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ARTICLE INFO ABSTRACT
Keywords: The first years of life are crucial for children’s concurrent and subsequent development in various domains.
Numeracy skills Given the recognized importance of high-quality adult-child interactions for promoting young children’s

Mathematical language
Toddlers

High-quality interactions
Domain-specific
Intervention

development during this vulnerable phase, supporting such interactions is essential. This study examines the
impact of a 9-week domain-specific mathematical interaction training for early childhood education and care
(ECEC) teachers on children’s development of numeracy skills and mathematical language from age two to four
years (N = 408 children). Specifically, it investigates whether the children in groups with teachers trained math-
specific, would achieve better outcomes on numeracy skills and mathematical language than a control group who
followed their usual program, and, to test for the math-specific effect, to a control-intervention group who
received a general interaction training. Moreover, effects on math outcomes were contrasted to general language
outcomes to cross-check the training’s specific impact. Results showed significant improvements in numeracy
skills, in mathematical and general language over time. The math-specific intervention had particularly strong
and lasting effects on numeracy and mathematical language, while the general intervention specifically
improved general language compared to the control group. The two intervention groups differed significantly in
their math and language skills at posttest, but these differences were reduced at follow-up testing. These findings
underscore the effectiveness of targeted professional development (PD) training in fostering children’s early
numeracy skills and mathematical language. By systematically varying intervention content and controlling for
environmental factors, this study provides valuable insights into the benefits of math-specific training for ECEC
teachers.

Mathematical competencies are crucial for many individual and Thus, mathematical competencies of very young children seem to lay the
occupational activities in an increasingly technological and information- foundation for later mathematical learning. Besides the so-called
based society (OECD, 2023; Ropohl et al., 2018). It is well known that emergent numeracy skills (e.g., counting or cardinal number knowl-
mathematical competencies develop early and are predictive of later edge, Purpura & Lonigan, 2013), which are considered most predictive
mathematical performance (e.g., Lehrl et al., 2020; Nguyen et al., 2016). of later mathematical performance (Nguyen et al., 2016), mathematical
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language skills seem to be another important sub-domain in the course
of explaining mathematical development (e.g., Peng et al., 2020; Pur-
pura et al., 2023; Turan & De Smedt, 2022). Empirical evidence shows
that children’s early numeracy skills and their mathematical language
differ significantly from the age of three (e.g., Clements & Samara, 2007;
Dubowy et al., 2008; Purpura & Reid, 2016). Therefore, fostering
numeracy skills and mathematical language under the age of three
seems to be a reasonable approach to counteract differences in early
mathematical competencies that build a foundation for a strong un-
derstanding of numbers and mathematical concepts and prepare chil-
dren for the requirements of later life.

There is evidence that children’s development of numerical and
mathematical language skills is fostered by high-quality interactions
between early childhood education and care (ECEC) teachers and chil-
dren (e.g., Burchinal et al., 2014; Lehrl et al., 2016; Purpura, Napoli,
et al., 2017). Studies indicate that domain-specific interactions, such as
talking about mathematical content during shared activities, promote
particularly children’s numeracy skills and their mathematical language
(King & Purpura, 2021; Purpura, Napoli, et al., 2017) whereas more
general interactions which are related to children’s learning, such as
dialogic reading of picture books, enhances children’s general language
skills (e.g., Grolig et al., 2020; Pillinger & Vardy, 2022). However, the
quality of both math-specific and general interactions in early childcare
is often in the medium to low range in many countries (e.g., Germany:
Biicklein et al., 2017; United States: Hamre & Pianta, 2007; Australia:
Siraj et al., 2023). Moreover, teachers’ beliefs are less positive towards
the stimulation of mathematics compared to other developmental do-
mains such as language or emotions (e.g., Costa et al., 2023; JenfBen,
2021). Consequently, children might lack adequate learning experiences
in early childcare, especially in the mathematical domain. Professional
development (PD) training, understood as a systematic process aiming
to ensure that caregivers are qualified to work with children and their
families, addresses these issues as it is linked to high interaction quality
(Egert et al., 2018). This intervention study therefore investigates
whether the participation of teachers in a training on math-specific
interaction quality (math-focused intervention group—MIG) can pro-
mote the development of children’s numeracy skills and mathematical
language. To examine the specific effectiveness of the training, we
compare the effects of the math-specific intervention to the effects of a
control-intervention (general intervention group—GIG), focusing on
general high-quality interactions. Moreover, in order to crosscheck
possible specific effects, we contrast the effects on mathematical out-
comes to the effects on children’s general language outcomes (assuming
that the math-specific interaction training promotes numerical skills and
mathematical language in particular, while the general training fosters
general language comprehension).

1. The importance of early numeracy skills for mathematical
development and the specific role of mathematical language

Early numeracy skills include three interrelated domains: numbering
(e.g., verbal counting, counting objects), relations (e.g., number com-
parison, number identification), and arithmetic operations (e.g. addi-
tion, subtraction) (Purpura & Lonigan, 2013). Numerous studies have
demonstrated that early numeracy skills are predictive of both numer-
ical and overall mathematical development including mathematical
problem solving. For example, numeracy skills at the age of 4 to 6,
including numbering and relations, predict mathematical performance
in elementary school (Krajewski & Schneider, 2009; Niklas & Schneider,
2017). Moreover, Nguyen et al. (2016) demonstrated that the numeracy
skills, including numbering, relations and arithmetic operations of
4-year-olds predict mathematical performance in 5 grade even when
controlling for other mathematical domains, such as measurement and
data, geometry, and patterning. Studies focusing on younger age groups
to examine the early relationships between numeracy skills and math-
ematical development report for instance that number discrimination in
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two-year-olds predicts counting and arithmetic at the age of four
(Ceulemans et al., 2015). Moreover, Seitz and Weinert (2022) demon-
strated even earlier predictive relationships between numeracy skills
and later mathematical competencies: Children’s performance in a nu-
merical habituation task at the age of 1 /%, predicted their mathematical
competencies at the age of 4. Besides the described early numeracy skills
that include counting skills, identification of numerals, cardinality or
calculation, the children’s proficiency in mathematical language, e.g.,
knowing math-specific vocabulary like “tall”, “a little bit”, “under” or
“small” has been repeatedly shown to be of particular importance, as
findings suggest that mathematical language is more predictive of
children’s numeracy skills than general language (e.g., Purpura &
Logan, 2015; Toll & van Luit, 2014). Mathematical language refers to
terms and concepts required for understanding and solving mathemat-
ical problems (Han & Ginsburg, 2001). There is evidence that mathe-
matical language and numeracy skills are related as early as the age of
three (e.g., Hornburg et al., 2018; Kung et al., 2019; Purpura et al.,
2019). Furthermore, intervention studies indicate that increasing chil-
dren’s exposure to mathematical language positively influences their
numeracy skills as well as their broad mathematical competencies
(Payne, 2024; Purpura, Napoli, et al., 2017; Purpura et al., 2019, 2023).
Since numeracy skills and mathematical language are closely related,
fostering both skills at an early age has the potential to provide children
with the best possible development right from the start.

2. Quality of teacher-child interactions and effects on early
numeracy skills and mathematical language

Research suggests that high-quality interactions between teachers
and children foster children’s competence development (e.g., Burchinal
et al., 2014; Lehrl et al., 2016). Interactions between teachers and
children are considered the centerpiece of process quality in childcare
(Mashburn et al., 2008), whereby those interactions are often described
as being part of either general (e.g., general cognitive and/or
social-emotional support) or domain-specific (e.g., mathematical stim-
ulation) processes (Kluczniok & RoBbach, 2014; Sylva et al., 2011).
General high-quality interactions include teacher’s emotional warmth,
sensitivity, and their general support for language and learning (Beckh
& Becker-Stoll, 2016; La Paro et al., 2012). While high-quality general
interactions are assumed to promote children’s cognitive-verbal and
socio-emotional development in general, high-quality domain-specific
interactions are aimed at promoting specific areas of development such
as mathematics (Trawick-Smith et al., 2016), based on the assumption
that specific outcomes require specific interactions (Bornstein, 2017).
Activities such as dialogic reading (e.g., Whitehurst et al., 1994) or
playing board games (e.g., Siegler & Ramani, 2009) provide an oppor-
tunity to shape high-quality interactions. Dialogic reading is an inter-
active activity in which not only the adult but also the child takes an
active role (Whitehurst et al., 1994). A number of intervention studies
have demonstrated that the enhancement of dialogic reading is a
powerful tool that allows opportunities for high-quality interaction be-
tween teachers and children resulting particularly, but not exclusively,
in advanced language competencies in children (e.g., Pillinger & Vardy,
2022; Towson et al., 2023). However, an increasing number of studies
also investigate the relationship between dialogic reading and numeracy
and mathematical language development in children; yet, these studies
focus on math-related dialogic reading sessions conducted by specif-
ically qualified research assistants rather than teachers (Purpura,
Napoli, et al., 2017; Purpura et al., 2023; Wijns et al., 2023). As children
spend a large amount of time in ECEC (OECD, 2022), it is important to
train teachers to shape high-quality interactions. This is particularly true
as these studies conducted with children from the age of three onwards
demonstrate that, especially, children’s mathematical language can be
stimulated through math-specific dialogic reading. However, the results
regarding numeracy skills remain unclear, as associations are both
found (e.g., Purpura, Napoli, et al., 2017) and not found (e.g., Wijns
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et al.,, 2023). The quality of interaction in its various facets can be
improved through professional development (PD) training. Theoretical
models imply a multi-stage path from teachers’ PD to improved chil-
dren’s outcomes (Egert et al., 2018). It is assumed that PD changes the
actual observable performance (e.g., interactions, activities) of the
teachers via latent dispositions (e.g., skills, knowledge, attitudes/or-
ientations; Buysse et al., 2009; Snyder et al., 2012) which leads to an
increase in children’s mathematical and/or other competencies via an
improved quality of interaction (Brunsek et al., 2020; Egert et al., 2018).
Nevertheless, to our knowledge, no study included PD in their inter-
vention and trained teachers on dialogic reading strategies with a spe-
cific focus on mathematical stimulation, considered as a way of shaping
domain-specific high-quality interactions.

In addition to math-related dialogic reading, playing board games in
combination with talking about mathematical content seems to be a
promising method for supporting the development of children’s
numeracy skills (Gasteiger & Moeller, 2021; Payne, 2024; Ramani &
Siegler, 2008). For example, Gasteiger and Moeller (2021) demonstrated
that playing conventional board games with traditional dot dice (1-6)
over a 4-week period improved the counting skills and conceptual
subitizing ability of 4 to 6 year old children. Moreover, Payne (2024)
found that playing board games over an 8-week period with
four-year-olds was beneficial for their numeracy development, particu-
larly, although non-significant, when mathematical language was
emphasized during play. However, in these studies again, the children
played the games mostly with their parents or with research assistants
and none of these studies included mathematical language as an
outcome. Importantly, within this context, there is no study that has
investigated the importance of the specificity of the training by offering
and comparing a training in math-specific as well as a training in general
interaction quality.

2.1. Study objectives

Previous studies on the promotion of children’s numeracy skills and
mathematical language show that promising approaches seem to involve
initiating and engaging in high-quality math-related interactions with
the children, which can take place in activities like math-specific dia-
logic reading and playing board games including the use of mathemat-
ical language. However, it is important to note that most previous
studies investigating the promotion of children’s numeracy skills and
mathematical language either included specially trained research as-
sistants or instructed parents to support the children. Furthermore, the
different approaches used to promote numeracy skills and mathematical
language are only examined separately and not combined into a PD
training for teachers. Accordingly, there is a lack of well-controlled
intervention studies with teachers to investigate the causal relation-
ship between PD training on math-related interaction quality and the
development of early numeracy skills and mathematical language before
the start of formal schooling (Nelson et al., 2024). Furthermore, most of
these earlier studies examined the effects of the intervention on
numeracy skills and mathematical language in children from the age of
three onward. However, since individual differences in numeracy skills
and mathematical language can be found and measured already at the
age of two and since more and more children under the age of three are
being cared for in ECEC (OECD, 2022), it is important to consider this
early phase as well. Therefore, we integrated promising strategies for
shaping math-related high-quality interactions characterized by sensi-
tivity and cognitive-verbal stimulation of math development in activities
like dialogic reading and playing board games into PD training for
teachers working with two-year-old children and evaluated the short-
and long-term effectiveness of such training—as compared to a general
interaction quality training and a control group—for the development of
children’s numeracy skills, their mathematical language and—to
contrast the possible specific effects—their general language between
the ages of two and four. In particular, in the intervention study, we
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expected the participation of teachers in PD training on math-related
interaction quality to have positive effects on the development of chil-
dren’s numeracy skills and mathematical language compared to the
other groups, while we expected the participation in a general interac-
tion quality training to be particularly effective in promoting general
language development. By forming two intervention groups with a
different focus in terms of training content (math-specific interaction
quality and general interaction quality, respectively) while applying the
same training methods and a control group without training, we
examined whether the effects were particularly attributable to partici-
pation in math-specific training.

2.2. Present study

To investigate the effect of a math-specific intervention on children’s
early numeracy skills and mathematical language development, we set
up a design that, in addition to the classical control condition without
intervention, systematically varied the content of the intervention
(math-specific vs. general). This was necessary to rule out the possibility
that a training on overall warm, sensitive and general cognitive-verbal
stimulating interactions would be “enough” to foster the development
of numeracy skills and mathematical language. Moreover, besides
numeracy skills and mathematical language, we also assessed the chil-
dren’s general language skills. As briefly outlined above, we expect a
math-specific PD intervention to impact particularly children’s
numeracy and mathematical language development, while the general
interaction quality intervention should impact children’s general lan-
guage skills, but less (or even not at all) their mathematical develop-
ment. Such differential training effects would highlight the specificity of
training effects. Thus, we hypothesize the math-specific intervention
group to demonstrate higher numeracy and mathematical language
progress than children both in the control group and in accordance to
the specificity principle by Bornstein (2017) also compared to the gen-
eral intervention group. For the contrasting domain, general language
development, we expect the general intervention group to be particu-
larly effective compared to the math-specific intervention group. How-
ever, both intervention groups should outperform the control groups, as
they were both trained in content regarding language promoting stra-
tegies. As children in Germany move from “Krippe” (childcare 0-3 years)
to “Kindergarten” (childcare 3-6 years) at around the age of three and
are therefore no longer cared for by the trained teachers after the
posttest, children cannot profit from the trained teacher’s environment
any longer. Instead, in line with the principle of self-productivity (Cunha
& Heckman, 2007), which follows the idea that skills acquired in one
period persist into future periods, and that skills are self-reinforcing, we
assume that the initial boost that the children experience as a result of
the teachers’ participation in the training will persist over the course of
the year between posttest and follow-up testing.

3. Methods
3.1. Study design

The present study is part of the intervention study EarlyMath project
(Linberg, Lehrl, Dornheim, Weinert, & RoBbach, 2020, Lehrl et al.,
2024) funded by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation), which examines several family and institutional
factors influencing the development of numeracy skills and mathemat-
ical language of children between the ages of two to four years (Fig. 1).
Since 2020 the project investigated N = 95 groups from Bavaria (Ger-
many) in a 2-cohort design (intervention period cohort 1 (N = 50):
12/2020 to 04/2021, cohort 2 (N = 45): 03/22 to 06/22) with a pre- and
posttest presented before and after the intervention (impact period: 2
months), respectively, and a follow-up one year later. The teachers (one
per childcare center) were assigned quasi-randomized to one of four
experimental conditions based on structural characteristics of the
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Intervention
1. Cohort: March - April 21
2. Cohort: March - April 22

1. Cohort: Jan - Feb 21
2. Cohort: Jan - Feb 22
Training

™

math-specific
interaction
quality

1G1 Toybox

2;8 years

global
interaction
quality

1G2 Toybox

*Numeracy skills
*Math language
*Language

Children's
competencies Information,
but no

training

CGt Toybox

Information,
but no
training

Early childcare
CG2

Fig. 1. Design of the early math study.
Notes. T1 — T3: Measurement Points 1 to 3

childcare centers (proportion of children with a migration background,
socio-economic background of the children [low, medium, high; rated
by the teachers], region [suburbs, medium-sized city, large city], num-
ber of children per group). As preschool teachers and their corre-
sponding children were randomly assigned to the study conditions and
the differences in competencies are therefore by chance, we combined
the two cohorts. Descriptive information on the analysis variables by
group assignment and cohort can be found in the online supplement
(Tables S1-S3)

During a nine-week intervention phase, teachers in the two inter-
vention groups received two days of intensive training on math-specific
(MIG; Nchildren = 131) or general (GIG; Nchjidren — 141) interaction
quality, which was complemented by an implementation period and
reflection sessions (see below); teachers in the two control groups
(control group 1 - CG1; Nchildren — 70; and control group 2 - CG2; Nehildren
— 66) received only an information session on interaction quality. All
groups except CG2 also received a toy box before the posttest while CG2
received it after the posttest. This was done to exclude the possibility
that providing teachers with stimulating materials is enough to improve
the quality of interaction. As the children in both control groups did not
differ in their performance, both groups were combined (CG; Nchildren —
136) to obtain nearly even group sizes for all study conditions (see on-
line supplement Table S4).

3.2. Participants

In Germany, childcare is typically organized in groups for children
under the age of 3 (creche or creche groups) and for children aged 3 to 6
(preschool) (with some overlap due to available places in the subsequent
institution). As the target age of children was around 2;6 years, early
childcare centers in Bavaria (Germany) that cared for children under the
age of three were contacted for recruitment. Only one teacher was
recruited per center. The teachers were mainly female (93.3 %), on
average 36 years old (SD = 11 years) and most of them had 5 years of
vocational training (66.3 %). Vocational training of ECEC teachers in
Germany combines vocational school and supervised internship and
focuses specifically on the needs of children aged 0 to 6 years in non-
academic, play-oriented settings. However, the period of the narrow
preschool years (3 to 6) is in most cases the center of the curriculum in
which math tends to be a marginal topic. Typically, in Bavaria (Ger-
many), about 12 children per group are cared for aged from zero to three
years. About 3 to 6 children per group fell in our target age range (2;6 -
2;11). The teachers handed the information material and consent forms
to all the parents in their group who had children of the target age. An
average of four children (range: 1-8) per early childcare center

Implementation

No toybox
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1. Cohort: May - July 21
2. Cohort: May - July 22

1. Cohort: May - Okt 22
2. Cohort: May - Okt 23

T2 T3

3:2 years 4;6 years

*Numeracy skills
*Math language
sLanguage

*Numeracy skills
*Math language
*Language

Preschool

participated in the project, after the parents had given their informed
consent. Participation was voluntary and the children’s agreement was
asked before the playful test sessions. The sample (N = 408) was tested
at three measurement times. At the first measurement time, the children
were on average M = 31.40 months old (SD = 3.32, range = 20.00-41.00
months). The sex of the children was approximately equally distributed
(52.8 % male). At home, most children spoke exclusively German (77.7
%), only a few spoke at least one other language besides German(20.4
%), and only eight children (1.9 %) spoke exclusively a language other
than German at home. Parents were mostly high educated (71.5 % with
at least one parent holding a college degree), while under one-third-of
the parents indicated vocational education (28.5 %). Further descrip-
tive information on child and teacher-related variables can be found in
the online supplement (Tables S5 and S6).

3.3. Procedure of the assessment of children’s numeracy skills, their
mathematical language and their general language comprehension

Trained examiners tested the children at three measurement times: at
pre- and posttest with an average of 4 months between testing, and again
at a follow-up testing one year after the posttest. The individual tasks to
assess the children’s numeracy skills, their mathematical language and
their general language comprehension were conducted on at least two
consecutive days in sessions of about 30 to 40 min each. The appoint-
ments were coordinated with the participating teachers and usually took
place in the morning after breakfast and/or the morning circle, in which
the examiners were already participating, allowing the children to meet
the examiners outside of the test situation. The examiners were students
who either already had a bachelor’s degree in psychology, pedagogy, or
educational science or were about to complete it. Before conducting the
tasks with the children, each examiner completed a six-hour online
training session® with video feedback conducted by the project’s
research assistants. The examiners were blind to the intervention group
assignment of the teachers and children, respectively.

3.4. Measures

Within the framework of the EarlyMath project, a variety of nu-
merical, verbal and general cognitive competencies of the children were
assessed. All tasks and tests were implemented in a playful manner with

% Due to the COVID-19 protection policies at that time, we had to switch to a
digital training for the first cohort. We continued to provide the same online
training for the second cohort after the protection policies were removed, in
order to keep the impact the same.
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the help of a stuffed animal (a sheep named Woolly), which was sup-
posed to motivate and focus the children’s attention. Table 1 provides a

We operationalized the construct of numeracy skills by summing up
the scores achieved per child on four subscales described hereafter and
then dividing them by the highest possible score (Pretest: M = .27, SD =
.12; posttest: M = .31, SD = .14; follow up: M = .55, SD = .14).

S
.. . . g 2
X o
.descrlptlve. summary of the aggregated scales (including number of Sl lgaaggasg
items and internal consistency). gl = '
2
7| o
. 2|y
3.4.1. Numeracy skills SIS X8RIRR
=
a
£
g
k=)

Pr
84
83
78

.67
73
67
91

Confirmatory factor analyses revealed a unidimensional factor (Chi- E
square y2 = 255.49, p < .001; CFI = .94; TFI = .82; RMSEA = .15; SRMR glBean238
= .06). Children’s counting skills were assessed using a verbal counting
task and a counting objects task. The Give-a-number task (Give-N; Sarnecka 2| . B~ O
& Carey, 2008; Wynn, 1990) and the Point-to-x task (Wynn, 1992) were i
used to measure the development of the children’s number concept. 5| o
Verbal counting: The children were asked twice in succession to count =R ISE N
as far as they could (starting at 1). In the beginning, Woolly counted up
to 3 to help them. Similar to the counting objects task, the following B
number word series are scored: (respectively up to) 1, 2, 3, 5, 7, 10, 15, Clecooooo
20, 30, >30, i.e., the child receives one point for each of the lengths of
the number word series named here. For example, three points were 2
8 [==eleleN2-]

given for reciting the number word series up to 3, and six points were
given for counting up to 10.

Counting Objects: The children were asked to help Woolly the sheep to
count the stones that Woolly had collected. Ten different stripes with
glass nuggets (quantities: 1, 2, 3, 5, 7, 10, 15, 20, 30, >30) were pre-

Min
Pr

0

0

0

0

0

0

0

Preschool Assessment of the Language of Mathematics (PALM; Purpura & Logan, 2015); TROG-D

2l e [

sented to the child one by one, starting with three glass nuggets). If this é E § § f E g 5
item was solved correctly, the next stripes were presented in ascending
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either the dropout criterion was reached or the child completed all
items. The child received one point for each correctly solved item.
Give-a-number task: In the Give-N task (Sarnecka & Carey, 2008;
Wynn, 1990), the children were supposed to feed Woolly with a certain
amount of food (wooden cubes) by placing the required number of
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(for number of items and internal consistency see Table 1). The children
completed all items regardless of the correctness of the solutions; there
was no dropout criterion. The children received one point for each
correctly solved item. The analyses are based on the scores achieved by
the children, which were then divided by the highest possible score
(Pretest: M = .41, SD = .15; posttest: M = .45, SD = .14; follow up: M =
.68, SD = .15).

3.4.3. General language comprehension

The comprehension of morpho-syntactic structures of the German
language was assessed using the German Version of the Test for
Reception of Grammar (TROG-D; Fox-Boyer et al., 2020 shortened; see
Weinert & Ebert, 2013). The children were asked to select the picture
out of four colored pictures that best matched the sentence presented by
the examiner. The items were ranked in ascending order of difficulty.
The children received one point for each correctly solved item. The
analyses are based on the mean values of the composite scale (Pretest: M
= .29, SD = .15; posttest: M = .39, SD = .17; follow up: M = .43, SD =
.14). As the TROG-D (Fox-Boyer et al., 2020 shortened; see Weinert &
Ebert, 2013) is only normed from the age of three, the test was sup-
plemented at the first two measurement times with a comparable item
set suitable for two year old children from the Sprachentwicklungstest
fiir zweijahrige Kinder [Language development test for two-year-old
children] (SETK-2; Grimm, 2016) to avoid floor effects.

3.4.4. Control variables

Since the professional experience of teachers has an influence on the
way in which teacher-child interactions are shaped (Kuger et al., 2016;
LoCasale-Crouch et al., 2007), we controlled for teacher’s working
experience in years. Moreover, we controlled for the age and sex of the
children and for some family background characteristics, as these vari-
ables are closely related to the development of numeracy skills and
mathematical language (Kung et al., 2019). The family background
characteristics were indicated by the variables home language (other
language than German / exclusively German), mother’s education level
(vocational / college degree), number of children and single parent (yes
/ no). The information was provided by the teachers (work experience)
and the parents (child-related items) via questionnaires.

3.5. Intervention

We designed four experimental conditions (two intervention groups
and two control groups) in which we varied the content of training and
the support of the implementation. In the intervention conditions, two
training sessions aimed to improve math-specific (MIG) and general
(GIG) interaction quality, respectively, of teachers. As practical appli-
cation and practice of the content is an essential part of effective training
(e.g., Egert et al., 2018), we have integrated this as a key component of
the training. Likewise, we placed a strong emphasis on linking theo-
retical knowledge with practical application throughout the training
and practiced high-quality general interaction behavior using the
method of dialogic picture book reading (e.g., Grolig et al., 2020; Pil-
linger & Vardy, 2022; Wijns et al., 2023). Please note, however, that in
this study dialogic picture book reading is not understood as an exercise
but as a principle of support through which sensitive and general
cognitive-verbal stimulating interactions can be shaped. Consequently,
the teachers were trained in how to shape a picture book situation in
which they perceive the child’s perspective, for example, pick up on and
supplement the child’s verbal expressions and stimulate the child’s
thinking and general language learning by linking the storybook expe-
riences with the children’s everyday life.

The project’s three research assistants conducted the training ses-
sions, which were separated in nine training modules (for more infor-
mation on the intervention and the training content, see online
supplement Table S7). The training sessions each lasted 6 h (plus breaks)
over two days with a one-week interval, during which the initial training
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content could already be practiced in pedagogical everyday situations.
The methodological structure of the training sessions in MIG and GIG
was the same. First, each module began with a short theoretical input,
considering the prior knowledge of the participating professionals to
create a common knowledge base (Archambault et al., 2022; Chen et al.,
2018). Then, by using the dialogic picture book reading method,
best-practice examples in video vignettes were analyzed collaboratively
using observation sheets developed specifically for the project, thus
training the professional perception of interactions of the participating
teachers (Major & Watson, 2018). Subsequent role-plays in small virtual
groups supported the transfer into practice (e.g., Archambault et al.,
2022). For both intervention groups, the initial focus was on the con-
cepts and importance of emotional support and general cognitive-verbal
stimulation as central dimensions of pedagogical interactions. For the
teachers in MIG only, these concepts were expanded by addressing the
importance and practicing the use of mathematical language. In the later
modules, the dialogic reading strategies that were addressed and prac-
ticed in modules 2-5, were transferred to playing board games (module
6) and interactions in everyday pedagogical situations (module 7). The
content of the modules focused exclusively on mathematics in MIG (size
and measurement; counting, numbers and arithmetic; space, shape and
time; patterns and relationships). In GIG, various contents were
addressed (environment and nature; mathematics; physical activity;
social relationships) which, as it was a general training, also included
small parts of mathematics but without placing a specific focus on
mathematics (approximately only 30 min mathematics in GIG vs. about
4 h in MIG).

The teachers of both control groups (CG1 and CG2) attended a 90-
minute online information session in which content on math-specific
and general interaction quality was presented. However, unlike the
intervention groups, the content was more general, without opportu-
nities for practical application, and no additional exchange followed the
information session.

To extend the interaction training relating to the presence of high-
quality materials, shortly before the start of the intervention, the
teachers of all groups except CG2 received a toy box with standardized
content, including picture books and board games, being particularly,
but not exclusively, suitable for stimulating mathematical content. The
teachers in both, MIG and GIG, used some of the picture books and board
games from the toy boxes during the training sessions. We systematically
varied the provision of toy boxes within the control groups (CG1
received the toy box before the posttest, CG2 afterwards) to exclude the
possibility that it would be “sufficient” to provide teachers with
appealing and high-quality children’s books and play materials. How-
ever, the control groups did not differ in terms of children’s skills at
posttest, thus, to increase statistical power, we collapsed both groups
(see study design).

An eight-week implementation phase after the intervention was
intended to ensure that the teachers from MIG and GIG also imple-
mented the training content in their everyday pedagogical work. The
implementation tools included self-reflection using observation sheets,
reminders of the picture books and board games from the toybox,
newsletters with various stimuli and ideas for high-quality activities, as
well as self-designed “pocket cards”, which were small cards with
interaction strategies and specific prompts for the picture books and
board games from the toybox for spontaneous use in interaction
situations.

3.6. Statistical analyses

As is common in longitudinal studies, not all children in this study
participated at all measurement points (for patterns of missing values in
the analysis variables please see online supplement Table S8). We dealt
with the resulting missing by imputing them with SPSS using the
regression-based linear trend at point option, where a regression is
performed on an index variable scaled from 1 to n for the existing data
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series and missing values are replaced by their predicted value. After-
wards the intervention effects were examined in five steps. In a first step,
conducting a one-factorial analysis of variance (one-way ANOVA), it
was ensured that the children’s performances did not differ between
groups at the first measurement. This was followed by a mixed-model
ANOVA for both numeracy skills and mathematical language to
examine whether the children’s performances differed after the inter-
vention both in terms of time (three-level within-participant factor) and
in terms of their intervention group assignment (three-level between-
participant factor) thereby focusing on the hypothesized interaction
effect between these two factors (within-between interaction). We also
examined whether the results of the mixed-model ANOVA vary when
controlling for work experience of the teachers and age and sex of the
child as well as their family background characteristics (indicators:
home language, mother’s education level, number of siblings, single
parent). Furthermore, we conducted the mixed-model ANOVAS sepa-
rately for the individual time periods (pretest vs. posttest, pretest vs.
follow-up test, and posttest vs. follow-up test) to identify whether a
differential training effect was observed mainly at posttest or also for the
follow-up test. Finally, a-priori contrasts (MIG vs. CG; GIG vs. CG; MIG
vs. GIG) were conducted to test the hypotheses that a math-specific
intervention is of special importance for the development of numeracy
skills and mathematical language in contrast to the general intervention
and the control group. In order to crosscheck possible specific effects, we
contrast the effects on mathematical outcomes to the effects on chil-
dren’s general language outcomes, and therefore additionally use gen-
eral language skills (receptive grammar) as outcome variable. The main
analyses were performed with R (version 4.4.1) using the afex package
(Singmann et al., 2012). The effect sizes are reported in partial n2 (ng),
with nlz) ~ .01 being considered as small, nf, ~ .06 as medium and ng ~
.14. as large (Cohen, 1988).

4. Results

Prior analyses confirmed that neither the numeracy skills (F(2,408)
=0.49,p = .615, ‘h% =.00), nor the mathematical language (F(2,408) =
0.83, p = .435, ng = .00), nor the general language comprehension (F
(2,408) = 0.30, p = .740, ng = .00) differed at the first measurement
point depending on the group assignment. Based on this result, and since
the conventional test statistic requirements (e.g., homoscedasticity,
sphericity, normal distribution of the residuals) were also met, the
mixed-model ANOVAS and the a-priori contrasts were conducted.

4.1. Mixed-models ANOVA across three measurement times

The mixed-models ANOVA across the three measurement times
revealed a significant main effect for time for both numeracy skills (F(2,
816) = 915.98, p < .001, Th% = .69) and mathematical language (F(2,
816) =629.54,p < .001, Tl% =.61), such that, overall, both performances
increased over time. The interaction effect between time and group
assignment was also significant for both numeracy skills (F(4, 816) =
5.33,p <.001, ng =.03) and mathematical language (F(4, 816) = 3.51,p
<.010, ng =.02), indicating that, for both performances, the differences
in their development depend on whether children were assigned to the
math-specific or general intervention group or the control group (Figs. 2
and 3).

Moreover, the interaction effects between time and group assign-
ment remain stable when controlling for the teacher’s work experience
(in years) as well as age and sex of the child and their family background
characteristics (indicators: home language, mother’s education level,
number of siblings, family type), for both numeracy skills (F(4, 816) =
5.02,p <.001, ng =.02) and mathematical language (F(4, 816) = 3.51,p
<.010, n3 = .02).
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Fig. 2. Solution rates of numeracy skills by time and group.
Notes. 1 = IG1 (math), 2 = IG2 (general), 3 = CG (control)
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Fig. 3. Solution rates of math languages by time and group.
Notes. 1 = IG1 (math), 2 = IG2 (general), 3 = CG (control)

4.2. Pretest—posttest differences (training effect)

The mixed-models ANOVA across pre- and posttest revealed a sig-
nificant main effect for time for both numeracy skills (F(1, 408) = 31.60,
p <.001, ng =.07) and mathematical language (F(1, 408) = 21.42,p <
.001, ng = .05), such that, overall, both performances increased from
pretest to posttest. The interaction effect between time and group
assignment was also significant for both numeracy skills (F(2, 408) =
4.02,p < .050, 71123 =.03) and mathematical language (F(2, 408) = 4.87,p
<.010, TIS =.02), indicating that, for both performances, the differences
in development depend on whether children were assigned to the math-
specific or general intervention group or the control group. The subse-
quently conducted a-priori contrasts revealed that the children in the
math-specific intervention group, but not the children in the general
intervention group, demonstrated higher performances at the posttest
than the children in the control group (see Table 2). This holds for both
numeracy skills (difference = 0.06, SE = 0.02, p < .010, nf, =.03) and
mathematical language (difference = 0.08, SE = 0.02, p < .001, qg =
.05). Comparing the two intervention groups, the a-priori contrasts
indicate that the children in the math-specific intervention group per-
formed better than the children in the general intervention group. This
holds for both numeracy skills (difference = 0.03, SE = 0.02, p < .100, nf,
= .01) and mathematical language (difference = 0.06, SE = 0.02, p <
.010, n2 = .03).

4.3. Pretest—follow-up test differences (long-term training effect)

The mixed-models ANOVA across pre- and follow-up test revealed a
significant main effect for time for both numeracy skills (F(1, 408) =
1,465.92, p < .001, ng = .78) and mathematical language (F(1, 408) =
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Table 2

Overview of performance (solution rate and standard error) on the dependent
variables in the intervention groups and across the three measurement time
points.

Intervention Pretest Posttest Follow-
group up
Numeracy Math group .28 .34 .60 (.15)
(.12) (14
General group .26 .30 .56 (.13)
(.14) (.14)
Control group .27 .28 .51 (.13)
(.12) (.13)
Math language Math group .43 .49 .72 (.17)
14 (.13)
General group 41 .44 .70 (.11)
(.15) (.14)
Control group .41 41 .64 (.16)
(.16) 14
General language Math group .29 .38 .44 (.15)
comprehension (14 17)
General group .29 42 45 (.15)
(.15) 17)
Control group .28 .35 .40 (.14)
(.15) (.16)

872.95, p < .001, r]g = .68), such that, overall, both performances
increased from pretest to follow-up test. The interaction effect between
time and group assignment was also significant for both numeracy skills
(F(2, 408) =9.89, p < .001, ﬂ;2> =.05) and mathematical language (F(2,
408) = 4.22,p < .010, ng =.02), indicating that, for both performances,
the differences in development depend on whether children were
assigned to the math-specific or general intervention group or the con-
trol group. For follow-up, the a-priori contrasts revealed that both the
children in the math-specific intervention group and the children in the
general intervention group demonstrated higher performances than the
children in the control group. This holds for both, numeracy skills (math
vs. control: difference = 0.09, SE = 0.02, p < .001, nf) = .06; general vs.
control: difference = 0.06, SE = 0.02, p < .001, '112> = .03) and mathe-
matical language (math vs. control: difference = 0.08, SE = 0.02, p <
.001, nf, = .05; general vs. control: difference = 0.06, SE = 0.02, p <
.010, ng = .02). Comparing the two intervention groups, the a-priori
contrasts indicate that the children in the math-specific intervention
group demonstrated marginally higher numeracy skills (difference =
0.03, SE = 0.02, p < .100, ng = .01) but not mathematical language
(difference = 0.02, SE=0.02,p = .221, ng <.00) than the children in the
general intervention group.

4.4. Posttest—follow-up test differences (stability of training effect)

The mixed-models ANOVA across post- and follow-up test revealed a
significant main effect for time for both numeracy skills (F(1, 408)=
1,081.10, p < .001, ng = .73) and mathematical language (F(1, 408) =
763.59, p < .001, ng = .65), such that, overall, both performances
increased from posttest to follow-up test. However, the interaction effect
between time and group assignment was not significant for either
numeracy skills (F(2, 408) = 1.90, p = .152, ng =.01) or mathematical
language (F(2, 408) =1.79, p = .169, nlz, =.01), indicating that between
posttest and follow-up the children in all groups demonstrated compa-
rable development.

4.5. Specificity of the training on math-specific interaction quality

To examine whether the math-specific training of childcare teachers
specifically favored children’s numeracy skills and their mathematical
language in contrast to general language performance, we conducted
mixed model ANOVAs using children’s general language comprehension
as outcome. The mixed-models ANOVA revealed a significant main ef-
fect for time (F(2, 816) = 142.19, p < .001, n;‘; =.26), such that, overall,
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general language comprehension increased over time. The interaction
effect between time and group assignment was also significant (F(4,
816) = 2.46, p < .050, ng = .01), indicating that the differences in
development depend on whether children were assigned to the math-
specific or general intervention group or to the control group (Fig. 4).

The a-priori contrasts revealed that at posttest the children in the
general intervention group, but not the children in the math-specific
intervention group, demonstrated higher performances than the chil-
dren in the control group (difference = 0.07, SE = 0.02, p < .010, ng =
.03). For follow-up, the a-priori contrasts revealed that both the children
in the math-specific group (difference = 0.03, SE = 0.02, p < .100, nf) =
.01) and the children in the general group (difference = 0.05, SE = 0.02,
p <.010, ng =.02) demonstrated higher performances than the children
in the control group. Comparing the two intervention groups, the a-
priori contrasts indicate that the children in the general intervention
group demonstrated higher general language comprehension than the
children in the math-specific intervention group at posttest (difference =

0.04, SE = 0.02, p < .050, ng =.01) but not at follow-up (difference =
0.01, SE = 0.02, p = .454, n2 < .00).

The slightly nested structure (children in different early childcare
centers) within the data (ICCs range between 0.09 and 0.18) was
addressed by conducting sensitivity analyses. A simple regression
analysis was performed in which the dummy-coded grouping variable
was regressed on the respective outcome for posttest and follow-up
testing, while clustering for the early childcare centers. The main re-
sults are consistent with those of the mixed-ANOVA and can be found in
the supplement (Table S9).

5. Discussion

In this intervention study, we explored a new approach on how the
participation of teachers in PD training on math-specific or general
interaction quality may contribute to the early development of
numeracy skills and mathematical language. Previous studies investi-
gating the effects of high-quality sensitive and cognitive-verbal stimu-
lating interactions, which can be shaped in activities like dialogic
reading or playing board games, on the development of numeracy skills
and mathematical language in children relate to investigations with
parents or with specially trained research assistants rather than teachers
(e.g., Purpura, Napoli, et al., 2017; Wijns et al., 2023). Moreover, those
studies examined numeracy skills and mathematical language of chil-
dren aged three years and older rather than including younger children.
This study is the first both to include younger children from the age of
two and to investigate whether participation in a PD training on
math-specific interaction quality, which was specifically designed for
teachers working with children between the ages of two and four, pro-
motes children’s numeracy skills and mathematical language. We
particularly focused on training in math-specific interaction quality and
training in general interaction quality, respectively, to a control group
without training. We hypothesized that math-specific training of
teachers is particularly effective and may be even needed to promote
children’s numeracy skills and their mathematical language. Therefore,
we not only compared the development of the children in the
math-specific group with the development of the children in the control
group, but also with the development of the children in the general

general language
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Fig. 4. Solution rates of general language comprehension by time and group.
Notes. 1 = IG1 (math), 2 = IG2 (general), 3 = CG (control)
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intervention group. This allows us to draw conclusions about the spec-
ificity of the effects from participating in a math-specific interaction
training.

Overall, we found that children in all groups improved both their
numeracy skills and their mathematical language over time. This is in
line with other studies reporting age-related changes in math skills
across preschool age (e.g., Gasteiger & Moeller, 2021). The present
study highlights that these developments are significantly influenced by
early domain-specific interaction quality. The effects of PD training in
terms of the children’s numeracy skills and mathematical language were
significantly more striking in the group in which the teachers received
math-specific training. As expected, the pretest-posttest comparisons
revealed that the children in the math-specific intervention group, but
not the children in the general intervention group, demonstrated higher
numeracy skills and more advanced mathematical language than the
children in the control group at post-test, hinting to a specific effect on
math development. This specific training effect becomes even more
evident as the comparison between the two intervention groups
demonstrated that at posttest the children in the math-specific inter-
vention group performed better in both numeracy skills and mathe-
matical language compared to children in the general intervention
group. This is consistent with Payne (2024) results, in which
four-year-old children in two intervention groups played identical
games, with one group also focusing on supporting the children’s
mathematical language during play. This math-language group achieved
the greatest gains in numeracy skills, although non-significant. The
present study goes beyond these findings, as it realized a follow up
measure, which indicates, that even one year later, both the children in
the math-specific and the general intervention group demonstrated
higher numeracy skills and higher mathematical language compared to
the children in the control group. Even more, children in the math
specific intervention group outperformed children in the general inter-
vention group in terms of their numeracy skills. However, one might say,
that the math specific training is limited to promotion in numeracy only,
as with respect to overall language development the general PD training,
including general cognitive-verbal stimulation with a focus on various
educational topics showed the assumed effect at posttest: the children in
the general intervention group, but not the children in the mathematical
intervention group, demonstrated higher general language compre-
hension than the children in the control group. Practicing high-quality
interactions during dialogic reading and playing games throughout
various educational domains (general intervention group) seems to
boost general language development more compared to practicing such
high-quality interactions only with the restricted mathematical focus
(mathematical intervention group). It might be, that teachers in the
general intervention group increased their variety of verbal input—-
which has been shown to be of crucial importance in children’s language
development (e.g., Anderson et al., 2021)—more than teachers in the
mathematical intervention group which in turn resulted in higher gains
in language development. However, this effect seems to be short-term,
as the differences between the math-specific and the general interven-
tion group concerning general language development disappeared. Even
more, children in the math-specific intervention group catch up in terms
of their general language ability so that differences to the control group
become apparent. One explanation for these findings might be that it is
not sufficient to provide professionals with theoretical information on
how to design high-quality interactions, but that practical training and
reflection on their own practices are important for the transfer into
everyday pedagogical practice. Moreover, the specific differences be-
tween the two intervention groups support the assumption that specific
training is important. Yet, we cannot rule out that the performance
differences between the intervention and control groups could also
result from the different duration of the intervention (multi-day training
for the IGs vs. 2-hour information session for CG). However, since the
math-specific intervention group had the highest effect sizes, even
compared to the general intervention group, which was the same length,
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it seems very unlikely that a very non-specific training of the same
length as the other interventions would have had the same effects.

In sum, we could conclude that the interventions have an effect on
their particular outcome—short-term: Training on math-specific inter-
action quality influences both numeracy skills and mathematical lan-
guage, while training on general interaction quality particularly
influences the children’s general language comprehension. However, in
the longer term, we find a slight favor of the math-specific intervention
as it boosts math specific outcomes and language development
compared to settings without the PD training. Please note, however, that
the comparison between the two intervention groups conducted in this
study was a rigorous test, as the general training also covered mathe-
matical content to a small extent. This overlap in content may be the
reason why the effects in terms of numeracy skills were only marginally
significant between the two IGs at both measurement times.

One explanation that the children in the general intervention group
caught up between post- and follow-up testing in numeracy skills and
mathematical language could be that the training on general interaction
quality was a rather indirect form of support. The teachers were also
trained on the importance of sensitivity and cognitive-verbal stimulation
while reading picture books or playing board games, but in contrast to
the math-specific group, they were trained on general topics (environ-
ment and nature; mathematics; physical activity; social relationships) of
child development rather than exclusively on math-specific topics (size
and measurement; counting, numbers and arithmetic; space, shape and
time; patterns and relationships) as in the math-specific group, which
resulted in an increase in general language comprehension for the
children in the general intervention group. Since general language and
math skills are closely related, especially at around the age of three
(Peng et al., 2020), the general language advantage that the children in
the general intervention group had may have helped them to access
math content more quickly in the long term, which may also have
contributed to an improvement in numerical skills and math language.
This assumption would tie in with Cunha and Heckmann (2007) hy-
potheses, that skills are self-reinforcing. Moreover, there is also evidence
that the links between mathematical and general language skills are not
exclusively direct, but rather mediated by mathematical language (e.g.,
Purpura, Logan, et al., 2017). Applying this approach, the increase in
numeracy skills among the children in the math-specific interaction
group led to an increase in mathematical language (additionally pro-
moted by the mathematical language input of the teachers), which in
turn influenced the children’s general language comprehension in the
long term. Beyond the explanatory mechanisms that relate to children’s
skills development, we also know that teachers’ participation in our
intervention study had a positive influence both on the math-specific
interaction quality during free-play observed by observers at posttest
and on the math-specific interaction quality rated by the teachers
themselves (Baron et al., 2025). This was particularly true for the
teachers who were in the math-specific intervention group. In other
words, the teachers in the math-specific intervention group performed
more math activities during free-play (e.g., playing games with a num-
ber cube) with the children at posttest compared to the teachers in the
general and the control group. Therefore, the increase in math-specific
interaction quality in the math-specific intervention group might be
one of the mechanisms that contributed to an improvement of both
numeracy skills and mathematical language, particularly for the chil-
dren in the math-specific intervention group. However, more research is
needed to draw conclusions about these mechanisms. Therefore, we are
currently analyzing observational data from the pre- and posttest to
confirm whether and how well the teachers have implemented what
they have learned in the training sessions.

Our findings indicate an opportunity to promote children’s
numeracy skills and (mathematical) language from a young age. Such
skills, in turn, form the basis for their later mathematical learning and
can thus prepare children for later challenges right from the start. The
PD described in this study is a comparatively short training of qualified
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teachers, which results in promoting effects in both the numeracy skills
and mathematical language of young children. Considering that the
professionalization of teachers also includes a continuous learning
commitment, including PD (NAEYC & NCTM, 2010), such training
programs can be supportive in improving the interaction quality of
teachers in order to provide children with high-quality learning expe-
riences. However, a country-specific focus must be taken into account in
any transfer; in Germany, for example, depending on the federal state,
obligatory curricula for working with children (usually between the ages
of 3 and 6) exist for state-funded ECEC centers, but there is no formal
instruction, which has been considered in our training.

A limitation of the results might be that the majority of the children
changed their teachers before the follow-up test took place. The quality
of interaction of the subsequent teachers was not controlled for in this
study. However, any differences in the quality of interaction between
the intervention groups that might emerge would tend to be random and
not systematic. Instead, they would tend to underestimate the long-term
effects of the intervention to some extent. However, the change of
teacher may not only be a limitation but also a supplementary expla-
nation for the result that we found specific group differences after the
intervention between the math group and the general group, both of
which diminished at follow-up testing for mathematical language and
general language comprehension, while maintaining the differences
with the control group. A further limitation of the study may be that,
although we have used several implementation tools, like self-reflection
and newsletter, we cannot be certain which implementation by the
teachers has led to the different effects. However, a recently published
meta-analysis found that informal math-specific interventions were
more effective when they included caregiver training and a supportive
implementation phase (e.g., short reminders) (Nelson et al., 2024).
Further studies may address how different implementation strategies
might relate to the development of numeracy skills and mathematical
language. Another limitation might be that an above-average number of
parents of the participating children held a college degree. Considering
the influence of family background on the development of children’s
competencies, this may result in a bias. As we investigated the influence
of PD training for teachers, the children were recruited exclusively via
the participating teachers. This may have led to particularly motivated
high-educated parents giving their consent for their children to
participate.

In conclusion, our study indicates that the participation of teachers in
a PD on math-specific interaction quality—combining sensitivity and
cognitive-verbal stimulation as cornerstones with dialogic reading,
playing board games and using mathematical language as powerful
interaction settings and strategies—promotes the development of
numeracy skills and mathematical language in two- to four-year-old
children and thus forms a strong foundation for the children’s later
mathematical learning.
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