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1  | INTRODUC TION

Children experiencing difficulties in reading and math represents an 
important public health issue, as struggles with reading and math 
are associated with consequences regarding academic and life suc-
cess, including but not limited to academic failure and lower socio-
economic status as an adult (Geary, Hoard, Nugent, & Bailey, 2012; 
Ritchie & Bates, 2013). Highlighting the scope of this problem, a 
large proportion of U.S. students struggle in reading and math. 
Startling enough, 20%–25% of fourth-graders fail to reach even par-
tial mastery of grade-level knowledge in reading and math (National 
Assessment of Educational Progress, 2019). Given the reciprocal in-
fluences between reading and math (e.g., Cameron, Kim, Duncan, 

Becker, & McClelland, 2019) alongside the shared co-occurrence of 
reading and math difficulties (Landerl & Moll, 2010), it is noteworthy 
that their development has been mostly studied in isolation of each 
other (Vanbinst, van Bergen, Ghesquière, & De Smedt, 2020). This 
is surprising as knowledge on their potential mutual unfolding over 
time may help inform instruction and types of interventions in both 
academic outcomes. The aforementioned observation set the foun-
dation for the present study to address the nature of the develop-
mental dynamics between reading and math. The goal of the study 
was to examine the extent to which reading and math co-develop 
across elementary grades in academically at-risk children, precisely 
the key time period for the most rapid reading and math develop-
ment. We utilized a state-of-the-art approach called latent change 
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Abstract
Reading and math attainment develop during elementary grades. Questions remain, 
though, about the co-developmental nature of the relation between reading and 
math. This study examined dynamic, longitudinal pathways between reading and 
math in first through fourth grades. Participants of the study were 554 academically 
at-risk children (Mage at the first assessment point = 6.57 years; SD = 0.38) from Texas 
Project	Achieve.	Children	were	assessed	utilizing	the	Woodcock-Johnson–III	reading	
and math measures. Results from dynamic bivariate latent change score models indi-
cated unidirectional longitudinal coupling effects from reading to math. Specifically, 
average and high levels of reading performance were associated with subsequent 
gains in math growth, in particular for below average performing children in math. In 
contrast, low levels of reading performance had negligible or no amplifying influences 
on change in math growth. The nature of the dynamics was replicated even when 
controlling for nonverbal cognitive abilities. Results demonstrated that good reading 
skills pave the way for children to develop their math skills. Such findings underscore 
the importance of considering reading performance in treating math difficulties.
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score modeling, which takes into account change processes in study-
ing co-developmental questions.

1.1 | Theoretical framework underlying the 
developmental dynamics between reading and math

A study investigating the developmental dynamics between two 
constructs first requires an understanding of how each of the do-
mains changes independently. Work to date examining reading 
and math development in a univariate framework has found rank-
order stability in mean growth based on initial status of reading and 
math performance but also variability in the rate of growth (Aunola, 
Leskinen, Lerkkanen, & Nurmi, 2004; Campbell, Pungello, Miller-
Johnson,	 Burchinal,	 &	 Ramey,	 2001;	 Foorman,	 Francis,	 Fletcher,	
Schatschneider, & Mehta, 1998; McCoach, O'Connell, Reis, & 
Levitt, 2006). Individual differences in the growth trajectories for 
both constructs have mostly indicated a fan-spread growth pat-
tern, suggesting that children who are below average at the initial 
level grow more slowly than children who are above average (e.g., 
Aunola et al., 2004; Bailey, Watts, Littlefield, & Geary, 2014; Bast 
& Reitsma, 1998; Bodovski & Farkas, 2007; Pfost, Hattie, Dörfler, & 
Artelt, 2014). What remains lacking, however, is knowledge of simul-
taneous growth patterns and growth rate across reading and math. 
Additionally, it is unknown whether reading and math co-develop 
relatively independently or whether changes in one construct pre-
dict subsequent changes in the other.

Although there is scant research on the developmental dynam-
ics between reading and math, clues regarding the direction of the 
developmental effects may be drawn from a line of research that 
studies reading and math in conjunction. One line of studies have 
found that reading and math are correlated, however with no di-
rect time-dependent relations (e.g., Koponen, Aunola, Ahonen, & 
Nurmi, 2007; Koponen et al., 2019; Korpipää et al., 2017; Korpipää 
et al., 2019). This view is supported by the investment theory 
(Cattell, 1987). The investment theory posits that there is a gen-
eral cognitive ability in young children that, through environmental 
stimuli such as education and experience brings about the develop-
ment of academic performance. This ‘investment’ of cognitive abil-
ity into academic knowledge occurs extensively during the school 
years when the complex abilities needed to learn academics such 
as reading and math are mostly acquired (Cattell, 1987). According 
to the investment theory, reading and math are expected to be pos-
itively correlated because they have a common underlying cognitive 
factor. Empirical literature showing reading and math sharing com-
mon domain-general cognitive correlates, such as working memory, 
processing speed, rapid automatized naming, reasoning, and serial 
retrieval fluency is abundant (e.g., Fuchs, Geary, Fuchs, Compton, & 
Hamlett, 2016; Koponen et al., 2007; Koponen et al., 2019; Korpipää 
et al., 2017; Korpipää et al., 2019; Vanbinst et al., 2020).

The body of research, which suggests that the relation between 
reading and math is simply correlational, is counterbalanced by the 
other set of studies that predicts a directional association between 

reading and math. There are three possible directional relations, each 
of which has theoretical and empirical support. Firstly, studies have 
found that reading (related) skills (e.g. language and phonological 
processing as pre-reading skills) are predictive of math development. 
This option has found a place in some developmental mathematics 
theories, for example, the triple-code model of number processing 
(Dehaene, 1992; Dehaene & Cohen, 1995) and the bootstrapping 
theory (Carey, 2004). The theories have in common the thought that 
language shapes the development of numbers concepts. Dehaene 
and colleagues (Dehaene, 1992; Dehaene & Cohen, 1995) have ar-
gued that the verbal code is particularly important at the beginning of 
formal math learning because it links the visual Arabic number code 
with the analogue magnitude representation code. Carey (2004) 
has taken this premise a step further and suggested that language 
even has a causal influence on at least some aspects of numeracy. 
The idea of causality, though, has been challenged by Gelman and 
Butterworth (2005) who showed that numerical concepts have an 
ontogenetic origin and a neural basis independent of language. One 
particular component of language directly related to the possibility 
of reading influencing subsequent math is phonological processing. 
In the pathways to mathematics theory, LeFevre et al. (2010) have 
demonstrated that both phonological processing and vocabulary as 
linguistic skills served as important avenues to form visual and ver-
bal representations of the meaning of numbers. The authors have 
rested the argument on the fact that learning the rules of the num-
ber system is assumed to be similar to mastering any symbolic rep-
resentational system (e.g. written language). LeFevre et al.’s (2010) 
model has provided a framework for many empirical studies showing 
that children use phonological processing and fluency reading abili-
ties to support their learning of math (e.g., Fuchs et al., 2006; Hecht, 
Torgesen,	Wagner,	 &	 Rashotte,	 2001;	 Rinne,	 Ye,	 &	 Jordan,	 2020;	
Simmons, Singleton, & Horne, 2008; Vilenius-Tuohimaa, Aunola, & 
Nurmi, 2008). A further direct time-dependent evidence for a di-
rection from reading to math comes from a study that showed that 
third grade reading comprehension had a positive significant influ-
ence on change in math skills up to eighth grade, such that children 

Research highlights

• Reading and math are related academic outcomes, yet 
the developmental dynamics between reading and math 
have not been studied extensively.

• We used a latent change score modeling approach to 
study the co-development of reading and math in aca-
demically at-risk elementary school children.

• Results supported a reading-to-math coupling model in-
dicating that good reading was associated with gains in 
math growth, in particular for below average performing 
children in math.

• The findings lend support to the idea that early reading 
skills are associated with success in math.
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who performed well in reading comprehension tended to improve in 
math more rapidly than children with lower reading comprehension 
scores (Grimm, 2008).

Converse to the option of reading predicting math development is 
the possibility that math (related) skills facilitate reading development. 
In a hypothesis by Koponen, Salmi, Eklund, and Aro (2013), the au-
thors suggested that some aspects of counting skills, such as counting 
by 2 s, might be a key predictor of later reading. The authors believe 
that fluent and accurate counting is fundamental to the formation 
and retrieval of arbitrary visual-verbal associations in long-term mem-
ory, which are key to math as well as reading fluency. In fact, counting 
ability measured in kindergarten has been shown to be associated 
with reading performance even more strongly than more traditional, 
linguistic predictors of reading (Leppänen, 2006). The predictive ef-
fect of counting on reading has remained even after controlling for 
phonological awareness and partially for verbal short-term memory 
(Koponen et al., 2013). Other studies have also reported that math re-
lated skills, such as cardinal knowledge and numeral recognition pre-
dicted subsequent reading. For instance, kindergarteners who were 
able to recognize (complex) numerals scored higher on a productive 
letter knowledge test – a prerequisite for reading – than children who 
did not recognize as many numerals (Vanbinst et al., 2020). Similarly, 
sensitivity to the relative quantities of collections of objects and car-
dinal knowledge in preschoolers predicted their reading achievement 
in kindergarten (Chu, vanMarle, & Geary, 2016).

Lastly, there is also research that has failed to find inverse predic-
tions one way or the other, but has instead alluded that the relation 
between reading and math might be conceptualized as bi-directional 
or reciprocal. In other words, reading might predict math develop-
ment, and math might predict reading development. This assumption 
is supported by theories of reading and math development (e.g., the 
developmental phases of sight word reading by Ehri, 2008, the frame-
work for reading comprehension by Perfetti (1995), and the children's 
mathematical development theory by Geary, 1994). These theories 
illustrate that developmental course in reading and math proceeds 
with similar developmental milestones across both domains. Children 
enter first grade with a core suite of basic competencies. In reading, 
those include an understanding that sounds are coded as letters. In 
math, the foundation of formal math is related to the understanding 
of numerical magnitude (Starkey, Spelke, & Gelman, 1990), the rules 
for counting (Gelman & Gallistel, 1986), and how the addition and sub-
traction	increases	or	decreases	quantity	respectively	(Levine,	Jordan,	
& Huttenlocher, 1992). Next, a period of procedural strategies ensues 
across both domains – alphabetic principle in reading (Ehri, 2008) and 
learning the associations between visual, phonological, and semantic 
representations of numerals in math (Geary, 1994). Then, these pro-
cedural strategies are repeated over time in both domains. As such, 
children secure representations of words and arithmetic facts in their 
long-term memory which, in turn, increases their reading and math 
fluency. Finally, a phase with increased cognitive complexity follows 
in both domain. In reading, children start with reading comprehension 
by retrieving the meaning of words from long-term memory, drawing 
inferences, and relating text ideas to their knowledge base (Perfetti, 

1995). In math, children learn how to make decisions for operation 
calculations and applied problems using retrieval and other strate-
gies (Geary, 1994). Given the two domains appear to develop along 
similar paths, this might suggest their co-mutual beneficial influences. 
A recent study by Cameron et al. (2019) showed that when children 
applied quantitative competencies during the kindergarten year, they 
were likely to make more literacy advances 1 year later. The reverse 
prediction was also true. Emergent literacy skills, such as letter-word 
identification, predicted solving applied quantitative problems. Bi-
directional effects have also been reported in larger longitudinal 
studies using nationally (U.S.) representative samples (e.g., Bailey, Oh, 
Farkas, Morgan, & Hillemeier, 2020; Duncan et al., 2007), albeit the 
effects were fairly small (Bailey et al., 2020).

Overall, theories on cognitive (e.g., Cattell, 1987), read-
ing (e.g., Ehri, 2008; Perfetti, 1995), and math development (e.g., 
Dehaene, 1992; Geary, 1994; LeFevre et al., 2010) alongside the em-
pirical findings from cross-sectional as well as longitudinal studies 
provide a clear statement on the importance of overlap and potential 
co-development between reading and math. These theories indicate 
that cognitive, reading, and math components work in concert rather 
than independently, suggesting that unfolding of reading and math de-
velopment likely happens in conjunction. In addition, empirical support 
shows significant, albeit contrasting findings in terms of directionality 
of relations between reading and math. Altogether, this has implica-
tions for research such as the present study which is aimed at consid-
ering all relevant pathways in conjunction when modeling growth and 
change in growth processes in reading-math co-development.

1.2 | Developmental dynamics between reading and 
math in academically at-risk children

The available research has studied the overlap and dynamics be-
tween reading and math mostly in typically developing children. In 
our study, we report data on academically at-risk children – here 
defined as children scoring below the median on an early literacy 
test prior to first grade (see Participants section). However, very lit-
tle work has been conducted thus far on the reading-math co-de-
velopment in this population. Hence, in the section that follows we 
will overview some literature addressing the reading-math dynamics 
in academically at-risk children but also children with reading and/
or math disabilities. The latter research has the capacity to provide 
probable clues regarding the reading-math co-development also for 
academically at-risk children.

As previously noted, reading and math show a high degree of 
overlap likely due to sharing of domain-general cognitive cor-
relates (Cattell, 1987). When discussing academically at-risk chil-
dren, a similar premise is described by the multiple deficit model 
(Pennington, 2006). The model states, in part, that the comorbidity 
of reading and math difficulties is attributed to common genetic, en-
vironmental, and cognitive risk factors, such as processing and work-
ing memory deficits and demands on problem solving (Daucourt, 
Erbeli, Little, Haughbrook, & Hart, 2020; Erbeli, Hart, & Taylor, 2019; 
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Swanson,	Jerman,	&	Zheng,	2009).	According	to	the	multiple	deficit	
model (Pennington, 2006), we can predict positive correlations be-
tween the initial performance as well as growth within and across 
reading and math in academically at-risk children.

Research on direct time-dependent relations between reading 
and math in academically at-risk children is even scarcer than cor-
relational literature. In terms of reading predicting subsequent math, 
a	 longitudinal	study	by	Jordan,	Hanich,	and	Kaplan	(2003)	showed	
some evidence for this possibility. In early elementary school, chil-
dren with math difficulties who were good readers progressed faster 
in math than children with comorbid reading and math difficulties. In 
contrast, children with reading disabilities who were good in math 
and children with comorbidities progressed at about the same rate 
in reading. These findings suggest that reading performance might 
have influenced growth in math, while the reverse direction of influ-
ence was not the case. Moreover, the study demonstrated that read-
ing difficulties appeared to remain stable throughout elementary 
school, whereas math difficulties were ameliorated by reading com-
petencies, again alluding to high levels of reading performance being 
beneficial for math growth. Overall, according to mathematics theo-
ries (e.g., Dehaene, 1992; LeFevre et al., 2010) positing that reliance 
on language and phonological representation might contribute to 
math performance, it is suspected that reading contributes to math 
also in academically at-risk children. Based on empirical evidence 
(e.g.,	 Jordan	et	al.,	2003),	we	can	expect	 that	 this	direction	 is	par-
ticularly notable in children with high levels of reading performance 
who have well-developed phonological representations (a shared 
pre-requisite for skilled reading and math, e.g., LeFevre et al., 2010).

In terms of math predicting subsequent reading, we predict that 
this outcome is less likely to be observed in academically at-risk 
children. Recall that for typically developing children, Koponen and 
colleagues (Koponen et al., 2007, 2013) suggested that counting princi-
ples contribute to reading outcomes through the retrieval mechanisms 
of arbitrary associations between visual symbolic and phonological 
forms. Importantly, what children at-risk have in common relative to 
their typically developing peers is weaknesses in rapid retrieval of 
information, be it in the form of sound-letter correspondences (e.g., 
Erbeli, Hart, Wagner, & Taylor, 2018) or addition facts (e.g., Hanich, 
Jordan,	Kaplan,	&	Dick,	2001).	As	such,	 it	 is	 less	probable	to	expect	
large magnitudes in math paths predicting subsequent reading in ac-
ademically at-risk children since the underlying ability of retrieval to 
facilitate such contribution is compromised in this population.

Lastly, given that the sequence of stages in reading and math 
development follows similar patterns (note reading and math de-
velopmental theories; Ehri, 2008; Geary, 1994; Perfetti, 1995) in all 
children, it is plausible to suspect that reading and math might show 
bidirectional influences also in academically at-risk children.

Taken together, similarly to research on typically developing chil-
dren, developmental dynamics between reading and math in children 
who might be academically at-risk is incorporated in conventional 
theories showing that cognitive, reading, and math components work 
interdependently also in this population. Theoretically relevant path-
ways have been supported by empirical models indicating overlap 

and prospective predictions between the constructs. However, the 
mixed findings regarding the associations reflect the broader litera-
ture that has been inconclusive about the nature of these influences. 
Therefore, the current study addresses this inconclusiveness of prior 
work and clarifies the co-developmental pathways between reading 
and math in academically at-risk elementary school children.

1.3 | Modeling the developmental dynamics 
between reading and math

Specific methods are required to delineate the co-developmental 
pathways. Newer methodological approaches, such as the latent 
change score model, can assist in elucidating the reading-math 
dynamics (Ferrer & McArdle, 2010; McArdle, 2009). The model 
has been successfully applied in the reading (e.g., Quinn, Wagner, 
Petscher, & Lopez, 2015) as well as math literature (e.g., Gilbert & 
Fuchs, 2017) to study the co-development of only reading related or 
math related components. The bivariate latent change score model 
simultaneously models three types of change across two constructs: 
a constant change for each construct (i.e., linear growth), a pro-
portional change for each construct (i.e., time-point to time-point 
change), and coupling effects between the constructs (i.e., develop-
ment in one construct influences subsequent development in the 
other construct). By using this model, we are able to determine the 
extent to which the relation between reading and math is purely cor-
relational in nature (i.e., correlated constant change parameters and 
no temporal coupling effects), or described by either unidirectional 
coupling effects (i.e., reading-to-math coupling model or math-to-
reading coupling model) or bidirectional coupling effects (i.e., cou-
pling effects in both directions). The crucial feature of this model will 
help us understand the degree to which resulting unidirectional or 
bidirectional coupling effects lead to increasing or decreasing rates 
of change in either one or both constructs (e.g. reading performance 
might predict the change in growth in math performance).

1.4 | The present study

The purpose of the present study was to further investigate the tena-
bility of the abovementioned developmental relations between read-
ing and math in an academically at-risk sample from Texas spanning 
elementary grades. The focus was on first through fourth grades as 
it is during this developmental period when formal reading and math 
instruction heavily influences academic achievement outcomes. 
Substantial progress occurs on the transition from learning to read 
to reading to learn (Chall, 1983) and also on multi-digit calculations 
(Fuchs, Geary, Fuchs, Compton, & Hamlett, 2014) during elemen-
tary grades. Importantly, since co-developmental dynamics between 
reading and math can be, in part, attributable to general cognitive 
abilities (e.g., Cattell, 1987; Pennington, 2006), in an additional model 
we controlled for children's nonverbal cognitive abilities to examine 
the dynamics beyond the influence of this underlying cognitive factor.
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In the current study we utilized a latent change score model to 
elucidate and directly investigate potential directions of co-develop-
ment effects of reading and math. This is a significant improvement 
from previous research as it has allowed for simultaneous estimation 
of growth and cross-lagged associations across different levels of 
reading and math achievement. Understanding developmental pro-
cesses that may strengthen or weaken the longitudinal association 
between reading and math has implications for which children (i.e. 
those with high or low levels of reading or math performance) would 
most benefit from prevention efforts and specific interventions.

Based on the fact that all directions of pathways have received 
support in prior theoretical as well as empirical work, the present 
study offers no a priori expectation regarding which direction of in-
fluence, per se, explains the reading-math developmental dynamics 
most parsimoniously. However, we hypothesized for each individual 
possibility its underlying nature of the association. (a) If reading and 
math are simply correlated with no direct time-dependent relations, 
then based on Pennington's model (2006), we predicted reading and 
math initial performance and growth to be positively correlated. (b) 
If reading influences subsequent math growth, then in accordance 
with math theories (Dehaene, 1992; LeFevre et al., 2010) and based 
on	 empirical	 studies	 (Grimm,	 2008;	 Jordan	 et	 al.,	 2003),	 we	 hy-
pothesized higher levels of reading performance to produce direct 
positive effects on subsequent math growth. (c) If math influences 
subsequent reading growth, then we expected smaller magnitudes 
of effects compared to models in which reading influences math. (d) 
If reading and math co-develop reciprocally, then based on develop-
mental theories (e.g., Ehri, 2008; Geary, 1994) positing similarities in 
reliance on procedural strategies in reading and math development, 
we anticipated bidirectional influences. To the extent that reciprocal 
effects might be present, we expected the effects to be stronger 
from reading to subsequent math growth than vice versa.

2  | METHOD

2.1 | Participants

Participants for this study were children enrolled in a 12-year pro-
spective longitudinal study Project Achieve, which began in the fall of 
2000 or 2001 when children were in first grade (Hill & Hughes, 2007; 
Hughes, 2015). The project examined the effects of retention in el-
ementary grades on children's future academic achievement and 
socio-emotional adjustment. Eligible participants were selected 
based on scoring below the median on a district-administered Texas 
Essential Knowledge and Skills early literacy test (Texas Education 
Agency, 2004) in the spring of kindergarten or fall of first grade. As 
such, they might be classified as academically at-risk children. Exclusion 
criteria were: receiving special education services in first grade (if chil-
dren later received special education services they were not removed 
from the study), already having been retained in first grade, and first 
language any other than English or Spanish. At the time of subject 
recruitment, parents were not explicitly asked if their children had 

neurodevelopmental disorders. A total of 1,374 children were eligible 
to participate, of which 784 (56.3%) consented to be enrolled in the 
study. There were no significant differences on age, gender, ethnic-
ity, bilingual class placement, eligibility for free or reduced lunch, or 
literacy test scores between children with and without consent to par-
ticipate in the study (see Hill & Hughes, 2007, for more details).

Data reported from the current study were obtained from 554 
children. To avoid differences between children stemming from dif-
ferent grade-level exposure, we excluded 230 out of 784 children 
from the analyses as these children were retained either in grade 
2 (N = 165, 21%), grade 3 (N = 36, 4.6%), or grade 4 (N = 29, 3.7%). 
There were no significant differences on sex, ethnicity, parental ed-
ucation level, and literacy scores between the excluded children and 
the rest of the sample. Importantly, the sample was not discrepant in 
terms of frequency of children who were below one standard devia-
tion in reading in first grade, but had average math scores (N = 47) or 
vice versa (N = 48). During the first assessment time point, children 
were on average 6½ years old (M = 6.57; SD = 0.38; range = 5.25–
8.25). Participants were enrolled from a total of 34 schools across 
three districts in the state of Texas. The demographic characteristics 
of the sample were the following: 18.9% of the children were African 
American, 39.8% Latino, 35.5% White, and 5.8% were classified as 
Other. Regarding the socio-economic status of participants, 56.8% 
were eligible for free or reduced lunch.

2.2 | Procedure and measures

Detailed information on measure administration and procedures is 
provided in Supplementary Materials.

2.2.1 | Reading

Reading	 was	 measured	 using	 the	 Woodcock-Johnson	 Test	 of	
Achievement	–	3rd	ed.	(WJ–III)	Broad	Reading	measure	(WJ-Reading;	
Woodcock	et	al.,	2001).	A	composite	WJ-Reading	score	was	utilized.	
It included letter-word identification, reading fluency, and passage 
comprehension. W-scores were used here as they are ideal for mod-
eling growth. The W-score is centered on a value of 500, which is set 
to approximate the average performance of a typical child at age 10 
(grade	5).	 The	 reliability	 and	 construct	 validity	 of	 the	WJ-Reading	
have	 been	 extensively	 documented	 (Woodcock	&	 Johnson,	 1990;	
Woodcock et al., 2001). The published internal consistency reliabil-
ity is 0.92 (ages 4–7) and 0.93 (ages 8–10; Woodcock et al., 2001). No 
raw (item-level) data for reading were available to the researchers, 
so calculating sample specific reliability was not possible.

2.2.2 | Math

Math	was	measured	using	the	WJ–III	Broad	Math	measure	(WJ-Math;	
Woodcock	 et	 al.,	 2001).	 A	 composite	 WJ-Math	 score	 was	 used.	 It	
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6 of 14  |     ERBELI Et aL.

consisted of calculations, math fluency, and applied problems. Similarly 
to reading, we used W-scores. Extensive research documents the reliabil-
ity	and	construct	validity	of	the	WJ-Math	(Woodcock	&	Johnson,	1990;	
Woodcock et al., 2001). The published internal consistency reliability es-
timates are 0.94 (ages 4–7) and 0.92 (ages 8–10; Woodcock et al., 2001). 
No raw (item-level) data for math were available to the researchers, so 
calculating sample specific reliability was not possible.

The Batería Woodcock–Muñoz: Pruebas de Aprovechamiento–
Revisada (Batería–R; Woodcock & Muñoz-Sandoval, 1996) is the com-
parable	Spanish	version	of	the	Woodcock-Johnson	Psycho-Educational	
Battery–Revised	(WJ–R;	Woodcock	&	Johnson,	1990).	The	published	
internal consistency reliability estimates for both reading and math are 
0.95 (Woodcock & Muñoz-Sandoval, 1996). If children or their parents 
spoke any Spanish, children were administered the Woodcock–Muñoz 
Language Survey (Woodcock & Muñoz-Sandoval, 1993) to determine 
the child's language proficiency in English and Spanish and selection of 
either	the	WJ–III	or	the	Batería–R.	The	WJ–III	or	the	Bateria–R	were	
then administered in the language in which the student demonstrated 
greater language proficiency on the Woodcock–Muñoz Language 
Survey. If the student demonstrated equal or greater language pro-
ficiency	 in	 English	 for	 three	 consecutive	 years,	 subsequent	 WJ–III	
tests were administered in English. The Woodcock Compuscore 
program (Woodcock & Muñoz-Sandoval, 2001) yields W-scores for 
the Batería–R that are comparable to W-scores	on	the	WJ–R.	In	our	
study, 13.9% of children included in the analyses were administered 
the Spanish version of tests. Posthoc analyses showed that for all 
four grades, children tested in Spanish had significantly higher scores 
in reading and lower scores in math compared to the children tested 
in English. Importantly, results of the main analyses were replicated 
even when we excluded children tested in Spanish from the sample. 
Therefore, we report the results using the full sample.

2.2.3 | Nonverbal cognitive abilities

Nonverbal cognitive abilities were measured using the Universal 
Nonverbal Intelligence Test (UNIT; Bracken & McCallum, 1998). The 

UNIT is a nationally standardized nonverbal measurement of gen-
eral intelligence and cognitive abilities. It measures complex memory 
and reasoning abilities. The UNIT has demonstrated good internal 
consistency reliability (0.84) as well as construct validity (Bracken & 
McCallum, 1998).

2.3 | Data analyses

2.3.1 | Descriptive statistics and 
correlational analyses

Descriptive statistics among all observed variables using W-scores 
were calculated in SAS 9.4. Age effect can bias results, hence raw 
data on reading and math in first grade were corrected by residual-
izing on age. Residualized data were subsequently standardized to 
scaled z-scores (see Supplementary Materials section). Correlations 
were calculated on residualized and standardized data. All subse-
quent analyses were also conducted on residualized and standard-
ized data.

2.3.2 | Latent change score modeling

To investigate the developmental dynamics between reading 
and math over time, we conducted latent change score analyses 
(McArdle, 2009). For more detailed descriptions of data analyses, 
please refer to the Supplementary Materials section.

3  | RESULTS

3.1 | Descriptive statistics and correlational 
analyses

Descriptive statistics are provided in Table 1. There was an expected 
pattern of increasing performance across elementary grades on both 

Observed variables N M (SD) Skew Min Max

1. Reading grade 1 540 439.16 (26.21) 0.41 375.00 523.00

2. Reading grade 2 495 468.24 (18.68) −0.35 406.00 521.00

3. Reading grade 3 478 482.47 (17.02) −0.83 394.00 548.00

4. Reading grade 4 472 492.90 (17.08) −0.52 412.00 565.00

5. Math grade 1 541 464.17 (13.45) −1.08 384.00 498.00

6. Math grade 2 495 478.15 (10.14) −0.59 438.00 502.00

7. Math grade 3 477 489.60 (10.12) −0.74 448.00 517.00

8. Math grade 4 471 499.32 (9.49) −0.51 464.00 530.00

9. Nonverbal cognitive 
abilities grade 1

547 94.45 (14.75) −0.35 48.00 132.00

Abbreviations: M = mean; Max = maximum; Min = minimum; N = number of children; SD = standard 
deviation; Skew = skewness.

TA B L E  1   Descriptive statistics
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     |  7 of 14ERBELI Et aL.

constructs. This is also depicted in Figure 1 with observed trajecto-
ries for both constructs plotted over time. Both constructs demon-
strated relatively stable variability over time. The average nonverbal 
cognitive abilities score was slightly below 100 but still within the 
average intelligence range. Correlations residualized on age are 
presented in Table 2. Correlational magnitudes between measures 
within the same academic construct were moderate to relatively 
high, whereas those across constructs were moderate. Academic 
outcomes were only weakly correlated with nonverbal cognitive 
abilities.

3.2 | Latent change score modeling

3.2.1 | Univariate latent change score models

A series of competing univariate models were fit to the data residu-
alized on age separately for reading and math. Model-fitting results 
for the set of univariate reading and math models are summarized in 
Table 3. As shown in Table 3, the constant change models (models R1 
and M1, respectively) and the proportional change models (models 
R2 and M2, respectively) fit poorly for both constructs. However, 
the dual change models for reading as well as math (models R3 and 
M3, respectively) fit data well. Removing the constant change por-
tions from the dual change models resulted in significantly worse 
model fit in both constructs, indicating that the constant change 
paths needed to be retained in the models. Similarly, removing the 
proportional change portions of the models from the dual change 
models also resulted in a severe degradation of model fit for both 
constructs. Thus, the dual change models for reading and math were 
retained for bivariate latent change score analyses. Overall, the 
univariate models indicated that adequate modeling of reading and 
math development required both constant change and proportional 
change parameters.

Unstandardized parameter estimates from the best fitting 
univariate dual change score model for reading are presented in 
Figure 2. The mean intercept, or average initial scores in first grade, 
was not significantly different from zero (µ0R = 0.027), which was 
expected given the conversion of W-scores to scaled z-scores. There 
was significant variability in the initial means, alluding to individual 
differences in the baseline values (σ0R = 0.596). There was a signifi-
cant growth rate in reading (µ1R = 1.049), with significant individual 
differences across children (σ1R = 0.063). The proportional change 

parameter was significant and negative (βR	=	−0.406),	indicating	that	
children who performed higher at a certain grade showed smaller 
change in growth in the subsequent grade. The positive correlation 
between the intercept and slope (rR0,1 = 0.644) indicated a fan-
spread growth pattern, where, on average, children who were below 
the mean in the first grade grew more slowly across the span of first 
through fourth grade than children who were above the mean.

Figure 3 presents unstandardized parameter estimates for the 
dual change score model for math, which fit best to our data. The 
results were similar to reading parameters in terms of direction-
ality. The mean intercept was not statistically different from zero 
(µ0M	=	−0.007).	There	were	significant	individual	differences	in	the	
level of performance in first grade (σ0M = 0.624). A positive slope in 
math was significant (µ1M = 1.043), indicating that in the absence of 
other influences, there was a tendency for a positive growth rate, 
and this estimate varied significantly across individuals (σ1M = 0.033). 
Similar to reading, the proportional change parameter was significant 
and negative (βM	=	−0.177),	indicating	an	overall	attenuated	growth	
in math over time. In other words, children who performed higher at 
a certain grade showed smaller change in growth in the subsequent 
grade compared to children who performed lower. The correlation 
between the intercept and slope was positive (rM0,1 = 0.336), sug-
gesting that children below the mean grew on average more slowly 
than children above the mean.

In sum, given that univariate dual change score models for both 
constructs provided the best fit for our data, we proceeded with a 
bivariate latent change score modeling to study potential coupling 
effects between reading and math.

3.2.2 | Bivariate dual change score models

Bivariate dual change score analyses were conducted for four alterna-
tive models: a correlated, but uncoupled model, a reading-to-math cou-
pling model, a math-to-reading coupling model, and a full, bidirectional 
coupling model. The critical parameter in the bivariate dual change 
score models was the coupling-effects parameter. Covariances were 
also estimated between reading and math intercepts and slopes.

A summary of the bivariate model-fitting is presented in Table 3. 
The model-fitting results indicated that all four bivariate models fit 
the data well. Removing both coupling effects (model RM1) from 
the full, bidirectional model (model RM4) resulted in a significant 
deterioration of fit, indicating that one or both coupling paths were 

F I G U R E  1   Observed trajectories for 
the	WJ-Reading	and	WJ-Math.	All	values	
were converted to z-scores based on 
means and standard deviations in grade 1
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significant. When we removed the reading-to-math coupling effect 
(model RM3) from the full, bidirectional model, model comparison 
revealed a significant deterioration of fit. In contrast, removing the 
math-to-reading coupling effect (model RM2) from the full model 
did not result in model fit deterioration. In summary, this means that 
results from the chi-square difference testing supported the bivari-
ate latent change score model with reading-to-math coupling effects 
(model RM2) as the most parsimonious and well-fitting model that 
best described our data.

Unstandardized parameter estimates of the most parsimoni-
ous model are presented in Figure 4. The positive correlations be-
tween the intercept and slope for reading (rR0,1 = 0.619) and math 
(rM0,1 = 0.347) reflected the fan-spread growth model, mirroring the 
findings in the univariate dual change score models. The correlations 
between reading intercept and math slope (rR0,M1 = 0.098), between 
math intercept and reading slope (rM0,R1 = 0.268), and between read-
ing intercept and math intercept (rR0,M0 = 0.242) alluded to the fact 

TA B L E  2   Correlations among observed variables

Observed variables 1 2 3 4 5 6 7 8

1. Reading grade 1 –

2. Reading grade 2 0.65** –

3. Reading grade 3 0.59** 0.82** –

4. Reading grade 4 0.54** 0.79** 0.86** –

5. Math grade 1 0.30** 0.15** 0.21** 0.25** –

6. Math grade 2 0.13** 0.23** 0.28** 0.32** 0.68** –

7. Math grade 3 0.26** 0.30** 0.41** 0.41** 0.63** 0.70** –

8. Math grade 4 0.35** 0.39** 0.48** 0.51** 0.55** 0.65** 0.78** –

9. Nonverbal cognitive 
abilities grade 1

0.20** 0.18** 0.20** 0.23** 0.37** 0.24** 0.27** 0.27**

Note: Correlations were calculated on data residualized on age.
**p < .0001. 

TA B L E  3   Summary of univariate and bivariate model fitting and model comparisons

Model fit χ2 
(df) RMSEA (95% CI) CFI SRMR

Model 
comparisons
Δχ2 (Δdf) p

Univariate models

Reading R1 Constant change 
model

297.442 (5) 0.326 (0.295, 0.358) 0.795 0.154 R1 versus R3 
283.032 (1)

<.0001

R2 Proportional 
change model

786.048 (7) 0.449 (0.423, 0.476) 0.455 0.351 R2 versus R3 
771.638 (3)

<.0001

R3 Dual change model 14.410 (4) 0.069 (0.033, 0.109) 0.993 0.016 N/A N/A

Math M1 Constant change 
model

87.865 (5) 0.173 (0.143, 0.206) 0.926 0.070 M1 versus M3 
76.421 (1)

<.0001

M2 Proportional 
change model

750.444 (7) 0.439 (0.413, 0.466) 0.335 0.341 M2 versus M3 
739.000 (3)

<.0001

M3 Dual change model 11.444 (4) 0.058 (0.020, 0.099) 0.993 0.042 N/A N/A

Bivariate models

Reading – math RM1 Correlated, 
but uncoupled 
development

99.300 (19) 0.088 (0.071, 0.105) 0.971 0.042 RM1 versus RM4 
10.500 (2)

<.01

RM2 Reading-to-math 
coupling model

89.872 (18) 0.085 (0.068, 0.103) 0.974 0.036 RM2 versus RM4 
1.072 (1)

.300

RM3 Math-to-reading 
coupling model

98.379 (18) 0.090 (0.073, 0.108) 0.971 0.042 RM3 versus RM4 
9.579 (1)

<.01

RM4 Full, bidirectional 
coupling model

88.800 (17) 0.088 (0.070, 0.106) 0.974 0.035 N/A N/A

Note: Model fitting was conducted on data residualized on age. Selected best fitting models are in bold type.
Abbreviations: CFI = comparative fit index; M = math; R = reading; RM = reading-math; RMSEA = root mean squared error of approximation; 
SRMR = standardized root mean square residual.
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     |  9 of 14ERBELI Et aL.

that initial levels and growth in reading and math were positively 
correlated.

As shown in Figure 4, significant coupling effects (γ = 0.165) were 
depicted from the level of performance in reading to subsequent 
change in math growth. This effect indicated that annual change in 
math growth was accounted for, in part, by level of performance in 
reading. Specifically, a child whose level of reading was one standard 
deviation above that of an average child would grow 0.165 standard 
deviations faster in math over a year. This result indicates that read-
ing performance might act as an amplifying force on math growth.

As for the residual variances, we can see in Figure 4 that they 
dropped over the elementary grades. The largest variances ob-
served at the first time point likely reflected individual differences 
before children started formal schooling in elementary grades. The 
transition from kindergarten to first grade might have influenced the 
differences, such that they decreased and became more constant 
across children as they progressed through schooling.

One way to illustrate dynamic relation between reading and 
math is by drawing a statistical vector plot (Ferrer & McArdle, 2004), 
which represents the projections in time (i.e., grade changes) for dif-
ferent combinations for pairs of constructs. The plot, as depicted 
in Figure 5, is based on the expected values from the best fitting 
model. Even though the best fitting model has a fixed set of group 
parameters, the expected gains change as a function of the current 
status of any individual. In this vector field an arrow is plotted as 
the direction of change expected for any given pair of scores in the 
X-Y plane (Ferrer & McArdle, 2004). As such, the tail of the arrow 

represents a specific starting point for reading and math, and the 
head of the arrow represents the expected values of reading and 
math at the next occasion (i.e. next grade, which equals to 1 year). 
The length of the arrow indicates the size of the expected change. 
Figure 5 includes at least three noteworthy characteristics. First, the 
coupling effects from reading to math are evident in particular at 
the mean and high levels of reading performance (reading z > 0) and 
below the mean levels of math performance (math z < 0). Average 
and high reading performance levels appeared to have their stron-
gest amplifying effects (the steepest arrows) over time on math 
growth for below average math performing children, as indicated 
on the bottom right side of the vector field. We can see reasonable 
expected change (long arrows) in math growth for these children. 
Second, and conversely, weakest amplifying effects (flatter or al-
most horizontal arrows) of reading on math growth were on the left 
side of the vector plot (reading z	<	−1).	At	the	lowest	levels	of	reading	
performance, there was a negligible or no expected growth in math. 
Third, the equilibrium of this dynamic system seems to be situated 
around the average score for reading (reading z = 0) and the above 
average score for math (math z > 1). For those children, the dynamics 
were stable, without clear coupling influences from reading to math. 
As such, we are unable to predict reliably change in math growth 
from one grade to the other for those children.

After conducting a bivariate latent change score model, we 
added to the intercept and slope parameters a covariate represent-
ing nonverbal cognitive abilities. The fit statistics for the models 
with a covariate are presented in Table S1. The model-fiting results 

F I G U R E  2   Univariate dual change 
score model for reading. Model fitting 
was conducted on data residualized on 
age. Statistics are unstandardized path 
coefficients. Paths with no coefficients 
were constrained to 1. ER, error variance 
for observed variables in reading; R, 
reading. *p < .001

F I G U R E  3   Univariate dual change 
score model for math. Model fitting 
was conducted on data residualized on 
age. Statistics are unstandardized path 
coefficients. Paths with no coefficients 
were constrained to 1. EM, error variance 
for observed variables in math; M, math. 
*p < .001
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with nonverbal cognitive abilities as a covariate supported the same 
best fitting model without the covariate, indicating that the findings 
regarding reading influencing subsequent math growth as the most 
parsimonious model held. As indicated in Figure S1, the path esti-
mates changed minimally and nonverbal cognitive abilities were sig-
nificantly related to all intercept and growth parameters.

4  | DISCUSSION

The life-long influence of acquiring adequate reading and math skills on 
children's lives demonstrates the importance to understand their de-
velopmental dynamics. Given the differences between these two con-
structs, yet the great extent of their overlap, a fundamental question is 
whether and to what degree both skills unfold in conjunction over time. 
The aim of this study was to explore developmental dynamics between 
reading and math in academically at-risk children across elementary 
schooling. Overall, our results suggested that for these children, read-
ing performance was significantly associated with increased change in 
math growth. Specifically, relatively average and high levels of reading 
performance were associated with subsequent gains in math growth, 
in particular for children performing below average in math. In con-
trast, relatively low levels of reading performance had negligible or no 
amplifying influences on change in math growth. Our findings were 
robust even after controlling for nonverbal cognitive abilities.

F I G U R E  4   Best fitting bivariate latent 
change score model with coupling effects 
running from reading to math. Model 
fitting was conducted on data residualized 
on age. Statistics are unstandardized path 
coefficients. Paths with no coefficients 
were constrained to 1. EM, error variance 
for observed variables in math; ER, error 
variance for observed variables in reading; 
M, math; NS, non-significant; R, reading. 
*p < .001

F I G U R E  5   Statistical vector field plot for the reading-math 
bivariate dynamics system from the best-fitting model. Arrow 
directions and arrow lengths indicate the expected direction and 
magnitude of change in both constructs after a subsequent time 
period (in our case, this represents next grade, which equals to 
1 year)
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The univariate latent change score models suggested complex 
trajectory lines for both constructs. Longitudinal trajectory was best 
represented using models involving constant and proportional ele-
ments. These models revealed that the changes were similar in na-
ture for reading and math, showing a slowing of nonlinear progress, 
whereby reading indicated larger decreases in change throughout 
elementary school compared to math. Finding larger decreases in 
change in reading than math was not consistent with our expecta-
tion because, traditionally, more emphasis is placed on reading than 
math in U.S. elementary schools (Lee & Reeves, 2012). The deceler-
ated effects also revealed that much of the learning occurs within 
the early phases of learning to read and doing math.

Turning to the bivariate model examining the dynamic development 
between both constructs, we tested four scenarios based on the the-
oretical background. The results supported the reading-to-math direc-
tion and suggested that reading appeared to be a leading and math a 
lagging indicator of this dynamics over time, even when we held non-
verbal cognitive abilities constant. As hypothesized, the effect was pos-
itive, yet only small in magnitude. Under a simple view and in line with 
Grimm (2008), this would mean that children applied their knowledge 
of reading to their math skills. From this perspective, patterns of change 
in math were dependent on reading-math combinations, rather than 
on the math construct alone. The unidirectional reading to subsequent 
math finding presents a point of departure from the results of studies 
conducted on national datasets which showed bidirectional influences 
(e.g., Bailey et al., 2020). The simplest explanation for the difference is 
that those studies examined children across the performance contin-
uum, whereas the present study examined children who might have 
been academically at-risk. However, even nationally representative 
studies showed that the cross-domain estimates from math to subse-
quent reading were small in magnitude – mostly between 0 and 0.1 
(e.g., Bailey et al., 2020). Nonetheless, the inconsistency in the direc-
tionality of influences across populations warrants further attention.

The results of this study directly point to the premise that it 
makes little sense to talk about the extent to which reading and math 
are associated without also considering a child's current level of read-
ing achievement. Why does overall achievement status in reading 
play a positive significant role in the prediction of changes in growth 
rates in math in academically at-risk children? There are at least two 
possible explanations for such cross-construct pattern. The first ex-
planation is related to the significant correlated cross-construct in-
tercept and slope parameters. Reading and math rely on the same 
domain-general factors. Even though reading and math might not 
be reversible processes according to our results, they seem to share 
overarching cognitive domains, which in conjunction contribute to 
the relation between them. We controlled for one cognitive factor, 
nonverbal ability, however, in accordance with the multiple deficit 
model (Pennington, 2006), there might be other correlated cognitive 
risk liabilities that are shared across achievement outcomes in aca-
demically at-risk children. For example, processing and working mem-
ory deficits have been shown to contribute to reading-math pairwise 
overlap (e.g., Daucourt et al., 2020; Moll, Gobel, Gooch, Landerl, & 
Snowling, 2016; Swanson et al., 2009; Willcutt et al., 2013).

The second mechanism pertains to the role of shared reliance 
on linguistic elements across constructs. As noted, mathematical 
developmental theories (e.g., Dehaene, 1992; LeFevre et al., 2010) 
have supported the role of language and phonological aware-
ness in the development of adequate math achievement through, 
for example, successful linking of visual-verbal associations of 
number codes. Moreover, it is even assumed that math facts are 
stored as phonological codes in long-term memory (Simmons & 
Singleton, 2008), again supporting the crucial role of phonologi-
cal system for early math outcomes. Many empirical studies have, 
in fact, corroborated the pivotal role of reading related skills for 
math	prediction	 in	 children	with	 learning	disabilities	 (e.g.,	 Jordan	
et	 al.,	 2003;	 Joyner	 &	Wagner,	 2019;	 Swanson	&	 Jerman,	 2006;	
Swanson et al., 2009). Taken together, it appears that in academ-
ically at-risk children, the ability to read well may have facilitated 
changes in the math growth rate through linguistic elements that 
had been acquired via the processing of the phonological code of 
the language.

As a whole, the dynamic system between reading and math 
pointed toward improvement in changes in math growth via reading 
performance at the next occasion of measurement (i.e. next grade). 
More specifically, though, changes in math growth rates from one 
grade to the next were determined, in part, by the level of reading 
achievement in that grade. As hypothesized, the amplifying influence 
of reading performance on math growth gains was evident at rela-
tively average and high levels of reading and relatively below aver-
age of math performance, suggesting that high reading skills served 
to increase changes in math growth, in particular for children who 
had math difficulties. This finding is in line with Grimm (2008) and 
Jordan	et	al.	(2003)	which	showed	that	higher	levels	of	reading	per-
formance influenced math growth in typically developing children as 
well as children with math disabilities. This finding alludes to reading 
and math having, in part, synergistic effects that drive the dynamics 
between both constructs toward a picture of improved performance 
in academically at-risk children. It appears that well-established 
long-term phonological representations without underlying phono-
logical retrieval deficits (both skills are a hallmark of good readers) 
guided subsequent growth in math. Previous research has shown 
that it is particularly the quality of long-term phonological represen-
tations that is important for specific arithmetic skills, namely those 
that have a higher probability of being solved by retrieval (De Smedt, 
Taylor, Archibald, & Ansari, 2010).

A contrasting picture, on the other hand, could be observed 
at low levels of reading performance. Poor reading performance 
dampened changes in math growth. Math growth reduction follow-
ing decreases in reading performance levels is compatible with the 
growing evidence showing that the presence of reading disability 
is associated with greater risk for math disability (e.g. see the me-
ta-analysis	 by	 Joyner	 &	Wagner,	 2019).	 The	 lagged	 nature	 of	 the	
analyses indicated that a low performance level in reading increased 
the probability of subsequent little or no change in the growth rate 
of math. All in all, such a finding informs educational literature more 
broadly in that it helps us understand secondary math deficits by 
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demonstrating that math problems might, at the same time, be re-
lated to reading problems.

Our study contributes some imperative educational implications. 
The study shows that reading developmental processes strengthed 
the longitudinal association between reading and math, in particu-
lar, for children with higher levels of reading performance and lower 
levels of math performance. This finding implies that it would be 
worthwhile to implement interventions, in particular ones targeting 
language and reading for children who exhibit lower levels of reading 
and are at-risk for math difficulties (e.g., Fuchs et al., 2020). Tracking 
the subsequent results in both reading and math performance would 
be particularly valuable as the results would show us whether im-
mediate impact on language and reading would be expected to also 
boost children's math performance. We note that the cross-con-
struct effect in our study might be small in magnitude (γ = 0.165). 
Nonetheless, it would be interesting to expand current interven-
tions to effectively consider both reading and math outcomes. 
Importantly, we do not call for one-way evidence of experimental 
interventions aimed at targeting only reading to work to remediate 
math deficits. We do not exclude the possibility that interventions 
targeting math deficits might transfer and help ameliorate reading 
difficulties. In fact, there is evidence from intervention research 
showing that remediating math also indicated gains on reading skills 
when solving word problems (e.g., Fuchs et al., 2008).

The present results should be considered in light of some limitations 
and directions for future research. First, the representativeness of the 
results is limited to our academically at-risk sample. Stringent criteria 
for participant selection were used in the current study. However, our 
sample selection may also be viewed as a strength for expanding sim-
ilar existing work which has mostly been based on typically develop-
ing children. Nonetheless, it remains possible that the dynamics of our 
constructs unfold differently in other populations, including children 
with learning disabilities. This might be a direction for future research. 
Second, we examined grade-to-grade changes across a span of ele-
mentary school in reading and math broadly defined. Future research 
could aim at modeling subtler shifts occurring over briefer time periods 
in various reading and math components. For instance, the exploration 
of more proximal relations between reading fluency and math fluency 
following instruction in decoding could be a direction for future inves-
tigation. Third, our study was not designed to pinpoint what specific 
overlapping cognitive factors may explain the reading-math dynamics. 
These factors have been, in part, explored in other important work 
(e.g., Cirino, Childs, & Macdonald, 2018; Koponen et al., 2019; Korpipää 
et al., 2019). We controlled for one such factor, nonverbal cognitive abil-
ities. Nonetheless, it would be helpful to be able to incorporate at least 
some other cognitive correlates, such as processing speed and working 
memory. Unfortunately, these data were not collected for our sample.

5  | CONCLUSION

Elementary school is one of the most crucial developmental periods 
for a child's academic success in reading and math. This study sheds 

valuable light on the degree to which reading and math unfold in 
conjunction over the course of elementary school in academically 
at-risk children. Findings illustrate that good reading skills pave the 
way for at-risk children to develop their math skills, in particular 
if they perform below average on math. Understanding the im-
pacts of reading on math requires an appreciation of co-develop-
mental influences, which has implications for early instruction and 
intervention.

ACKNOWLEDG EMENTS
We	thank	Dr.	Jamie	M.	Quinn	for	sharing	Mplus	scripts	for	the	latent	
change score modeling analyses.

CONFLIC T OF INTERE S T
None declared.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Florina Erbeli  https://orcid.org/0000-0002-4955-3170 
Qinxin Shi  https://orcid.org/0000-0003-2157-0590 

R E FE R E N C E S
Aunola,	 K.,	 Leskinen,	 E.,	 Lerkkanen,	 M.	 K.,	 &	 Nurmi,	 J.	 E.	 (2004).	

Developmental dynamics of math performance from preschool to 
grade 2. Journal of Educational Psychology, 96, 699–713. https://doi.
org/10.1037/0022-0663.96.4.699

Bailey, D. H., Oh, Y., Farkas, G., Morgan, P., & Hillemeier, M. (2020). 
Reciprocal effects of reading and mathematics? Beyond the cross-
lagged panel model. Developmental Psychology, 56(5), 912–921. 
https://doi.org/10.1037/dev00 00902

Bailey, D. H., Watts, T. W., Littlefield, A. K., & Geary, D. C. (2014). State 
and trait effects on individual differences in children’s mathemati-
cal development. Psychological Science, 25, 2017–2026. https://doi.
org/10.1177/09567 97614 547539

Bast,	 J.,	&	Reitsma,	P.	 (1998).	Analyzing	 the	development	of	 individual	
differences in terms of Matthew effects in reading: Results from a 
Dutch longitudinal study. Developmental Psychology, 34, 1373–1399. 
https://doi.org/10.1037/0012-1649.34.6.1373

Bodovski, K., & Farkas, G. (2007). Mathematics growth in early elemen-
tary school: The roles of beginning knowledge, student engagement, 
and instruction. The Elementary School Journal, 108, 115–130. https://
doi.org/10.1086/525550

Bracken, B. A., & McCallum, R. S. (1998). Universal nonverbal intelligence 
test. Chicago, IL: Riverside Publishing Company.

Cameron,	C.	E.,	Kim,	H.,	Duncan,	R.	J.,	Becker,	D.	R.,	&	McClelland,	M.	
M. (2019). Bidirectional and co-developing associations of cogni-
tive, mathematics, and literacy skills during kindergarten. Journal 
of Applied Developmental Psychology, 62, 135–144. https://doi.
org/10.1016/j.appdev.2019.02.004

Campbell,	 F.	 A.,	 Pungello,	 E.	 P.,	 Miller-Johnson,	 S.,	 Burchinal,	 M.,	 &	
Ramey, C. T. (2001). The development of cognitive and academic 
abilities: Growth curves from an early childhood educational ex-
periment. Developmental Psychology, 37, 231–242. https://doi.
org/10.1037/0012-1649.37.2.231

Carey, S. (2004). Bootstrapping & the origin of concepts. Daedalus, 
133(1), 59–68.

 14677687, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/desc.13004 by T

exas A
&

M
 U

niversity L
ibrary, W

iley O
nline L

ibrary on [30/10/2023]. 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

https://orcid.org/0000-0002-4955-3170
https://orcid.org/0000-0002-4955-3170
https://orcid.org/0000-0003-2157-0590
https://orcid.org/0000-0003-2157-0590
https://doi.org/10.1037/0022-0663.96.4.699
https://doi.org/10.1037/0022-0663.96.4.699
https://doi.org/10.1037/dev0000902
https://doi.org/10.1177/0956797614547539
https://doi.org/10.1177/0956797614547539
https://doi.org/10.1037/0012-1649.34.6.1373
https://doi.org/10.1086/525550
https://doi.org/10.1086/525550
https://doi.org/10.1016/j.appdev.2019.02.004
https://doi.org/10.1016/j.appdev.2019.02.004
https://doi.org/10.1037/0012-1649.37.2.231
https://doi.org/10.1037/0012-1649.37.2.231


     |  13 of 14ERBELI Et aL.

Cattell, R. B. (1987). Intelligence: Its structure, growth, and action. 
Amsterdam, The Netherlands: Elsevier. (Reprinted and revised from 
Abilities: Their structure, growth and action, by R. B. Cattell, 1971, 
Boston: Houghton Mifflin).

Chall,	 J.	 S.	 (1983).	 Learning to read: The great debate. New York, NY: 
McGraw-Hill.

Chu, F. W., vanMarle, K., & Geary, D. C. (2016). Predicting children's read-
ing and mathematics achievement from early quantitative knowl-
edge and domain-general cognitive abilities. Frontiers in Psychology, 
7, 775. https://doi.org/10.3389/fpsyg.2016.00775

Cirino, P. T., Childs, A. E., & Macdonald, K. T. (2018). Longitudinal pre-
dictors of the overlap beween reading and math skills. Contemporary 
Educational Psychology, 54, 99–111.

Daucourt, M., Erbeli, F., Little, C., Haughbrook, R., & Hart, S. A. (2020). A 
meta-analytical review of the genetic and environmental correlations 
between reading and attention-deficit hyperactivity disorder symp-
toms and reading and math. Scientific Studies of Reading. https://doi.
org/10.1080/10888 438.209.1631827

De	Smedt,	B.,	Taylor,	J.,	Archibald,	L.,	&	Ansari,	D.	 (2010).	How	is	pho-
nological processing related to individual differences in children's 
arithmetic skills? Developmental Science, 13, 508–520. https://doi.
org/10.1111/j.1467-7687.2009.00897.x

Dehaene, S. (1992). Varieties of numerical abilities. Cognition, 44, 1–42. 
https://doi.org/10.1016/0010-0277(92)90049 -n

Dehaene, S., & Cohen, L. (1995). Towards an anatomical and functional 
model of number processing. Mathematical Cognition, 1, 83–120.

Duncan,	 G.	 J.,	 Dowsett,	 C.	 J.,	 Claessens,	 A.,	 Magnuson,	 K.,	 Huston,	
A.	 C.,	 Klebanov,	 P.,	 …	 Japel,	 C.	 (2007).	 School	 readiness	 and	 later	
achievement. Developmental Psychology, 43(6), 1428. https://doi.
org/10.1037/0012-1649.43.6.1428

Ehri, L. C. (2008). Development of sight word reading: Phases and 
findings.	 In	M.	 J.	 Snowling	 &	 C.	 Hulme	 (Eds.),	 The science of read-
ing: A handbook (pp. 135–154). Oxford, UK: Blackwell. https://doi.
org/10.1002/97804 70757 642.ch8

Erbeli,	F.,	Hart,	S.	A.,	&	Taylor,	J.	(2019).	Genetic	and	environmental	in-
fluences on achievement outcomes based on family history of learn-
ing disabilities status. Journal of Learning Disabilities, 52, 135–145. 
https://doi.org/10.1177/00222 19418 775116

Erbeli,	F.,	Hart,	S.	A.,	Wagner,	R.	K.,	&	Taylor,	 J.	 (2018).	Examining	 the	
etiology of reading disability as conceptualized by the hybrid 
model. Scientific Studies of Reading, 22(2), 167–180. https://doi.
org/10.1080/10888 438.2017.1407321

Ferrer,	E.,	&	McArdle,	J.	J.	(2004).	An	experimental	analysis	of	dynamic	
hypotheses about cognitive abilities and achievement from child-
hood to early adulthood. Developmental Psychology, 40, 935–952. 
https://doi.org/10.1037/0012-1649.40.6.935

Ferrer,	E.,	&	McArdle,	J.	J.	(2010).	Longitudinal	modeling	of	developmental	
changes in psychological research. Current Directions in Psychological 
Science, 19, 149–154. https://doi.org/10.1177/09637 21410 370300

Foorman,	B.	R.,	Francis,	D.	J.,	Fletcher,	J.	M.,	Schatschneider,	C.,	&	Mehta,	
P. (1998). The role of instruction in learning to read: Preventing read-
ing failure in at-risk children. Journal of Educational Psychology, 90(1), 
37–55. https://doi.org/10.1037/0022-0663.90.1.37

Fuchs, L. S., Fuchs, D., Compton, D. L., Powell, S. R., Seethaler, P. M., 
Capizzi,	A.	M.,	…	Fletcher,	J.	M.	 (2006).	The	cognitive	correlates	of	
third-grade skill in arithmetic, algorithmic computation, and arith-
metic word problems. Journal of Educational Psychology, 98, 29–43. 
https://doi.org/10.1037/0022-0663.98.1.29

Fuchs, L. S., Geary, D. C., Fuchs, D., Compton, D. L., & Hamlett, C. L. 
(2014). Sources of individual differences in emerging compe-
tence with numeration understanding versus multidigit calculation 
skill. Journal of Educational Psychology, 106, 482–498. https://doi.
org/10.1037/a0034444

Fuchs, L. S., Geary, D. C., Fuchs, D., Compton, D. L., & Hamlett, C. L. 
(2016). Pathways to third-grade calculation versus word-reading 

competence: Are they more alike or different? Child Development, 
87(2), 558–567. https://doi.org/10.1111/cdev.12474

Fuchs, L. S., Seethaler, P. M., Powell, S. R., Fuchs, D., Hamlett, C. L., & 
Fletcher,	J.	M.	(2008).	Effects	of	preventive	tutoring	on	the	mathe-
matical problem solving of third-grade students with math and read-
ing difficulties. Exceptional Children, 74, 155–173.

Fuchs, L. S., Seethaler, P. M., Sterba, S. K., Craddock, C., Fuchs, D., 
Compton, D. L., Changas, P. (2020). Closing the word-problem 
achievement gap in first grade: Schema-based word-problem inter-
vention with embedded language comprehension instruction. Journal 
of Educational Psychology. https://doi.org/10.1037/edu00 00467

Geary, D. C. (1994). Children’s mathematical development: Research and 
practical applications. Washington, DC: American Psychological 
Association.

Geary, D. C., Hoard, M. K., Nugent, L., & Bailey, D. H. (2012). Mathematical 
cognition deficits in children with learning disabilities and per-
sistent low achievement: A five-year prospective study. Journal of 
Educational Psychology, 104, 206–223. https://doi.org/10.1037/
a0025398

Gelman, R., & Butterworth, B. (2005). Number and language: How are 
they related? Trends in Cognitive Sciences, 9(1), 6–10. https://doi.
org/10.1016/j.tics.2004.11.004

Gelman, R., & Gallistel, C. R. (1986). The child’s understanding of number. 
Cambridge, MA: Harvard University Press.

Gilbert,	 J.	 K.,	 &	 Fuchs,	 L.	 S.	 (2017).	 Bivariate	 developmental	 relations	
between calculations and word problems: A latent change ap-
proach. Contemporary Educational Psychology, 51, 83–98. https://doi.
org/10.1016/j.cedps ych.2017.06.008

Grimm,	 K.	 J.	 (2008).	 Longitudinal	 associations	 between	 reading	 and	
mathematics achievement. Developmental Neuropsychology, 33, 410–
426. https://doi.org/10.1080/87565 64080 1982486

Hanich,	L.	B.,	Jordan,	N.	C.,	Kaplan,	D.,	&	Dick,	J.	 (2001).	Performance	
across different areas of mathematical cognition in children with 
learning difficulties. Journal of Educational Psychology, 93(3), 615. 
https://doi.org/10.1037/0022-0663.93.3.615

Hecht,	S.	A.,	Torgesen,	J.	K.,	Wagner,	R.	K.,	&	Rashotte,	C.	A.	(2001).	The	
relations between phonological processing abilities and emerging 
individual differences in mathematical computation skills: A longitu-
dinal study from second to fifth grades. Journal of Experimental Child 
Psychology, 79, 192–227. https://doi.org/10.1006/jecp.2000.2586

Hill,	 C.	 R.,	 &	 Hughes,	 J.	 N.	 (2007).	 An	 examination	 of	 the	 conver-
gent and discriminant validity of the Strengths and Difficulties 
Questionnaire. School Psychology Quarterly, 22, 380–406. https://
doi.org/10.1037/1045-3830.22.3.380

Hughes,	J.	N.	(2015).	Unpublished raw data on achievement, behavior, and 
environment from the project Achieve. Texas A&M University, College 
Station, TX.

Jordan,	N.	C.,	Hanich,	 L.	 B.,	&	Kaplan,	D.	 (2003).	A	 longitudinal	 study	
of mathematical competencies in children with specific mathe-
matics difficulties versus children with comorbid mathematics and 
reading difficulties. Child Development, 74(3), 834–850. https://doi.
org/10.1111/1467-8624.00571

Joyner,	R.	E.,	&	Wagner,	R.	K.	(2019).	Co-occurrence	of	reading	disabil-
ities and math disabilities. Scientific Studies of Reading. https://doi.
org/10.1080/10888 438.2019.1593420

Koponen,	T.,	Aunola,	K.,	Ahonen,	T.,	&	Nurmi,	J.	E.	(2007).	Cognitive	pre-
dictors of single-digit and procedural calculation skills and their co-
variation with reading skill. Journal of Experimental Child Psychology, 
97(3), 220–241. https://doi.org/10.1016/j.jecp.2007.03.001

Koponen,	T.,	Eklund,	K.,	Heikkilä,	R.,	 Salminen,	 J.,	 Fuchs,	 L.,	 Fuchs,	D.,	
& Aro, M. (2019). Cognitive correlates of the covariance in reading 
and arithmetic fluency: Importance of serial retrieval fluency. Child 
Development. https://doi.org/10.1111/cdev.13287

Koponen, T., Salmi, P., Eklund, K., & Aro, T. (2013). Counting and RAN: 
Predictors of arithmetic calculation and reading fluency. Journal of 

 14677687, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/desc.13004 by T

exas A
&

M
 U

niversity L
ibrary, W

iley O
nline L

ibrary on [30/10/2023]. 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

https://doi.org/10.3389/fpsyg.2016.00775
https://doi.org/10.1080/10888438.209.1631827
https://doi.org/10.1080/10888438.209.1631827
https://doi.org/10.1111/j.1467-7687.2009.00897.x
https://doi.org/10.1111/j.1467-7687.2009.00897.x
https://doi.org/10.1016/0010-0277(92)90049-n
https://doi.org/10.1037/0012-1649.43.6.1428
https://doi.org/10.1037/0012-1649.43.6.1428
https://doi.org/10.1002/9780470757642.ch8
https://doi.org/10.1002/9780470757642.ch8
https://doi.org/10.1177/0022219418775116
https://doi.org/10.1080/10888438.2017.1407321
https://doi.org/10.1080/10888438.2017.1407321
https://doi.org/10.1037/0012-1649.40.6.935
https://doi.org/10.1177/0963721410370300
https://doi.org/10.1037/0022-0663.90.1.37
https://doi.org/10.1037/0022-0663.98.1.29
https://doi.org/10.1037/a0034444
https://doi.org/10.1037/a0034444
https://doi.org/10.1111/cdev.12474
https://doi.org/10.1037/edu0000467
https://doi.org/10.1037/a0025398
https://doi.org/10.1037/a0025398
https://doi.org/10.1016/j.tics.2004.11.004
https://doi.org/10.1016/j.tics.2004.11.004
https://doi.org/10.1016/j.cedpsych.2017.06.008
https://doi.org/10.1016/j.cedpsych.2017.06.008
https://doi.org/10.1080/87565640801982486
https://doi.org/10.1037/0022-0663.93.3.615
https://doi.org/10.1006/jecp.2000.2586
https://doi.org/10.1037/1045-3830.22.3.380
https://doi.org/10.1037/1045-3830.22.3.380
https://doi.org/10.1111/1467-8624.00571
https://doi.org/10.1111/1467-8624.00571
https://doi.org/10.1080/10888438.2019.1593420
https://doi.org/10.1080/10888438.2019.1593420
https://doi.org/10.1016/j.jecp.2007.03.001
https://doi.org/10.1111/cdev.13287


14 of 14  |     ERBELI Et aL.

Educational Psychology, 105(1), 162–175. https://doi.org/10.1037/
a0029285

Korpipää, H., Koponen, T., Aro, M., Tolvanen, A., Aunola, K., Poikkeus, A.-
M.,	…	Nurmi,	J.-E.	(2017).	Covariation	between	reading	and	arithmetic	
skills from grade 1 to grade 7. Contemporary Educational Psychology, 
51, 131–140. https://doi.org/10.1016/j.cedps ych.2017.06.005

Korpipää, H., Niemi, P., Aunola, K., Koponen, T., Hannula-Sormunen, 
M., Stolt, S., … PIPARI Study Group. (2019). Prematurity and overlap 
between reading and arithmetic: The cognitive mechanisms behind 
the association. Contemporary Educational Psychology, 56, 171–179. 
https://doi.org/10.1016/j.cedps ych.2019.01.005

Landerl, K., & Moll, K. (2010). Comorbidity of learning disorders: Prevalence 
and familial transmission. Journal of Child Psychology and Psychiatry, 
51, 287–294. https://doi.org/10.1111/j.1469-7610.2009.02164.x

Lee,	 J.,	 &	 Reeves,	 T.	 (2012).	 Revisiting	 the	 impact	 of	 NCLB	 high-
stakes school accountability, capacity, and resources: State NAEP 
1990–2009 reading and math achievement gaps and trends. 
Educational Evaluation and Policy Analysis, 34, 209–231. https://doi.
org/10.3102/01623 73711 431604

LeFevre,	 J.-A.,	Fast,	L.,	Skwarchuk,	S.	L.,	Smith-Chant,	B.	L.,	Bisanz,	 J.,	
Kamawar, D., & Penner-Wilger, M. (2010). Pathways to mathemat-
ics: Longitudinal predictors of performance. Child Development, 81, 
1753–1767. https://doi.org/10.1111/j.1467-8624.2010.01508.x

Leppänen, U. (2006). Development of literacy in kindergarten and pri-
mary	school.	 In	J.	Yliopisto	(Ed.),	Jyväskylä studies in education, psy-
chology and social research	(pp.	1–289).	Jyväskylä,	Finland:	University	
of	Jyväskylä.

Levine,	 S.	 C.,	 Jordan,	 N.	 C.,	 &	 Huttenlocher,	 J.	 (1992).	 Development	
of calculation abilities in young children. Journal of Experimental 
Child Psychology, 53(1), 72–103. https://doi.org/10.1016/S0022 
-0965(05)80005 -0

McArdle,	 J.	 J.	 (2009).	 Latent	 variable	 modeling	 of	 differences	 and	
changes with longitudinal data. Annual Review of Psychology, 60, 577–
605. https://doi.org/10.1146/annur ev.psych.60.110707.163612

McCoach, D. B., O'Connell, A. A., Reis, S. M., & Levitt, H. A. (2006). 
Growing readers: A hierarchical linear model of children's read-
ing growth during the first 2 years of school. Journal of Educational 
Psychology, 98, 14–28. https://doi.org/10.1037/0022-0663.98.1.14

Moll,	K.,	Gobel,	S.	M.,	Gooch,	D.,	Landerl,	K.,	&	Snowling,	M.	J.	 (2016).	
Cognitive risk factors for specific learning disorder: Processing 
speed, temporal processing, and working memory. Journal of Learning 
Disabilities, 49, 272–281. https://doi.org/10.1177/00222 19414 
547221

National Assessment of Educational Progress. (2019). The condition of 
education 2019. NAEP. Retrieved from https://nces.ed.gov/pubs2 
019/20191 44.pdf

Pennington, B. F. (2006). From single to multiple deficit models of 
developmental disorders. Cognition, 101, 385–413. https://doi.
org/10.1016/j.cogni tion.2006.04.008

Perfetti, C.A. (1985). Reading ability. Oxford: Oxford University Press.
Pfost,	M.,	Hattie,	J.,	Dörfler,	T.,	&	Artelt,	C.	(2014).	Individual	differences	

in reading development: A review of 25 years of empirical research 
on Matthew effects in reading. Review of Educational Research, 84, 
203–244. https://doi.org/10.3102/00346 54313 509492

Quinn,	 J.	 M.,	 Wagner,	 R.	 K.,	 Petscher,	 Y.,	 &	 Lopez,	 D.	 (2015).	
Developmental relations between vocabulary knowledge and read-
ing comprehension: A latent change score modeling study. Child 
Development, 86, 159–175. https://doi.org/10.1111/cdev.12292

Rinne,	L.	F.,	Ye,	A.,	&	Jordan,	N.	C.	 (2020).	Development	of	arithmetic	
fluency: A direct effect of reading fluency? Journal of Educational 
Psychology, 112(1), 110–130. https://doi.org/10.1037/edu00 00362

Ritchie,	S.	J.,	&	Bates,	T.	C.	(2013).	Enduring	links	from	childhood	math-
ematics and reading achievement to adult socioeconomic status. 

Psychological Science, 24, 1301–1308. https://doi.org/10.1177/09567 
97612 466268

Simmons, F. R., & Singleton, C. (2008). Do weak phonological represen-
tations impact on arithmetic development? A review of research into 
arithmetic and dyslexia. Dyslexia, 14, 77–94. https://doi.org/10.1002/
dys.341

Simmons,	F.,	Singleton,	C.,	&	Horne,	J.	 (2008).	Phonological	awareness	
and visuo-spatial sketchpad functioning predict early arithmetic at-
tainment: Evidence from a longitudinal study. European Journal of 
Cognitive Psychology, 20, 711–722.

Starkey, P., Spelke, E. S., & Gelman, R. (1990). Numerical abstrac-
tion by human infants. Cognition, 36(2), 97–127. https://doi.
org/10.1016/0010-0277(90)90001	-Z

Swanson,	H.	L.,	&	Jerman,	O.	(2006).	Math	disabilities:	A	selective	me-
ta-analysis of the literature. Review of Educationl Research, 76, 249–
274. https://doi.org/10.3102/00346 54307 6002249

Swanson,	H.	L.,	Jerman,	O.,	&	Zheng,	X.	(2009).	Math	disabilities	and	read-
ing disabilities: Can they be separated? Journal of Psychoeducational 
Assessment, 27, 175–196. https://doi.org/10.1177/07342 82908 
330578

Texas Education Agency. (2004). TAKS information booklets. Retrieved 
from https://tea.texas.gov/sites /defau lt/files /DCCM2 010-TAKS.pdf

Vanbinst, K., van Bergen, E., Ghesquière, P., & De Smedt, B. (2020). Cross-
domain associations of key cognitive correlates of early reading and 
early arithmetic in 5-year-olds. Early Childhood Research Quarterly, 51, 
144–152. https://doi.org/10.1016/j.ecresq.2019.10.009

Vilenius-Tuohimaa,	 P.	M.,	 Aunola,	 K.,	 &	Nurmi,	 J.	 E.	 (2008).	 The	 asso-
ciation between mathematical word problems and reading com-
prehension. Educational Psychology, 28(4), 409–426. https://doi.
org/10.1080/01443 41070 1708228

Willcutt,	E.	G.,	Petrill,	S.	A.,	Wu,	S.,	Boada,	R.,	Defries,	J.	G.,	Olson,	R.	K.,	
& Pennington, B. F. (2013). Comorbidity between reading disability 
and math disability: Concurrent psychopathology, functional impair-
ment, and neuropsychological. Journal of Learning Disabilities, 46, 
500–516. https://doi.org/10.1177/00222 19413 477476

Woodcock,	R.	W.,	&	Johnson,	M.	B.	(1990).	Woodcock-Johnson psycho-ed-
ucational battery: Test of achievement. Chicago, IL: Riverside.

Woodcock,	R.	W.,	Mather,	N.,	McGrew,	K.	S.,	Schrank,	F.	A.,	Johnson,	M.	
B.,	&	Wendling,	B.	J.	(2001).	Woodcock-Johnson III normative update: 
Tests of cognitive abilities. Chicago, IL: Riverside.

Woodcock, R. W., & Muñoz-Sandoval, A. F. (1993). Woodcock-Muñoz lan-
guage survey. Chicago, IL: Riverside.

Woodcock, R. W., & Muñoz-Sandoval, A. F. (1996). Batería Woodcock-
Muñoz Pruebas de aprovechamiento-Revisada: Supplemental manual. 
Itasca, IL: Riverside.

Woodcock, R. W., & Muñoz-Sandoval, A. F. (2001). Comprehensive man-
ual. Woodcock-Muñoz Language survey normative update. Itasca, IL: 
Riverside Publishing.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Erbeli F, Shi Q, Campbell AR, Hart SA, 
Woltering S. Developmental dynamics between reading and 
math in elementary school. Dev Sci. 2021;24:e13004. https://
doi.org/10.1111/desc.13004

 14677687, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/desc.13004 by T

exas A
&

M
 U

niversity L
ibrary, W

iley O
nline L

ibrary on [30/10/2023]. 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

https://doi.org/10.1037/a0029285
https://doi.org/10.1037/a0029285
https://doi.org/10.1016/j.cedpsych.2017.06.005
https://doi.org/10.1016/j.cedpsych.2019.01.005
https://doi.org/10.1111/j.1469-7610.2009.02164.x
https://doi.org/10.3102/0162373711431604
https://doi.org/10.3102/0162373711431604
https://doi.org/10.1111/j.1467-8624.2010.01508.x
https://doi.org/10.1016/S0022-0965(05)80005-0
https://doi.org/10.1016/S0022-0965(05)80005-0
https://doi.org/10.1146/annurev.psych.60.110707.163612
https://doi.org/10.1037/0022-0663.98.1.14
https://doi.org/10.1177/0022219414547221
https://doi.org/10.1177/0022219414547221
https://nces.ed.gov/pubs2019/2019144.pdf
https://nces.ed.gov/pubs2019/2019144.pdf
https://doi.org/10.1016/j.cognition.2006.04.008
https://doi.org/10.1016/j.cognition.2006.04.008
https://doi.org/10.3102/0034654313509492
https://doi.org/10.1111/cdev.12292
https://doi.org/10.1037/edu0000362
https://doi.org/10.1177/0956797612466268
https://doi.org/10.1177/0956797612466268
https://doi.org/10.1002/dys.341
https://doi.org/10.1002/dys.341
https://doi.org/10.1016/0010-0277(90)90001-Z
https://doi.org/10.1016/0010-0277(90)90001-Z
https://doi.org/10.3102/00346543076002249
https://doi.org/10.1177/0734282908330578
https://doi.org/10.1177/0734282908330578
https://tea.texas.gov/sites/default/files/DCCM2010-TAKS.pdf
https://doi.org/10.1016/j.ecresq.2019.10.009
https://doi.org/10.1080/01443410701708228
https://doi.org/10.1080/01443410701708228
https://doi.org/10.1177/0022219413477476
https://doi.org/10.1111/desc.13004
https://doi.org/10.1111/desc.13004

