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Children’s early understanding of mathematics provides a foundation for later success in school. Identifying
ways to enhance mathematical instruction is crucial to understanding the ideal ways to promote academic
success. Previous work has identified mathematical language (i.e., the words and concepts related to
early mathematical development such as more, same, or similar) as a key mechanism that can be targeted
to improve children’s development of early numeracy skills (e.g., counting, cardinality, and addition).
Current recommendations suggest a combination of numeracy instruction and quantitative language instruc-
tion to promote numeracy skills. However, there is limited direct support of this recommendation. The goal
of the proposed study is to compare the unique and combined effects of each type of instruction on children’s
numeracy skills in the context of picture book reading. We randomly assigned 234 children (ages 3-5) to one of
four conditions where they worked with trained project staff who read picture books targeting: (a) quantitative
language only (e.g., more or less), (b) numeracy only (e.g., cardinality, addition), (c) combined [quantitative
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2 PURPURA ET AL.

language + numeracy], or (d) nonnumerical (active control) picture books. Results revealed no significant
effects of the quantitative language only or numeracy only conditions, but mixed effects of the combined con-
dition. These findings indicate that more work is needed on how mathematical language and numeracy instruc-

tion should best be delivered to preschool children.

Educational Impact and Implications Statement

Significant research has highlighted the importance of quantitative language in children’s early mathe-
matics development. The findings from this study raise questions as to how to best implement such inter-
ventions. Namely, in contrast to prior work, the current interventions targeting one of the two domains
did not exhibit positive results. However, mixed effects were found for the condition that combined both
domains. Future work on how to best structure combined instruction is needed.

Keywords: quantitative mathematical language, numeracy, picture book intervention, preschool,

mathematics

Children’s early mathematical skills provide the foundation on
which later mathematical skills are built (Aunola et al., 2004;
Purpura et al., 2013). However, other academic and cognitive
domains are also important for this development. Language, in
particular, is important for children’s understanding of mathemat-
ics (LeFevre et al., 2010; Purpura et al., 2011). Recent evidence
indicates that understanding of mathematical language (e.g.,
more, few, less, before, after) is a strong predictor of early math-
ematics development, even more so than broad language skills
(Purpura & Logan, 2015; Toll & Van Luit, 2014). Children’s
mathematical language knowledge at the start of preschool is a
better indicator of later risk for mathematics difficulties than ini-
tial mathematics skills (Purpura, Day, et al., 2017). Intervention
work has also demonstrated that directly instructing mathematical
language promotes the development of early numeracy skills
(e.g., counting, cardinality, and addition; Purpura, Napoli, et al.,
2017).

Though the concept of introducing mathematical language to
children may appear relatively simple, merely encouraging parents
and teachers to use more mathematical language may not be suffi-
cient for improving children’s skills because of the breadth of
mathematical language concepts (Boonen et al., 2011; Lansdell,
1999). Notably, providing children with diverse mathematical
talk (i.e., using a greater variety of mathematical words), particu-
larly if that talk is above children’s current developmental abilities
(e.g., using word problems to discuss calculation when children
are still learning to count), may actually cause confusion and
can be negatively related to their understanding of mathematics
(e.g.,Boonenetal., 2011). Thus, introducing children to more nar-
rowly targeted mathematical language that aligns with specific
mathematics skills may be most effective. Moreover, research
and policy recommendations suggest combining mathematical
language with mathematics instruction (Chard et al., 2008;
Clements & Sarama, 2011). However, it remains unclear if there
is a benefit to joint instruction combining exact numeracy instruc-
tion with quantitative mathematical language rather than instruc-
tion in either domain alone. The purpose of this study is to
examine the unique and combined effects of quantitative mathe-
matical language and exact numeracy instruction for promoting
preschool children’s quantitative mathematical language and
numeracy skills within the context of a picture book reading
intervention.

Language and Mathematics Development

There is a strong relation between mathematics and language
skills that appears early in children’s academic development
(Hooper et al., 2010; Purpura et al., 2011; Romano et al., 2010).
Children use language skills to develop a more complex understand-
ing of mathematics (Spelke, 2003). Relatedly, difficulties with math-
ematics, literacy, and language often co-occur (Koepke & Miller,
2013; C. Lewis et al., 1994) and having difficulties in both mathe-
matics and language is associated with lower mathematics perfor-
mance than having difficulties in mathematics alone (Hanich et al.,
2001; Jordan & Hanich, 2000).

Environmental contexts also contribute to the relation between lan-
guage and mathematics (e.g., Jordan & Levine, 2009; Jordan et al.,
1994; Starkey et al., 2004). Socioeconomic status (SES)-related differ-
ences in language skills are thought to be one reason for the
SES-related differences observed in mathematics achievement
(Jordan & Levine, 2009; Jordan et al., 1994; Starkey et al., 2004).
Despite this explanation, research has suggested that improving
children’s general language skills does not necessarily benefit
their mathematics knowledge (Jordan et al., 2012). A likely expla-
nation for this lack of improvement is that the language targeted
through general language interventions often includes nonmathe-
matical words, or words that are used differently in nonmathemat-
ical contexts than those used in mathematical instruction (Harmon
et al., 2005). Thus, language instruction specifically focused on
mathematical language may be one way to use the environmental
context to improve children’s mathematical knowledge.

Mathematical Language

Distinct from mathematical knowledge (specifically, exact numer-
acy: counting, cardinality, addition), children’s mathematical lan-
guage refers to their understanding of key terms and concepts used
in early mathematics such as more, few, similar, before, and after
(Purpura et al., 2019). These terms and concepts are often couched
within a framework of relational language (Barner & Bachrach,
2010; Loewenstein & Gentner, 2005) where the links between quan-
tities or shapes and space are approximate and not exact. Two differ-
ent types of this relational, or mathematical, language have been
identified as relevant to children’s early mathematical learning:
quantitative language (Barner et al., 2009; Purpura et al., 2019)
and spatial language (Pruden et al., 2011; Ramani et al., 2014).
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MATHEMATICAL PICTURE BOOK INTERVENTION 3

Evidence suggests that quantitative mathematical language, specifi-
cally, drives the causal relation between mathematical language
and numeracy growth (Purpura et al., 2019, 2021). Thus, the link
between quantitative mathematical language (not spatial language)
and numeracy is the focus of the current study.

Quantitative language includes terms that denote relative quantity
such as more than, less than, many, and fewer (some of the terms
have also been labeled quantifiers; Barner, Chow, & Yang, 2009).
Understanding these terms allows children to make and describe
comparisons between groups or numbers, such as knowing that
the term more can mean an increase in quantity (“give me more”)
or can be used in comparative statements (‘“‘she has more than I
do”). Using these comparative terms may help children refine their
initial, approximate understanding of numbers (Barner, Chow, &
Yang, 2009). Being able to compare and identify the relations
between quantities using quantitative mathematical language may
help draw children’s attention to set size and refine their understand-
ing of exact number.

Previous Numeracy and Mathematical Language
Interventions

A strong emphasis on mathematical language is believed to be a
critical component of the success of early mathematics instruction
(Chard et al., 2008; Clements & Sarama, 2011; National Council
of Teachers of Mathematics, 2006); however, to date, only a few
intervention studies with 35 years old have focused on investigating
the direct connection between children’s quantitative mathematical
language understanding and their numeracy skills (Purpura et al.,
2021; Purpura, Napoli, et al., 2017), though others have separately
investigated the effects of combined (mathematical language +
numeracy) instruction (e.g., Green et al., 2018; Jennings et al.,
1992; Young-Loveridge, 2004) or exact numeracy instruction
alone (i.e., counting and cardinality interventions; e.g., Gibson et
al., 2020; Mix et al., 2012; O’Rear & McNeil, 2019). However,
given the divergent designs of these prior studies, it is not possible
to directly contrast the unique and combined impacts of quantitative
mathematical language and numeracy instruction. There is a critical
need to understand how integration of quantitative mathematical lan-
guage instruction and numeracy instruction can be used to support
children’s early numeracy success and to inform future development
of effective instructional methods. In the current study, we con-
ducted an intervention to examine the unique and combined effects
of both types of instruction within the context of picture book read-
ing, as picture books are a central part of the early learning environ-
ment that is relevant to both the home and school settings.

Mathematical Language and Numeracy Instruction Alone

A broad range of work has demonstrated the effectiveness of
improving elementary school-aged children’s numeracy skills
through direct numeracy instruction using curricula and intervention
materials (Hassinger-Das et al., 2015; Powell & Driver, 2015), and
numeracy skills for 3-5 years old through more targeted efforts
including using picture books (Gibson et al., 2020; Green et al.,
2018; Jennings et al., 1992; Mix et al., 2012; O’Rear & McNeil,
2019; Purpura et al., 2021; Purpura, Napoli, et al., 2017; Young-
Loveridge, 2004) mining mathematical language instruction offers
some insight into how mathematical language is related to numeracy
skills. Purpura, Napoli, et al. (2017) assigned 3- to 5-year-old

children from Head Start centers to either a mathematical language
intervention or a business-as-usual control condition. Children in
the mathematical language group participated in an 8-week dialogic
reading program in small groups where interventionists elaborated
on mathematical content within the book (e.g., “How do we know
there were a lot and not a few?”) or used prompts to incorporate
quantitative and spatial mathematical language (e.g., “There are
just a few people in the stands.” or “Is the roller coaster near the
ground?”). To focus on the role of mathematical language specifi-
cally, the language used in this study did not include a focus on
exact numeracy or counting, and interventionists were explicitly
trained to not use numeracy concepts during the instructional peri-
ods. Children in the mathematical language picture book condition
outperformed children in the control condition on a measure of
mathematical language and on a broad measure of early numeracy
skills. Broadly targeting mathematical language instruction (includ-
ing quantitative and spatial mathematical terms) is one way to pro-
mote children’s early numeracy skills.

Follow-up analyses to the above work (Purpura et al., 2019) sug-
gest the type of mathematical language instruction may matter. In
that study, the authors found that both the experimental condition
and the control condition showed similar improvements in spatial
mathematical language, but only the mathematical picture book con-
dition demonstrated improvement in quantitative mathematical lan-
guage. As the mathematical picture book condition also saw a
greater improvement in numeracy skills, the authors reasoned that
the advantages in numeracy scores for the experimental condition
are most likely due to the increased quantitative mathematical lan-
guage skills for this condition.

In a more targeted intervention study (Purpura et al., 2021), the
specific impact of quantitative mathematical language on children’s
performance was evaluated. Specifically, parents of 3- to 5-year-old
children were randomly assigned to read picture books that included
a focus on quantitative mathematical language or nonmathematical
picture books. Parents were asked to read three times a week for
4 weeks, and each book included dialogic reading prompts to
increase engagement. In the experimental condition, some of the
prompts focused on quantitative mathematical language (e.g.,
“Who has more pillows: Bear or Benjamin?”’). At an immediate post-
test, children in the experimental condition outperformed children in
the control condition on a measure of their quantitative mathemat-
ical language as well as on a measure of numeracy. At an 8-week
delayed posttest, children in the experimental condition continued
to outperform children in the control condition. Thus, focusing on
quantitative language is an effective way to improve children’s
early numeracy skills.

Combining Mathematical Language and Numeracy
Instruction

Some numeracy interventions have also demonstrated positive
effects when exact numeracy instruction incorporates mathematical
language. Jennings et al. (1992) incorporated picture books during
mathematical instruction with the goal of increasing kindergarten
(5-6 years old) children’s mathematics achievement. Kindergarten
teachers read mathematical picture books with children before
expanding upon the story using mathematically focused questions
(e.g., “Who would wear smaller glasses?”). Children who were in
the picture book condition used a variety of mathematical language
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more often during free play periods over the course of the study and
had greater gains in mathematics than children who only received
typical mathematical instruction and a picture book with no
mathematics-focused questions. Green et al. (2018) found similar
results for 3- to 5-year-old children, such that scripted book reading
with mathematics-related questions led to gains in numeracy skills.

Some interventions involving broadly defined mathematical lan-
guage have demonstrated mixed results. For example, Powell and
Driver (2015) incorporated mathematical vocabulary questions
and instruction (e.g., “What does the equal sign mean?”’) into a tutor-
ing program for first-grade students’ addition problem solving.
Children who received this extra vocabulary instruction performed
similarly to children who only received addition instruction on mea-
sures of mathematical vocabulary terms and a measure of addition
fluency. Similarly, Hassinger-Das et al. (2015) found that incorpo-
rating a number sense intervention into a mathematically focused
picture book that used mathematical vocabulary (e.g., same,
enough, add, subtract) led to greater gains in kindergarten children’s
understanding of mathematical language compared to a control
group, but not broader mathematics skills. Children who were
assigned to a number sense intervention without the added picture
book component outperformed the children who received the pic-
ture book intervention on a measure of calculation skill at posttest.
However, on other measures of mathematics achievement, the exper-
imental conditions performed similarly to each other and to a control
condition.

Limitations of Prior Work and Need for Subsequent
Research

In the Appendix, we provide a list of previous intervention studies
evaluating the impact of mathematical language and exact numeracy
interventions (both alone and combined) with their respective
impacts on mathematical language and numeracy performance
across all measures and contrasts made in each study. Given the
breadth of studies (both in content and design) that focus on numer-
acy instruction, the studies included in this table are limited to those
most similar to the interventions targeting mathematical language
(i.e., either those embedded in studies with a mathematical language
intervention or those using picture books as the mode of interven-
tion). No studies have explicitly contrasted a mathematical language
only intervention (i.e., an intervention that does not include exact
numeracy) and an exact numeracy only intervention, nor have any
studies contrasted a combined condition with a quantitative mathe-
matical language only condition. In Table 1, effect size (Hedges’
g) averages for contrasts are presented for the prior studies. These
effect size averages indicate that, in contrast to control conditions,
mathematical language and numeracy interventions alone had mod-
erate effects (Hedges’ g=0.46 and 0.54, respectively) within
domain. However, only mathematical language (Hedges’ g=
0.27), and not numeracy instruction (Hedges’ g = 0.01), had cross-
domain impacts. Moreover, as expected, mathematical language
combined with numeracy instruction had benefits for both mathe-
matical language skills (Hedges’ g =0.40) and numeracy skills
(Hedges’ g=0.45) when contrasted with a control condition.
Although no studies have directly contrasted either a numeracy inter-
vention alone or a combined intervention with mathematical lan-
guage instruction alone, there have been studies (Hassinger-Das
etal., 2015; Powell & Driver, 2015) that have contrasted a combined

condition with numeracy instruction alone. However, these findings
were not in line with expectations that combined mathematical lan-
guage and numeracy instruction should enhance numeracy perfor-
mance above numeracy instruction alone (e.g., Chard et al., 2008;
Clements & Sarama, 2011).

The discrepancy in findings versus expectations may be due to
a number of design features of prior work. For example, the con-
tent covered in the previous studies may have influenced the
effectiveness of the mathematical language instruction for sup-
porting numeracy instruction. Powell and Driver (2015) and
Hassinger-Das et al. (2015) largely focused on more formal math-
ematics skills (e.g., addition and subtraction). Certain numeracy
skills are more language-based skills (e.g., counting, numerical
comparison, story problems; Hornburg et al., 2018), and mathe-
matical language instruction may be more effective when targeted
at these types of skills. Relatedly, the outcome measures that
showed an advantage for numeracy only instruction in both of
these studies were children’s calculation skills (Hassinger-Das
et al., 2015) or children’s addition fluency (Powell & Driver,
2015). This is in line with work showing that mathematical lan-
guage is less strongly related to formal computation skills than
it is to early number knowledge (Hornburg et al., 2018).
Moreover, improving targeted aspects of mathematical language
(i.e., quantitative mathematical language) may be more impactful
for improving numeracy skills (Purpura et al., 2019). This may
explain why previous work using mathematical language broadly
defined has shown mixed results in improving children’s numer-
acy skills (e.g., Powell & Driver, 2015 focused on defining the
symbols in addition problems, Jennings et al. (1992) used a
wide range of mathematical terms ranging from quantitative and
spatial to more applied terms relating to money and time, and
Hassinger-Das et al. (2015) used a breadth of terms that included
both quantitative and spatial language). As indicated by Boonen
et al. (2011), too broad of a focus on mathematical language
may not be supportive of children’s numeracy development as
it may distract or add confusion to the acquisition of numeracy
knowledge.

At present, the unique and combined effects of mathematical lan-
guage and numeracy instruction on children’s early numeracy develop-
ment remain unclear. The studies outlined above provide evidence that
mathematical language knowledge is malleable (e.g., Hassinger-Das
et al., 2015; Jennings et al., 1992; Powell & Driver, 2015) and that
mathematical language instruction alone can improve children’s numer-
acy skills (Purpura et al., 2021; Purpura, Napoli, et al., 2017). However,
given the recommendations to integrate both mathematical language
and numeracy in instruction (Chard et al., 2008; Clements & Sarama,
2011), it is necessary to evaluate if there are synergistic effects of
instruction on both mathematical language and numeracy skills.
Although prior work has examined mathematical language instruction
alone, or mathematical language combined with numeracy instruction,
no study has included both such conditions. Moreover, there is mixed
evidence contrasting mathematical language plus numeracy instruction
versus numeracy instruction alone (Hassinger-Das et al., 2015; Powell
& Driver, 2015), but these studies were conducted with older children
and the alignment between the mathematical language content was
somewhat broad (Hassinger-Das et al., 2015) or more focused on
the names for mathematical symbols (Powell & Driver, 2015).
Given that there is a strong relation between quantitative mathemat-
ical language and early numeracy skills that is evident even in
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Table 1

Average Hedges’ g Effect Sizes Across Previous Intervention Conditions and for the Current Intervention

Quantitative language skills

Numeracy skills

Current intervention Prior studies Current intervention

Contrast Prior studies
Quantitative language only versus control 0.46
Numeracy only versus control 0.01
Combined versus control 0.40
Quantitative language only versus numeracy only —
Combined versus quantitative language only —
Combined versus numeracy only 0.38

0.14 0.27 —0.21
—0.03 0.54 —0.10
0.21 0.45 0.07
0.17 — —0.12
0.07 — 0.28
0.23 —-0.24 0.17

Note.
listed condition.

preschool (Purpura et al., 2019), there is a critical need to explicitly
contrast instruction on quantitative mathematical language alone,
numeracy alone, and both quantitative mathematical language
and numeracy combined. Findings will not only advance empirical
knowledge of the underlying developmental process of early
mathematics but also have practical implications for instructional
recommendations in preschool. The current study will use child-
ren’s picture books as the intervention delivery mechanism for
methodological reasons described below and because picture
book reading is an important context of children’s early learning
environment in both homes and schools.

Prior Intervention Work Using Picture Books

Previous work has highlighted how picture books can be used to
promote children’s early numeracy skills (Gibson et al., 2020;
Green et al., 2018; Jennings et al., 1992; Mix et al., 2012; O’Rear
& McNeil, 2019; Purpura et al., 2021; Purpura, Napoli, et al., 2017;
Young-Loveridge, 2004). This work has largely focused on picture
books because they provide a medium where the input (i.e., the text
on the page or the script the experimenter follows) is easily manipu-
lable without needing to change the structure of other aspects of the
intervention. This approach to intervention work has been used to
identify ways to structure number talk to promote children’s under-
standing of cardinality (e.g., Mix et al., 2012) as well as ways to
deliver mathematical language to promote children’s mathematical
language skills (e.g., Purpura, Napoli, et al., 2017). These interven-
tions have the added benefit of being easily translatable to real-world
circumstances. One-on-one work with trained experimenters in school
settings has shown that picture books are an effective way to promote
children’s understanding of cardinality in children from middle-SES
homes (Mix et al., 2012) as well as children attending Head Start pro-
grams (O’Rear & McNeil, 2019). Previous work has also shown that
picture books can be effective ways to promote numeracy skills when
implemented by educators at the whole-class level (Jennings et al.,
1992) as well as at the one-on-one level by school staff (Young-
Loveridge, 2004). At home, picture books provided to parents are
effective ways to promote mathematical language and broader numer-
acy skills (Purpura et al., 2021) as well as more targeted numeracy
skills such as an understanding of cardinality (Gibson et al., 2020).
Given the ease of incorporation of picture books both at home and
in the classroom, and because using picture books would allow us
to provide consistent delivery across conditions while only manipulat-
ing the target constructs, picture books were chosen as the delivery
mechanism for our intervention.

A positive effect size indicates in favor of the first listed condition and a negative effect size indicates in favor of the second

Current Study

The goal of the current study was to examine the unique and com-
bined influence of both quantitative mathematical language and exact
numeracy instruction on children’s early numeracy skills within the
context of shared book reading. Specifically, the effects of four inter-
vention conditions (quantitative language only, numeracy only, a
combination of both quantitative language and numeracy instruction,
and an active control group) on preschool children’s quantitative
mathematical language and numeracy skills were contrasted. The
interventions used picture books to deliver the content of the interven-
tion to both answer the basic research question and to lead to a prac-
tical intervention that can later be used in schools (e.g., Gibson et al.,
2020; Mix et al., 2012; O’Rear & McNeil, 2019; Purpura et al., 2021;
Purpura, Napoli, et al., 2017). The quantitative language only condi-
tion targeted children’s understanding of quantitative mathematical
language terms (e.g., more, many, few, fewest, same, different), but
explicitly avoided exact numeracy (e.g., counting, labeling exact set
size, addition). The exact numeracy only condition included exact
numeracy instruction previously shown to promote children’s early
numeracy understanding but did not include any quantitative mathe-
matical language. The combined condition included both quantitative
mathematical language and exact numeracy instruction. These condi-
tions were contrasted with an active control condition that used books
that do not include any quantitative mathematical language or numer-
acy. It was hypothesized that:

Hypothesis 1 (HI): Children who participated in the quantitative
language only condition would outperform children in the active
control condition on quantitative mathematical language (H1a)
and numeracy skills (H1b).

Hypothesis 2 (H2): Children who participated in the numeracy
only condition would outperform children in the active control
condition on numeracy skills (H2a). We did not expect the
numeracy only condition to impact quantitative mathematical
language as the average prior effect sizes are <0.10 (H2b).

Hypothesis 3 (H3): Children who participated in the combined
[quantitative language + numeracy] condition would outper-
form children in the numeracy only condition on both quantita-
tive mathematical language (H3a) and numeracy skills (H3b), as
well as outperform children in the quantitative language only
condition on numeracy skills (H3c).
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We did not hypothesize that performance between the combined
and quantitative language only conditions would differ on quantitative
mathematical language. H1 and H2 (positive effects of each type of
instruction on its own) were informed by previous research showing
that quantitative mathematical language instruction improves both
quantitative mathematical language and numeracy skills (Purpura
et al., 2021; Purpura, Napoli, et al., 2017) and that exact numeracy
instruction from shared book reading is an effective way to promote
numeracy skills (Gibson et al., 2020; Mix et al., 2012; O’Rear &
McNeil, 2019). H3 (an additive effect of quantitative mathematical
language instruction plus numeracy instruction) was informed by
the idea that quantitative mathematical language instruction provides
children with a broader approximate understanding of the relations
between quantities which in turn helps children learn the more
exact concepts underlying numeracy skills from the numeracy instruc-
tion (Purpuraetal., 2019, 2021), but that the combination of numeracy
and quantitative mathematical language instruction should not
enhance the effects of the intervention on quantitative mathematical
language development. Such findings would indicate that quant-
itative mathematical language underlies and enhances numeracy
development.

Method
Participants

Proposed sample: It was expected that at least 220 participants
would be recruited for this study based on a power analysis conducted
in PowerUp! (Dong & Maynard, 2013) using effect sizes from prior
studies (details on the power analysis procedures and assumptions
can be found later in the “Method” section in the “Power Analysis”
subsection). We planned to recruit children ages 3-5 years old from
preschools across the state of Indiana, United States, that primarily
serve children from families with low incomes. Participants in previ-
ous studies that were recruited from similar preschool populations
were 14% Latine, 34% Black, 45% White, and 7% other or multira-
cial. Therefore, we expected the final sample for the current study
to be racially and ethnically diverse. This study has been approved
by the Purdue University Institutional Review Board.

Actual participants: A total of 289 participants from 18 preschools
were recruited to participate in the study. Of those children, 55 with-
drew or did not meet eligibility requirements before being randomly
assigned to conditions. Reasons for withdrawal included: moving
(n=14), limited availability during the school day (e.g., only
attended 2 days per week; n = 14), had a previously unreported
developmental delay (n = 14), spoke limited English (n=8), or
did not provide assent (n =15). As a result, 234 children were ran-
domly assigned to one of the four conditions: quantitative language
only (n = 60), numeracy only (n = 57), combined (n = 58), or active
control (n =59). The 234 children who were assigned to condition
ranged in age from 3.03 to 5.61 years old (M =4.29, SD = 0.62).
Overall, 54% of participants were female. For parental education,
38% had less than a college degree, 31.2% had a 2- or 4-year college
degree, 28.3% had a graduate degree, and 3.4% did not report paren-
tal education. Race/ethnicity for participants was 65% White, 12%
multiracial, 9.8% Black/African American, 8.1% Asian, 3.4%
Latine, and 1.7% not reported.

Among children who were assigned to the condition, 16 (6.84%)
left the study before posttesting because they either left the school or

their family moved. Attrition by group was as follows: quantitative
language only (n=1; 1.67%), numeracy only (n=38; 14.04%),
combined (n=3; 5.17%), and active control (n=4; 6.78%).
There was no substantial differential attrition (What Works
Clearinghouse, 2022) between groups for the key contrasts.

Measures

After consent from parents was obtained, trained assessors worked
with children. The same achievement measures were used at both pre-
test and posttest. Assessments took place in the participating pre-
schools in an area designated by the preschool teachers or directors.
Assessors were either paid project staff who had completed or were
working toward completion of their bachelor’s degree or undergradu-
ate students working on the project for academic credit. All assessors
completed extensive training provided by the lead project staff and
were blind to the intervention condition. This training included indi-
vidual introduction and practice sessions for each measure, opportuni-
ties to practice on the measures, and a “testing out” session that
required accurate testing procedures while implementing the mea-
sures. Although it was planned to do the testing out session with actual
children, this was not feasible due to constraints in school access as a
result of the COVID-19 pandemic. Thus, the lead project staff con-
ducted mock settings where they simulated a testing session while pre-
tending to be a preschool child.

The direct child measures included measures of numeracy skills,
quantitative mathematical language skills, general vocabulary skills,
and cognitive flexibility. Testing on these measures at each time
point was approximately 20-40 min per child and was broken into
smaller testing sessions as needed so as not to overtax the children.
Individual pretest sessions took place during the fall semester of the
school year (October to December 2021). The intervention was
planned to take place across an 8-week period in the spring semester
(mid-January to early March 2022) but was extended through April
due to COVID-19 closures for some classrooms, and all posttest ses-
sions occurred after the intervention was completed in individual
schools (mid-March to May 2022).

Parent Survey

Parents were asked to complete a basic demographic survey that
included their child’s birthdate, gender, race/ethnicity, highest
parental education, and identification of any diagnosed developmen-
tal delays.

Numeracy Skills

The Preschool Early Numeracy Screener (PENS) is a standard-
ized, norm-referenced 25-item test of numeracy skills (Purpura,
2021). The items are representative of the broad numeracy skills chil-
dren are expected to attain in preschool and assess key domains iden-
tified as being critical precursors of mastery in mathematics. Test
items cover topics such as verbal counting, exact comparisons,
one-to-one correspondence, number order, numeral identification,
ordinality, and number combinations. For example, a one-to-one
correspondence item may show the child a picture of three dots,
and the research assistant says, “Count these dots.” The test has
high internal consistency (o.=.89) and is highly related to other
measures of numeracy (rs > .80; Purpura, 2021). Children’s total
scores were computed as the sum of their total correct responses.
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Although three items on this measure include a quantitative mathe-
matical language word (most), it was not expected that the inclusion
of those items would impact the findings as most is one of the easiest
mathematical language terms (Purpura & Reid, 2016). However, to
add a robustness check to the analyses, the results were also exam-
ined and reported both with and without those items factored into
the total score.

Quantitative Mathematical Language

A modified version of the Preschool Assessment of the Language
of Mathematics (PALM; Purpura & Logan, 2015) that is exclusively
focused on quantitative mathematical language and expands the
measurement of quantitative mathematical language beyond the
original measure was used for this study. The quantitative mathemat-
ical language measure included 14 items (more, most, fewest, fewer,
least, less, a lot, a little bit, add, take away, same [quantity], same
[visually], similar, different; oo > .76). All items were designed to
be completed without exact quantitative skills or in a nonnumeracy
context. Scores were computed as the sum of children’s correct
responses.

General Vocabulary

General vocabulary was included as a covariate because it has been
shown to be related to, and potentially be a precursor of, children’s
mathematical language skills (Toll & Van Luit, 2014). Children’s
receptive vocabulary was assessed using the National Institutes of
Health (NIH) Toolbox Picture Vocabulary test (Weintraub et al.,
2013). Theta scores provided by the NIH Toolbox output were used
in analyses. This assessment is considered to have strong discriminant
and convergent validity in children ages 3—15, as well as strong test—
retest reliability intraclass correlation coefficient (ICC = .84; 95% CI
[0.75, 0.90]; Weintraub et al., 2013).

Cognitive Flexibility

Cognitive flexibility was used as a covariate to represent executive
functioning skills, which are robustly linked to numeracy develop-
ment (Allan et al., 2014). This measure of cognitive flexibility is a
good proxy for children’s attention skills during reading, which is
an important covariate to include given that the intervention will
be implemented in small groups. Cognitive flexibility, also called
attentional flexibility, reflects one’s ability to focus and sustain atten-
tion voluntarily while adapting or shifting attention when necessary
(e.g., to changing stimuli; Rothbart & Posner, 2005). A card sorting
task that is based on the dimensional change card sort (DCCS;
Zelazo, 2006) was used to measure children’s cognitive flexibility.
On this measure, children were asked to sort picture cards on the
basis of three different dimensions: shape, color, and size. This
task consisted of three mandatory sections consisting of six items
each. For the first section, children were asked to sort on the basis
of shape. For the second section, the rule changed and children
were asked to sort on the basis of color. For the third section, chil-
dren were asked to sort on the basis of size. If children scored 5 or
more points on the third section, a fourth set of six items was admin-
istered which consisted of a more complex rule that required children
to sort on the basis of size when a card included a thick black border
and to sort on the basis of color when the card did not have a thick
black border. One point was given for each correct response, with

scores ranging from O to 24. This measure has shown strong psycho-
metric properties in previous research (o > .80; McClelland et al.,
2014; Schmitt et al., 2018).

Procedure

Overview and Proposed Timeline

Recruitment for participants began in August 2021 and was
expected to continue through October 2021, or until we reached our
necessary sample size of 220 children. However, given the ongoing
concern with potentially losing schools/classrooms to closures due
to teacher shortages, we decided to recruit more children at collaborat-
ing schools and reached a total of 289 consented children. Pretesting
began in October 2021 and continued through December 2021.
Random assignment to condition occurred after winter break in
January 2022 so that children who did not return to school were
not assigned to condition. Children were block-randomly assigned
within classroom to one of four conditions: (a) quantitative lan-
guage only, (b) numeracy only, (c) combined, and (d) active con-
trol. When classrooms had fewer than four participating children,
we combined classrooms for blocking, prioritizing classrooms
within the same school whenever possible. The 8-week interven-
tions began in January 2022 and were intended to continue through
early March 2022. However, due to the COVID-19 pandemic, specif-
ically the Omicron Wave, participating schools/classrooms had sev-
eral instances of 2-week closures for quarantines. When these
instances happened, the intervention implementation in those schools
or classrooms was delayed for the duration of the closure and resumed
where it had left off when they reopened. This resulted in some of the
schools continuing the intervention into April 2022. Fortunately,
because assignment to condition happened within the school, the
impacts of these delays were equally held across conditions.
Additionally, once schools discontinued the practice of entire school
quarantines, some children were out of school for individual child/
family quarantines. As a result, and to make practices consistent across
schools, we elected to make-up sessions for children on individual/
family quarantines within 2 weeks of their return to school when pos-
sible. Moreover, no more than three sessions were made up in any
week so that children were not overburdened by extra sessions.
Children participated in intervention sessions in small groups (two
to four children) three times per week for an intended total of 8
weeks (max of 24 sessions). Posttest assessments began in March
2022 and continued through May 2022.

Intervention Process

Intervention Design. Trained project staff conducted the inter-
vention sessions. These project staff were graduate students, post-
doctoral researchers, and other paid project staff with a completed
bachelor’s degree or extensive experience working with young chil-
dren. After children were assigned to a condition, they engaged in
their intervention as prescribed for 3 days/week for 8 weeks in
small groups (two to four children). Across all conditions, there
were a total of 80 small groups (20 quantitative language only; 20
numeracy only; 21 combined; 19 active control). Each intervention
session took approximately 15 min. Small group instruction, rather
than individual instruction, was selected to reduce classroom inter-
ruption, reduce overall instruction time for project staff, and make
the intervention more feasible to complete. Our original intent for
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student absences was to follow the procedure that when individual
children were absent on a day of intervention instruction, interven-
tionists would attempt to schedule an individual session with the
absent child within 1 week of their return to school and intervention-
ists would only schedule make-up sessions for absent children
within 1 week of their absence. However, due to the issues with
COVID-related absences, this window for make-up sessions was
extended to 2 weeks for individual absences. When schools or class-
rooms were closed due to quarantines, the intervention was paused
and then resumed where it left off when the school reopened.
Attendance logs were kept for each child to calculate a child’s
total participation in the intervention. Attendance (number of com-
pleted sessions) was included in analyses as a covariate.

Intervention Conditions. The four conditions all followed a
similar structure. This structure included three picture book reading
intervention sessions per week for 8 weeks. Each condition had three
books that explicitly targeted the intended content (quantitative lan-
guage only, numeracy only, combined, or neither [active control]).
The quantitative language only, numeracy only, and combined con-
ditions all used modified versions of the same three books to ensure
that only the explicit instructional content differed. The comparison
books (i.e., the active control) were designed to not include any
quantitative mathematical language or numeracy content in the
text, dialogic reading prompts, or illustrations.

Intervention Books. Children in the three mathematical inter-
vention conditions were read the same three picture books from
the Little Elephants’ Big Adventures series. These three picture
books are titled Too Many Pillows, Just Enough Eggs, and Picnic
with Some Peanuts, and were all written by Angela M. Isaacs and
illustrated by Matt Dye. These three picture books were designed
to increase the diversity of the input children received across the
intervention. That is, each book introduced new target content that
previous books had not covered. In addition to the story text, these
books have three dialogic reading prompts per page designed to
engage children in the story and to highlight the focal content.
The dialogic reading prompts were color-coded so that the interven-
tionist used one prompt per reading and the prompts became more
complex with each reading. The books were originally developed
to focus on quantitative language (Purpura et al., 2021); however,
the books were modified so that there were three separate versions
of each book: The original version with only quantitative mathemat-
ical language, a version with only exact numeracy, and a version
with both quantitative mathematical language and exact numeracy
(combined). An example of the text and dialogic reading prompt dif-
ferences across the versions can be found in Table 2.

Quantitative Language Only Condition. The quantitative lan-
guage picture books included target words within the text as well
as dialogic reading questions to promote children’s engagement
with mathematical language. To isolate the effects of quantitative
mathematical language, there was no mention of counting, cardinal-
ity, or addition within the text. Each of the first 3 weeks focuses on
one book each week before the same 3-week schedule is followed for
Weeks 4 through 6 (see Table 3). Across the books, new quantitative
mathematical language was introduced (e.g., Too Many Pillows tar-
get words include a lot, many, more, and most, Just Enough Eggs
target words include same, similar, and different, and Picnic with
Some Peanuts target words include few, fewest, and some). Thus,
across the weeks, the books built in complexity by focusing on
expanding children’s understanding of mathematical language.

Numeracy Only Condition. The numeracy only condition used
the same books as the quantitative language only condition, but the
text and questions were modified to remove any quantitative mathe-
matical language and were replaced with counting, cardinality, and
addition content. To mirror the quantitative language only condi-
tion’s progress over the weeks, children in the numeracy only condi-
tion read books that increased in difficulty across the 3 weeks. In Too
Many Pillows, children primarily focused on smaller set sizes (1-3)
while reading the book and were asked to both count and label the
sets. In Just Enough Eggs, children were primarily focused on larger
sets (>>3) and were asked to both count and label the sets. In Picnic
with Some Peanuts, children continued to focus on the cardinality of
the sets and there were dialogic reading questions relating to arith-
metic (e.g., “If Lucy ate four of her apples, how many apples
would she have left?”).

Combined Condition. The combined condition included con-
tent from both the quantitative language only condition and the
numeracy only condition. For example, in Week 1 of the combined
condition, children read a book that included the same focus on
mathematical language as the quantitative language only condition
(i.e., Too Many Pillows target words include a lot, many, more,
and most) and the same focus on set size as the numeracy only con-
dition (i.e., the focus was primarily on sets 1-3 with counting and
labeling of the set size). To control for the overall level of
math-related input, the books were designed so that there was a
roughly equal balance in terms of the focus on quantitative mathe-
matical language and exact numeracy. That is, when adapting
these books from the originals (those used in the quantitative lan-
guage only condition), approximately half of the mathematical lan-
guage terms and dialogic reading questions were replaced with a
focus on exact numeracy.

Active Control Books. To provide a strong counterfactual to
the intervention groups, an active control group was used. The
books that were used in this group were also researcher-designed
in a similar format to the Little Elephants’ books, including length
and structure. However, the three books used for the active control
condition did not include the use of quantitative mathematical lan-
guage or numeracy content. These three books are titled Forgetful
Fred Gets Ready for Bed, Maria’s Perfect Day, and Bella Gets
Ready to Ride and were all written by Angela M. Isaacs and illus-
trated by Matt Dye. These books also included three color-coded
dialogic reading prompts on each page to engage children more in
the story. These books have been used in an active control condition
in prior work (Purpura et al., 2021).

Intervention Structure. An overview of the intervention struc-
ture is presented in Table 3. In each condition, a different book was
read three times each week for the first 3 weeks. Then, each book
was read one more time in Week 4 using the third prompt in each
book to reinforce the previous readings. The same process was
then repeated for Weeks 5 through 8. This structure was intended
to enable children to consolidate information from the first 6 weeks.

Project staff read the book to a small group of children. During
the reading session, project staff read one dialogic reading question
in the appropriate color prompt each time they read a page in the
book assigned that week. Interventionists scaffolded dialogic read-
ing responses using the PEER framework (Prompt, Evaluate,
Expand, Repeat; Whitehurst, 1992). If children responded cor-
rectly, the project staff provided reinforcement of the response by
repeating the correct response (e.g., “Yes, she does have more.”)
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Examples and Modifications to the Text and Dialogic Reading Questions Across Conditions

Quantitative language only

Numeracy only

Combined

Text “Whoops!” Bear fell down. “Whoops!” Bear fell down.
“Bear,” scolded Lucy. “Now the sugar “Bear,” scolded Lucy. “You knocked
is a different amount.” over two cups of sugar.”
Benjamin got more sugar. “Now they 're Benjamin got two new cups of sugar.
equal amounts again.” “Now they’re equal amounts again.”
Question 1 1. Did Benjamin get enough sugar? 1. Do Benjamin and Lucy have four cups
of sugar now?
Question 2 2. Why did Benjamin get more sugar? 2. Why did Benjamin get two new cups of
sugar?
Question 3 3. Why is Lucy worried that some of the 3. Do Lucy and Benjamin have the four

sugar spilled?

cups of sugar they need? Can you count

“Whoops!” Bear fell down.

1.

“Bear,” scolded Lucy. “Now the sugar
is a different amount.”

Benjamin got two new cups of sugar.
“Now they’re equal amounts again.”
Do Benjamin and Lucy have four cups
of sugar now?

2. Why did Benjamin get two new cups of

3.

sugar?
Why is Lucy worried that some of the
sugar spilled?

them?

and then continued to the next page. If children responded incor-
rectly, the project staff evaluated the response and expanded and
corrected that response in a constructive manner. Interventionists
were explicitly trained to use only the correct terminology (e.g.,
mathematical language, numeracy) in their respective conditions.
The questions were posed generally to the group and project staff
worked to ensure comparable opportunities for answering across
all children.

Fidelity. Interventionists audio-recorded each intervention ses-
sion and one third of each interventionists’ audio files were ran-
domly selected to be transcribed and coded. To assess intervention
fidelity, interventionists were evaluated on whether or not they
used each of the prespecified dialogic reading prompts. Fidelity
rate was computed as the percentage of correctly used prompts
throughout a storybook reading session. Each book contained 14
total prompts to be read each session. Therefore, fidelity out of the
total number of prompts used correctly was averaged out of a
14-point score.

Of the 2,381 total audio files completed, one-third (n = 794) were
randomly selected to be assessed for fidelity. An additional 20%
(n=157) of the randomly selected 794 files were double-coded.
Interrater reliability ranged from 0.75 to 1.00 and had an average
score of 0.97. Overall, fidelity of the intervention was high.
Across the 15 interventionists, average fidelity was 97% with a
range of 83%-100%. Fidelity was consistently high across

conditions: quantitative language only (n =210; 97%), numeracy
only (n =201; 100%), combined (n = 204; 95.5%), and active con-
trol (n = 179; 99%).

We planned to conduct weekly interventionist fidelity checks to
ensure the intervention was delivered correctly. If an intervention-
ist’s fidelity rate was below 80% (i.e., fewer than an average of 12
out of 14 prompts per book correct), they would have been provided
with additional training within the next week. We expected that
interventionists would be able to deliver these interventions with
high fidelity because in prior work using a similar style of reading
prompts, caregivers implemented the intervention with an average
fidelity rate of 91% with minimal training and no follow-up
(Purpura et al., 2021). As part of these fidelity checks at the end
of each week, a random third of the audio-recorded sessions for
each interventionist was reviewed to identify if the interventionist
used noncondition terminology (e.g., use of quantitative mathemat-
ical language in the numeracy instruction only condition). These
weekly checks were used to maintain treatment integrity. If noncon-
dition terminology was observed, the interventionist would be pro-
vided with additional training and support to ensure treatment
fidelity. After the first 3 weeks, these weekly fidelity checks were
discontinued because interventionists demonstrated high fidelity.
Moreover, due to the impacts of the pandemic, personnel resources
were needed on other aspects of the project (e.g., scheduling, partic-
ipant tracking, make-up sessions).

Table 3
Intervention Delivery Structure
Condition book Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8
Quantitative only QB1x3 QB1x3 QB2x3 QB1x1 QB2x1 QB1x3 QB2x3 QB3x3 QB1x1QB2x1
QB3x1 QB3x1
Numeracy only NB1x3 NB2x3 NB3x3 NBIx1NB2x1 NB1x3 NB2x3 NB3x3 NBI1x1NB2x1
NB3x1 NB3x1
Combined QN1x3 QN2x3 QN3x3 QN1x1 QN1x3 QN2x3 QN3x3 QN1x1
QN2x 1 QN2x 1
QN3x1 QN3x1
Active control NM1x3 NM2x3 NM3x3 NM1x1 NM1x3 NM2x3 NM3x3 NM1x1
NM2x1 NM2x1
NM3x1 NM3x1

Note.

For each condition, book one refers to the different versions of Too Many Pillows, book 2 refers to the different versions of Just Enough Eggs, and book 3

refers to the different versions of Picnic with Some Peanuts. QB = quantitative language book; NB = exact numeracy book; QN = combined [quantitative

language + numeracy] book; NM = nonmathematics book.
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Analytic Pipeline
Inclusion and Exclusion Criteria

Inclusion. To be eligible to participate, children must have (a)
attended one of the 13 designated preschools, (b) had parental consent
to participate, (c) been 3-5 years old, (d) been English-speaking, (e)
had no known developmental disorders, and (f) given assent to partic-
ipate. The children who met these six criteria were included in the
study.

Exclusion. All children who were assigned to a condition were
included in the final data analysis as an intent-to-treat model was
used. Even if children assigned to a condition did not participate
in the intervention sessions, but had pretest data, they were
included. No outlier protocol was used for children’s performance
as it was assumed that any outliers were representative of a child’s
actual ability. Thus, in all cases in which children completed pre-
testing and were assigned to condition, they were included in
analyses.

Analytic Plan

In this study, we randomly assigned individual children to one of
four conditions in a 2 (numeracy) X 2 (quantitative mathematical
language) design (quantitative language only, numeracy only, com-
bined, active control). Therefore, for any specific statistical contrast,
we considered 25% of the sample to be in the treatment condition.

Large-scale nationally representative datasets indicate that condi-
tional ICCs for math are low in early elementary school (ICC < .11;
Hedges & Hedberg, 2007) and similarly designed intervention studies
have indicated that classroom effects were negligible (Hassinger-Das
et al., 2015; Purpura, Napoli, et al., 2017). However, we planned that
regardless of whether or not the ICCs at intervention group, classroom,
or school were negligible, we would adjust the 7 test and degrees of free-
dom for estimates of statistical significance post hoc, using standard
error adjustment procedures described by Hedges (2007) to correct
for clustering. Ultimately, we found that ICCs for the quantitative lan-
guage outcome was negligible (<.001) and any adjustments would not
have changed p values. For the numeracy outcome, the ICC was .11
(.095 for the modified version used in the robustness check). Because
adjusting nonsignificant p values would not change interpretations,
only the findings with p values <.100 were adjusted. Moreover, robust-
ness check analyses were conducted as three-level multilevel models to
account for variance at both the group and classroom levels. Differences
between that method and the planned analyses were negligible, thus we
retained our planned and more parsimonious models where we adjusted
t test and degrees of freedom for estimates of statistical significance.
Primary analyses followed a regression-based framework with three
dummy-coded variables representing the quantitative language only,
numeracy only, and combined conditions for H1 and H2. An equation
representing this analytic model is:

Y = B0 + B1 x (Numeracy) + B2
X (Quantitative Mathematical Language) + B3
X (Combined) + B4 x (Covariates). 1)
The covariates term in the equation is a shorthand representation
of an array of all covariates used in the analysis (covariates are listed

in the next section). The analysis was repeated separately for each
posttest measure (Y) and, following a residualized gain format, we

also controlled for all covariates including the corresponding pretest
measure. For H3, the reference group was changed from the active
control group to the combined group, but all other analytic proce-
dures remained the same.

For Hla, we interpreted coefficient B2, as it represents the differ-
ence between the quantitative language only condition and the active
control condition, for the quantitative mathematical language outcome
(Y). For H1b, we examined the same coefficient when numeracy was
the outcome variable (Y). For H2a, we again examined the numeracy
outcome, but focused on the statistical significance of coefficient B1
(representing the difference between those children assigned to the
numeracy only condition and the active control condition). For
H2b, we examined the same coefficient when quantitative mathemat-
ical language was the outcome variable. H3 contrasted the combined
condition with those who received the numeracy only intervention on
their quantitative mathematical language (H3a) and numeracy (H3b)
skills. We also compared children in the combined group with chil-
dren in the quantitative language only group on their quantitative
mathematical language (H3c). H3a-H3c were tested using post hoc
contrasts with a conservative Bonferroni correction to the critical p
value (o level = .025).

Covariates

In addition to pretest quantitative mathematical language and
numeracy performance, analyses included the following covariates:
child age, gender, parental education, general vocabulary, cognitive
flexibility, and attendance (i.e., the number of intervention sessions
in which the child participated). Group differences on pretest vari-
ables were tested by conducting analyses of variance (ANOVA)
with the key pretest scores as the dependent variable and the condi-
tions as the independent variables. These results are presented in the
preliminary analyses section of the “Results” along with descriptive
data on the measures and a correlation table.

Missing Data

It was expected that in some cases, it may have been possible that
children were missing data at random. To counter this loss of informa-
tion, full implementation maximum likelihood estimation was
intended to be used in all primary analyses. Maximum likelihood is
an efficient method for handling most types of missing data but
does not support missingness on dichotomous predictors or on the
dependent variable (cases are deleted listwise when there is missing-
ness on these). Therefore, we planned that if we were unable to con-
duct maximum likelihood estimation due to the nature of the
missingness, we would instead use multiple imputation methods.
Multiple imputation was planned to be conducted following steps to
evaluate the nature of the missingness and attrition as outlined by
the What Works Clearinghouse (2020). Additionally, we planned to
follow the same procedures as explained for testing potential pretest
differences to test for covariates and other variables that may be related
to missingness on all outcome variables. Anything that was found to
be related to the missingness (an effect size > 0.25) was included as
an auxiliary variable in the imputation model. We planned to impute
10 datasets and pool results across imputations. Ultimately, all partic-
ipants who were randomly assigned to the condition had complete
assessment data at pretest. In terms of demographic data included in
the analyses, eight of the 239 participants were missing parent
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education data. The only missing data at posttest was due to attrition.
Thus, because the primary missing data were on posttest measures,
multiple imputation with 25 imputed datasets with results pooled
across imputations was used. The modified number of 25 imputed
datasets, rather than the proposed 10, was used due to estimation con-
vergence. The imputation model included all covariates (child age,
gender, parent education, and attendance), as well as all pre- and post-
test measures.

Power Analysis

It was expected that a total sample of 200 participants (50 per con-
dition) would be needed to achieve adequate power. This a priori
power analysis was conducted using the Hedges’ g effect size aver-
ages (see Table 1) from the systematic review of the mathematical
language and numeracy intervention literature (see the Appendix).
From the identified studies, effect sizes were harvested, and a single
Hedges’ g was estimated for each hypothesized contrast and each
outcome. The expected effect size of the intervention varied depend-
ing on the conditions being contrasted and the outcome (mathemat-
ical language or numeracy). Given that 200 participants were
needed, we aimed for an additional 10% to account for attrition
that was expected to occur during the course of the intervention.
Thus, we aimed to recruit a total of at least 220 participants (55
per condition).

Minimal Detectable Effect Sizes (MDESs)

In previous work, when mathematical language was the outcome
(note that some of these studies used a combined measure of quan-
titative and spatial mathematical language), the effects of similar
interventions were generally moderate (Hedges’s g: 0.38, 0.40,
and 0.45). For the numeracy outcome, the smallest effect sizes
from the published literature were those contrasting quantitative
language only intervention groups versus Control (effect size of
0.27 in our review), and numeracy only versus combined (numer-
acy and quantitative language) conditions (effect size of —0.25).
Although the effect size in the prior literature was negative (favor-
ing numeracy only instruction), it was our expectation that, because
of the design of our intervention (tightly connected quantitative
language and numeracy content and within a preschool popula-
tion), the combined condition would outperform the numeracy
only condition. Therefore, we used the smallest MDES of 0.25 to
determine the sample size necessary for the present study because
by using this estimate, all other primary analyses were sufficiently
powered.

More specifically, for H1, we expected that children who partici-
pated in the quantitative language only intervention condition would
outperform children in the active control condition on quantitative
mathematical language (Hla; expected effect size =0.45) and
numeracy (H1b; expected effect size = 0.27). For H2, we expected
that children who participated in the numeracy only condition
would outperform children in the active control condition on their
numeracy skills (H2a; expected effect size = 0.54), but not on quan-
titative mathematical language (H2b; expected effect size = 0.01).
For H3, we expected that children who participated in the combined
condition would outperform children who received the numeracy
only condition on quantitative mathematical language (H3a;
expected effect size =0.38) and on their numeracy skills (H3b;
expected effect size = 0.25). For our final hypothesis, we expected

that children who received the combined condition would also out-
perform children in the quantitative language only condition on
numeracy (H3c; expected effect size = 0.25), but not on quantitative
mathematical language.

Power Calculation. As previously described, to determine the
sample size necessary for this model, we used PowerUp! (Dong &
Maynard, 2013), with two-level blocked random assignment
(using the module “fixed effects and interactions with treatment”).
The MDES for numeracy outcomes was smallest and was used to
power the study (Hedges’s g =0.25). We used an o of .025 (for
the anticipated post hoc contrasts), a power estimate of 0.90, and
relied on one-tailed statistical tests (because we only have directional
hypotheses). Further, we relied on R? = .72 for covariates based on
recent work (Purpura et al., 2021). We estimated that 200 partici-
pants (blocked within classroom) would be needed to have a
power of 0.90 to detect a significant difference of an effect size of
0.25. We planned to recruit an additional 10% (n = 20) to account
for potential attrition for a total sample of 220 (55 per condition).
During our recruitment process, we chose to over recruit for our sam-
ple because we had concerns about schools/classrooms potentially
closing due to teacher shortages. Although we planned to test for
nesting effects (ICCs) and to adjust the 7 test and degrees of freedom
for estimates of statistical significance post hoc using procedures
described by Hedges (2007) regardless of ICCs, we did not incorpo-
rate nesting effects into our power analysis because prior similar
studies (Hassinger-Das et al., 2015; Purpura, Napoli, et al., 2017)
have found them to be negligible (e.g., Purpura, Napoli, et al.,
2017 found conditional ICCs of <0.001). Second, we incorporated
design features (random assignment of individual students within
the classroom) that randomly distributed classroom effects across
conditions. We also had fairly scripted intervention procedures
using books and dialogic reading questions that were likely to lead
to low levels of treatment heterogeneity across intervention groups.
Fourth, because the research questions were about the differences
between randomly assigned children and did not involve any fea-
tures of classrooms, multilevel approaches were not necessary
(McNeish et al., 2017). Moreover, after reviewing the prior litera-
ture, this study would use larger sample sizes per condition than
any of the other studies included in this power analysis (see the
Appendix).

Transparency and Openness

This study was originally accepted as a Stage 1 in-principle
acceptance (IPA) at the Journal of Educational Psychology and
the accepted version, Stage 1 IPA documentation, and preregistra-
tion can be found here (https://osf.io/dbx7c/). A deidentified ver-
sion of the analytic data set can be found here (https://osf.io/
vbwkf/) and the code and results for primary analyses have
been posted here (https://osf.io/9vrju/). All measures that were
used in this study have been cited in the Method section and ref-
erences are included in the reference section. The books used in
the intervention study for the quantitative language only condition
are available on Amazon, but the other two conditions are not yet
publicly available. No substantial changes to the design and
implementation of the study were made with the exceptions
noted earlier to address COVID-19-related implementations. All
conducted analyses follow the planned and approved proposed
analyses.
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Results
Preliminary Analyses

ANOVAs were conducted on all pretest variables (quantitative
language, numeracy, general vocabulary, cognitive flexibility, age,
parental education, gender). No significant differences among the
groups were observed (ps =.056-.950). Correlations between key
variables are presented in Table 4 and descriptive statistics are pre-
sented in Table 5. Intraclass correlation estimates from models
including only the covariates showed zero to a very small proportion
of variance was attributable to the classroom (0% for quantitative
math language skills and 11% for numeracy skills).

Primary Results

The results for all hypotheses are presented in Table 6 and the con-
dition variable was dummy-coded. For H1 and H2 the variables rep-
resenting the assigned condition (quantitative language only
condition, numeracy only condition, and combined condition) are
a test of the contrast between that given condition and the control
condition. For H3, the condition variable was recoded to contrast
the conditions to the combined condition. For contrasts with a
noted directional hypothesis, one-tailed p values were used. All
other p values are two-tailed.

Hypothesis 1 (HI)

For HI1, we hypothesized that children who participated in the
quantitative language only condition would outperform children in
the active control condition on quantitative mathematical language
(Hla) and numeracy skills (H1b). However, there was no significant
advantage for children in the quantitative language only condition
(compared to active control) for either the quantitative mathematical
language outcome (Hla: estimate =0.32, p=.148 [one-tailed],
Hedges” g =0.14) or for the numeracy outcome (H1b: estimate =
—1.35, p=.970 [one-tailed], Hedges’ g = —0.21).

Hypothesis 2 (H2)

For H2a, we expected that children who participated in the numer-
acy only condition would outperform children in the active control

condition on numeracy skills. We found that there was no differ-
ence between the numeracy treatment and control group on numer-
acy skills (H2a: estimate = —0.62, p =.793 [one-tailed], Hedges’
g = —0.10). For H2b, we did not expect the numeracy only condi-
tion to impact quantitative mathematical language. Similar to pre-
vious results, the numeracy only condition did not impact
quantitative mathematical language (H2b: estimate =—0.06,
p = .850 [two-tailed], Hedges” g = —0.03).

Hypothesis 3 (H3)

To test H3, we changed the reference group from the active control
group to the combined (math language + numeracy) condition—
note here that negative estimates are in favor of the combined condi-
tion. We hypothesized that the combined condition would outper-
form children in the numeracy only condition on both quantitative
mathematical language (H3a) and numeracy skills (H3b), as well
as outperform children in the quantitative language only condition
on numeracy skills (H3c). These contrasts provide a more direct
test of the magnitude of the advantages afforded in the combined
condition versus instruction in either quantitative mathematical lan-
guage or numeracy alone. For H3a, we focused on the outcome of
Math Language. Here we find that those in the combined condition
did outperform those in the numeracy only condition on math lan-
guage (H3a: estimate = —0.53, p = .045 [one-tailed], Hedges’ g =
—0.23) in favor of the combined condition. However, using the con-
servative Bonferroni correction, this was no longer statistically
significant.

For the numeracy outcome, we find that the combined condition did
not afford an advantage when compared to the numeracy only condi-
tion (H3b). In other words, the addition of math language did not
improve children’s numeracy skills beyond receiving numeracy
alone (H3b: estimate = —1.04, p = .128 [one-tailed], Hedges’ g =
—0.17). We did, however, see that the combined condition outper-
formed the quantitative language only condition on numeracy skills
(H3c; estimate = —1.77, p = .019 [one-tailed], Hedges’ g = —0.28).

Robustness Check

To ensure that any potential findings on numeracy outcomes were
not driven by the overlap between mathematical language and

Table 4
Correlations Between Key Variables and Covariates
Variable 1 2 3 4 5 6 7 8 9

1. Age —

2. Attendance .029%* —

3. Pretest cognitive flexibility 430 —.013* —

4. Pretest vocabulary 355 .067* .505 —

5. Pretest quantitative language 441 —.017% 547 517 —

6. Pretest numeracy (full) 483 —.023* .604 480 610 —

7. Pretest numeracy (adjusted) 463 —.032% .594 441 575 990 —

8. Posttest math language 431 .084* 572 493 615 .614 .593 —

9. Posttest numeracy (full) 457 —. 117%* 575 473 .613 770 765 .670 —
10. Posttest numeracy (adjusted) 458 —.107* 572 463 .604 765 763 .660 993
Note. Numeracy (full) scores are the raw PENS scores inclusive of all items. Numeracy (adjusted) scores are the raw PENS scores minus the three items that

include math language and were the scores used for the robustness check. All correlations are statistically significant (p < .001) except those noted. PENS =

Preschool Early Numeracy Screener.
*p>.010. **p<.010.
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Table 5
Descriptive Statistics for Key Variables Overall and by Group
Quantitative
language only Numeracy only Combined Active control
All participants condition condition condition condition

Variable N M SD  Group differences (p) n M SD n M SD n M SD n M SD
Age 234 429 0.62 .950 60 427 0.60 57 432 0.60 58 426 0.63 59 430 0.66
Attendance 234 18.76 5.40 .080 60 1995 392 57 19.14 594 58 1845 536 59 1747 6.01
Pretest
Cognitive flexibility =~ 234  10.99 5.85 525 60 10.50 5.53 57 11.79 6.04 58 1131 625 59 1041 5.61
General vocabulary 234 573 153 512 60 —5.82 1.64 57 —-563 155 58 —-554 137 59 -592 157
Quantitative language 234 8.78 2.39 .056 60 8.80 232 57 9.07 251 58 9.19 255 59 8.08 2.06
Numeracy (full) 234 12.86 6.11 154 60 1243 6.14 57 1396 586 58 1350 624 59 11.61 6.09
Numeracy (adjusted) 234 11.36 5.50 221 60 1095 564 57 1235 532 58 11.81 553 59 1039 543
Posttest
Quantitative language 218  10.39 2.26 .160 59 1049 237 49 1037 1.88 55 10.84 228 55 9.87 236
Numeracy (full) 218 16.01 6.28 204 59 1481 6.60 49 1639 582 55 1725 6.15 55 1573 6.34
Numeracy (adjusted) 218  14.01 5.73 255 59 1290 6.03 49 1431 529 55 1502 558 55 1393 585

numeracy items, all analyses were rerun using the PENS measure
without the three items that involved questions using more/fewer.
Results are largely the same as the primary results and are presented
below by hypothesis.

Hypothesis 1 (HI)

There was no significant advantage for children in the quantita-
tive language only condition (compared to active control) for either
the quantitative mathematical language outcome (H1a: estimate =
0.33, p =.139 [one-tailed], Hedges’ g = 0.15) or for the numeracy
outcome (H1b: estimate = —1.39, p =.983 [one-tailed], Hedges’
g=-0.24).

Hypothesis 2 (H2)

We found that there was no difference between the numeracy only
condition and active control condition on numeracy skills (H2a:
estimate = —0.74, p = .859 [one-tailed], Hedges’ g = —0.13). The
numeracy only condition did not impact quantitative mathematical
language (H2b: estimate = —0.05, p =.856 [two-tailed], Hedges’
g=-0.02).

Hypothesis 3 (H3)

We find that those in the combined condition did outperform those
in the numeracy only condition on math language (H3a: estimate =

Table 6
Parameter Estimates for Intervention Contrasts Using Dummy-Coded Condition Variables
Quantitative math language Numeracy
Predictor Estimate SE p Estimate SE p

Age 0.38 0.22 .086 1.06 0.53 .022
Gender (1 = female) 0.23 0.23 308 —0.51 0.54 .199
Parent education 0.06 0.07 .360 0.33 0.16 .021
Attendance 0.07 0.02 .005 —0.02 0.06 375
Numeracy skills pretest 0.10 0.03 <.001 0.53 0.06 <.0001
Quantitative language skills pretest 0.24 0.07 <.001 0.37 0.16 .009
Cognitive flexibility 0.07 0.03 .008 0.09 0.06 .069
General vocabulary 0.13 0.09 126 0.27 0.21 115
Condition (control as reference)

Intercept 3.45 1.44 .017 0.99 3.63 427

Math language condition versus control 032 030 148 —135 072 .970*

Numeracy condition versus control —0.06 0.31 .850 —0.62 0.76 7937

combined condition versus control 0.47 0.31 126 0.42 0.74 571
Condition (combined as reference)

Intercept 3.92 1.44 .007 1.41 3.63 427

Math language condition versus combined —0.16 0.29 598 —1.77 0.71 019*°

Numeracy condition versus combined —0.53 0.31 .045? —-1.04 075 12820
Condition (quantitative language as reference)

Intercept 3.76 1.45 .010 —0.36 3.65 921

Numeracy versus quantitative language —0.37 0.30 218 0.73 0.74 321

Note. Results are reported across 25 imputations.

@ A priori directional hypothesis that was tested using a one-tailed test of significance. All other p-values were
using two-tailed tests because we did not have a priori directional hypotheses. ®p values were adjusted to
account for clustering.
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—0.54, p = .042 [one-tailed], Hedges’ g = —0.24). However, using
the conservative Bonferroni correction, this was no longer statistically
significant. We find that the combined condition did not afford an
advantage when compared to the numeracy only condition on child-
ren’s numeracy skills (H3b: estimate = —0.94, p = .083 [one-tailed],
Hedges’ g = —0.16). We did, however, see that the combined condi-
tion outperformed the quantitative language only condition on numer-
acy skills (H3c; estimate = —1.58, p =.048 [one-tailed], Hedges’
g = —0.28) which was no longer significant after the use of the con-
servative Bonferroni correction.

Exploratory Post Hoc Analyses

Given that the effects of the combined condition varied in statistical
significance across the primary analyses and robustness check, fre-
quentist analyses do not allow us to support the null hypothesis
(that there is no effect), and the effect sizes across these contrasts
were consistently positive favoring the combined condition, we calcu-
lated Bayes factors (Faulkenberry, 2022) for H3a, H3b, and H3c. The
Bayes factors for H3a (effects of combined vs. numeracy conditions
on quantitative language skills) provided anecdotal support for the
hypothesis (BFjo=1.39 [BF;p = 1.46 using the robustness check
contrasts]). H3b (effects of combined vs. numeracy conditions on
numeracy skills) indicated anecdotal support for the null hypothesis
(BFy; = 1.18 for both the primary and robustness check contrasts).
Finally, Bayes factors indicated moderate evidence supporting H3c
(effects of combined vs. quantitative language only conditions on
quantitative language skills; BF,g = 6.14 [BF,( = 5.36 for the robust-
ness check contrasts]).

Discussion

Understanding how quantitative language and numeracy instruc-
tion affect children’s mathematical learning is a critical step in
advancing instructional opportunities for young children during
the preschool period. In the current study, we contrasted four condi-
tions—quantitative language only, numeracy only, combined [quan-
titative language + numeracy], and an active control—to examine
the unique and combined effects of quantitative language and
numeracy instruction on children’s quantitative mathematical lan-
guage and numeracy skills. Unfortunately, the effects of the inter-
ventions were not as clear, nor as robust, as had been expected
based on previous work. Namely, as has been found multiple
times in prior research (e.g., Purpura et al., 2021; Purpura, Napoli,
et al., 2017) unique effects of the quantitative language only condi-
tion on quantitative language skills and numeracy outcomes were not
found. Similarly, no effects of the numeracy only intervention were
found on either quantitative language or numeracy outcomes. In
contrast, the effects of the combined condition were mixed and
not as robust as expected.

Unique Effects
Quantitative Language Qutcomes

In contrast to prior work, the quantitative language only condition
did not statistically significantly outperform the active control condi-
tion on quantitative language skills. Although the effect size was pos-
itive (Hedges’ g = 0.14) on quantitative language skills (favoring the
quantitative language only condition), it was substantially smaller

than the expected effect size from prior work (e.g., Hedges’ g =
0.46; see Table 1). It is unclear why these results did not align with
prior evidence, particularly given that prior evidence on quantitative
language only interventions (Purpura et al., 2021; Purpura, Day,
et al., 2017; Purpura, Napoli, et al., 2017) showed robust effects on
quantitative language skills. However, there were a few notable differ-
ences in this intervention study than in the prior studies.

First, in contrast to Purpura et al. (2021) which was implemented
one-on-one by parents, this study was conducted in classrooms in
small groups of three to four children. The added number of children
during the reading may have made it more challenging for children to
benefit from the intervention as they may not have had the opportu-
nity to respond to each of the dialogic reading questions that were
asked. In fact, if all children in a group of four children were
posed an equal number of questions, each child would have the
opportunity to respond to only a quarter of the total questions;
which, over the course of 24 potential sessions, would be an oppor-
tunity to respond to only 102 questions per child in groups of four
versus 408 questions when delivered one-on-one. As group sizes
in the current study were not randomly determined (they were
based on the number of children assigned to each condition within
classrooms), we cannot adequately address this question with
these data. Future work should more systematically examine group
size effects as has been done for other small group interventions
(Clarke et al., 2020, 2023).

Second, the effects on quantitative mathematical language may
have been dampened due to the relative increase in recognition of
the importance of mathematical language over the last several years
and potentially the increased attention to it in typical classrooms—
which would subsequently raise the baseline of instruction for most
students. For example, the recent What Works Clearinghouse report
on Preparing Young Children for School (Burchinal et al., 2022)
includes an emphasis on mathematical language as one of its key rec-
ommendations. Similarly, the state in which the intervention was con-
ducted currently includes preschool mathematics standards on
knowledge of quantitative mathematical language terms (Indiana
Department of Education, 2015). It is possible that the increase in
attention to mathematical language more generally by educators
may have dampened the effects of the quantitative language only con-
dition by establishing a higher baseline of general mathematical lan-
guage instruction in classrooms. Further work investigating
teachers’ systematic use of mathematical language in classrooms is
warranted.

Numeracy Outcomes. Unexpectedly, neither the quantitative
language only condition nor the numeracy only condition had a posi-
tive impact on children’s numeracy outcomes. Although we expected
positive effects on numeracy outcomes for both conditions, there have
been a range of effect sizes on numeracy outcomes from prior
research—from nearly one standard deviation below zero (Mix et al.,
2012) to around two standard deviations above zero (Mix et al.,
2012; Young-Loveridge, 2004). Although these findings are disap-
pointing, they do fall into the range of prior studies. The lack of positive
effects could be due to a number of potential factors including breadth
of focus of the intervention, the potential need for inclusion of both
mathematical language and numeracy instruction for children to
acquire numeracy skills, and the increase in attention to mathematical
language and numeracy instruction in general classrooms.

First, in much of the prior research focusing on improving numer-
acy skills through picture book interventions, there has been a very
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narrow focus on individual numeracy constructs such as cardinality
during the intervention as well as the assessments (e.g., Gibson et al.,
2020; Mix et al., 2012; O’Rear & McNeil, 2019). The current inter-
vention focused more generally on counting, relations, and opera-
tions to better represent the breadth of numeracy skills (Milburn
et al., 2019; Purpura & Lonigan, 2013). However, this broader
focus (and related measurement) may have diminished the observed
effects either because the instructional emphasis was too broad, or
because the measurement of impacts was done at a broader level
and not at a specific-enough level (i.e., assessment was inclusive
of a wide range of numeracy skills when impacts may have been
at a more specific level such as just on cardinality). For example,
there are few items on the PENS that focus on cardinality, whereas
a lot of the text and dialogic reading questions in the numeracy con-
dition are directly aligned with knowledge of exact quantities. Future
work should more directly evaluate the intervention effects on indi-
vidual numeracy constructs.

Second, and building off the prior point, broader numeracy instruction
may require quantitative language instruction to be effective. Notably,
the numeracy only instruction provided through the books intentionally
did not contain any quantitative language. Whereas some prior effective
numeracy intervention studies may have naturally included quantitative
language terms in instruction depending on who the interventionists
were (e.g., parents or teachers vs. trained interventionists)—even if not
explicit about it (e.g., prior interventions may have focused on cardinal-
ity, but naturally contrasted various quantities using the words more/
fewer). Importantly, in discussions with the research team, it was
noted that the language used in the numeracy only condition could
have been more natural and easier to discuss if there was the embedded
use of quantitative language terms. Explicitly removing such terminol-
ogy and actively working to avoid building on children’s natural use
of it, may have prevented the normative effectiveness of numeracy
instruction.

Third, and similar to recent changes with mathematical language
in instructional guidelines, greater attention has been placed on
numeracy in preschool classrooms over the last several years. It
may be that there was a higher baseline of numeracy focus across
all classrooms in the current study than would have been seen previ-
ously. For example, in prior work (e.g., Purpura, Day, et al., 2017;
Purpura, Napoli, et al., 2017), there was nearly no growth in child-
ren’s numeracy performance from pretest to posttest for the control
condition; whereas, in the current intervention, children in the active
control condition gained over 3.64 out of 29 total possible points on
the PENS from pretest to posttest. Unfortunately, there are few sys-
tematic efforts to measure the amount of mathematics instruction
generally over time during the preschool years, so it is difficult to
evaluate how instruction has changed over time.

Combined Effects

The effect sizes for H3 analyses were all in the direction favoring
the combined condition for all key contrasts, but these effects were
mixed and mostly not statistically significant. Although these effects
were directionally aligned with our hypotheses, they were of lower
magnitude than expected and thus, generally did not reach statistical
significance. However, the positive effect sizes shown across both
quantitative language and numeracy outcomes, suggest that the com-
bined condition may have more potential compared to instruction in
either domain individually to impact student learning.

It should be noted that the positive effect sizes of the combined
condition were generated using only half the amount of instructional
time in each individual area (quantitative language and numeracy)
than either of the other instructional conditions. The total amount
of book reading instruction was the same, regardless of condition.
Thus, although the combined condition only resulted in an effect
size improvement of Hedges” g =0.15 compared to the numeracy
only condition, it was done with only half as much time explicitly
focused on numeracy instruction. Similarly, the effect sizes of
0.23 on quantitative language (contrasting the combined condition
and the numeracy only condition) and 0.28 on numeracy (contrasting
the combined condition with the quantitative language only condi-
tion) were found with instructional time split across instruction in
quantitative language and numeracy. As such, these findings are
potentially promising and suggest that more investigation is needed
to determine how to more effectively combine and support quantita-
tive language and numeracy instruction to benefit children’s mathe-
matical development.

The current study took an approach where quantitative language
and numeracy instruction were combined into a single instructional
condition and interwoven across the full course of the intervention.
However, it is unclear if there are other methods of combining
instruction such as more explicitly aligning with learning trajectories
(Clements & Sarama, 2011) may be a better method of providing
instruction. For example, given that quantitative language instruc-
tion may provide children with a basis for acquiring numeracy skills
by giving them access to the language used in numeracy instruction
(Purpura et al., 2018), combined instruction may be better imple-
mented in an ordered fashion with first providing quantitative lan-
guage instruction and then providing numeracy instruction—rather
than providing both at the same time as done here. Alternatively,
similar to recent work that shows the benefits of targeting instruction
to children’s individual needs based on learning trajectories
(Clements et al., 2021) it may be best to provide children with math-
ematical language and numeracy instruction (or a combination)
based on their ability level. Future work should examine how best
to maximize children’s learning using quantitative language and
numeracy instruction.

Limitations

Two key limitations to this study must be noted. First, these inter-
ventions were conducted during the height of the Omicron Wave of
the COVID-19 pandemic which may have impacted both children’s
entry knowledge and the consistency of the learning environment dur-
ing the intervention. In terms of entry knowledge, there is growing
evidence that the pandemic impacted children’s opportunities to
learn (Kuhfeld et al., 2022; K. Lewis & Kuhfeld, 2021) including at
the earliest ages through reduced effects of classroom instruction
and reduced opportunities to participate in early childhood education
programs (Yoshikawa et al., 2020). Unfortunately, we did not compre-
hensively assess that information in family backgrounds, so we cannot
know if it may have affected children’s readiness to learn the content.
Moreover, there were clear impacts of the Omicron Wave during the
intervention implementation that may have disrupted children’s
opportunities to learn in a consistent learning environment specific
to the preschool programs with whom we worked. Notably, for a por-
tion of the intervention period, many of our schools and/or class-
rooms were implementing 2-week full class quarantines if there was
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apositive case in a classroom. Although we continued the intervention
upon the reopening (at the same spot we left off on), this meant that
there could be multiple weeks between intervention sessions—poten-
tially interfering with any benefits that may have been seen and built
on. Moreover, when schools discontinued whole classroom quaran-
tines and moved to individual child quarantines, this resulted in a
number of children that missed individual sessions and had to be
made up when they returned. Each of these challenges led to an
extended intervention schedule to complete the targeted number of
sessions and a more disrupted school environment for participating
children. Thus, these findings may not be generalizable to settings
beyond the situation in which this study was implemented due to
the unique circumstance under which the intervention was imple-
mented, and future work should further evaluate these contrasts
under different environmental conditions.

Second, the use of picture books alone may not be maximally effec-
tive in building children’s language and numeracy skills. Recent evi-
dence has suggested that vocabulary acquisition (and we would
surmise this would apply to mathematical language too) can be
enhanced through pairing shared book reading with guided play
(Dickinson et al., 2019; Toub et al., 2018). Similarly, there is evidence
that numeracy instruction is most effective when done with manipula-
tives (Carbonneau et al., 2013). Had the interventions expanded to
incorporate this research evidence, we may have seen more robust
effects of the unique instructional conditions. However, we also
note that it may have been more challenging and time-consuming to
implement such instruction in the classrooms and more difficult to
ensure control of instructional inputs that were necessary in this study.

Future Directions

Given the limitations of the current study and the limited significant
findings, we highlight several critical next directions for future research.
First, there is a need to develop a more robust set of interventions to max-
imize impacts on the individual domains of mathematical language and
numeracy instruction. This may be done through extending instruction
beyond just picture books to include guided play activities and manipu-
latives. Second, building on the current interventions, there is a need to
determine how best to deliver the combined intervention to maximize
learning. For example, should quantitative language and numeracy
instruction be delivered simultaneously as was done in the current inter-
vention or in sequence according to a learning trajectory? Third, are there
individual differences—including initial ability levels—that suggest tar-
geted instruction on either quantitative language or numeracy first (or in
combination) may be more effective. Essentially, what type of instruc-
tion works best for whom and when? Fourth, although not explicitly
intervention-related, it is necessary to better understand how quantitative
language and numeracy instruction are occurring in classroom settings.
This knowledge will allow us to better target instructional support and
identify how the baseline of quantitative language instruction may
have changed over time. Fifth, given the impacts of COVID-19 on the
intervention timeline of this study, conducting a similar follow-up
study without that disruption may help to eliminate whether or not
those disruptions adversely affected outcomes.

Conclusion

The findings from the current study were mixed and less robust than
expected in evaluating the unique and combined effects of quantitative

language and numeracy instruction. Although the unique conditions
did not exhibit significant impacts on their expected areas, there were
some, more modest, effects of the combined condition on children’s
learning. These findings highlight the need to better understand how
quantitative language and numeracy instruction can be better integrated
to enhance children’s early learning.
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Previous Mathematical Language and Numeracy Intervention Studies

Hedges’ g
Intervention study Condition Outcome Condition 1 (n) Condition 2 (n) effect size
Gibson et al. (2020) Numeracy versus control ~ Numeracy 37 31 0.17
Green et al. (2018) Q + N versus control Numeracy 24 26 0.65
Green et al. (2018) Q + N versus control Numeracy 24 26 0.54
Green et al. (2018) Q + N versus control Numeracy 24 26 0.47
Green et al. (2018) Q+ N versus control Numeracy 24 26 0.57
Hassinger-Das et al. (2015)  Q + N versus numeracy Language 42 42 0.32
Hassinger-Das et al. (2015)  Q + N versus control Language 42 40 0.17
Hassinger-Das et al. (2015) ~ Numeracy versus control ~ Language 42 40 -0.17
Hassinger-Das et al. (2015)  Q + N versus numeracy Language 42 42 0.41
Hassinger-Das et al. (2015)  Q + N versus control Language 42 40 0.21
Hassinger-Das et al. (2015)  Numeracy versus control ~ Language 42 40 —0.21
Hassinger-Das et al. (2015)  Q + N versus numeracy Language 42 42 0.37
Hassinger-Das et al. (2015)  Q+ N versus control Language 42 40 0.33
Hassinger-Das et al. (2015) ~ Numeracy versus control ~ Language 42 40 —0.05
Hassinger-Das et al. (2015)  Q + N versus numeracy Language 42 42 0.95
Hassinger-Das et al. (2015)  Q+ N versus control Language 42 40 0.81
Hassinger-Das et al. (2015) ~ Numeracy versus control ~ Language 42 40 —0.15
Hassinger-Das et al. (2015)  Q + N versus numeracy Numeracy 42 42 —0.09
Hassinger-Das et al. (2015)  Q + N versus control Numeracy 42 40 0.40
Hassinger-Das et al. (2015) ~ Numeracy versus control ~ Numeracy 42 40 0.47
Hassinger-Das et al. (2015)  Q + N versus numeracy Numeracy 42 42 0.00
Hassinger-Das et al. (2015) Q + N versus control Numeracy 42 40 0.24
Hassinger-Das et al. (2015) ~ Numeracy versus control ~ Numeracy 42 40 0.26
Hassinger-Das et al. (2015)  Q + N versus numeracy Numeracy 42 42 —0.56
Hassinger-Das et al. (2015)  Q + N versus control Numeracy 42 40 0.09
Hassinger-Das et al. (2015) ~ Numeracy versus control ~ Numeracy 42 40 0.69
Jennings et al. (1992) Q+ N versus control Numeracy 29 32 0.40
Jennings et al. (1992) Q+ N versus control Numeracy 29 32 0.03
Jennings et al. (1992) Q+ N versus control Numeracy 29 32 1.41
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 0.48
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 0.00
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 —0.85
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 —0.07
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 1.15
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 2.13
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 2.13
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 1.03
Mix et al. (2012) Numeracy versus control ~ Numeracy 15 15 0.72
O’Rear and McNeil (2019) Numeracy versus control ~ Numeracy 34 37 0.72
O’Rear and McNeil (2019) Numeracy versus control ~ Numeracy 35 37 0.55
Powell and Driver (2015) Q + N versus control Language 35 28 0.48
Powell and Driver (2015) Q+ N versus numeracy Language 35 35 —0.16
Powell and Driver (2015) Numeracy versus control ~ Language 35 28 0.63
Powell and Driver (2015) Q + N versus control Numeracy 35 28 0.19
Powell and Driver (2015) Q+ N versus numeracy Numeracy 35 35 —0.31
Powell and Driver (2015) Numeracy versus control ~ Numeracy 35 28 0.47
Purpura et al. (2021) Quant versus control Language 40 44 0.49
Purpura et al. (2021) Quant versus control Numeracy 40 44 0.22
Young-Loveridge (2004) Numeracy versus control ~ Numeracy 23 83 1.90

Note. Q+ N = quantitative language and numeracy condition. Language outcome is mathematical language. Although each
of these studies uses different assessment tools, effect sizes from each study were converted to Hedges’ g by the authors so they

were on the same metric.
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