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ARTICLE INFO ABSTRACT
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Reciprocal development

This study examines reciprocal relations between toddler's numeracy and their language skills in “Germany” (N
= 389, M = 31.46 months, SD = 3.34, 52.8% male) across three time points (collected between 2021 and 2023)
while controlling for potential influencing factors. Cross-lagged panel models revealed that between ages 2! and
three years numeracy (f = 0.19, p < .010) and general language (p = 0.25, p < .010) development mutually
predicted each other and both fostered later mathematical language (f = 0.16-0.18, p < .010). From three to four

years, mathematical language predicted numeracy ( = 0.21, p < .050) and general language (f = 0.32, p < .010)
development, while numeracy predicted mathematical language development (f = 0.19, p < .010). The results
highlight the intertwined yet distinct roles of numeracy and general and math-specific language skills in early

development.

Educational relevance statement

This study extends existing research by examining early numeracy
development together with both general language and mathematical
language in 389 children from ages two-and-a-half to four. The findings
demonstrate that these skills are linked through reciprocal relations that
differ across early childhood. Between two-and-a-half and three years,
general language and numeracy skills are related to each other's devel-
opment, and both are associated with mathematical language develop-
ment, whereas from around age three onward mathematical language is
related to numeracy and general language development. The results
suggest that promoting everyday language use in toddlers and, as they
get older, the use of mathematical language, can be a promising way to
support the development of language as well as numeracy skills.

1. Introduction

The development of foundational numeracy skills is a gradual and
multifaceted process that begins early in children's lives, well before
formal schooling starts (e.g., Mix, 2009; Sarama & Clements, 2009;
Sarnecka & Carey, 2008). However, a considerable amount of children

face significant challenges in acquiring early numeracy skills and lag
behind their peers (e.g., Cahoon et al., 2024; Lehrl et al., 2020; Liu et al.,
2025). Although early individual differences remain rather stable across
time, it is widely recognized that early numeracy development does not
occur in isolation, but rather in interaction with other cognitive and
academic domains. Dehaene's (Dehaene, 1992; Dehaene et al., 2003)
triple-code model of numerical cognition outlines distinct but inter-
connected systems for processing numerical information, including the
processing of non-symbolic quantity information (i.e., analog code),
which is supposed to be related to children's acquisition of number
words (i.e., verbal code) and number symbols (i.e., visual code).
Although each pathway uniquely contributes to early numeracy, prior
research has consistently highlighted the linguistic pathway as the
strongest predictor of early mathematical performance (Peng et al.,
2020). Traditionally, this pathway has been examined through general
language abilities, such as general vocabulary knowledge (e.g., LeFevre
et al.,, 2010) and morpho-syntactic skills (e.g., Bonifacci et al., 2016).
General language abilities are regarded as a foundation for children's
progress in mathematics, since they support the use of mathematical
terms, the communication of ideas, and the construction and retrieval of
mathematical representations from long-term memory (“medium
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function hypothesis”; Dehaene, 1992; Peng et al., 2020). In addition,
language is assumed to contribute to the ability to reason about math-
ematical concepts and to develop strategies for solving problems
(“thinking function hypothesis”; Peng et al., 2020; Vygotsky, 1989).
However, emerging evidence suggests that language use in mathemat-
ical contexts (e.g., mathematical terms)—often referred to as mathe-
matical or domain-specific language—may play a particularly crucial
role (Peng et al., 2020; Turan & De Smedt, 2022). Nevertheless, it re-
mains unclear whether the associations, often examined predictively in
children from three years onwards, also apply to younger age groups and
while controlling for autoregressive effects and concurrent associations.
Furthermore, research has shown that the benefits are not unidirec-
tional, but that general and mathematical language and numeracy skills
might mutually strengthen each other's development (e.g., Chan et al.,
2025; Chen et al., 2025; Peng et al., 2020). This is consistent with
models of mutualism. These models assume that cognitive abilities have
positive interactions and promote each other's long-term development
(e.g., Kievit, 2020; Van Der Maas et al., 2006). Furthermore, research on
language development has shown that a conceptual understanding (for
example, regarding numeracy skills, an understanding of numbers or
cardinality) facilitates the acquisition of meanings (e.g., of relational
words, sentence structures that contain such words, or mathematical
terms) (e.g., Bloom, 2000). Despite the potential significance of both
general and mathematical language for numeracy skill development,
research exploring the dynamic interplay of these three constructs at an
early age remains limited. The present study aims to address these gaps
by examining the cross-lagged associations between (1) math-related
vocabulary and numeracy skills in children from age 2 ', years on-
wards and (2) by additionally modeling their relation to general lan-
guage skills over time.

2. Development of early numeracy skills and the importance of
language

Research has consistently shown that children's language proficiency
is strongly associated with their mathematical skills during the pre-
school years (Napoli & Purpura, 2018; Peng et al., 2020; Purpura &
Reid, 2016). Purpura and Ganley (2014) demonstrated that language
skills significantly predicted performance across a wide range of early
numeracy tasks in preschool aged children. Furthermore, these associ-
ations are believed to emerge even before preschool age, as language is
assumed to play a pivotal role in differentiating the symbolic number
system—which typically starts to emerge as early as 18 to 24 months of
age (Mix, 2009)—from the more basic, non-symbolic system responsible
for approximate quantity discrimination, which is believed to be present
already in infancy (Libertus & Brannon, 2010; Xu & Spelke, 2000). It is
assumed, that language skills significantly impact the development of
numerical understanding, as children rely on language—especially
number-related vocabulary—to enhance and structure their grasp of
quantities (Spelke, 2003). Consistent with this view, cardinality has
been shown to be closely tied to general language skills, as children's
understanding of cardinal numbers is associated with receptive and
expressive vocabulary size between the ages of 2.5 and 5 years (Negen &
Sarnecka, 2012). More recent evidence further suggests that general
vocabulary size contributes to the acquisition of number words as early
as age three, and even at 30 months children's ability to learn and retain
new words predicts their “knower level” (e.g., knowing that the number
1 also represents quantity 1; Sarnecka & Carey, 2008) in number
knowledge tasks (Horn et al., 2021). Horn et al. (2021) also argued that
language and numeracy skills at the age of two-and-a-half-years rely on
a shared strategy of forming one-to-one correspondences—assigning
novel words to objects and assigning numbers to quantities. This
shared mechanism might suggest that the relation between language
and numeracy may not be purely unidirectional but instead provides a
foundation for reciprocal influences between both domains from early in
life. Beyond that, cross-lagged longitudinal path models (controlling for
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age and gender) demonstrate that phonological processing skills and
basic number knowledge in 5- to 6-year-old children predict each other's
development over the course of a year (Chen et al., 2025). Even though
the findings should be interpreted with some caution in this context,
since the characteristics measured relate to metalinguistic skills, they
nevertheless suggest that not only do general language skills predict the
development of numeracy skills, but that, conversely, numeracy skills
might also predict the development of general language skills. This
mutualism is also supported by a meta-analysis by Peng et al. (2020):
General language skills—including vocabulary, phonological aware-
ness, rapid automated naming, and oral comprehension—predicted later
mathematical performance after controlling for initial mathematical
skills, and likewise, mathematical performance predicted later general
language when controlling for initial language skills. Theoretical as-
sumptions suggest that language provides a scaffold for the development
of number concepts by offering the linguistic structure needed to frame
number as a category (Carey, 2009; Purpura & Logan, 2015). Once
established, these conceptual foundations of numbers may, in turn,
facilitate the acquisition of specialized mathematical vocabulary that
organizes quantitative and spatial relations in early childhood
(Hornburg et al., 2018, 2024). This reciprocal perspective is consistent
with broader research on academic language, which highlights how
language proficiency enables access to increasingly abstract, discipline-
specific registers (e.g., Uccelli et al., 2015). Together, these findings and
theoretical assumptions point to a dynamic and potentially reciprocal
relation between early language and numeracy development. Never-
theless, whether such reciprocal associations can be reliably identified in
early childhood development remains unresolved.

2.1. The specific role of mathematical language

In contrast to general language skills, specific academic domains
such as numeracy are characterized by a highly specialized vocabulary
(Purpura & Reid, 2016; Snow & Uccelli, 2009). As such, understanding
and using this content-specific mathematical language is crucial for
successfully engaging with mathematical concepts and problem-solving
tasks. Empirically, numerical terms are usually intentionally excluded
from the assessment of mathematical language to rule out the possibility
that children's knowledge of numbers—as a foundation of their
numeracy skills—is also measured as part of their mathematical lan-
guage skills. Therefore quantitative (e.g., “much”, “little) and spatial (e.
g., “over”, “under”) words are focused and the items of mathematical
language are set in a predominantly non-numerical context (e.g.,
Purpura et al., 2017; Purpura & Logan, 2015). Empirically, as early as
age three, children's mathematical language is related to numeracy skills
(e.g., Bleses et al., 2023; King & Purpura, 2021; Kung et al., 2019; Payne,
2024). For example, studies found that children who had higher math-
ematical language skills performed better in numeracy tasks (e.g.,
Purpura et al., 2017; Purpura & Logan, 2015). Mathematical language
also contributes to stronger growth in numeracy skills for children with
lower initial numeracy skills (Toll & Van Luit, 2014a). Moreover, the
analyses by Bleses et al. (2023) indicate that the associations between
mathematical language and numeracy skills are much stronger
compared to those between general language and numeracy, particu-
larly in lower-achieving children. In addition, a recent meta-analysis
demonstrates a positive correlation between mathematical language
and numeracy skills for children between the ages of three and a half and
eleven and a half (the average age was 6 years), which was even stronger
than the correlation between general language and numeracy skills (Zhu
et al., 2026). Hornburg et al. (2024) found that general language pre-
dicted concurrent numeracy skills but not numeracy skills assessed 5
months later, while mathematical language predicted later numeracy
skills. Further findings indicate that the relation between general lan-
guage and numeracy skills is mediated by mathematical language (e.g.,
Ho et al., 2025; Toll & Van Luit, 2014b). Mathematical language also
mediates the positive relation between the home numeracy environment



N. Besser et al.

(e.g., King & Purpura, 2021) and both children's mathematical language
and their numeracy skills and can be improved through interventions (e.
g., Besser et al., 2025; Bleses et al., 2021; Purpura et al., 2017).
Conversely, a recent study with a sample of U.S. kindergarten children
(mean age 5.9 years) revealed that number ordering and number line
estimation skills at time 1 significantly predicted spatial language
development during the next six weeks, indicating that numeracy skills
might support the development of mathematical language (Chan et al.,
2025). Beyond that, the reciprocal relations between mathematical
language and numeracy skills were not further empirically tested (Zhu
et al., 2026). An additional gap is that, to the best of our knowledge,
only three studies have examined the mathematical language and
numeracy skills of children under the age of three (Besser et al., 2025;
Bleses et al., 2021; Slot et al., 2020). This represents a significant
research gap as comparatively stable individual differences in mathe-
matical and linguistic abilities are already observable by the age of three
(e.g., Liu et al., 2025; Purpura & Reid, 2016) and thus must have
developed beforehand. The results of Bleses et al. (2021) demonstrated
that even at the age of two years, mathematical language and numeracy
skills, both based on teacher ratings, can be improved through inter-
vention. This result was confirmed by the analyses of Besser et al. (2025)
and significantly extended through a direct measurement of skills: the
children (M = 2.6 years) whose teachers took part in a professional
development training on math-specific interaction quality developed
higher mathematical language and numeracy skills than both, the chil-
dren in a comparison intervention group (training on global interaction
quality) and a control group (no training) (Besser et al., 2025). However,
only one of these studies examined autoregressive and cross-lagged re-
lations between different school-readiness skills (including general
language, mathematical language and numeracy skills) in under-three-
year-olds (Slot et al., 2020). The results revealed, among others, that
general language skills of children being 25 months old predicted
mathematical language and numeracy development during the next
seven months but not vice versa. Group comparisons also highlighted
that general language skills predicted numeracy and mathematical
language development, particularly in very young children between 12
and 24 months of age (§ = 0.34, p < .001) but not in children between 24
and 36 months of age (f = 0.16, n.s.). However, these analyses were
based on teacher ratings. Moreover, mathematical language and
numeracy skills were not included separately in the analyses but as a
composite indicator of mathematical skills, leaving no conclusions about
the mutual relation between the development of mathematical language
and numeracy skills at this young age.

2.2. The present study

Existing research has repeatedly shown that mathematical language
skills predict numeracy skills from the age of three onwards. Further
studies demonstrated that numeracy and mathematical language skills
are not only closely related, but that their association seems to be
stronger than that between general language and numeracy skills.
However, these studies mostly examined predictive relations rather than
conducting cross-lagged analyses. Due to the high stability of these
measures, solely predictive analyses remain inconclusive as to whether
the findings may be attributable to stability. Furthermore, the studies
were mostly conducted with children aged three years and older. Yet, it
is important to consider earlier phases of development, as significant
differences in numeracy and mathematical language skills are already
observable at the age of three years, indicating that their origin must be
earlier. However, studies also demonstrate that numeracy and general
language are closely related and predictive of each other. Yet, only a few
studies examined all three constructs in a longitudinal model and even
less considered autoregressive effects and concurrent associations be-
tween the constructs (as in a cross-lagged panel model [CLPM] for
example). Since mathematical language is a form of language, the
question remains whether the relations found between mathematical
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language and numeracy might in fact be attributable to general lan-
guage. Therefore, there is a lack of deeper insights into the reciprocal
development of numeracy and mathematical as well as general language
skills, especially for children under the age of three. To address these
gaps, we investigated the mutual and longitudinal prediction of early
numeracy and mathematical as well as general language skills on each
other's development in 2 ! year old children across time to determine
whether the existing findings could also be extended to a younger age
group and to examine all three constructs simultaneously across time. In
other words, we considered the cross-lagged paths for all three skills
across the three measurement points (for example, from T1 to T2:
numeracy Tl—general language T2; numeracy T1—mathematical lan-
guage T2; general language Tl—numeracy T2; general language
T1l—mathematical language T2; mathematical language T1—numeracy
T2; mathematical language T1—general language T2; the same applies
for T2 to T3). This allows us to gain insights into whether early
numeracy and general and mathematical language skills promote each
other's development or whether one skill functions as a prerequisite for
the development of the other skill. We hypothesized that between ages
two-and-a-half and three years children who demonstrated higher levels
of general and mathematical language would also demonstrate higher
levels of later numeracy skills and vice versa. As children's language
develops, their vocabulary becomes increasingly differentiated and
domain-specific (e.g., Kauschke & Hofmeister, 2002). Previous research
with children aged three years and older has consistently demonstrated
that mathematical language is uniquely associated with numeracy and
explains variance beyond general language (e.g., Purpura & Reid, 2016;
Toll & Van Luit, 2014b; Zhu et al., 2026). Building on these findings, we
hypothesized that between ages three and four years, mathematical
language would play a more prominent role than general language in
predicting subsequent numeracy development. Drawing on mutualism
models that assume that reciprocal interactions between cognitive do-
mains change over the course of development (Kievit, 2020; Van der
Maas et al., 2006), and based on findings that show that both concept
development (Bloom, 2000) and language (Kauschke & Hofmeister,
2002) become increasingly specific, we investigated exploratively
whether numeracy skills would increasingly predict the development of
mathematical language rather than that of general language as mathe-
matical concepts become more differentiated. We tested these hypoth-
eses and assumptions within one model thus also considering the
simultaneous cross-sectional interrelation between constructs.

3. Methods
3.1. Sample and design of the overall study

The present analyses use data from the longitudinal project Ear-
lyMath ((Lehrl et al., 2024; Linberg et al., 2019), which is funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research Founda-
tion). The focus of the project is to analyze children's numeracy and
mathematical language development and influencing factors from the
age of two-and-a-half-years onwards (Fig. 1). Two cohorts (cohort 1: N
= 191 children from N = 50 childcare centers; cohort 2: N = 217 chil-
dren from N = 45 childcare centers) have participated in the project
since 2020 with three measurement points: time 1 (T1) and time 2 (T2)
with approximately 4 months in between and time 3 (T3) approximately
one year after T2. The total of N = 408 children and N = 95 childcare
centers were from the two main regions Upper Franconia and Upper
Bavaria in Bavaria (Germany). As part of the EarlyMath project, between
T1 and T2, the participating teachers (one per childcare center) either
received two days of professional development training on mathemat-
ical (math-specific intervention group MIG; N¢hilgren = 131) or general
(general intervention group GIG; Nchildren = 141) interaction quality or
took part in a 90-min information event without training (control group
CG; Nchildren = 136). Detailed information about the intervention
(impact period: 2 months) and the study design can be found at (Lehrl
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1. Cohort: Jan - Feb 21

Intervention
2. Cohort: Jan - Feb 22 1. Cohort: March - April 21
2. Cohort: March - April 22
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1. Cohort: May - July 21 1. Cohort: May - Oct 22

2. Cohort: May - July 22 2. Cohort: May - Oct 23
T2 T3

2;4 — 3;6 years 3;3 —4;8 years

*Numeracy skills

*Math language

*General Language
*Basic nonverbal cognitive
functioning

*Numeracy skills
*Math language
*General Language

Preschool

Fig. 1. Overall design of the EarlyMath study. T1 = First measurement point; T2 = Second measurement point; T3 = Third measurement point.

et al., 2024). The Institutional Review Board of the University of Bam-
berg approved the EarlyMath project and the study was conducted in
accordance with the Ethical Principles of Psychologists and Code of
Conduct of the American Psychological Association (2017).

3.2. Participants

Collecting demographic data is a balancing act between (1) impor-
tant information on sample characteristics and (2) sensitive personal
data about individuals. Therefore, we have only collected the most
necessary demographic data, which on the one hand allows us to
contextualize the results and on the other hand does not overly intrude
on the privacy of the participating children and their families. For
recruitment all childcare centers in the targeted regions that care for
children under the age of three (N = 848 in Cohort 1 and, by expanding
the region, an additional N = 501 in Cohort 2) were first identified and
then contacted initially by e-mail and then by telephone. One teacher
per participating early childcare center was allowed to take part in the
project and distributed the information material and confirmation of
participation to all parents of the children in our target age range
(2;6-2;11). After the parents had given their informed consent, an
average of four children (range: 1-8 children) per early childcare center
took part in the project. Since some of these children fell outside our
target age range, we expanded the target age range to 2;0-3;3 years.
Nevertheless, we had to exclude 19 of the initial 408 children from the
analysis because they were still too far outside the age limits (N = 9) or
they had only data at T3 (N = 10). At the first measurement point (see
Table 1 for a descriptive summary), the 389 children (52.8% male) were
M = 31.46 months old (SD = 3.34, range = 24-39 months). The chil-
dren's family language was in most cases German (77.7%), followed by
at least one other language besides German (22.3%). Most parents were
highly educated (71.5% with at least one parent holding a college de-
gree), while under one third of the parents indicated vocational edu-
cation (28.5%). The monthly net income of all household members
averaged M = €4.000 to less than €5.000 (SD = €2.000; range: less than
€1.000 to €8.000 and more), however 37% of parents did not answer this
question at T1. The participating families thus fall within the middle
range of the net household income in Germany in 2021. While couples
with children had an average net household income of €5.600, single
parents had an average of around €3.100 (Federal Statistical Office,
2021). Between T1 and T2, N = 52 children dropped out of the ana-
lyses (13%). At T3 (i.e., one year after T2), data from N = 192 children
were available (attrition rate T1-T3: 49%). Selectivity analyses revealed
that the dropout groups (completers (T1-T3), late dropouts (T1 and T2
only), early monotone dropouts (T1 only), and children with

intermittent missingness (T1 and T3 only)) did not differ in terms of
their performance test scores (i.e., numeracy skills, mathematical and
general language), their family language, their intervention group, or
their gender. However, evidence of an age difference between the
groups was found: children who dropped out between T2 and T3 (i.e.,
late dropouts) were slightly older at T1 (M = 32.1, SD = 3.31) than
children who participated at all three measurement points (M = 30.9,
SD = 3.25). The remaining pairwise comparisons were not significant.

3.3. Assessment of children's early numeracy skills and their general and
mathematical language

The examiners were students who either already had or were about
to complete a bachelor's degree in psychology or educational science. To
guarantee standardized yet joyful task administration, they attended a
six-hour online training with video feedback, which was conducted by
the project's research assistants. After that the examiners tested the
children at T1 and T2 (average interval of four months) and at T3 (one
year after T2). The test sessions (30 to 40 min per test session; at least
two sessions on two consecutive days) were coordinated with the
participating teachers. To give the children the opportunity to get to
know the examiners when not in the test situation, the examiners took
part during breakfast and/or the morning circle. Participation in the
project and each test session was voluntary. The tasks and tests were
conducted in a standardized yet engaging way. A stuffed sheep named
Woolly assisted the examiners to keep the children motivated and
focused. The examiners were blind concerning the intervention group.

3.4. Measures

A variety of age-appropriate tasks and tests measured the numerical,
verbal and basic nonverbal cognitive competencies of the children. The
tasks assessing general and mathematical language, numeracy skills and
included controls are presented below (see Table 1 for a descriptive
summary). A detailed description of the further tests can be found in
(Lehrl et al., 2024).

3.4.1. Numeracy skills

Four subscales (on verbal counting, counting objects, cardinality
[give-n], cardinality [point-to-x]) comprise the numeracy skills
construct; the scores were aggregated (sum scores) per child across all
subscales (see Table 1 for an overview on item numbers, internal con-
sistencies, and descriptives). Confirmatory factor analyses revealed a
unidimensional structure (Chi-square y2 = 255.49, p < .001; robust CFI
= 0.94; robust RMSEA = 0.15 90% CI [0.09; 0.23]; SRMR = 0.06).
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Table 1

Descriptive information on the analysis variables and control variables (sum
1

scores’).

N M SD PKR20 Range
Potential ~ Actual
Numeracy (T1) 334 13.09 6.35  0.84 0-48 0-35
Verbal Counting 333 211 213 0.83 0-10 0-9
Counting objects 333 1.99 1.90 0.78 0-10 0-7
Give-N 331 3.63 1.73  0.67 0-14 0-11
Point-to-X 301 5.99 3.14 0.73 0-14 0-12
Numeracy (T2) 342 17.29 8.16 0.89 0-55 0-41
Verbal Counting 340 3.11 234  0.84 0-10 0-9
Counting objects 341 3.06 2.11 0.80 0-10 0-8
Give-N 341 4.69 2.28 0.78 0-17 0-15
Point-to-X 324 6.83 4.14  0.84 0-18 0-17
Numeracy (T3) 192 31.15 10.48 0.98 0-55 6-55
Verbal Counting 192 6.06 195 093 0-10 0-10
Counting objects 192 5.53 2.09 0.92 0-10 0-9
Give-N 192 9.16 4.43  0.96 0-17 0-17
Point-to-X 192 9.09 5.20 0.96 0-18 0-18
Mathematical language® 308 8.97 3.48 0.67 0-21 0-19
(T1)
Mathematical language® 324  13.94 4.64 0.71 0-31 0-26
(T2)
Mathematical language® 180  21.19 4.53  0.98 0-31 7-30
(T3)
General language® (T1) 310 13.00 7.09  0.91 0-44 0-33
General language® (T2) 318 17.17 8.14  0.93 0-44 0-37
General language® (T3) 192 15.81 7.28  0.96 0-36 0-30
Control variables
Age in months (T1) 389 31.46 3.34 24-39
Age in months (T2) 337 35.63 3.25 29-43
Nonverbal basic 305 3.19 212 0.78 0-10 0-9
cognitive functioning
(TD)*
Nonverbal basic 317 4.26 215 0.77 0-10 0-10
cognitive functioning
(T2)°
Family language® 299 1.7 0.45 1-2 1-2
Intervention group® 389 2.0 0.80 1-3 1-3

Notes. T1 = T1 = First measurement point; T2 = Second measurement point; T3
= Third measurement point; pKR20 = Kuder—Richardson-Coefficient 20 (inter-
nal consistency); Give-N = Give-a-number task (Sarnecka & Carey, 2008; Wynn,
1990); Point-to-X = Point-to-x task (Wynn, 1992); “PALM = Preschool Assess-
ment of the Language of Mathematics (PALM; Purpura & Logan, 2015), PTROG-
D (Bishop, 2003; Fox-Boyer et al., 2020; Weinert & Ebert, 2017); b Sprachent-
wicklungstest fiir zweijahrige Kinder = [Language development test for two-
year-old children] (Grimm, 2016); “German version of the subtest categories
of the SON-R 2 5-7 (Tellegen et al., 1998; Tellegen et al., 2007); d1 — At least one
other language than German, 2 = German; °1 = Control group, 2 = General
intervention group, 3 = Math-specific intervention group. ! Note that the sum-
scores are partially based on different numbers of items as some tasks were
extended by more easy or difficult items due to the age-related skill development
of the children.

Verbal counting (adapted from Mix, 2009; Wynn, 1990, 1992):
Woolly, the sheep, asked the children to count as far as they could
(starting at 1) twice in a row and helped them at T1 and T2 by counting
to 3 in the beginning. The children received one point for correctly
reciting the number word series up to 1, 2, 3, 5, 7, 10, 15, 20, 30, more
than 30 respectively. For example, three points were given for counting
to three, and six points were given for counting to 10.

Counting Objects (adapted from Mix, 2009; Wynn, 1990, 1992):
Woolly had collected stones and asked the children to help him count
them. He then placed ten stripes of glass nuggets in front of the children
one after the other (quantities: 1, 2, 3, 5, 7, 10, 15, 20, 30, 50). If the
initial item (3 glass nuggets) was not solved correctly, Woolly presented
first one glass nugget and then two glass nuggets. Woolly continued until
either the child solved all other items correctly or failed on two stripes in
a row (discontinuation criterion). He did likewise, if the initial item (3
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glass nuggets) was solved correctly. The children received one point for
each correctly solved item. Children who successfully solved the initial
item (3 glass nuggets) were awarded points 1 and 2 as well, so that a
total of 10 points could be scored.

Give-a-number task (Sarnecka & Carey, 2008; Wynn, 1990): Woolly
requested that the children feed him by placing the specified number of
wooden cubes onto a plate. At the start, Woolly showed an example with
one piece of food. Then, the numbers 1 to 7 were asked twice in
sequence, but not directly after each other, except for the number 1 (1, 1,
2,3,2,3,4,5,4,5,6,7,6,7). After T1, 3 items were added (8, 9, 10) to
account for the children's age-related skill development. The task ended
when the children either completed all the items or gave three consec-
utive incorrect answers (discontinuation criterion). The children earned
one point for each correctly given number.

Point-to-x task (Wynn, 1992): Woolly asked the children to tap at a
specific number of objects from two different quantities. In a vertical
layout, two quantities of identical objects were shown on picture cards
(e.g., one cat vs. two cats). The quantities ranging from 1 to 8 (1 vs. 2, 2
vs. 3, 3 vs. 4, and so on) were presented twice with various objects. After
T1, 4 items were added (8 vs. 9, 9 vs. 10) to account for the children's
age-related skill development. The items were shown in increasing order
until the children either completed all tasks or failed four consecutive
times (discontinuation criterion). The children received one point for
each correct quantity they identified by tapping on it. Table 1 presents
an overview of the number of items, internal consistencies, and de-
scriptives per assessment wave for each variable.

3.4.2. General language

To measure the children's general language skills, a sentence
comprehension test was administered (German version of the Test for
Reception of Grammar (TROG-D; Bishop, 2003; Fox-Boyer et al., 2020
shortened; see Weinert & Ebert, 2017)). An examiner presented a sen-
tence together with four colored pictures and the children were asked to
select the picture that best matched the sentence. The further the chil-
dren progressed, the more difficult the items became. The children
received one point for each correctly solved item. The analyses are based
on the children's sum scores. To avoid floor effects, the TROG-D (Bishop,
2003; Fox-Boyer et al., 2020 shortened; see Weinert & Ebert, 2017) was
supplemented at the first two measurement times with a comparable
item set (8 items) suitable for two year old children from the Spra-
chentwicklungstest fiir zweijahrige Kinder [Language development test
for two-year-old children] (Grimm, 2016), as the TROG-D (Bishop,
2003; Fox-Boyer et al., 2020 shortened; see Weinert & Ebert, 2017) is
only normed from the age of three years. Children were able to score up
to eight points more on T1 and T2 than on T3(see Table 1 for number of
items, internal consistencies, and descriptives per assessment wave).

3.4.3. Mathematical language

The mathematical language skills of the children were assessed using
a shortened (21 items), German version of the Preschool Assessment of
the Language of Mathematics (PALM; Purpura & Logan, 2015). The
children were asked to either identify various mathematical terms
related to unspecified quantities (e.g., “a bit,” “more”) and spatial
prepositions (e.g., “up,” “in front”) on picture cards (e.g., “Where are
more dots?”) or to perform actions with wooden cubes (e.g., “Take away
many blocks.”). We expanded the tasks to include a total of 6 items
covering geometry, which involved either shapes (e.g., “Point to the
triangle.”) or three-dimensional objects (e.g., “Point to the cube.”). To
ensure that the concepts of “numeracy skills” and “mathematical lan-
guage skills” are explicitly separated, the PALM intentionally avoids the
use of numerals. After T1, a total of 10 items were added to account for
the children's age-related skill development. These items included both
quantitative and spatial items from the original measure, whose
discriminatory power suggested that they might be too difficult for
children under three years of age (e.g., “a little”, “behind”) as well as
additional, more challenging geometric items (e.g., “cylinder”) that we
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used to expand the measure. The PALM has no discontinuation criterion,
and one point was awarded for each correctly solved item. The analyses
were based on the children's sum scores (see Table 1 for item numbers,
internal consistencies, and a summary of descriptives per assessment
wave).

3.4.4. Control variables

The development of numeracy skills, as well as that of general lan-
guage and mathematical language, can be influenced by contextual
factors, such as the children's age (e.g., Peng et al., 2020), their basic
nonverbal cognitive functioning (e.g., Libertus et al., 2024), or their
family language (e.g., Méndez et al., 2019). To rule out the possibility
that the results could be attributed to other factors rather than the re-
lations between general and mathematical language and numeracy
skills, we controlled for children's age at T1 (for paths between T1 and
T2) and T2 (for paths between T2 and T3) and children's basic nonverbal
cognitive functioning at T1 (for paths between T1 and T2) and T2 (for
paths between T2 and T3) (German version of the subtest categories of
the Snijders-Oomen Nonverbal Intelligence Test 2,5-7 years (SON-R 2
15-7); Tellegen et al., 1998; Tellegen et al., 2007). In the first part of the
SON-R 2 '4-7 (see Table 1 for item numbers, internal consistencies, and a
summary of descriptives per assessment wave), picture cards must be
sorted into two groups according to specified categories (e.g., candies
and flowers). Participants must identify the categories themselves based
on examples. If the items in the first part are completed successfully, the
second part requires matching two out of five additional picture cards to
three picture cards that share a common characteristic. Between all
measurement points we also controlled for children's language spoken at
home (only German vs. at least one other language than German). In
addition, while focusing on longitudinal relations among numeracy and
language constructs, the three-group intervention assignment (control
group, general intervention, math-specific intervention) was statistically
controlled for using two dummy variables (reference group: control
group) (see Table 1 for a summary of descriptives per assessment wave).

3.5. Statistical analyses

Reciprocal effects between numeracy and general and mathematical
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language skills, were examined by conducting a Cross-lagged Panel Model
(CLPM), which controlled for children's age, their basic nonverbal
cognitive functioning, their home language and the intervention group
assignment. The model was estimated in R version 4.4.3 (R Core Team,
2024) with lavaan version 0.6-19 (Rosseel, 2012). To account for the
nesting of children within different childcare centers we used cluster-
robust standard errors (Savalei, 2014; Savalei & Rosseel, 2022).
Missing values were handled using the maximum likelihood estimation
with robust (Huber-White) standard errors and a scaled test statistic
(“MLR”). Since the time intervals between measurement points were not
equal, all autoregressive and cross-lagged paths were estimated sepa-
rately for each interval. No equality restrictions were imposed over time.
For the estimated models, goodness of fit was evaluated using three
practical fit indices. First, the robust comparative fit index (CFL;
Brosseau-Liard & Savalei, 2014), then the robust root mean square error
of approximation (RMSEA; Brosseau-Liard et al., 2012), and the stan-
dardized root mean square residual (SRMR). Models with CFI > 0.95,
RMSEA <0.08, and SRMR <0.10 are considered “acceptable,” whereas
models with CFI > 0.97, RMSEA <0.05, or SRMR <0.05 are considered
“good” fit (e.g., Schermelleh-Engel et al., 2003). Since the conventions
established for correlations should not be applied to lagged effects, we
use the following values as benchmarks: 0.03 (small effect), 0.07 (me-
dium effect), and 0.12 (large effect) (Orth et al., 2024).

4. Results

Tables 1 and 2 present the descriptive statistics and the correlations
of the analyzed variables. The children improved their numeracy skills
(T1: M=13.09,SD =6.34; T2: M =17.28,SD = 8.16; T3: M = 31.15, SD
= 10.48), their mathematical language (T1: M = 8.97, SD = 3.48; T2: M
=13.94, SD = 4.64; T3: M = 21.19, SD = 4.53), and their general lan-
guage (T1: M = 13.00, SD = 7.09; T2: M = 17.17, SD = 8.13; T3: M =
15.81, SD = 7.28) skills from T1 to T3. The correlations in Table 2
indicate that there are significant relations between all child measures
across the three time points, both within and across domains and be-
tween the control variables. The stabilities of the measures were strong
(numeracy: rri_t2 = 0.52, p < .001, rro_t3 = 0.55 p < .001; mathematical
language: rr; 2 = 0.60, p < .001, rro 3 = 0.58, p < .001; general

Mathematical language General language

Table 2
Correlations between the analysis variables (N = 141-389).
Numeracy
™ 2) 3)

(4) (5) (6) () ® 09)

(01) Numeracy T1 -
(02) Numeracy T2

(03) Numeracy T3

(04) Math language T1
(05) Math language T2
(06) Math language T3
(07) General language T1
(08) General language T2
(09) General language T3

Control variables

(10) Age T1

(11) Age T2

(12) Nonverbal basic cognitive functioning T1?
(13) Nonverbal basic cognitive functioning T2%
(14) Family language®

(15) Intervention group®

0.598***

0.543%%

0.295%" 0.184*
0.306° 0.146"
0.275° 0,981+
0.255° 0.145
0.2127++ 0.200*
0.036 0.032

Notes. T1 = First measurement point; T2 = Second measurement point; T3 = Third measurement point; *German version of the subtest categories of the SON-R 2 4-7;
Tellegen et al., 1998; Tellegen et al., 2007; b1 = At least one other language than German, 2 = German; 1 = Control group, 2 = General intervention group, 3 = Math-

specific intervention group.
™ p <.001.
" p <.010.
" p < .050.

* p < .100.
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language: rri.to = 0.54, p < .001, rro 13 = 0.48, p < .001). Additionally,
the concurrent relations between the variables were primarily in the
medium to high range (numeracy—mathematical language: rr; = 0.51,
p <.001; rrp = 0.51, p < .001; rr3 = 0.54, p < .001; numeracy—general
language: rp; = 0.44, p < .001; rr2 = 0.49, p < .001; rr3 = 0.33, p < .001;
mathematical language—general language: rr1 = 0.60, p < .001; rpg =
0.58, p < .001; rp5 = 0.44, p < .001).

4.1. Results of cross-lagged panel modeling with numeracy and
mathematical and general language skills

Fig. 2 presents the results of the CLPM including all three constructs
(numeracy, mathematical and general language skills), in which non-
significant paths were removed to simplify the figure. The model
fitted the data well (X2 = 85.66, df = 31, p < .001, Robust CFI = 0.97,
Robust RMSEA = 0.08, 90% CI [0.06; 0.11], SRMR = 0.04). The
autoregressive paths were significant for numeracy as well as for general
and mathematical language skills across the three measurement times
(with f ranging between 0.29 and 0.40, all p < .001). This indicates that
children who demonstrated comparatively higher numeracy and general
and mathematical language skills at the age of about two-and-a-half-
years also did so at the age of three and four years. There were several
significant cross-lagged effects between the domains: General language
at T1 predicted both the development of numeracy skills (§ = 0.25, p <
.001) and mathematical language (f = 0.18, p < .010) in children be-
tween T1 and T2, indicating that children who have higher general
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language skills at the age of two-and-a-half-years demonstrate a more
pronounced change of individual differences in numeracy and mathe-
matical language skills during the next months. Likewise, numeracy
skills at T1 proved to be predictive of the development in both mathe-
matical (p = 0.16, p < .001) and general language skills (p = 0.19, p <
.001). At T2, however, numeracy skills predicted the development of
mathematical language (T3) (p = 0.19, p < .010), but not general lan-
guage skills. When considering the cross-lagged effects of mathematical
language, it was significantly associated with both the development of
numeracy skills (§ = 0.21, p < .050) and general language skills (p =
0.32, p < .001) from T2 to T3 but not from T1 to T2. This indicates that
children who have higher mathematical language skills at the age of
three years also demonstrate higher general language and numeracy
skills at the age of four years (controlled for autoregressive effects and
controls), but not between two-and-a-half and three years. With respect
to the control variables considered in the CLPM, significant simulta-
neous associations were observed for all control variables included as
well as some predictive relations particularly between T1 and T2 (for
details see Table S1 in the online supplement).

4.2. Additional analyses

Since we were interested in whether the relations between mathe-
matical language and numeracy skills could also be replicated for
younger children under the age of three, we additionally estimated a
two-component model that accounted only for mathematical language

Control Variables:
Children's age at T1
Children's nonverbal basic cognitive functioning at T1

Language spoken at home

Intervention group assignment

Control Variables:
Children's age at T2
Children's nonverbal basic cognitive functioning at T2

Language spoken at home

Intervention group assignment

2,6 years (T1) 3,0 years (T2) 4,0 years (T3)
numeracy JEEE numeracy L ki numeracy
R2=212% > R2=384% —>»| R2=40.1%
A 21% A
D5k .
43HEE 21%* 29%*
/ Y
22%% -
36%%* math language ﬁ math language math language .10
2=18.7% 33 R2=513% A0%FF | R2=4359
A A
8%
19**

/ / 30%% Y
general general general
language > | language > language
R2=19.6% 35| R2=47.1% 29%F% | R2=34.0%

Fig. 2. Standardized estimates of the cross-lagged panel model. Only significant coefficients are presented (on solid lines). T1 = First measurement point; T2 =

Second measurement point; T3 = Third measurement point.
**¥p < .001, **p < .010, *p < .050.
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and numeracy skills (since existing research on the relations between
numeracy and mathematical language often treats general language as a
control variable or does not consider it at all). These results (see Fig. S2
in the online supplement) revealed that mathematical language pre-
dicted the development of numeracy skills even between the ages of two
and a half and three, when general language was not included in the
model. A further model that only considered general language and
numeracy skills (see Fig. S3 in the online supplement) demonstrated
that, even when mathematical language was excluded, general language
predicted the development of numeracy skills between the ages of two
and a half and three, but not beyond that.

We also conducted sensitivity analyses to rule out the possibility that
our results might be reduced to general intervention effects. To that end,
we conducted the analyses in the pure control group; that is, no inter-
vention was conducted in this group. This subgroup revealed the same
pattern as the overall sample: Between the ages of two and a half and
three, numeracy and general language skills predicted each other's
development, and both predicted the development of mathematical
language skills. Between the ages of three and four, however, numeracy
skills and mathematical (rather than general) language skills predicted
each other's development. In addition, mathematical language skills also
predicted the development of general language skills, but not vice versa
(for details see Fig. S1 in the online supplement). This overall result was
also confirmed by the findings of a multi-group (CG, GIG, MIG) CLPM
with robust estimation (MLR) and cluster-robust standard errors. A
freely estimated model (all paths group-specific; robust CFI = 0.96,
robust RMSEA = 0.10, SRMR = 0.06) was compared with a model in
which all autoregressive and cross-lagged paths were set equal across
groups (robust CFI = 0.96, robust RMSEA = 0.09, SRMR = 0.07). The
scaled chi-square difference test (Satorra-Bentler) was marginally sig-
nificant, Ay%(36) = 51.28, p < .100. As shown by the group-specific
standardized path coefficients of the freely estimated model (see
Table S2 in the online supplement), the differences between the groups
mainly relate to the autoregressive paths.

5. Discussion

In this study, we investigated the reciprocal relations between early
numeracy and mathematical as well as general language skills of chil-
dren, starting when they were younger than three years at the first
measurement point and following them up to preschool age. Previous
studies have investigated either the mutual relations between numeracy
and general language skills or the predictive associations between
mathematical language and numeracy skills. Furthermore, most of the
studies were conducted with children over the age of three and direct
measures of skills are sparse in children under the age of three. This
study expands on existing research in several ways. Firstly, we analyzed
direct measures (instead of adult ratings) of skills in children being two-
and-a-half-year-old (and onwards), which allowed us to, secondly,
expand existing findings on the prediction of numeracy skills by math-
ematical language to a younger age group. Thirdly, the study extends
beyond predictive approaches by examining longitudinal effects while
controlling for stabilities as well as for concurrent relations between the
skills. Furthermore, general language was also included in the model,
which, fourthly, allows us to examine the reciprocal relations between
numeracy skills and general as well as mathematical language skills
simultaneously in a single model. We expected that all skills would be
closely intertwined between two-and-a-half and three years of age and
that both language measures would predict numeracy skills, while
numeracy skills would only predict the specific language (mathematical
language). Conversely, we expected that between three and four years of
age, mathematical language and numeracy skills would be bidirection-
ally intertwined, while general language would only be associated to
mathematical language.

The CLPM revealed robust autoregressive stability in all constructs
between two-and-a-half and three years and between three and four
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years. Furthermore, skills were significantly correlated at each mea-
surement point. Several significant cross-lagged relations were found,
indicating that earlier skills were associated with later skills, even when
controlling for autoregressive and concurrent relations (and control
variables).

Our aim was to investigate whether the findings that numeracy skills
are predicted by mathematical language could also be replicated in a
younger age group (under three years of age), or whether these findings
rather reflect general language skills. Our results suggest that the
development of numeracy skills between the ages of two and a half and
three is predicted by general language rather than mathematical lan-
guage (controlling for autoregressive effects, concurrent associations,
and important controls). Conversely, between the ages of three and four,
mathematical language skills—but not general language—predicted the
development of numeracy skills. Although we can replicate existing
findings for children between the ages of three and four (e.g., Bleses
et al., 2023; King & Purpura, 2021; Kung et al., 2019) we were unable
to extend this to younger children between the ages of two and a half and
three. From a theoretical point of view, as general language is consid-
ered an important prerequisite for the acquisition of number word se-
ries, counting skills and numerical understanding, it is to be expected
that general language particularly influences the development of
numeracy skills in the very early phases (Toll & Van Luit, 2014b). From
around 24 and 30 months of age (or even earlier), grammatical skills
support the acquisition of words (e.g., Borovsky, 2022; Caglar-Ryeng
et al.,, 2019; Dionne et al., 2003), in particular verbs and relational
terms, which are important in syntax, and foster the acquisition of
numeracy skills (e.g., counting, cardinality) and mathematical language
(e.g., much, little, over, under). General language at the age of two-and-
a-half-years appears to be a steppingstone for learning more complex
specific language terms, i.e., mathematical language, and more complex
numerical relations (“bootstrapping”). On the other hand, mathematical
language is central as it enables children to understand and express
numerical concepts, such as the comparison of quantities and the
assignment of number words to quantities (Barner et al., 2009; Zhu
et al., 2026). Our results demonstrate that mathematical language pre-
dicted numeracy and general language skills once a certain level of skill
had been reached (at three years of age), suggesting that by this point,
mathematical vocabulary had expanded to such an extent that it could
also contribute to the understanding of both more complex sentences, in
which increasingly quantitative and spatial terms were used and more
complex numerical tasks, which, for example, involve a deeper under-
standing of quantities and natural numbers. Thus, for the expansion and
differentiation of early numeracy skills during development, mathe-
matical language gains importance compared to general language, as it
is necessary to be able to understand and solve increasingly complex
numeracy tasks (e.g., Hornburg et al., 2024; Purpura et al., 2011;
Purpura & Reid, 2016). Our additional analyses, which revealed that
mathematical language—in a model that did not simultaneously ac-
count for general language—predicted the development of numeracy
skills between the ages of two and a half and three, while general
language—in a model that did not simultaneously account for mathe-
matical language—predicted the development of numeracy skills be-
tween the ages of two and a half and three, but not between the ages of
three and four, strengthen our assumptions that young children between
the ages of two and a half and three require general language to acquire
both specialized language (such as mathematical language) and
numeracy skills. Once these skills have reached a certain level,
specialized language becomes crucial for the development of both gen-
eral language and numeracy skills.

Another objective of this study was to investigate whether the rela-
tion between numeracy and language skills might also be reciprocal,
that is, whether numeracy skills might also predict the development of
general and/or mathematical language skills. Our findings demonstrate
that numeracy skills at age two and a half predicted the development not
only of mathematical language but also of general language over the
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course of six months. Between the ages of three and four, however,
numeracy skills significantly predicted mathematical language but not
general language skills. These findings contribute to the discussion
about the developmental dynamics between numeracy and language
skills, as they suggest that early representations of quantities and
numbers are not only stimulated by language but may also promote
general and mathematical language development themselves. The
assumption that numeracy skills could contribute to language develop-
ment is theoretically reasonable. For example, Dehaene et al. (2003)
postulate a parietal-linguistic interface in which the intraparietal sulcus
(IPS) and the angular gyrus connect numerical and linguistic processes.
If numerical representations are established and differentiated in the
early years, they can serve as a semantic anchor that makes it easier to
access verbal concepts (e.g., relational terms), even beyond pure number
words. Similarly, Pinhas et al. (2014) demonstrated that the neural
response to number word-quantity incongruities is modulated by car-
dinal competence. Bugden et al. (2021) complement this perspective by
demonstrating that the functional specialization of the left IPS for
numeral-quantity mappings increases with age and experience, sug-
gesting an increasingly close interconnection between quantity and
language representations. The idea of concept formation, i.e., higher
mental processes in which generalized categories and relations are
formed from perceived, coded, and stored information (e.g., Carey,
2009; Spelke, 2017), suggests that early established representations of
quantities and relations serve as a conceptual basis to which, for
example, spatial and quantitative language (such as “more than”, “be-
tween”) can be linked. Similar to the word learning process, in which the
acquisition of word meanings is understood as the mapping of concepts
and words (e.g., Bloom, 2000), children can link new words to existing
numerical concepts (which in turn be influenced by the mapping pro-
cess), facilitating the acquisition of mathematical and general language.
Of course, with respect to general language (as measured via sentence
comprehension), it is an open question, how an advanced understanding
of quantitative and relational concepts promotes general language, e.g.,
via domain general relational reasoning, or symbolic mapping, or
whether it helps to understand more complex sentence structures that
include quantitative and relational terms. However, it should be noted
that the formation of numerical concepts might itself be influenced by
parental or teacher's language input and that (verbal) number knowl-
edge is an integral part of early numeracy and numeracy assessment.
From the age of three onward, although numeracy skills continued to
predict the development of mathematical language, they no longer
predicted general language development in the present sample. This
might be explained by the interwoven nature of these two aspects of
language. General language served as a stepping stone between the ages
of two and a half and three—a mechanism that was postulated, for
example, by Bloom (2000)— only to be “superseded” by mathematical
language once a certain skill level was reached, which is consistent with
research showing that, starting at age three, mathematical rather than
general language skills predict numeracy skills (Purpura & Reid, 2016;
Toll & Van Luit, 2014b; Zhu et al., 2026). At the same time, such a
mechanism might also apply to the reverse path—from numeracy to
language skills. Early on, numeracy skills—beyond the development of
mathematical language—were predictive of the development of general
language (as indicated by comprehension of increasingly difficult sen-
tence structures). However, once a certain level of general language was
reached, numeracy skills were no longer predictive of its further
development; rather, they influenced the development of specialized
mathematical language, which in turn promoted general language
development. This pattern can be framed within mutualistic models of
cognitive development, where certain abilities develop in part through
positive, reciprocal interactions, such that a child's level of performance
in one domain determines the rate of growth in another area (Kievit,
2020; Van Der Maas et al., 2006). Furthermore, mutualism models
postulate not only that such interactions exist, but they also suggest that
these interactions change in strength and nature over the course of
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development, including sensitive phases in which cross-domain in-
teractions differ in scope or nature (Kievit, 2020). To our knowledge,
this reverse pathway—from early numeracy skills to general language
and, simultaneously, to mathematical language—has not yet been
analyzed, which is why future longitudinal studies might further
examine these aspects.

In summary, the CLPM demonstrated robust autoregressive stability
and reciprocal relations between numeracy, mathematical and general
language skills between the ages of two-and-a-half and four years. These
patterns reflect both stable and changing interindividual differences.
The close interconnection of numeracy skills and mathematical and
general language is consistent with the current literature that assumes
close links between these domains already in early childhood (e.g., Peng
et al., 2020; Purpura & Ganley, 2014; Toll & Van Luit, 2014b). Our
results expand on and differentiate these findings by indicating that
although these associations are already present in children between two-
and-a-half and three years of age, the specific pathways change over
time. Note that pure correlations—even across time—could be due to
stabilities of interindividual differences. Yet, when controlling for those
stabilities (as well as for other variables), the (cross-lagged) effects in the
CLPM still showed mutual relations between language and numeracy
development with general language skills being particularly closely
related in the earlier phases and mathematical language in the later
phases in early childhood.

While general language functions primarily as the basis for the
development of individual differences in numeracy and mathematical
language in earlier phases, mathematical language gains importance
with increasing age (or age-related competencies) and might be posi-
tively associated with higher levels of numeracy skills over time.
Importantly our results cannot be reduced to general effects of
nonverbal cognitive functioning or other control variables (family lan-
guage, age and intervention group assignment) additionally considered
in the models but extend beyond these factors. This suggests a specific,
reciprocal developmental relation of numeracy skills and general, and
from age three onward particularly mathematical, language skills.

5.1. Strengths and limitations

The strengths of this study are its longitudinal design with three
measurement points of direct assessments of general and mathematical
language as well as numeracy skills in children from the age of two-and-
a-half-years. Our study thus extends the (limited) previous work by
examining the mutual relations in a joint model and in younger children,
thereby modeling both, interrelations between constructs at each mea-
surement point as well as stabilities within each skill across time.
Finally, drawing on empirical findings, we included influential control
variables to increase the specificity of the effects examined.

Some limitations exist in this study. First, since this was originally an
intervention study, it might seem plausible that the relations between
the three skills were altered by the intervention. However, robustness
checks of the results demonstrated that (1) they could be replicated in
the control group (i.e., the children who were not exposed to the
intervention) and that (2) the cross-lagged paths did not differ sub-
stantially between the three intervention groups. Nevertheless, further
studies should be conducted with samples without intervention to
confirm the results. The unequal time intervals between T1 and T2 (6
months) and between T2 and T3 (12 months) were also part of the
original design. This was addressed in the analyses by estimating the
autoregressive and cross-lagged paths separately for both intervals and
by not imposing equality restrictions across time. Our conclusions
therefore primarily focus on the existence of relations within the
respective intervals, rather than on a direct comparison of the magni-
tude of the effects across intervals. Future studies with continuous-time
models or designs with equal measurement intervals could further
contribute to strengthening the comparability of the estimated relations
across intervals. Second, as is typical in longitudinal studies, there were
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missing values, especially at the third measurement point (one year after
the first two assessments). Therefore, the findings of this study are based
on partially estimated values. However, we tried to improve the
generalizability of the findings by using the maximum likelihood esti-
mation with robust (Huber-White) standard errors. Selectivity analyses
indicated that children who dropped out between T2 and T3 were
slightly older at T1 than children with complete data across all three
measurement points. This age-related selectivity may reflect that older
children were more likely to have transitioned to school by the third
measurement point and were therefore more difficult to reach. How-
ever, age was included as a covariate in the analyses, so that age-related
differences were statistically controlled for. Furthermore, the dropout
groups did not differ in terms of performance data at T1, so there was no
evidence of performance-related bias in the sample. Third, this is a
German sample, and only a few children with lower social status (SES)
or a migrant background were included. This might be because the
children were recruited through early childcare centers, that are known
to have lower attendance rates of children under the age of three from
low SES or migrant families in Germany (Autor:innengruppe
Bildungsberichterstattung, 2026). Furthermore, particularly motivated
parents with a higher level of education might have given their consent
for their children to participate, or because other factors had a deterrent
effect (e.g., language barrier). Although we controlled for language
spoken at home, further studies could systematically differentiate
monolingual from bilingual children. In addition, further studies need to
investigate whether the mutual relations between numeracy and general
and mathematical language skills are also found in two-year-old chil-
dren from other countries and from more diverse samples.

5.2. Practical implications

The results indicate that general language skills form an important
basis for the development of numeracy and mathematical language skills
between two and a half and three years of age, while mathematical
language appears to be particularly important for the development of
numeracy skills from around the age of three. The findings underscore
the relevance of early, systematic language support as a basis for the
development of numeracy skills. This foundation may be fostered by
parents or teachers, for example, by creating playful, language-based
interactions (e.g., during dialogic reading sessions; Ergenekon &
Isikoglu, 2026; Purpura et al., 2017). With respect to early numeracy
and mathematical language, these interactions could focus on e.g.,
quantities, sizes, and relations, embedding general and mathematical
language in the context of mathematical learning opportunities, for
example, through counting while reading books or comparing quantities
while cooking. Furthermore, the results indicate that mathematical
language promotes numeracy development with increasing age. There-
fore, mathematical language such as “more”, “bigger”, or “below”
should be incorporated into everyday activities at home or in the
childcare center. In this context, activities such as sorting games,
building activities with spatial concepts, or solving simple quantity
problems together offer opportunities for learning. The results also
provide important links for further research: they confirm the assump-
tion that general and—from three years on—mathematical language are
key drivers of numeracy development. Future studies should therefore
model linguistic mechanisms—such as lexical depth, syntactic
complexity, or adult input quality—more systematically as mediating
processes. Moreover, the differentiated cross-lagged effects over time
indicate dynamic developmental relations between domains that might
also hint to sensitive developmental windows in very early phases of
development: General language seems to have an earlier effect, mathe-
matical language a comparatively later one in early childhood. Research
should specifically identify these time (or developmental) windows to
derive age- and developmentally appropriate support strategies.
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5.3. Conclusion

This study provides substantial indications that numeracy skills and
general, and from age three onward particularly mathematical, lan-
guage skills are closely intertwined in early childhood. By considering
children under the age of three and direct measures of numeracy and
language skills, it demonstrates that language, and from age three on-
ward particularly mathematical language, contributes to numeracy
development and that—overall—there are mutual interrelations be-
tween numeracy and early language development, even when control-
ling for autoregressive effects, concurrent associations, and important
controls. The study thus provides empirical evidence for a deeper un-
derstanding of the specific role of (mathematical) language and delivers
findings that provide a basis for better understanding the intertwining of
language and numeracy in early childhood.
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