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ABSTRACT ARTICLE HISTORY
Success in mathematics contributes to children’s future career and Received 29 September 2020
lifelong financial security. There have been reports that dual-language Accepted 19 August 2022
education conveys academic advantages in mathematics achievement,
although there is debate. This study aimed to investigate whether dual- T

. - ) . . wo-way dual-language
language education benefits children’s mathematics achievement and education; mathematics
examine executive functions as a potential mechanism through which achievement; executive
dual-language education influences math achievement. Fourth grade functions; bilingual
children (n=465; aged 9-10 years) attending either dual-language proficiency
education or mainstream education programs within the same school
were tested on both mathematics achievement and executive functions.
Results showed that children in the dual-language education program
had higher math scores as well as higher executive functions
performance. Executive functions also significantly mediated the
relation between education program and mathematics achievement,
providing support for executive functions as a mechanism through
which advanced mathematics performance is achieved. All analyses
controlled for primary caregiver education. Attrition rate of the
education program as well as bilingual proficiency were considered in
the analysis. Results suggest that bilingual experience gained from a
dual-language program may benefit children’s executive functions and
that dual-language education may be an effective program for
children’s mathematics achievement through cognitive advantages that
contribute to academic success.

KEYWORDS

Having a solid foundation in mathematics contributes to children’s later academic achievement (e.g.
Duncan et al. 2007; Watts et al. 2014) and future career success and lifelong financial security (e.g. Lee
2012; Shapka, Domene, and Keating 2006). The importance and long-term impact of math achieve-
ment have inspired research in math education (e.g. Ashcraft and Krause 2007). Despite efforts, chil-
dren in the United States are scoring below average on the math test of the Programme for
International Student Assessment (PISA; OECD 2020). This calls for creative action.

In addition to second-language acquisition, dual-language education may be an effective
program to enhance children’s academic achievement, regardless of their home language. Children
in dual-language education show higher academic performance compared to their peers in main-
stream education programs (e.g. Collier and Thomas 2004; Gomez, Freeman, and Freeman 2005).
Moreover, children participating in dual-language programs not only reported a high level of math-
ematics achievement (e.g. Gomez, Freeman, and Freeman 2005; Marian, Shook, and Schroeder 2013)
but also faster growth of mathematics performance (Watzinger-Tharp, Swenson, and Mayne 2018)
compared to their counter parts in mainstream monolingual education programs. This evidence
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suggest that dual-language education programs may be a promising intervention for children’s
mathematics achievement. However, the program can only be effectively implemented as an inter-
vention if the factors contributing to the advantage are understood. Yet, the underlying mechanisms
explaining why children in dual-language education are outperforming their peers in mathematical
achievement have not been identified.

A large body of research has shown cognitive advantages of bilingualism that emerge from mana-
ging two different languages on a regular basis. Specifically, these studies have demonstrated that
bilingual individuals have higher performance in executive functions tasks compared to their mono-
linguals peers (e.g. Bialystok and Barac 2012; Esposito and Baker-Ward 2013; Nicolay and Poncelet
2015; but see Paap, Johnson, and Sawi 2015 and Lowe et al. 2021 for discrepant findings that
have questioned the generalizability of this effect). Importantly, executive functions are closely cor-
related to academic achievement broadly (e.g. Serpell and Esposito 2016) and mathematical achieve-
ment, specifically (Best, Miller, and Naglieri 2011; Blair and Razza 2007). Furthermore, executive
functions are a strong predictor of concurrent (Magalhaes et al. 2020) and later math achievement
(Bull, Espy, and Wiebe 2008; Clark, Pritchard, and Woodward 2010). Thus, it may be that enhanced
executive functions gained through bilingual education are a mechanism underlying high math
achievement for children in dual-language education programs. We examined this in fourth grade
students with the collaboration of a school system offering a dual-language track side-by-side
with a mainstream education track. Specifically, we examined whether dual-language education pre-
sents an advantage in executive functions that mediates the relation between educational program
and math performance.

Dual-language education

Bilingual education is an umbrella term which refers to education programs that involve teaching
academic content through a target-language. Bilingual education includes immersion education,
one-way dual-language education and two-way dual-language education. These programs aim to
develop bilingualism, biliteracy and bicultural children. In immersion education programs, instruc-
tion is provided predominantly through a target-language (90-100%) and the students typically
consist of the speakers of the majority-language of the region learning an alternative language
(such as English speakers in a French immersion program in Canada). Dual-language programs typi-
cally provide content through both the majority-language and a target language, often 50% of
instruction through each language (although the language composition varies across specific
models). There are two main models of dual-language education, one-way and two-way,
that differ in the composition of students. Two-way dual-language programs consist of both
majority- and target-language speakers in relatively equal representation, whereas one-way dual-
language programs consist of only one language group with either majority- or target-language
speakers.

The differences in the bilingual education programs may be important for understanding how
well they accomplish the goals of bilingualism, biliteracy, biculturalism, and academic achievement
as well as the cognitive impact of participation. To best characterize these differences, we use the
most appropriate term when reporting on previous literature. The current research is made possible
with the cooperation of a school offering a two-way dual-language program and a mainstream all-
English education program.

Studies have found lower dropout rates for ELLs in dual-language programs compared to those
enrolled in English-only programs (Lindholm-Leary and Borsato 2001; Thomas and Collier 2002). Fur-
thermore, children of all language backgrounds in dual-language programs achieve at least compar-
able to, and often higher than, their peers in mainstream language programs on standardized
academic tests while also developing proficiency in a second-language (e.g. Collier and Thomas
2004; Gomez, Freeman, and Freeman 2005).
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Dual-Language education and mathematics achievement

There is evidence supporting that dual-language education specifically impacts math achievement.
Both ELLs and English-language speakers in dual-language education programs perform better or at
least comparably to their peers in mainstream programs on math achievement (e.g. Barnett et al.
2007; Steele et al. 2017). For example, Watzinger-Tharp, Swenson, and Mayne (2018) compared
the math scores of 2287 4th graders in dual-language and mainstream programs matched with
demographic characteristics and 3rd grade math and English language arts scores. The results
showed a significantly higher math score for the 4th graders in the dual-language program com-
pared to their counterparts in mainstream programs, indicating a faster growth in math performance
for dual-language program students. It appears to take several years of dual-language education for
an advantage to emerge in mathematics, with no difference in lower grades but outperformance in
higher grades regardless of home language (e.g. Esposito 2020; Padilla et al. 2013). Children from low
socio-economic status (SES) backgrounds who are in dual-language programs also show advantages
in math performance after a few years (Esposito 2020; Lindholm-Leary and Block 2010). For example,
Marian, Shook, and Schroeder (2013) found higher math scores for children in dual-language pro-
grams regardless of language background and SES. Specifically, 5™ grade speakers of the target
language and 3rd, 4th, and 5th grade speakers of the majority-language had higher math scores
than their peers in mainstream education program even though the dual-language program had
a higher proportion of children from low income families (86.6% vs 47.8%).

In contrast to aforementioned studies, a recent meta-analysis questioned the academic advan-
tages gained from dual-language programs. Hill (2018) conducted a meta-analysis including ten
studies which examined the difference in academic achievement for children in dual-language
and mainstream education programs. He found an advantage for dual-language students, but
pointed out the small effect size. Also, Hill found notable variability among the effects of dual-
language programs on mathematics achievement leaving the possibility that other confounding
variables such as socioeconomic status, student attrition rate, and language proficiency may be
involved. Accordingly, Hill posited a potential null effect of dual-language education. Thus, the
potential for dual-language education as an intervention strategy for math performance is yet inde-
terminable and it is pivotal consider SES, attrition rates, and language proficiency to examine the
effect of dual-language programs on children’s math achievement.

Executive functions and mathematics achievement

Executive functions refer to top-down mental processes that support goal-directed behavior. It is
generally accepted that executive functions consist of inhibition (suppression of prepotent or irrele-
vant information and responses), shifting (flexibly shifting between different tasks or rules), and
updating (manipulating the contents stored in working memory as required; e.g. Miyake et al.
2000). A large body of research shows that executive functions correlate strongly with scholastic per-
formance (e.g. Diamond 2013; Serpell and Esposito 2016), even explaining more variance in aca-
demic achievement than intelligence (Alloway, Bibile, and Lau 2013; Swanson 2004).

The relation between executive functions and math achievement has long been established across
various age ranges from preschoolers to adults (e.g. Blair and Razza 2007; Magalhaes et al. 2020). A
cross-sectional study also found a significant correlation between executive functions and math
from age 5 to 17 in a large US sample representative of demographics of the country (Best, Miller,
and Naglieri 2011). The results indicate the lasting impact of executive functions on math performance.
Moreover, longitudinal studies suggest robust relations between executive functions and mathematics
achievement. Executive functions of preschoolers were related to their mathematics achievement con-
currently as well as throughout their first three years of elementary school (Bull, Espy, and Wiebe 2008)
and this longitudinal relation remained even after controlling for other variables such as socio-econ-
omic status (Bull et al. 2011) and reading achievement (Clark, Pritchard, and Woodward 2010).
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Potential benefits for executive functions from dual-Language education

Bilingualism gained through natural exposure has a positive influence on some areas of children’s
cognitive development. This includes areas where the impact is well documented and robust (e.g.
metalinguistic awareness, Barac & Bialystok, 2012; Zhang, Chin, and Li 2017) as well as areas with
greater controversy (e.g. executive functions, Esposito, Baker-Ward, and Mueller 2013; Nicolay and
Poncelet 2015; but see Lowe et al. 2021 for small effect from a meta-analyses). It is not known if
the second-language experience and other aspects of dual-language education that make it differ
from traditional classrooms, such as frequent language switching, support the development of
executive functions. Studies that have examined this are limited. Among those studies, most
focused on the impact of language immersion programs in which instructions and content are pro-
vided predominantly through a target language in order to enhance majority-language speaking
children’s second-language proficiency (immersion programs, such as French language immersion
for English speaking children in Montreal; Bialystok and Barac 2012; Puri¢, Vuksanovi¢, and Chondro-
gianni 2017). These studies indicate that bilingual experience gained through classroom exposure
contributes to children’s executive control, attention skills, inhibitory control and metalinguistic
awareness. However, two-way dual-language programs differ from immersion education programs
in ways that limit the generalizability of this extant research.

In two-way dual-language programs, instruction is provided approximately equally through two
languages (although models vary) and children in two-way dual-language classroom consist of com-
parable number of speakers of both languages. This classroom designs requires more frequent use of
code-switching between two languages whether from instruction or from interactions between
classmates who speak different languages. Higher frequency of language switching demands may
enhance executive functions; however, it is also possible that higher cognitive load may impede chil-
dren from developing executive control ability. Indeed, the research thus far has been inconclusive.
A few studies found no difference in executive functions between children in dual-language and
mainstream education programs (Kaushanskaya, Gross, and Buac 2014; Poarch and van Hell 2012).
One study indicated a disadvantage for children in bilingual education (Puri¢, Vuksanovi¢, and Chon-
drogianni 2017). However, children in these studies had less than two years of experience in a dual-
language program. Findings from studies with children who had been in dual-language programs
longer indicate there may be an advantage with additional experience. Esposito and Baker-Ward
(2013) found a cognitive advantage for children from economically disadvantaged families in the
Trail Making Task, but only for children with more than 3 years of experience in the program. In
addition, Esposito (2020) found benefits in executive functions in behavioral rating measures for
all grade levels in a two-way dual-language education program. Thus, there is some support that
the bilingualism gained through dual-language education could support emerging benefits in
executive functions.

If benefits are found, it is yet unclear whether bilingual proficiency or other aspects of dual-
language education, such as sufficient experience switching between two languages, are respon-
sible for emerging cognitive advantages. Some studies have shown that the advantage in executive
functions emerge when children achieve sufficient proficiency in both languages (Clarkson 1992;
Kempert, Saalbach, and Hardy 2011). Additionally, Yim and Bialystok (2012) found that more fre-
quent use of code-switching was associated with better switching on an executive functions
measure. This indicates the importance of considering both children’s proficiency in their languages
as well as the context of language use in order to better understand the mechanism supporting any
benefit to executive functions found associated with dual-language education.

Another concern regarding the potential impact of dual-language education on cognitive develop-
ment is whether it would transfer to academic performance. Transfer refers to an effect that knowl-
edge, strategies, skills, etc. acquired in one context through training applies to other contexts.
Studies of far transfer (i.e. a generalization of an effect of specific training to distant domains)
remain elusive (e.g. Barnett and Ceci 2002; Jaeggi et al. 2014). While a number of studies found far
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transfer in various domains including reading comprehension (e.g. Garcia-Madruga et al. 2013), execu-
tive functions (e.g. Salminen, Strobach, and Schubert 2012), and mathematics (e.g. Witt 2011), there is
also notable evidence that such effects do not exists (e.g. Jacob and Parkinson 2015; Zinke et al. 2014)
or are at least difficult to induce under experimental conditions. The current study sheds light on the
far transfer of executive functions in educational settings by examining whether advantages in execu-
tive functions from attending dual-language education translate to mathematics performance.

In summary, there are three uncertainties regarding the relation between dual-language education
and executive functions. First, whether dual-language education conveys a cognitive advantage in
executive functions. Second, if it does, is the advantage related to the education environment more
generally or specifically related to bilingual proficiency. Third, if there is an advantage to executive func-
tions for those in the dual-language education model, does this transfer to academic performance such
that executive functions mediate the relation between education program and math achievement.

The current study

The main purpose of our study was to examine a mechanism for high mathematical achievement in
children participating in dual-language education programs compared to their peers in mainstream
monolingual programs. To address this, we examined (1) whether children in the dual-language edu-
cation program had higher mathematics achievement compared to their peers in mainstream class-
rooms, (2) whether children in the dual-language program showed evidence of higher executive
function skills compared to their peers in mainstream education, and, if higher achievement was
found in both areas, (3) did executive functions performance mediate the relation between edu-
cation program and mathematics achievement. Additionally, we examined whether executive func-
tions and academic performance were predicted by bilingual proficiency or enrollment in dual-
language education to better understand whether any advantage found was related to the edu-
cational context conveyed through dual-language education or specific to language proficiency.
Bilingual proficiency is being gained by children within both educational models (because children
who speak Spanish at home are still developing both languages even if attending the monolingual
education model). Thus, we could examine whether bilingual proficiency alone had the same impact
on executive functions and math achievement as participation in dual-language education (which is
contributing to gains in bilingual proficiency but also creates a bilingual context).

We predicted higher mathematics achievement and executive function skills for children in the
dual-language program compared to their peers in the mainstream education program and that
executive functions would mediate the relation between education program and mathematics
achievement. We also predicted that bilingual proficiency would explain variance in mathematics
achievement and that executive functions would mediate the relation between bilingual proficiency
and mathematics achievement. The present study was conducted with 4th graders. They were
chosen specifically as they had sufficient experience in a two-way dual-language education program.

Method
Participants and school system

The participants were 465 4th grade children (54% girls, Myg.= 10 years, 4 months, SD,g. = 5.50),
enrolled in a rural public school in the southeastern United States (see Table 1). The data was
drawn from a larger study which consist of 481 4th graders (16 participants were excluded for
missing the math test score). Participants were recruited annually across 3 years (2016-2018) with
letters distributed by their teachers and only those children whose parents/guardians provided
written consent participated (the n represents 67% of population). The school system includes
266 mi® with one public school option for Grade 4. Reflecting the diversity of the community, the



6 (&) S.PARKETAL.

Table 1. Descriptive statistics by education program.

Education program

Dual-language program Mainstream education program

n (female;male) 118 (66;50) 358 (180;163)

Strongest Language (Spanish;English) 96 (32;64) 255 (34;221)

Caregiver Education 3.30 (1.78) 3.90 (1.80)
n=110 n=339

BST (ms) 888.71 (143.78) 935.58 (139.11)
n=104 n=255

Simon (ms) 913.82 (140.67) 946.50 (134.96)
n=64 n=172

English verbal comprehension 47.87 (7.63) 48.93 (7.01)
n=99 n=235

Spanish verbal comprehension 30.74 (21.51) 12.79 (18.85)
n=104 n=244

Bilingual Proficiency 83.63 (16.65) 74.57 (16.74)
n=280 n=103

Math EOG 449.59 (7.63) 445.04 (9.34)
n=116 n=349

Notes. Bilingual Proficiency was derived from sum of English and Spanish Verbal Comprehension score. Caregiver Education was
used as a measure of socio-economic status.

sample was comprised of 35% Black, 22% non-Hispanic White, and 18% Hispanic White. Remaining
18% identified as Hispanic or Latino, however, they did not specify a race.

As described, the school system offers two educational tracks: mainstream English (monolingual
English education) or two-way dual-language (TWDL; Spanish/English; 50% split instructional time
and equal representation of speakers of both languages in the classroom). Attrition in the sample
was low. Only 4 children included in the sample moved out of the TWDL and into the mainstream
English program. All other children whose data was included in this study enrolled in their education
program in kindergarten and maintained a stable placement. The education programs are housed
within the same school with the same school-level resources. All children placed in the TWDL
program are placed by lottery (opt-in at kindergarten registration), but not all children in mainstream
English entered the lottery (the percentage of parents who enter the lottery is not available). Previous
studies within this population have not found differences in observable characteristics between chil-
dren or families that are in the TWDL compared to the mainstream English model (e.g. Esposito 2020).

Measures

The task battery consisted of language measures, academic measures, and executive function
measures.

Bilingual proficiency

The Woodcock-Muioz Language Survey® -Revised Normative Update (WMLS® -R NU) is a norm refer-
enced measure of verbal comprehension, available in both English and Spanish, and is appropriate
for ages 2-90 +. We used both English and Spanish language comprehension measures: Verbal
Comprehension Test 1, vocabulary, and Test 2, analogies; both tests were administered in both
languages. Raw scores within each language were recorded to calculate verbal comprehension
measures, one in English and one in Spanish. These were then summed to create one measure of
bilingual proficiency. Children who scored 0 either in Spanish or English were excluded while gen-
erating the sum score as they were not quantifiably bilingual.

Parent and academic data
Parents completed a written questionnaire including family demographics and students’ language
history (see Table 1). Parents provided the highest education of the primary caregiver, which was
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used as a proxy for SES (e.g. Davis-Kean 2005; Waters et al. 2021). With parental authorization, the
school guidance counselors provided scores on the state standardized end-of-grade mathematics
test (math EOG). The test is administered to fourth graders in all public schools in North Carolina.
We analyzed the raw scores of math EOG (range = 426-475).

Computerized executive functions measures
Computerized tasks used the Psychology Experiment Building Language (PEBL: Mueller 2010, 2012)
delivered on TP500L laptop computers with touchscreen monitors.

Bivalent shape task. The Bivalent Shape task (stimulus-stimulus conflict: Mueller and Esposito 2014)
is a non-verbal computerized test measuring the ability to suppress irrelevant salient features and act
on relevant stimuli where the conflicts exist. Two shape buttons remain on the screen (i.e. a red circle
on the left and a blue square on the right) and participants use the buttons to ‘match the shape’ to a
larger shape presented mid-screen (circles and squares in either red, blue, or a black outline). Con-
gruent stimuli matched in both color and shape; incongruent items matched in shape but not in
color; and neutral items did not have color, giving no distraction or facilitation to participants.
The task starts with practice blocks for each type of stimuli followed by a mixed block with all
three types of stimuli presented in a fixed randomized order of 10 trials. Participants had up to
3 s to respond to each of the trials. Mean reaction times on correct trials for the incongruent
stimuli were used in the analysis. This task has been used with preschool bilingual children (Esposito,
Baker-Ward, and Mueller 2013) and 8- to10-year-olds (Esposito and Bauer 2018).

Simon task. The Simon task measures inhibitory control ability that involves a stimulus-response
conflict. A green or orange rectangle appears on the left or right side of the monitor and participants
are asked to press the shift button on each end that correlates to the color, ignoring the location of
the shapes on the screen. If the shape on the screen is on the same side of the shift button, individ-
uals respond more quickly. The Simon task has been validated with other executive functions as a
marker of attention deficit for children (e.g. Mullane et al. 2009) and has been employed in
studies examining cognitive effects of bilingualism (e.g. Martin-Rhee and Bialystok 2008). Mean reac-
tion times for correct trials for incongruent trial types were used in the analysis. This task was only
collected in two of the three years of data collection.

Procedures

Children were tested individually within their school during a single session lasting approximately
45 min, which is the time allotted by the participating school system. Research assistants were psy-
chology college students with intermediate to advanced Spanish ability. They were extensively
trained and were monitored by the last author during data collection to ensure protocol fidelity.
All participating children provided verbal assent. The university institutional review board and par-
ticipating school system school board reviewed and approved all procedures. The computer tasks
were administered in random order. Both computer tasks were designed to be non-verbal and
instructions were administered in the child’s preferred language (English or Spanish). Computer
tasks were followed by the language measures, Spanish then by English. These measures were
included as part of a more extensive test battery.

Results

The results are reported in four sections. First, we describe student’s executive functions, mathematics
achievement, and correlations. Second, we examine differences in mathematics achievement and
executive functions across the two education groups. Third, we evaluated whether the advantage in
executive functions mediated the relation between education program and mathematics achievement.
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Lastly, we explored the role of bilingual proficiency in the mediation model. The effect of education
program and bilingual proficiency were separately examined as bilingual proficiency is deeply
embedded in dual-language. Examining the bilingual proficiency in separate model enabled us to inves-
tigate whether any effect found in the TWDL program could best be explained by gains in bilingual
proficiency or if there was an added component from the context of the education program. All
data analysis were conducted using two tailed tests with R 3.6.2 software (R Core Team 2020).

Description and correlations

Means and standard deviations are reported in Table 1. Correlations are shown in Table 2. Math EOG
was significantly related to Executive Functions as well as Bilingual Proficiency. Since Caregiver Edu-
cation was significantly correlated with Education Program, Mathematics Achievement, and English
and Spanish Verbal Comprehension, all analyses controlled for the effect of Caregiver Education. The
number of participants for the BST and Simon tasks differed because Simon was not administered in
all years. Additionally, the BST and Simon task were not highly correlated to each other. Thus, we ran
separate models for Simon and BST for the following analysis.

Education group differences

We examined whether students across the two education programs differed in math achievement
and executive functions while controlling for Caregiver Education. The results of the analysis of
covariance (ANCOVA) showed that children in different education programs differed in math
achievement [F(1, 436) =31.39, p <.001, partial nz= .07], such that children in the TWDL program
had higher Math EOG scores compared to their peers in mainstream English education (adj. M =
450.28 vs 444.82) after controlling for Caregiver Education. Children also differed significantly
across education programs in executive functions. This was the case for both the BST [F(1, 335) =
8.17, p <.01, partial n?=.02] and the Simon [F(1, 224) 4.63, p <.05, partial n? =.02]. Children in
the TWDL program showed faster response times in the conflict trials for both the BST (adj. M=
885.65 vs 934.22) and the Simon (adj. M =904.87 vs 949.57) with Caregiver Education controlled.

Mediation analysis

We examined whether executive functions mediated the relation between education program and
math achievement. Following the steps of Baron and Kenny (1986), we examined: (1) whether Edu-
cation Program predicted Math Achievement, (2) whether Executive Functions (represented by BST
and Simon task in separate models) were predicted by Education Program, and (3) whether the effect
of Education Program on Math Achievement decreased when Executive Functions and Education
Program were both included in the regression analysis. The regression models predicting Executive
Functions with Caregiver Education and Education Program as predictors were examined respect-
ively for the BST and the Simon task with consistent results (see Figure 1 and Figure 2). In both
models, Education Program predicted Math Achievement [F(2,436) 22.55, p <.001, n? =.09] and

Table 2. Correlation analysis.

1. 2. 3. 4. 5. 6. 7.
1. Gender 1.00
2. Caregiver education —0.08 1.00
3. Education program 0.04 —0.16** 1.00
4. BST 0.05 —-0.01 —0.15%* 1.00
5. Simon 0.09 —0.12 -0.11 0.46*** 1.00
6. Bilingual Proficiency 0.04 —0.35%** 0.26%** —-0.09 -0.03 1.00
7. Math EOG —0.06 0.17%** 0.22%%* —0.25%** —0.30*** 0.33*** 1.00

Notes. *p < .05. **p <.01. ***p <.001.
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Executive Functions [F(2,336) 4.23, p <.05, 5> =.02 for BST; and F(2,226) 3.99, p < .05, n? =.03 for
Simon]. The relation between Education Program and Math Achievement decreased with the
addition of the Executive Functions measure [F(3,334) 18.03, p<.001, n?=.13 for BST; and F
(3,223) 16.99, p<.001, n?=.18 for Simon]. This indicates mediation. To examine whether this
mediation was significant, we then conducted the Sobel test. The Sobel test revealed that the
mediation model with the BST (Z=2.37, SE=.28, p=.02) was statistically significant, however, the
mediation model with the Simon task was not (Z=1.91, SE = .40, p =.06).

Bilingual proficiency

We next investigated whether bilingual proficiency (i.e. a sum score of Spanish and English measure),
explains the variance of math achievement and executive functions. These analyses included only
those for whom a bilingual proficiency score could be calculated (scored above 0 on both
Spanish and English measures; see supplemental materials for alternative analysis based on more
stringent qualifications), but did not divide students by education program. We again followed
the steps outlined by Baron and Kenny (1986), replacing Education Program with Bilingual Profi-
ciency. First, the regression model including Caregiver Education and Bilingual Proficiency as predic-
tors significantly explained children’s Math EOG [F(2,168) 23.01, p<.001, 5?=.21]. Next, the
regression model including Caregiver Education and Bilingual Proficiency significantly explained
BST [F(2,163) 3.57, p <.05, ? =.03]. Finally, the regression model with Caregiver Education, Bilin-
gual Proficiency, and BST predicting Math EOG was significant [F(3,162) 19.89, p <.001, n? =.26;
see Figure 3]. Although all steps of regression models were significant, the Sobel test revealed
that the mediation was not significant (Z=1.77, SE=.01, p =.08). We next examined the regression
models with Simon. A regression model with Caregiver Education and Bilingual Proficiency explain-
ing for Simon was not significant [F(2, 93) .28, p =.75], indicating no support for the mediating role
of executive functions in relation between Bilingual Proficiency and Math EOG (see Figure 4).

Discussion

This study examined whether children in a TWDL program had higher mathematics achievement
compared to their peers in a mainstream education program and whether the higher performance

BST

-49.27 (16.98)**, -0.01 (0.003)***

Education 3.87 (1.04)*** Math
Program 5.46 (0.97)*** EOG

Notes. **p < .01. ***p < .001. Lower BST scores indicate faster reaction time and better task performance.

Figure 1. Mediation Analysis Examining Whether BST Mediates Between Education Program and Math EOG Controlling for Care-
giver Education. Notes. **p <.01. ***p <.001. Lower BST scores indicate faster reaction time and better task performance.
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Simon

-44.91 (20.65)* -0.02 (0.004)***

Education 5.13 (1.33)*** Math
Program 5.46 (0.97)*** EOG

\ 4

Notes. *p <.05. ***p < .001. Lower Simon scores indicate faster reaction time and better task performance.

Figure 2. Mediation Analysis Examining Whether Simon Mediates Between Education Program and Math EOG Controlling for
Caregiver Education. Notes. *p < .05. ***p < .001. Lower Simon scores indicate faster reaction time and better task performance.

was explained by executive functions. The results supported that children in TWDL have higher per-
formance in both mathematics achievement and executive functions compared to their peers in
mainstream education even when controlling for caregiver education. Children in TWDL showed
higher math standardized test scores as well as faster response times in both Simon and BST
tasks. We also found support for the theory that executive functions was an underlying mechanism
of the higher mathematics achievement in TWDL children. Further, our results indicate that the
experience of participating in a TWDL program may be partially driving the advanced performance.
This advantage was not solely due to gained proficiency in the languages as the results did not repli-
cate when education program was replaced with bilingual proficiency and included students gaining
proficiency in the mainstream English-only program.

BST

-1.35 (0.64)* -0.01 (0.004)*

Bilingual 0.21 (0.04)*** Math
Proficiency 0.22 (0.04)*** EOG

Notes. *p <.05. *#**p < .001. Lower BST scores indicate faster reaction time and better task performance.

\ 4

Figure 3. Mediation Analysis Examining Whether BST Mediates Between Bilingual Proficiency and Math EOG Controlling for Care-
giver Education. Notes. *p < .05. ***p < .001. Lower BST scores indicate faster reaction time and better task performance.
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Simon

-0.48 (0.92) -0.02 (0.006)*

Bilingual 0.22 (0.05)*** Math
Proficiency 0.22 (0.08)*** EOG

Notes. *p <.05. ***p < .001. Lower Simon scores indicate faster reaction time and better task performance.

Figure 4. Mediation Analysis Examining Whether Simon Mediates Between Bilingual Proficiency and Math EOG Controlling for
Caregiver Education. Notes. *p < .05. ***p < .001. Lower Simon scores indicate faster reaction time and better task performance.

Our findings support higher math performance for students enrolled in a TWDL program com-
pared to their peers in a mainstream English-only program, even after considering other possible
confounding variables. Previously, Hill (2018) proposed the possibility of a null effect for dual-
language on children’s academic achievement pointing out the high variability of the mathematics
achievement that might have been driven by other factors such as SES and attrition rate. SES has
been known as a strong indicator for children’s academic achievement (see Sirin 2005 for meta-
analysis), as lower SES can mean fewer resources available in their family and community (e.g.
Evans 2004). The proxy we had to represent SES in this study was caregiver education. We controlled
for this in all of the analysis and, importantly, caregiver education was lower for those in the TWDL
program compared to the mainstream English model. Although caregiver education is an imperfect
proxy for socio-economic status, this is an indication that socio-economic status was unlikely to be
higher for TWDL students as parental education is highly tied to socio-economic status (e.g. Davis-
Kean 2005; Waters et al. 2021). In addition, only 4 of the 465 participants moved between education
programs (all four moved from the TWDL to the mainstream program, and in the analyses, they are
included in the mainstream program), representing a low attrition rate for TWDL program in our
sample. Thus, these factors are not likely to be responsible for the difference found in academic per-
formance between the two educational programs. Hence, we hold that participating in TWDL is con-
tributing to mathematics achievement.

The variability in Hill (2018)'s meta-analysis might be explained by the number of years spent in
the educational program, a factor he did not take into consideration. Previous studies that have
shown higher academic achievement for children in dual-language programs included those
enrolled in dual-language for more than three years (e.g. Marian, Shook, and Schroeder 2013;
Steele et al. 2017). This suggests that the years of experience being in the program may be the
key factor that supports the emergence of academic achievement in mathematics. Perhaps the aca-
demic benefits take time to emerge or require more experience.

Years of experience in dual-language may be a crucial factor when studying the academic
achievement of bilingual education program for two main reasons. First, it may take time to
develop the executive functions skills that affect educational achievement. It may be that children
must gain sufficient experience language switching either through instructions or interacting with
peers with different language backgrounds before a benefit can develop. The constant demand
of managing and switching languages throughout the day in bilingual education may contribute
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to their cognitive development. Second, early academic achievement might be hindered by low
vocabulary in at least one of the languages of instruction. When children enter the TWDL
program, they might have insufficient vocabulary in either the target- or majority-language to com-
prehend academic content. However, as children spend more time learning through two languages,
their vocabulary increases and, combined with growth in executive functions, they are able to
benefit academically. Thus, we recommend considering years of experience in the education
program when studying cognitive development and academic achievement of children in bilingual
education.

Further, we posit that enhanced cognitive ability from frequent language switching rather than
bilingual proficiency alone may be driving children’s subsequent mathematics achievement and
add to previous evidence of far transfer. Specifically, while executive functions mediated the relation
between education program and mathematics achievement, the mediation model between bilingual
proficiency (that included children across education models) and mathematics achievement was not
significant. Our findings do not counter previous research on bilingual proficiency being an important
factor for the cognitive advantage to emerge. Bilingual proficiency was significantly related to execu-
tive functions. However, our results suggest that even though bilingual proficiency contributes to aca-
demic and cognitive advantages, bilingual experience in classrooms may be a more important factor in
supporting a cognitive advantage that translates to children’s academic achievement. It may be that
children in the TWDL program have higher demands for language switching while those not in the
program are able to compartmentalize language between home and school contexts, providing
less demand on the executive system (Grosjean 2010; Yim and Bialystok 2012).

While our results support the possible advantage of TWDL in executive functions and further
mathematics achievement, we also note that the current study design cannot determine a causal
relation. Specifically, the sample did not result from the randomization process, and there are
likely factors involved in who entered the lottery and who did not that also contribute to differences
in educational outcomes. For example, it is likely that Spanish-speaking families would sign up for
the TWDL more than monolingual families. Moreover, while parents sign up for the lottery, their per-
ception of their child’s success in such education program may be involved. Although no observable
characteristics have been found between TWDL and mainstream education model (see Esposito
2020), this does not eliminate group differences as important to the observed educational outcomes.
Indeed, the model here explained 13% (a model with BST) and 18% (a model with Simon) of the var-
iance, indicating many factors are involved.

The present investigation is not without limitations. First, the data reported are from a cross-sec-
tional quasi-experimental design that cannot identify causality. Given the interesting findings, a fruit-
ful direction for future work will be to collect longitudinal data that includes the measures from prior
to entrance into the educational program. Second, we had a limited number of data available for the
Simon task. We were missing the Simon task data for an academic year (2017) which yielded a
smaller sample size (n=236) compared to BST (n=449). It is entirely possible that the null results
are due to reduced power and, thus, the results should be interpreted with caution. Further research
is recommended assessing executive functions with a large number of tasks and a large sample size
to inform the generalizability of the reported BST findings to other areas of executive functions. We
also note that we had a single indicator available as a proxy for socio-economic status, caregiver edu-
cation. There are multiple indicators such as parental occupations and household income that would
help to better understand the role socio-economic status plays in educational outcomes between
education programs. Although parental occupations have been widely used to represent family
backgrounds (Marks 2011), there is evidence suggesting that children’s outcome including academic
achievement may differ according to how it is measured (e.g. Festin et al. 2017; Marks 2011). Thus,
exploring the mechanism of academic advantage in bilingual education considering multiple
measures of SES is a direction for future research. The study is also based on a US rural sample
and, although racially and ethnically diverse, cannot be assumed to generalize to other contexts,
including those outside the US.
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In conclusion, the current study provides support for the hypothesis that executive functions
works as a mechanism supporting high math achievement in children enrolled in TWDL. These
results held with caregiver education controlled and with a sample that has very low attrition.
The implication is that, in addition to gaining both fluency and literacy in a second-language
while supporting the first language, children in TWDL are gaining cognitive skills that support math-
ematical achievement. The results provide support that the benefits are not just the result of gaining
language proficiency, but also the context of a TWDL program. Future research can examine how this
educational and linguistic environment support cognitive development. Therefore, we suggest the
continued research of TWDL as an effective educational program and compelling strategy to support
mathematical achievement. The results support the continued expansion of two-way dual-language
programs for both language development and academic achievement.
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