-to-normal visual acuity and no hearing loss. Participating children were recruited through a letter 
of  consent, which was brought home from school and signed by their parents. The recruited children 
mostly came from middle-class family backgrounds, as determined by parental income, educational level 
and standard of  accommodation. The sample was ethnically homogeneous, given that 97.76% (n = 131) 
of  participants were white, whereas three children (2.24%) were of  other ethnic backgrounds (e.g., Middle 
Eastern, African). There was no dropout between time 1 and time 2. The project was approved by the 
regional ethics committee in Linköping, Sweden (Protocol number 2012/65-31).

General procedure

At 6 years of  age, the children performed in two to three individual test sessions the counting knowledge 
tasks, the non-symbolic number comparison task, the matrix reasoning task, verbal arithmetic tasks, the 
working memory task, the verbal analogies task, the mental rotation task and the visual arithmetic tasks. 
All testing was performed at the children's schools, using an identical test order for all participants. One 
year later (i.e., in first grade), the children were re-assessed on the arithmetic tasks. Each session lasted 
approximately 30 min and was performed within 2 weeks of  each other from September to November 
across both timepoints. All instructions were presented orally. Data collection was performed by eight 
experimenters, who all had received training for at least 1 h prior to testing.

Tasks and procedure

Arithmetic ability

The verbal arithmetic tasks and visual arithmetic tasks were specifically developed for this study by the 
authors.

Verbal arithmetic
Participants were orally presented with a total of  four separate blocks of  addition and subtraction tasks 
(e.g., ‘what is two plus one?’; ‘what is three minus two?’). For each operation, one block contained nine 
single-digit-answer (‘small’) addition or subtraction problems and one block contained 20 double-digit-an-
swer (‘large’) addition or subtraction problems, in the following order: small-answer addition (2 + 1; 3 + 2; 
2 + 2; 4 + 1; 4 + 3; 2 + 4; 5 + 3; 7 + 2; 4 + 4), small-answer subtraction (2 − 1; 3 − 2; 4 − 2; 5 − 2; 7 − 3; 6 − 4; 
8 − 3; 9 − 7; 9 − 3),  large-answer addition  (6 + 4; 5 + 6; 6 + 7; 7 + 8; 9 + 4; 9 + 8; 12 + 9; 13 + 12; 15 + 11; 
14 + 13; 17 + 15; 18 + 19; 23 + 19; 21 + 27; 28 + 25; 33 + 23; 17 + 44; 26 + 34; 46 + 27; 16 + 59) and 
large-answer  subtraction  (13 − 3;  16 − 2;  15 − 3;  18 − 4;  19 − 3;  17 − 6;  18 − 2;  28 − 10;  35 − 14;  25 − 13; 
38 − 17; 42 − 11; 56 − 12; 53 − 19; 73 − 24; 68 − 14; 85 − 28; 78 − 32; 81 − 14; 73 − 18). Participants were 
free to calculate the results using any strategy they wanted and had no time limit for their answers. Testing 
was stopped when participants provided three incorrect responses in a row within a block. The outcome 
measures used for this task were the combined total number of  correctly solved addition (small and large) 
and subtraction (small and large) problems. Split-half  reliabilities were established to rsh = .73 for the addi-
tion measure and rsh = .70 for the subtraction measure. The child received one point for each correctly 
solved problem, resulting in a maximum score for each of  the two measures of  29.

Visual arithmetic
This task was administered via the SuperLAB PRO 4.5 software program, used to test the children's 
arithmetic ability under time pressure and with Arabic numerals. Participants were visually presented with 
four blocks of  separate addition and subtraction tasks on a computer screen. Comparably to the verbal 
arithmetic task, separate blocks of  31 single-digit-answer (‘small’) and 31 double-digit-answer (‘large’) 
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833PREDICTORS OF ARITHMETIC DEVELOPMENT

addition and subtraction problems were presented, as follows: small-answer addition (e.g., 1 + 1; 5 + 4; 
2 + 6), small-answer subtraction (e.g., 7 − 3; 9 − 5; 9 − 1), large-answer addition (e.g., 17 + 3; 10 + 1; 14 + 6) 
and large-answer subtraction (e.g., 19 − 5; 11 − 1; 16 − 3). Participants were given 45 s per block to solve 
as many arithmetic problems as possible, using any method they wanted, and were allowed to skip to the 
next problem if  the current problem was too difficult to solve. If  the experimenter perceived that the 
child was struggling with a given problem, a new problem was presented. Participants were encouraged 
to attempt solving as many problems as possible within the 45-s time limit, and to skip problems they 
found too difficult to solve. The outcome measures used for this task were the combined total number of  
correctly solved addition (small and large) and subtraction (small and large) problems. Split-half  reliabil-
ities were established to rsh = .87 for the addition measure and rsh = .88 for the subtraction measure. The 
scoring procedure was identical to the procedure used for the verbal arithmetic tasks, but the maximum 
score for the visual addition and subtraction measures were 62.

Domain-specific tasks

Non-symbolic magnitude comparison
Participants were presented with the Panamath software (version 1.21; Libertus et al., 2011), where the 
task was to select the more numerous of  two simultaneously presented arrays of  blue and yellow dots. 
Each array consisted of  5–21 dots of  each colour and was displayed for only 1951 ms, to discourage 
enumeration. The child responded using the left- and right-lateralized F and L keys, corresponding to the 
more numerous array's position on the screen, on the computer keyboard. The trials were counterbal-
anced so that half  of  all trials contained more blue dots and the other half  contained more yellow dots. 
A total of  48 trials were administered, using four different numerosity ratios (1.28; 1.47; 1.75; 2.75), each 
presented 12 times. To control for confounding variables and ensure attention to numerosity, surface area 
and dot size varied in half  of  all trials. For each child, the software computed a Weber fraction score (w) 
as an estimate ANS acuity based on the percent of  correct responses for each of  the four ratios. Split-half  
reliability was established to rsh = .77.

Counting knowledge
Three separate tasks were used to probe participants' procedural counting knowledge (cf. anonymized). 
The first task required the child to verbally recite the forward counting sequence from 0 to 30 twice. The 
second task was designed to assess the flexibility of  the counting sequence, asking participants to count 
forwards  from  three  different  lower  numbers  and  stopping  at  a  specific  number  (i.e.,  8 – 13;  18 − 22; 
29 − 31). The final task measured the child's ability to count backwards from three different numbers (10, 
15, 23) to zero. One point was awarded for each correctly solved task, with a combined maximum score 
of  8. Split-half  reliability was established to rsh = .85.

Domain-general tasks

Verbal logical reasoning
The verbal analogy sub-test from Wechsler's Intelligence Scale for Children-IV (WISC-IV; Wechsler, 2003) 
was used to assess participants' verbal logical reasoning skills. Across 17 items, participants were asked to 
describe the way in which two words were similar to each other, for instance by correctly identifying that 
the words ‘red’ and ‘blue’ both represent colours. The maximum score was 32. Test–retest reliability has 
previously been established to .93 by the publisher of  WISC-IV (Wechsler, 2003).

Spatial processing
Mental rotation task was used as a measure of  spatial processing. Participants were presented with 16 
trials from a symbolic mental rotation task (Rüsseler et al., 2005), where each trial consisted of  five 
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TRÄFF et al.834

horizontally ordered alphabetic letters. The leftmost letter represented the target item, followed by four 
rotated comparison items to the right (rotated in one of  six angles in the picture-plane: 45°, 90°, 135°, 
225°, 270°, 315°). Two of  these four comparison items were always rotated instances of  the target stim-
ulus (i.e., correct items), and the remaining two items were visually mirrored instances of  the target (i.e., 
incorrect items). Participants were asked to mark, using a pen, the two correctly rotated instances of  
the target item for each trial, which were derived by mental rotation. The children were allowed 2 min 
to complete as many trials as possible. The maximum possible score was 16 (one point per trial), which 
was only awarded if  both non-mirrored comparison items were correctly marked for each trial. Split-half  
reliability was established to rsh = .87.

Verbal working memory
Participants' verbal working memory was assessed with a dual task involving simultaneous storage and 
processing of  information (cf. anonymized). The experimenter read a list of  words aloud, pausing after 
each word to let the child decide whether the current word was an animal or not (e.g., by answering ‘yes’ 
for shark or ‘no’ for door). At the end of  the list, the child was asked to orally repeat the presented words 
in the correct serial order. Two trials with different words were performed for each span size. The initial 
span size was two words, which was incrementally increased by one additional word after the child had 
correctly recalled the words in at least one of  the trials. Testing continued until the child failed to correctly 
recall the words of  both trials within a given span size. Half  of  the words for each span were animals. The 
outcome measure was memory span, represented by the longest serial sequence the child had correctly 
recalled, featuring a maximum span of  seven (7) words. An additional .5 points were awarded if  the child 
could correctly remember both trials at their maximally achieved span size. Thus, the maximum score was 
7.5. Split-half  reliability was established to rsh = .71.

Non-verbal logical reasoning
Participants' non-verbal logical reasoning ability was assessed with the matrix reasoning sub-test from 
WISC-IV (Wechsler, 2003). The children were presented with 35 items, each consisting of  a visuospatial 
design pattern with one missing piece. Five different response alternatives (one correct), or pieces that 
could be used to complete the design pattern, were presented for each item. Responses could be given 
either orally or by pointing to the correct response alternative. Testing was stopped when the child either 
produced four consecutive incorrect answers in a row or when the child made four errors out of  five 
trials. One point was awarded for each correctly solved item, resulting in a maximum score of  35. Split-
half  reliability was established to rsh = .82.

RESULTS

Descriptive statistics for all measures are presented in Table 1, and Table 2 displays correlations among 
the measures.

The Mplus 8 program (Muthén & Muthén, 1998–2017) was used with the maximum likelihood esti-
mator with robust standard errors (MLR) to compute the LCS models (see McArdle & Hamagami, 2001).

Confirmatory factor analysis

A confirmatory factor analysis was performed to investigate whether the indicators, visual and verbal 
arithmetic (both subtraction and addition), demonstrated sufficiently strong factor loadings on their latent 
factors at baseline and successive follow-up measurements conducted 1 year later. Modification indices 
suggested three pertinent modifications to improve overall model fit. First, verbal and visual subtraction 
indicators were correlated at the initial (i.e., baseline) measurement point. Second, verbal and visual addi-
tion indicators were correlated at the final (i.e., re-assessment) measurement point. Finally, we regressed 
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835PREDICTORS OF ARITHMETIC DEVELOPMENT

the baseline addition indicators on its corresponding re-assessment measurement. These modifications 
yielded factor loadings greater than .72 (ps < .001) and a good overall model fit, χ 2(16, N = 134) = 21.572, 
p = .158; CFI = .992; TLI = .986; RMSEA = .051, 90% CI .000–.101; SRMR = .027.

LCS model

Next, a LCS model with six predictors (counting knowledge, matrix reasoning, Weber fraction, mental 
rotation, verbal analogies and verbal working memory) was computed (cf. Fuchs, Geary, Compton, Fuchs, 
Hamlett, & Bryant, 2010; Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010), to determine 

T A B L E  1  Descriptive statistics for all measures used in the study.

Tasks M SD Skewness (SE) Kurtosis (SE) Min/max

Non-symbolic magnitude comparison (Weber fraction) .27 .27 2.91 (.21) 11.83 (.42) .01/1.80

Counting knowledge 5.40 2.22 −.39 (.21) −.78 (.42) 0/8

Spatial processing (Mental rotation) 3.60 3.07 .88 (.21) .51 (.42) 0/15

Non-verbal logical reasoning (Matrices, WISC IV) 12.00 3.66 .46 (.21) 1.27 (.42) 1/24

Verbal logical reasoning (Verbal analogies, WISC IV) 11.89 4.68 −.79 (.21) .40 (.42) 0/22

Verbal working memory 2.69 .81 −.78 (.21) 2.06 (.42) .00/5.00

Verbal addition (T1) 8.99 4.59 .02 (.21) −.48 (.42) 0/19

Verbal subtraction (T1) 5.13 4.99 .83 (.21) −.24 (.42) 0/20

Visual addition (T1) 8.10 6.63 .65 (.21) −.54 (.42) 0/27

Visual subtraction (T1) 3.35 4.98 1.61 (.21) 2.10 (.42) 0/23

Verbal addition (T2) 14.82 5.60 .82 (.21) .07 (.42) 3/29

Verbal subtraction (T2) 12.38 5.86 .43 (.21) .29 (.42) 0/29

Visual addition (T2) 16.33 7.87 1.16 (.21) 3.01 (.42) 3/53

Visual subtraction (T2) 10.91 7.65 1.23 (.21) 2.68 (.42) 0/44

T A B L E  2  Correlations among the measures used in the study.

Tasks 2 3 4 5 6 7 8 9 10 11 12 13 14

1. N-S magnitude comparison 
(WF)

.18 −.15 −.17 −.23 −.27 −.21 −.14 −.20 −.13 −.26 −.23 −.26 −.20

2. Counting knowledge .29 .26 .40 .50 .60 .58 .66 .56 .51 .57 .52 .55

3. Spatial processing .30 .28 .32 .40 .42 .43 .29 .51 .39 .44 .42

4. Non-verbal logical reasoning .40 .24 .46 .39 .35 .28 .31 .25 .28 .23

5. Verbal logical reasoning .32 .55 .40 .45 .38 .45 .42 .39 .38

6. Verbal working memory .42 .43 .44 .43 .39 .42 .41 .40

7. Verbal addition T1 .65 .78 .62 .56 .55 .60 .56

8. Verbal subtraction T1 .67 .75 .54 .58 .51 .57

9. Visual addition T1 .71 .58 .63 .72 .72

10. Visual subtraction T1 .55 .57 .56 .63

11. Verbal addition T2 .64 .55 .56

12. Verbal subtraction T2 .68 .73

13. Visual addition T2 .84

14. Visual subtraction T2

Note: n = 134, Correlation coefficients larger than r = .15 are significant at p < .05.
Abbreviations: N-S, Non-symbolic; WF, Weber fraction.
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TRÄFF et al.836

whether any of  these abilities predict initial arithmetic performance, and more importantly whether these 
significantly account for developmental changes in performance. Model fit remained adequate across all 
indices after specifying the LCS and adding the cognitive predictors, χ 2(52, N = 134) = 63.506, p = .132; 
CFI = .987; TLI = .981; RMSEA = .041, 90% CI .000–.073; SRMR = .034.

The LCS model explained 67% (SE = .050, p < .001) of  the variance in latent initial arithmetic perfor-
mance, and 25.2% (SE = .107, p = .018) of  the variance associated with the LCS. Significant predictors of  
initial arithmetic performance (see Table 3) were counting knowledge (β = .503, p < .001), matrix reason-
ing (β = .167, p = .012), verbal analogies (β = .214, p = .002) and mental rotation ability (β = .155, p = .023). 
Development of  arithmetic performance, as described by the LCS, was significantly predicted by mental 
rotation ability (β = .443, p = .002). See Figure 2 and Table 3 for an overview of  the conditional LCS model.

DISCUSSION

The aims of  the present study were (1) to identify key cognitive abilities contributing to children's develop-
ment of  early arithmetic skills, (2) to examine the extent to which early arithmetic performance and early 
arithmetic development (i.e., growth) rely on different or similar constellations of  domain-specific number 

T A B L E  3  Standardized regression coefficients for each predictor across both latent arithmetic factors.

Predictors

Initial arithmetic scores

p

Arithmetic developmental change scores

pβ SE β SE

N-S magnitude comparison (WF) −.024 .057 .677 −.154 .106 .147

Counting knowledge .503 .062 < .001 .230 .177 .194

Verbal logical reasoning .214 .068 .002 .080 .129 .537

Non-verbal logical reasoning .167 .066 .012 −.196 .135 .147

Mental rotation .155 .068 .023 .443 .142 .002

Verbal working memory .087 .088 .323 .067 .154 .663

Abbreviations: N-S, Non-symbolic; WF, Weber fraction.

F I G U R E  2  The conditional latent change score model for arithmetic. Only significant (p < .05) relations (standardized 
estimates) are shown. Errors are not displayed, for descriptive purposes.
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837PREDICTORS OF ARITHMETIC DEVELOPMENT

abilities and domain-general cognitive abilities. The aims were addressed in relation to Fuchs, Geary, 
Compton, Fuchs, Hamlett, Seethaler, et al.'s (2010) extended version of  von Aster and Shalev's (2007) 
developmental model of  numerical cognition.

The results showed that the LCS model accounted for 67% of  the variation in initial arithmetic perfor-
mance and that counting knowledge (25.3%), spatial processing (2.4%), verbal (4.6%) and non-verbal 
logical reasoning (2.8%) emerged as significant predictors. A total of  25.2% of  the variation in arithme-
tic skill development was accounted for by the model, but only spatial processing (i.e., mental rotation) 
accounted for unique variance (19.6%).

Does early arithmetic performance and arithmetic development rely on 
different constellations of  cognitive abilities?

The results regarding initial arithmetic performance provide strong support to the extended model (Fuchs, 
Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010), as arithmetic performance was supported by 
an interaction between number abilities and general cognitive abilities (Fuchs, Geary, Compton, Fuchs, 
Hamlett, & Bryant, 2010; Träff  et al., 2020; Xenidou-Dervou et al., 2018). More importantly, the number 
abilities (i.e., counting knowledge) accounted for more than twice as much variance than the general 
cognitive abilities (25.3% vs. 9.8%, respectively), which aligns with the model. However, the result regard-
ing early arithmetic development was not consistent with Fuchs, Geary, Compton, Fuchs, Hamlett, 
Seethaler, et al.'s (2010) extended model, as only one general cognitive ability (i.e., spatial processing) 
supported arithmetic development. This finding contradicts the two main assumptions of  the model 
(Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010) that mathematical learning (i.e., devel-
opment) is supported by a combined contribution from number abilities and general cognitive abilities 
(Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010), and that basic arithmetic relies heavily 
upon basic number abilities and less on general cognitive abilities.

The present developmental finding, emphasizing the importance of  domain-general abilities, aligns 
to some extent with Geary et al.'s (2017; see also Lee & Bull, 2016) hypothesis. Geary et al. (2017) claim 
that young children's early arithmetic development might be more dependent on general cognitive abil-
ities  than number abilities. The reason for this is that the cognitive demand a particular mathematical 
content inflicts on a child at a specific moment is determined by the complexity and difficulty of  the task 
given the child's age and mathematical knowledge level. Thus, even the apparently simple content of  basic 
arithmetic (e.g., 3 + 4) can be cognitive challenging for a young child with low mathematical knowledge.

Importantly, the present findings clearly demonstrate that the cognitive resources underlying early 
arithmetic performance and development differ (cf. Aunola et al., 2004; Geary, 2011; Xenidou-Dervou 
et al., 2018). Consistent with prior research, the results indicate that number abilities and general cognitive 
abilities account for a much smaller amount of  the variation in arithmetic development (25.3%) compared 
to arithmetic performance (67%), and that much fewer abilities account for unique variance in development 
compared to performance (cf. Aunola et al., 2004; Xenidou-Dervou et al., 2018; Zhang et al., 2014). Thus, 
quite different cognitive processes are critical during young children's arithmetic performance and arith-
metic skill development. For example, it should be noted that counting knowledge, as well as verbal and 
non-verbal logical reasoning, did not emerge as specific key abilities during arithmetic development but 
seem to play unique roles during children's early arithmetic performance. However, it is interesting that 
the developmental findings suggest that the children's ability to learn to solve successively more complex 
basic arithmetic problems relies partially on their domain general spatial processing abilities.

How do the specific number and cognitive abilities support early arithmetic 
performance and early arithmetic development?

The present study indicates that spatial processing contributed to young children's arithmetic perfor-
mance, but especially arithmetic skill development (cf. Zhang et al., 2014). It is plausible that when young 

 20448279, 2023, 3, D
ow

nloaded from
 https://bpspsychub.onlinelibrary.w

iley.com
/doi/10.1111/bjep.12599 by L

inkoping U
niversitet, W

iley O
nline L

ibrary on [15/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TRÄFF et al.838

and mathematically inexperienced children learn to solve novel and successively more complex arithmetic 
problems, they transform the arithmetic problems into a spatial format to solve them efficiently and 
accurately (Hegarty & Kozhevnikov, 1999; Kaufmann, 1990; Marghetis et al., 2014; Mix & Cheng, 2012; 
van Garderen, 2006).

Counting knowledge accounted for a large amount of  variance in early arithmetic performance 
(25.3%). A straightforward account of  this finding is that counting knowledge supports the early stages of  
arithmetic performance by enabling the use of  various counting strategies (finger counting, verbal count-
ing; Aunola et al., 2004; Geary & Hoard, 2005; Logie & Baddeley, 1987; Siegler & Shrager, 1984; Zhang 
et al., 2014). Furthermore, the combination of  support from counting knowledge and spatial processing 
suggests that young children might use a mixture of  solution strategies, that rely on different cognitive 
resources, during the early stages of  arithmetic learning.

Arithmetic performance was supported by both verbal and non-verbal logical reasoning which aligns 
with the notion that even simple arithmetic tasks (3 + 4) impose high demands on young and mathemati-
cally inexperienced children's logical reasoning abilities (Geary et al., 2017; Träff, 2013). Specifically, logi-
cal reasoning may play an important role in succeeding in arithmetic by facilitating the child's conceptual 
understanding of  several concepts related to number processing as well as arithmetic (i.e., cardinality; 
ordinality; place value; the base-ten number system; operators; Baroody & Dowker, 2003; Geary, 1994).

Contrary to prior developmental studies by Fuchs, Geary, Compton, Fuchs, Hamlett, and 
Bryant (2010), Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al. (2010), Geary (2011) and Lee and 
Bull (2016), but akin to Xenidou-Dervou et al. (2018), the present non-numerical verbal working memory 
did not provide any unique support to arithmetic performance or development. Thus, this cognitive 
resource appears to not be a key process during children's early development of  basic arithmetic skills. In 
view of  prior studies, it is possible that this resource will come into play during later stages of  children's 
arithmetic learning, when confronted with more conceptually and procedurally complex and demanding 
arithmetic problems (Fuchs, Geary, Compton, Fuchs, Hamlett, & Bryant, 2010; Fuchs, Geary, Compton, 
Fuchs, Hamlett, Seethaler, et al., 2010; Geary, 2011; Lee & Bull, 2016). However, it is possible that the 
verbal working memory task may have contributed to arithmetic performance as well as development if  
the content had been numerical as in some prior studies (cf. Fuchs, Geary, Compton, Fuchs, Hamlett, 
& Bryant, 2010; Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010; Geary, 2011; Geary 
et al., 2017).

The lack of  unique contribution from the non-symbolic magnitude comparison task to arithmetic 
performance and development is inconsistent with some prior studies and the model's (Fuchs, Geary, 
Compton, Fuchs, Hamlett, Seethaler, et al., 2010) claim that young children's basic arithmetic is tightly 
connected to the innate whole-number representation system (cf. Libertus et al., 2011; Mazzocco 
et al., 2011). A plausible account of  this unexpected finding is that the core number system does not 
provide direct support to young children's early arithmetic learning once they have acquired sufficient 
symbolic number abilities to support various counting strategies (Chu et al., 2015; Skagerlund & 
Träff, 2016). At this stage of  early arithmetic learning, it is possible that core number system is inactivated 
in favour of  symbolic number abilities, but it may be activated when the child is confronted with more 
complex or novel tasks (Skagerlund & Träff, 2016).

Limitations

It should be acknowledged that only a small selection of  number and cognitive abilities was included in 
the current study. It is possible that other abilities (e.g., visual–spatial working memory, symbolic number 
magnitude comparison) that were not measured would contribute to growth in arithmetic development. 
Furthermore, the limited number of  participants in the current sample (n = 134) should be noted as it 
raises concerns about the reliability and replicability of  these findings given the number of  predictors 
explored. This limitation must be considered by the reader when interpreting the present findings. For 
example, the small sample may not have been sufficient to detect small effect sizes.
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839PREDICTORS OF ARITHMETIC DEVELOPMENT

Contrary to prior research, non-symbolic magnitude comparison, counting knowledge and verbal 
working memory did not contribute to arithmetic development, only spatial processing did. This lack 
of  contribution may be related to the fact that the sample consisted of  children from middle-class 
families. If, on the other hand, more children from low SES family backgrounds had participated, it is 
possible that these abilities would have contributed to arithmetic development, as young children from 
low SES family backgrounds are known to have less developed symbolic numerical skills and arithmetic 
knowledge skills than children from middle-class family background (Jordan et al., 1992, 2006; Ramani 
& Siegler, 2011).

Given that previous research has established the importance of  visual–spatial resources for arithmetic 
performance (Cirino et al., 2016; Cowan & Powell, 2014), the interpretive power of  the current study is 
limited by the lack of  a designated visual–spatial working memory task. Considering that spatial process-
ing emerged as an important ability for both performance and development, further research is required 
to determine whether visual–spatial working memory and spatial processing are key cognitive abilities 
underlying arithmetic skill development.

In conclusion, to expand our understanding of  factors important for arithmetic development, it is 
important that future research should attempt to replicate these results with a larger and more diverse 
sample (in terms of  e.g., ethnicity and social economic status), and a larger set of  predictors.

CONCLUSIONS AND EDUCATIONAL IMPLICATIONS

The present study provided new and theoretically important evidence in relation to young children's arith-
metic performance and development. Early arithmetic performance was uniquely supported by counting 
knowledge, verbal and non-verbal logical reasoning and spatial processing. Arithmetic skill development, 
on the other hand, was only uniquely supported by spatial processing. Thus, evidence demonstrates that 
children's early arithmetic performance and early arithmetic development relies on different constellations 
of  cognitive abilities. Importantly, spatial processing is a key cognitive ability supporting young children's 
arithmetic performance but especially arithmetic development.

The findings regarding arithmetic performance provide strong support to Fuchs et al.'s extended 
model (Fuchs, Geary, Compton, Fuchs, Hamlett, Seethaler, et al., 2010), but the findings regarding arith-
metic development were not consistent with the model. The developmental findings align to some extent 
with Geary et al.'s (2017) account stating that young children's basic arithmetic skill development might 
be more dependent on general cognitive abilities than number abilities.

The study provides important educational implications. Interventions or remedial instructions aiming 
to promote young children's acquisition of  arithmetic skills during the early phases of  mathematical 
development should target spatial processing abilities and counting knowledge. In addition, both basic 
number abilities (e.g., counting) and general cognitive abilities (spatial processing, logical reasoning) 
should be considered when mapping the cognitive profile of  young children displaying difficulties with 
learning basic arithmetic.
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