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ABSTRACT

Children who learn to use two languages at an early age could be at an academic
advantage in subjects not typically associated with linguistic or verbal acumen. However,
culturally and linguistically diverse students tend to fall behind their mainstream peers in
mathematics achievement. The purpose of this study was to determine how dual-language
education affects the acquisition and trajectory of mathematic skills in primary education.
A retrospective cohort study was conducted of five years of math computation (MCOMP) and math concepts and application (M-CAP) assessment scores from students at two
local elementary schools from a Midwestern school district. One school used a two-way duallanguage model for all students during the study period. A demographically comparable school
was used as a control for this study.
During fourth and fifth grade, students at the control school had higher M-COMP scores
during the winter and spring probes than their dual-language peers. No significant difference was
found in fall probe M-COMP scores. M-CAP scores in the dual-language program were starting
to exceed those in the traditional education program by fourth grade. No differences were found
between the schools during the winter and spring probes. fall M-CAP scores in the dual-language
program were higher for the fifth grade year. For both assessments, primary English speakers
outperformed their linguistically diverse peers.
The findings imply that dual-language education can potentially have a positive effect on
conceptual math development, and that language may have an increasingly important part to play
in mitigating disparities in mathematics achievement.

vi

TABLE OF CONTENTS
Chapter

Page

CHAPTER 1 INTRODUCTION .................................................................................................... 1
1.1

Cognitive Domains ........................................................................................................... 1

1.1.1

Executive Functioning .............................................................................................. 1

1.1.2

Monitoring and updating of working memory.......................................................... 3

1.1.3

Set shifting ................................................................................................................ 3

1.1.4

Inhibition of prepotent responses .............................................................................. 4

1.2

Development of Executive Functioning........................................................................... 4

1.3

Language and Literacy Development .............................................................................. 7

1.3.1

Current Theories of Language Development ............................................................ 7

1.4

Bilingual Learners .......................................................................................................... 14

1.5

Language and Executive Function ................................................................................. 15

1.6

Mathematic Development .............................................................................................. 20

1.7

Enculturation and Cultural Gaps .................................................................................... 25

1.8

Race, Ethnicity, and Acculturation ................................................................................ 29

1.9

Learner Socio-Economic Status ..................................................................................... 32

1.10 Language as a Mediator ................................................................................................. 35
CHAPTER 2 STATEMENT OF THE PROBLEM ...................................................................... 40
2.1

Bilingualism ................................................................................................................... 41

2.2

Bilingualism and Mathematics ....................................................................................... 43

2.3

Purpose for the Current Study ........................................................................................ 44

2.4

Research Questions ........................................................................................................ 45

2.5

Significance of the Current Study .................................................................................. 45

2.6

Assumptions of the Current Study ................................................................................. 45

2.7

Limitations/Delimitations............................................................................................... 46

CHAPTER 3 METHODS ............................................................................................................. 48

vii

TABLE OF CONTENTS (continued)
Chapter

Page

3.1

Institutional Review Board Approval ............................................................................ 48

3.2

Setting and Students ....................................................................................................... 48

3.3

Data Collection Methods ................................................................................................ 49

3.4

Measures and Data for Analysis..................................................................................... 50

3.4.1

Demographic Variables .......................................................................................... 50

3.4.2

Dual-Language Identifier ........................................................................................ 50

3.4.3

Socio-Economic Status ........................................................................................... 51

3.4.4

Primary Outcomes .................................................................................................. 51

3.5

Data Analysis Plan ......................................................................................................... 52

3.5.1

Descriptive Analyses .............................................................................................. 52

3.5.2

Assessing Influential Cases..................................................................................... 53

3.5.3

Missing Values and Multiple Imputation ............................................................... 54

3.6

Primary Analysis ............................................................................................................ 55

3.6.1

Research Question 1 ............................................................................................... 55

3.6.2

Research Question 2 ............................................................................................... 56

CHAPTER 4 RESULTS ............................................................................................................... 57
4.1

Cleaning and screening of the data ................................................................................ 57

4.2

Descriptive Analysis ...................................................................................................... 66

4.3

Primary Analysis ............................................................................................................ 71

4.3.1

Research Question 1 ............................................................................................... 79

4.3.2

Research Question 2 ............................................................................................... 95

4.4

Brief Summary of Results ............................................................................................ 109

CHAPTER 5 DISCUSSION ....................................................................................................... 111
5.1

Overview of the Study.................................................................................................. 112

5.2

Major Findings as They Relate to Executive Function ................................................ 114

viii

TABLE OF CONTENTS (continued)
Chapter

Page

5.2.1

Interpretation of M-CAP Scores ........................................................................... 116

5.2.2

Interpretation of M-COMP Scores........................................................................ 118

5.3

Major Findings, Literacy Development, and Cultural Responsiveness ....................... 120

5.4

Limitations and Implications........................................................................................ 127

5.5

Suggestion for Future Work ......................................................................................... 130

5.5.1

The Importance of Community-Based Research .................................................. 130

5.5.2

Scientific Validity ................................................................................................. 131

5.5.3

Community Partnerships ....................................................................................... 132

5.5.4

Future Research Questions ................................................................................... 133

5.6

Final Thoughts and Conclusions .................................................................................. 135

REFERENCES ........................................................................................................................... 137
APPENDICES ............................................................................................................................ 151
A Test Descriptions from AIMSweb Manual ......................................................................... 152
B Institutional Review Board Approval Letter ....................................................................... 166
C USD 259 Research Council Approval Letter ...................................................................... 167

ix

LIST OF TABLES
Table

Page

1.

Summary of Missing Values for Each Variable .................................................................. 57

2.

Distributions of Math Assessment Scores Before and After Transformation ..................... 61

3.

Summary of Demographic Variables for Students in a Dual-Language Magnet School .......
and a Control School ............................................................................................................ 66

4.

Univariate Comparison of Math Assessment Scores Before and After Transformation ..... 67

5.

Association of Student Demographics and Education Model with Mean ..............................
Standardized M-CAP Scores from Second Through Fifth Grade ....................................... 72

6.

Association of Student Demographics and Education Model with Mean ..............................
Standardized M-COMP Scores from Second Through Fifth Grade .................................... 76

x

LIST OF FIGURES

Figure

Page

1. A comparison of mathematics concepts and applications (A) scores and computation scores
(B) from second through fifth grade between a dual-language and traditional education model. 80
2. A comparison of average mathematics concepts and applications (A) scores and computation
scores (B) for students from second through fifth grade between a dual-language and traditional
education model. ........................................................................................................................... 82
3. A comparison of average mathematics concepts and applications (A) scores and computation
scores (B) for students in the fall, winter, and spring between a dual-language and traditional
education model. ........................................................................................................................... 84
4. A comparison of standardized mathematics concepts and applications (A) scores and
computation scores (B) from second through fifth grades between a dual-language and traditional
education model. ........................................................................................................................... 86
5. A comparison of standardized mathematics concepts and applications (A) scores and
computation scores (B) from second through fifth grades between a dual-language and traditional
education model. ........................................................................................................................... 88
6. A comparison of standardized mathematics concepts and applications (A) scores and
computation scores (B) for students in the fall, winter, and spring between a dual-language and
traditional education model........................................................................................................... 90
7. A comparison of GEE-estimated relative mathematics concepts and applications (A) scores
and computation scores (B) for students in the fall, winter, and spring between a dual-language
and traditional education model. ................................................................................................... 92
8. A comparison of GEE-estimated relative mathematics concepts and applications (A) scores
and computation scores (B) from second through fifth grades between a dual-language and
traditional education model........................................................................................................... 94
9. A comparison of raw (A) and standardized (B) mathematics concepts and applications scores
from second through fifth grades between a dual-language and traditional education model. .... 96
10. A comparison of raw (A) and standardized (B) mathematics concepts and applications scores
from second through fifth grades between a dual-language and traditional education model. .... 98
11. A comparison of raw (A) and standardized (B) mathematics concepts and applications scores
and computation scores in fall, winter, and spring between a dual-language and traditional
education model. ......................................................................................................................... 100

xi

LIST OF FIGURES (continued)

Figure

Page

12. A comparison of raw (A) and standardized (B) mathematics computation scores from second
through fifth grades between a dual-language and traditional education model. ....................... 102
13. A comparison of raw (A) and standardized (B) mathematics computation scores from second
through fifth grades between a dual-language and traditional education model. ....................... 104
14. A comparison of raw (A) and standardized (B) mathematics computation scores in fall,
winter, and spring between a dual-language and traditional education model. .......................... 106
15. A comparison of the model estimated standardized scores for the M-CAP (A) and the MCOMP (B) from second through fifth grades. ............................................................................ 108
16. Hypothesized relationship between mathematics concepts and application, computation, and
real-world experience.................................................................................................................. 122

xii

LIST OF ABBREVIATIONS

BICS

Basic Interpersonal Communication Skills

BDI

Biography-Driven Instruction

CALP

Cognitive and Academic Language Proficiency

CBR

Community-Based Research

CLD

Culturally and Linguistically Diverse

ELL

English Language Learners

ESL

English as a Second Language

fMRI

Functional Magnetic Resonance Imaging

GEE

General Estimating Equations

L1

Native Language, Primary Language

L2

Second Language

LAD

Language Acquisition Device

LEP

Limited English Proficient, Limited English Proficiency

LETRS

Learning Essentials of Teachers of Reading and Spelling

M-CAP

Mathematics Concepts and Applications

M-COMP

Mathematics Computation

PISA

Program for International Student Assessment

QICC

Corrected Quasi Likelihood under Independence Model Criterion

SES

Socio-Economic Status

SLP

Speech-Language Pathologist, Speech-Language Pathology

ZPD

Zone of Proximal Development

xiii

CHAPTER 1
INTRODUCTION

1.1

Cognitive Domains

1.1.1 Executive Functioning
The theoretical roots of executive functioning come from the field of neuropsychology.
The frontal lobe of the brain plays a critical role in controlling and regulating behavior (Shallice
& Burgess, 1991). This was originally inferred from observations of patients with severe frontal
lobe damage. This assertion has been confirmed in numerous imaging studies, of healthy and
damaged frontal lobes (Konishi et al., 1998), that require participants to perform some executive
task such as the Tower of Hanoi or the Wisconsin Card Sorting Test (Anderson, Damasio, Jones,
& Tranel, 1991; Baddeley, Emslie, Kolodny, & Duncan, 1998; Reitan & Wolfson, 1994). Those
imaging studies confirmed that the frontal lobe was indeed involved in executive tasks, but they
did not provide information regarding how exactly to define executive functions. Therefore, a
major goal of cognitive research over several decades has been to develop a consistent
framework for conceptualizing and defining executive functions. Of course, this also requires the
development of a set of valid and reliable tools through which researchers can test their
framework.
The development of a reliable framework for executive functions is problematic because
a) the executive tasks used to draw inferences are sensitive but nonspecific, and b) executive
functions can manifest differently depending on age and development. Numerous tools exist that
are meant to test executive functions. Not all these tests produce consistent results, which has led
to debate about the nature of executive functions (Miyake et al., 2000). Teuber (1972) first raised
this question of the unity-diversity nature of executive functions. Specifically, Teuber (1972)
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questioned if executive functions are one singular domain that manifests differently under
different task constraints, or if they are composed of multiple independent domains. By taking
the latter hypothesis, executive functioning becomes an umbrella term for a number of cognitive
domains described in the literature. These domains have included working memory, attention,
visual spatial reasoning, set shifting, monitoring and updating, planning, problem solving,
language, categorization, and flexibility. What should be apparent here is many of these domains
are likely interdependent. Furthermore, some of these functions can be considered cognitive
processes, resulting from executive function, rather than executive functions themselves.
More contemporary research has narrowed (Miyake et al., 2000) the number of executive
function domains to three core concepts: monitoring and updating working memory, mental set
shifting, and inhibition of prepotent responses. The seminal findings from Miyake and colleagues
(2000) support a dual unity-diversity nature of executive functions. Researchers used
confirmatory factor analysis and structural equation modeling to compare performance on a large
pool of executive tasks. They compared how well a unity model (one executive function), a
diversity model (three independent domains), or a full model (three unique but coordinated
domains) fit participant performances. As expected, the model that allows for three coordinated
executive function domains was the best fit for the observed data. These findings confirm, and
lend depth to, our understanding of the unity-diversity nature of executive functions.
For the current work, executive functions will be operationally defined like their
definitions in Miyake and colleagues (2000), but with some refinement based on more recent
works (Davidson, Amso, Anderson, & Diamond, 2006). This is due to the fact that much of the
foundational research which supports the current investigation defines executive functions in a
similar manner, or at least in semantically comparable ways.
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1.1.2 Monitoring and updating of working memory
Working memory is a core executive function that temporarily stores and processes
relevant information. It helps to encode, process, and store relevant information that is critical to
complex cognitive processes such as problem solving, learning, and comprehension. However,
the capacity of working memory is not limitless, and as such the relevance of information
contained and manipulated therein requires constant monitoring and updating. It should be noted
that these processes are dynamic and do not solely refer to working memory, updating, and
monitoring as passive processes (Miyake et al., 2000).
A simplistic, but useful, way to conceptualize working memory is to think of it like a
desktop or other finite workspace. On this workspace we can manipulate information like one
would move around folders, articles, or other pieces of relevant information on a desktop. To
make the most efficient use of this rather limited physical space, we need to constantly monitor
and update what information is kept and/or discarded in order to meet the demands of the tasks at
hand.
1.1.3 Set shifting
Set shifting refers to the executive control function of switching from one task to another,
more relevant, task. Many formal executive tasks such as the number-letter task and the localglobal task require shifting between mental sets (Miyake et al., 2000). Set shifting has shown to
be crucial to social interactions and engaging in conversations, as well as the ability to switch
between multiple mathematical operators when solving complex mathematical problems (Stocco
& Prat, 2014).
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1.1.4 Inhibition of prepotent responses
The final executive domain is often simply referred to as inhibition. Specifically,
inhibition is defined as an active process in which an automatic or prepotent response is
purposefully suppressed so that they do not interfere with the cognitive task at hand. A slightly
different way of conceptualizing this executive domain is how it can be used in the presence of
conflicting information or stimuli. Inhibition helps to resolve conflicting stimuli by inhibiting
conflicting and/or non-relevant information. This is helpful in individuals who speak more than
one language (Bialystok, 2010; Bialystok & Martin, 2004; Carlson & Meltzoff, 2008). Although
the individual may be speaking in one language, both languages are active. This means the nontarget language is necessarily being inhibited. Inhibition may also play a vital role in non-verbal
tasks such as pattern analysis, which has benefits in mathematics.
If we return briefly to our earlier analogy of a workspace, we can begin to see how these
three executive functions coordinate to accomplish a variety of complex tasks. Inhibition helps to
bring relevant information to the forefront while simultaneously inhibiting non-relevant
information from producing a response. Working memory helps to encode and manipulate all
relevant information based on the target task. As the target task, or elements of the task, changes,
we must be able to effectively shift focus while inhibiting any proactive interference from the
previous task.
1.2

Development of Executive Functioning
Evidence suggests that inhibition undergoes rapid development during the preschool

years. Some have used this evidence to suggest inhibition as a developmental priority with
regard to other executive functions (Best, Miller, & Jones, 2009; Senn, Espy, & Kaufmann,
2004). The demand on inhibition can vary depending on the how much demand is placed on
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working memory (Garon, Bryson, & Smith, 2008), the nature and strength of the prepotent
response to be inhibited (Diamond & Taylor, 1996), and the mode of the target response (e.g.,
motor, visual, etc.). This makes observing the developmental course of each executive domain
difficult. In part, this is because each domain is a latent variable that cannot be directly observed
and measured, and the cognitive tasks used to indirectly observe executive functions are varied
and somewhat non-specific (Miyake et al., 2000). Secondly, the executive demand appreciated
from any task will change with repeated exposure, even when we do not take age and
developmental changes into consideration (Best et al., 2009). In light of this confounding,
researchers have used brain imaging to help elucidate how inhibition develops over time (Bell &
Wolfe, 2007; Casey et al., 1997; Durston et al., 2006). From these studies, we see that inhibition
tasks cause a rather diffuse response in the frontal lobe in the early childhood years, when
children first learn to inhibit a prepotent response. As children move through grade school,
inhibition continues to improve but also refine itself (Best et al., 2009; Leon-Carrion, GarciaOrza, & Perez-Santamaria, 2004). Rather than the diffuse response noted in the preschool years,
grade school children show a more focused and localized frontal lobe response (Lamm, Zelazo,
& Lewis, 2006). While some researchers have suggested that improvement in inhibition is
negligible during and after adolescence (Romine & Reynolds, 2005), others have argued this is
due to the use of executive tasks that are too simple to produce an appreciable response (LeonCarrion et al., 2004). Complex tasks may be sensitive enough to pick up improvements to
inhibition beyond adolescence. Given the imaging and EEG studies available regarding the
development of inhibition from early childhood through early adulthood, one can hypothesize a
maturation of inhibition from a generalized control function to a more focal, refined, and
efficient one.
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Developmental studies on working memory show a linear relationship with age and the
complexity of task required to produce changes in working memory performance (Gathercole,
Pickering, Ambridge, & Wearing, 2004). For example, simple tasks like facial recognition tend
to show age-related differences in children through early grade school, at which point the task
fails to produce any further differences (Best et al., 2009). Complex tasks, like a self-ordered
search, appear to show complexity-dependent differences through adolescence (Luciana &
Nelson, 1998). Again, the difference in the types of tasks that are used to establish a
developmental trajectory for working memory confound our inference from the findings. It is
impossible to say with certainty that the demand on working memory is the only task-related
change that is driving noted changes in performance. In response to this critique, Luciana and
Nelson (1998) used a self-ordered search task, in which complexity changes based on the
number of search options, to provide a clearer demonstration of age-related working memory.
What the researchers found was that working memory continues to improve in its capacity
through early adulthood. For the simplest tasks, performance begins to level off around age six.
Intermediate tasks begin to stop producing performance differences in the late teen years, and the
most complex tasks continued to show differences across all age groups. Similar to the imaging
studies done on inhibition, working memory development appears to be associated with changes
in where associated responses occur and their relative neural activity (Klingberg et al., 2005;
Scherf, Sweeney, & Luna, 2006).
In general, the ability to switch between tasks with different sets of rules is positively
associated with age (Best et al., 2009; Huizinga & van der Molen, 2007). However, the ability to
handle more complex shifting across an increasing number of sets is not the only measureable
change associated with set shifting development. It can also be helpful to consider shifting in
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terms of the cost, both in accuracy and in response time. The demand of set shifting associates
with a drop in accuracy of the target response, particularly in young children (Davidson et al.,
2006). Typically, the decline in accuracy associated with shifting declines in early adolescence,
representing improvements in set shifting. Intuitively, improvements in set shifting come at a
cost to response time (Huizinga, Dolan, & van der Molen, 2006). The response time cost seems
to increase gradually into adulthood. One explanation for this is that this represents a
metacognitive response to an acknowledged accuracy cost. In other words, individuals
purposefully give themselves more time to respond because they are aware that shifting tasks can
come with more mistakes in a target response.
1.3

Language and Literacy Development

1.3.1 Current Theories of Language Development
Language has a strong relationship to executive function. Often, language is posited as its
own unique cognitive domain. However, theories on language development disagree on the
extent to which language can be said to be an innate and developing, rather than acquired,
domain. Language development theories range from describing language as a primarily innate
and instinctual phenomenon (Nativist Theory) to an acquired skill primarily focused on the
context and environment in which it is learned (Social Interactionist Theory). As these two
theories represent relative extremes in perspective, I will discuss each briefly along with their
merits and limitations. I will then discuss cognitive and social development theories, how they
currently influence education, and how understanding a bilingual experience can further our
knowledge of language development.
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1.3.1.1 Nativist Theory
The Nativist Theory for language development takes an inward-to-outward view of
language acquisition. By observing that children can obtain fluency in their primary language by
early childhood (around five to seven years of age), Noam Chomsky (Chomsky, 1959, 1976)
posited that this was evidence of an innate physical structure, known as the language acquisition
device (LAD). The LAD harbored, as instinct, the grammatical rules necessary for a child to
learn any language. This universal grammar was hypothesized to be necessary in light of the fact
that it would be impossible for children to be exposed to all grammatical forms necessary to infer
correct grammatical rules from experience alone. Under this theory, children also do not receive
enough outside information about incorrect grammar (negative feedback) to narrow down the set
of grammatical rules efficiently. The Nativist Theory becomes problematic in that no LAD
structure or gene has been observed, yet it is posited as axiomatic to language (Halpern, 2016).
Opponents of Nativist Theory have argued this makes the existence of the LAD and universal
grammar untestable and supported by circular logic.
1.3.1.2 Social Interactionist Theory
Contrary to a nativist approach, Social Interactionist Theory views language development
from an outward-to-inward perspective. For Social Interactionists, language initially develops
through social interactions between the infant and caregiver. Of primary importance is the child’s
motivation to accomplish goals. Joint attention to language, and communication with the
caregiver, mediate the child’s learning through a scaffolded approach (Howe, 1996; Tudge &
Winterhoff, 1993; Vygotsky, 1986). The idea that language has a strong social component is
largely under-emphasized in the nativist perspective. In rare studies of feral children, whose life
experience is marked by social isolation, both language and cognitive functions are impaired.
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This supports a perspective of language development that relies on the interplay between our
inner, cognitive development, and our outer, social context.
Cognitive Development Theory asserts that language development is driven by the
cognitive developmental stage of the individual. Each developmental stage (sensorimotor, pre)
defines the extent of the language and learning that can occur (Tudge & Winterhoff, 1993). In
Cognitive Theory, learning occurs through individual experimentation and experiences. Under
this perspective, language is acquired by mapping one’s experiences within the limits of their
current developmental state. Lev Vygotsky (Vygotsky, 1986), a contemporary of Piaget,
emphasized the influence of social interaction and collaboration for language acquisition, and
learning in general. While the importance of cognitive development to language acquisition
cannot be overstated, Vygotsky proposed the idea of a Zone of Proximal Development (ZPD;
Howe, 1996). When conceptualizing an individual’s current cognitive and linguistic ability, the
ZPD includes the range of language and skills within the individual’s (learner) capacity to learn,
given a collaborator who has already mastered (mentor) those concepts. The social
interaction/collaboration between individuals introduces new perspectives, mediated through
language, that promote development.
The works of both Piaget and Vygotsky have helped establish developmentally-oriented,
targeted, and systematic approaches to education. Much of the earlier work in creating these
approaches are driven by Piaget’s work, although significant attention has been given to how the
ZPD can be applied in classroom settings. A traditional approach to education can be viewed as
roughly a top-down approach, in which an instructor presents and scaffolds information in a
developmentally appropriate manner. While we can certainly find evidence that learning and
language development both take place under this model, it ignores an important part of
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Vygotsky’s theory. Namely, social interactions are collaborations and not a uni-directional flow
of information. Given that each individual will experience the world differently, this allows each
participant to simultaneously be both learner and mentor. Language mediates these interactions
and how perceptual experiences are mapped to defined concepts. Under these conditions, a rich
scaffolding is produced that enables participants to map real-world experiences to abstract ideas
and vice-versa (Howe, 1996).
Taken separately, theories of language development are useful for providing a framework
upon which to generate testable hypotheses in order to create a more complete picture of
language and its importance to what we consider non-linguistic outcomes, like mathematics.
What we know, is that each has its advantages and disadvantages; no universal and completely
consistent theory of language development exists. In part, this is because it would be ethically
impossible to observe primary language development in a case-control fashion. We can,
however, draw conclusions regarding language acquisition, cognition, and non-linguistic
sequelae with studies on bilingual populations.
The development of literacy is inextricably bound to the skills that develop during oral
language acquisition. While oral language acquisition, by nature of acquired vs. learned (see
Krashen, 1981, 1982, 1985), is a natural process that is expected to develop through exposure,
literacy must be learned. This process of transitioning from oral language to literacy can be
viewed as a maturation from highly contextualized language to language that is completely
decontextualized. To help illustrate this process, we will rely on a modified Language Essentials
for Teachers of Reading and Spelling (LETRS) model (Foorman et al., 2005; Moats, 1996, 2009)
for describing the active processes at play. This model identifies four basic “processors” that are
used to construct oral language and transfer those skills to literacy development. The processors

10

are the “context processor,” the “semantic processor,” the “phonological processor,” and the
“orthographic processor.” I will discuss each processor and how it relates to oral language skills
and literacy development. Lastly, we will discuss some potential disadvantages and advantages
associated with bilingual learners and their ability to develop good reading comprehension.
The first processor in our model is the context processor. Language begins to emerge in
highly contextualized situations. We begin by attending to the individuals in our immediate
environment, the language they produce, and attribute importance to the phonological patterns
produced based on the context and abundance of exposure. As our oral language develops, our
context processor provides a map to link new phonological, morphological, syntactic, and
pragmatic patterns. A crucial aspect of the context processor is that it is bound to the cultural and
life experiences of the individual, and it encompasses a lot of what is considered background
knowledge. Differences in background knowledge can contribute to differences in how oral
language, and thus literacy, develop.
The phonological processor provides a filter for auditory patterns that are the most salient
in our highly contextual environment. We acquire, at a very early age, the ability to discriminate
the phonemes of our language(s) (Moon, Lagercrantz, & Kuhl, 2013; Ramirez, Ramirez, Clarke,
Taulu, & Kuhl, 2017). Again, these phonemes are experienced in a context-dependent manner. In
order to decontextualize phonemes and morphemes, we depend on the semantic processor.
The semantic processor begins to attribute meaning to the phonemes and morphemes
used in early communication, a highly contextualized environment. That is, the semantic
processor builds our receptive and expressive vocabularies. Once we have meaning that we can
attribute to phonemes and morphemes within contextualized communication, we can start to use
them in decontextualized settings. For example, we learn that we can speak about an object even
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if it is not present. Furthermore, as we begin to identify and attribute meaning to individual
phonemes or phoneme clusters, we start the process of phonological awareness, a key aspect for
moving from oral language to literacy.
Phonological awareness refers to the ability to recognize individual phonemes as pieces
of language that can be abstracted, manipulated, and reorganized to fit a number of linguistic
purposes. How well an individual is able to manipulate or play with these building blocks of
language has real implications for both oral language and literacy development. It can be useful
to imagine the phonological processor as part of a decoding system in literacy development.
Up to this point, we have discussed the parts of the model that can be considered aspects
of oral language. In order to make the leap from oral language to literacy we need to make use of
a system of symbols that can represent the individual building blocks of language, the
orthographic processor. As connections between the visual-spatial processing area of the brain
and the language processing areas do not appear to be as innate as the connections between
auditory processing and language processing, literacy cannot be expected to occur without
instruction. The basis for the orthographic processor is learning the alphabetic principle, or how
each letter in an alphabet (assuming an alphabetic cipher) can represent one or more phonemes
(Foorman et al., 2005; Paul & Norbury, 2012). Phonemes that we should understand can be
pieced together in different patterns to form new meanings, in or out of context.
At the earliest stages of literacy, such as literacy socialization, we see that children begin
to understand that the symbols on a page have meaning to the reader. They can understand this
because they recognize how and where a reader attends to areas on a page. This helps develop a
sense of order to the act of reading (e.g., left to right, top to bottom). Children may also make use
of the semantic processor to make sense of individual morphemes that are salient without
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necessarily decoding them (i.e., sight words). By learning the alphabetic principle, and with
adequate phonological awareness, children can learn to sound out new words. This ability to
phonetically work through new words provides a means for developing literacy and further
language outside of context. Not only does this help to learn the more decontextualized language
of school, but it allows for the development of more abstract thinking. Comprehending what is
read is dependent on how proficient a child’s vocabulary is and what their background
knowledge is with the subject.
It should be noted here that differences, delays, or impairments in one of the discussed
processors or how they interact with each other can cause problems in literacy development.
Most problems can be broken down into a decoding problem (phonological processor), a
comprehension problem (semantic processor), or both (Paul & Norbury, 2012). While some
researchers have argued that visual perception issues may affect literacy, most literacy issues
actually develop from problems already present in oral language (Foorman et al., 2005; Paul &
Norbury, 2012). For example, dyslexia is actually associated with issues in decoding rather that
any visual perception deficit. What this tells us is that early oral language interventions aimed at
phonological awareness tasks (phonological processer) and receptive and expressive vocabulary
(semantic processor) can help mitigate or prevent the risk of falling behind in school. By
focusing on expanding vocabulary, we expand our funds of knowledge and facilitate reading
comprehension by providing a richer context through which we can map new concepts. By
focusing on phonological tasks, children become more flexible in their ability to abstract the
building blocks of language and reconstruct them in various patterns to create new meaning. This
also promotes metalinguistic skills (Paul & Norbury, 2012).
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1.4

Bilingual Learners
For bilingual learners who are developing literacy in their second language, differences

between their primary language/culture can create challenges for both student and teacher. For
example, even when the two languages are relatively similar (e.g., English and Spanish)
alphabetically, we can expect there to be a variety of differences in the phonemes of each
language. Some phonemes that exist in one language won’t exist in another. This can present a
challenge for students who are sounding out words in a new language. This can also create the
false assumption that there is a speech production problem.
Bilingual learners may actually be very good at phonological tasks, but their verbal
proficiency in their second language prevents good reading comprehension. For example, a
bilingual learner with excellent phonological skills may do really well at reading words, and nonwords, from a text since they are very adept at blending phonemes together; however, they may
not comprehend what they are reading because their underlying vocabulary is too weak to map
meaning to what they read (Klingner, Hoover, & Baca, 2008). Of course, this is not to say that
these students have limited language, it just differs from the cultural norm. While these do not
appear to be dramatic differences or challenges that can face bilingual learners, we should stress
that the examples we have used are from cases where there is still a good amount of cultural and
linguistic overlap. In situations where each component language or culture is quite different (e.g.,
French and Hangul), these challenges can grow exponentially if educators are not aware of how
to separate problems in language from differences in language.
Aside from some challenges, a bilingual experience has some potential benefits,
particularly with reading and literacy development. Given that both lexicons are active at the
same time, bilinguals may have an executive function advantage. This advantage can be helpful
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in solving problems, inhibiting distracting information, and pattern analysis (Bialystok, 2017).
The continuous demand on which language to use, and in which contexts, may improve the
maturation of metalinguistic skills. Metalinguistic skills are crucial for the development of
literacy and advancing phonological awareness.
1.5

Language and Executive Function
Extensive lines of research have focused on the association of early language exposure,

and the importance of language development, to early literacy and overall academic
achievement. An integral piece of this evidence is the association between language and
executive function. Findings from multiple lines of inquiry suggest that language development
that occurs early in childhood (i.e., less than six years of age) is associated with better executive
control and “school-readiness” in later education (Cragg & Nation, 2010; Fernyhough & Fradley,
2005), and children with language deficits may also show impairments in executive functioning
(Lidstone, Fernyhough, Meins, & Whitehouse, 2009; Russell, Jarrold, & Hood, 1999). While the
association, causal or reciprocal, between language and executive functioning is well
demonstrated, the relationship between language, executive function, and a bilingual experience
is less clear.
Bilingual individuals have demonstrated an advantage over monolingual peers in areas of
executive functioning (Bialystok, 1999, 2010, 2015; Carlson & Meltzoff, 2008). When
comparing bilinguals to monolinguals, bilinguals consistently perform better when the target task
has a high cognitive demand (Bialystok, 2010; Stocco & Prat, 2014). While the available
evidence tends to conclude a bilingual experience confers some benefit to executive functioning,
the mechanisms underlying the evidence are more ambiguous (Carlson & Moses, 2001). For
example, some studies have shown no bilingual advantage with respect to working memory or
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executive control (Bonifacci, Giombini, Bellocchi, & Contento, 2011; de Abreu, 2011) in
general. Additionally, bilinguals show a consistent disadvantage in areas of verbal proficiency
and lexical access (Bialystok, Craik, & Luk, 2008; Bialystok & Craik, 2010).
The ambiguity and disagreement between study findings are likely due to several factors.
First, we have previously noted the difficulty researchers face in trying to measure the separate
core concepts of executive control (Miyake et al., 2000). Add to this the, often overlooked, fact
that many standardized measures of language proficiency lose validity when studying a
culturally and linguistically diverse population (Bedore et al., 2012; Pena, Gillam, Bedore, &
Bohman, 2011). Secondly, the concept of “bilingual” is difficult to define categorically. The
variety of operational definitions used in the literature makes finding some consensus in the
evidence a challenge (Luk, De Sa, & Bialystok, 2011). Finally, if we assume that a bilingual
experience confers at least some benefit to executive functioning, we still need to know whether
this advantage transfers into better academic achievement.
Assuming an apparent advantage for bilinguals with regard to executive control, clarity is
still needed regarding which components of executive control are affected by the bilingual
experience. Using the model of executive function by Miyake and colleagues (2000), we need to
clarify how inhibition, working memory (updating), and shifting (cognitive flexibility) function
differently in bilinguals compared to monolinguals. Most current research on the topic address
inhibition (Bialystok & Martin, 2004; Costa, Hernandez, & Sebastian-Galles, 2008; Filippi,
Leech, Thomas, Green, & Dick, 2012), or rather interference suppression/conflict inhibition, as
the most likely explanation for the demonstrated bilingual advantage.
The bilingual advantage has been described, quite extensively, as one of inhibitory
control. However, the relationship is more complex. We have previously defined inhibition as
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the active inhibition of prepotent responses. Such a description disregards the distinction
between the inhibition of a primed reaction when faced with stimuli and the inhibition of
misleading stimuli. That is to say, the bilingual advantage has more to do with resolving conflicts
in evidence or input. Theoretically, the fact that both languages are active at the same time
presents a conflict task for the individual. Some of the best evidence for this come from studies
utilizing the Simon task (Bialystok & Martin, 2004), Stroop task (Bialystok et al., 2008), and the
Attention Network Task (Costa et al., 2008).
As an example, consider a global-local task (Navon, 1977), in which participants are
asked to identify a global pattern either (overall shape or symbol) made up of smaller
incongruent shapes or the incongruent local pattern. The expected findings are that the global
pattern can be recognized faster. This is a simple test of inhibition. Now imagine a simple trail
making task, in which a participant is given a series of numbered points (e.g., 1, 2, 3,…, 26) and
asked to connect the points in numerical order. In a more complex trail making task, the
participant may be given a series of numbered and lettered points (e.g., 1, A, 2, B,…, Z) and
asked to connect the points in order, but alternate between numbers and letters. With both the
global-local task and the trail making task, inhibition is challenged when participants are asked
to attend to incongruent information in order to complete the task.
In a study by Bialystok (2010), bilingual children had faster and more accurate response
times on both the incongruent global-local task and the more difficult trail task; this is consistent
with the hypothesis of inhibition of conflict as a bilingual advantage. However, bilinguals also
performed better on the simpler trail and the congruent global-local tasks. This suggests that the
executive function advantage demonstrated by bilinguals extends beyond inhibition of conflict to
areas of task switching and monitoring. We can draw this inference based on our understanding
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that if inhibition alone was the beneficiary of bilingual experience, the simple-congruent tasks
should show no difference between monolinguals and bilinguals.
To illustrate a bilingual advantage in set shifting, it is helpful to note an aspect of set
shifting that has diagnostic utility with clinical populations. Patients with frontal lobe damage
can show perseverative errors when asked to shift tasks, such as in a naming task (Best et al.,
2009). When asked to name animals after being asked to name foods, a patient that is deficient in
their ability to shift mental sets may continue to name food items. In other words, the previously
relevant task proactively interferes with shifting to a new task (Miyake et al., 2000). The concept
of proactive interference can be used as another way of piecing together the complex relationship
between language and executive function, particularly with respect to set shifting. Proactive
interference works to limit the number of items that can be recalled from a set of words when
previous word sets were of the same semantic category. Words from previous sets intrude on
words from the current set, providing interference and errors in recall. It should be noted here
that diminished recall in subsequent sets is expected in healthy individuals, as long as the overall
semantic category is the same in each subsequent set. Recall should return to baseline once a
new semantic category is introduced. In a study of seven-year-old bilinguals and monolinguals,
Bialystok and Feng (2009) found that recall in subsequent sets did not diminish as expected for
bilinguals. The expected decrease in recall was found in monolingual speakers. Baseline tests of
short-term memory were comparable between groups, suggesting bilingualism may confer an
advantage in set shifting.
The bilingual experience has been tied to a disadvantage in lexical access (Bialystok,
2009). Evidence consistently shows bilinguals to have a harder time accessing words when
compared to monolingual peers (Bialystok et al., 2008). Investigators have argued the executive
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control benefit in bilinguals comes at the cost of a constant demand placed on lexical processing,
which hinders lexical fluency, vocabulary, and language proficiency. What is interesting to note,
is that after controlling for differences in language proficiency, the bilingual advantage with
regard to executive control becomes evident (Bialystok, Craik, & Luk, 2012). Many authors
make the point that any advantages in executive control are “balancing” the disadvantages of
limited language proficiency. However, this could be evidence of testing bias. For monolingual
speakers, language proficiency tests in their native language (L1) are fairly representative of an
individual’s proficiency in language. This should not be considered the case with bilingual
individuals since only a portion of their language is tested. Although cross-linguistic effects are a
well-established phenomenon, this does not mean that tests done in L1 are representative of
overall language proficiency (Bedore et al., 2012). This is particularly true with young children,
as they are less likely to have redundancies in their available lexicons. Throughout the literature,
testing protocols are typically only done in one language. This can artificially handicap a
bilingual individual because they are effectively only being tested on a portion of their available
lexicon.
The three-component model of executive function posited by Miyake and colleagues
(2000) provides a decent framework for conceptualizing how executive function facilitates
behavior. Bialystok (2011) argues that we should view the components of executive function as
coordinating facets that rarely, if ever, work in isolation. Instead, Bialystok (2011) hypothesizes
that improvements in executive function are best tested through multi-task situations, which
would require better coordination of each of the components.
By incorporating dual- and multi-task challenges to a set of monolinguals and bilinguals,
Bialystok was able to provide confirmatory evidence of an executive function advantage in
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bilinguals. The advantage of this design was that the challenge tasks were designed so that no
single component of executive function could dominate, thereby forcing coordination between
components to complete the challenge. What was noted was that through progressively more
difficult challenges, bilinguals were able to better complete complex tasks with fewer errors.
This improvement did not come at a cost to response time, which has been previously noted in
other studies.
It should be noted that the bilingual advantage seems to be somewhat dependent on the
extent of an individual’s bilingual experience and how much demand is placed on executive
control (Christoffels, de Groot, & Kroll, 2006; Mechelli et al., 2004). Some of this may be
related to differences in bilingual demand on executive function (e.g., interpreters vs. situational
bilingualism). For example, bilinguals that work as interpreters tend have better executive
functioning than non-interpreters (Christoffels et al., 2006). A similar difference is often found
between simultaneous bilinguals, those who are raised as bilingual from birth, and secondlanguage-learners.
1.6

Mathematic Development
The development of mathematic skills and abilities are commonly viewed as unrelated, or

only tangentially related, to linguistic abilities. However, evidence from individuals with
dyscalculia and concomitant linguistic deficits suggest that some overlap exists between
language and mathematics at a cognitive level (Cantlon, 2012; Landerl, Bevan, & Butterworth,
2004; Van Luit & Toll, 2015). Animal studies, and studies in nonhuman primates, demonstrate
that some numerical and arithmetic understanding is not language dependent (Beran & Beran,
2004; Cantlon & Brannon, 2005, 2006). Researchers have termed this non-linguistic
mathematical intelligence as part of domain-specific mathematical development (Cantlon, 2012).
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Fundamental to math development is numerosity. At the simplest level, numerosity refers
to the number of things of a set (i.e., cardinality in the parlance of logicians). To understand
numerosity, a child must understand at the very least 1) a one-to-one correspondence exists
between numerosity and items in a set, 2) the numerosity of sets can be affected by manipulating
the set, 3) small numerosities can be recognized without verbal counting, and 4) sets can be
composed of any type of thing (Butterworth, 2005). Numerosity is foundational to building
concepts of magnitude, order, and arithmetic processes that form the basis of higher order skills
in math. Each of these elements, with practice, can be improved without the aid of language.
This is often referred to as approximate math or approximate numeracy (Butterworth, 2005).
Evidence from studies on approximate numeracy skills show it to be predictive of math
intelligence quotient (IQ), comparable with nonhuman primates (Butterworth, 2005; Cantlon,
2012). Imaging studies suggest areas of the parietal lobes, particularly the intraparietal sulci, are
associated with non-verbal math development; however, there are likely limits to how much
math development can occur without the aid of language and executive function (Clark,
Pritchard, & Woodward, 2010; Fuchs et al., 2006). Some researchers have likened approximate
math ability to being able to identify a vague underlying signal pattern in an abundance of noise
(Cantlon, 2012). Once we attempt to define such a pattern (e.g., in order to count or create a
working set of symbols), we apply both language and executive domains.
Generally, executive functions are understood to contribute to mathematical development
(Cantin, Gnaedinger, Gallaway, Hesson-McInnis, & Hund, 2016). This logically follows given
that executive function is responsible for attention, problem solving, reasoning, and planning.
Working memory seems to be a particularly important predictor of mathematical competencies,
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as working memory is crucial to keeping track of large computational steps (Alloway, 2009; Bull
& Scerif, 2001; Geary, Hoard, Byrd-Craven, Nugent, & Numtee, 2007).
Language is inextricably bound, by causality or reciprocity, to executive function. It then
follows to hypothesize the contributions of domain-general skills, such as language and
executive function, to math development. The extent to which language skills affect math
achievement is unknown, yet the pool of evidence is growing. For example, in a study of
kindergarten and first grade children with deficient numeracy skills, an early numeracy
intervention was used to determine if underlying language proficiency affected the outcome of a
numeracy intervention (Van Luit & Toll, 2015). Students were tested on language skills,
numeracy, and general mathematics skills. After the numeracy intervention, children with
language deficiencies were able to perform comparably to language-proficient students who did
not receive the intervention. What is interesting is that students with a language deficiency were
able to catch up to their language-proficient peers in numeracy skills, but this did not translate to
improvement in general mathematics. This could be due to the complex nature of the relationship
between mathematics, particularly higher-order math, and language.
Phonological awareness and oral comprehension are critical for acquiring basic math
skills since counting skills rely on language, and further progression relies on basic skill
acquisition (Einarsdottir, Bjornsdottir, & Simonardottir, 2016). Multiple studies report the
importance of early math skills in models predicting math development through third grade
(Dehaene, 2001; Geary, 2013; LeFevre et al., 2010). In fact, the best predictors of future math
skills are previous math skills. Some evidence suggests that domain-specific skills are more
predictive with regard to early skills, or primary-grade level math competencies. By contrast,
domain-general skills are at play throughout the development of such skills (Cowan & Powell,

22

2014; Fuchs et al., 2010). This logically follows, as math skills are hierarchical in nature;
multiplication and division are extensions of addition and subtraction, which build on basic
counting skills, which follow numerosity and concepts of magnitude (Rusconi, Galfano, & Job,
2007). Given that approximate numeracy can be demonstrated in young infants, nonhuman
primates, and other animal species, we can consider numerosity and magnitude to be innate in
humans (Butterworth, 2005; Rusconi et al., 2007). Again, to move from innate (approximate)
math to more specific math, we require language. Experimentally, it is ethically impossible to
test the unique contribution of L1 to mathematic skill development. Alternatively, children who
have acquired some proficiency in a second language (L2) are the focus of growing literature on
bilinguals and mathematics.
The extensive research demonstrating a bilingual advantage in cognitive tasks drives the
interest in how bilinguals differ from monolinguals in math. To date, studies that examine math
achievement between monolinguals and bilinguals have shown inconsistent results. The most
likely reasons for incongruent findings relate to methodological limitations. Studies are
inconsistent in how they operationally define bilinguals and language proficiency in L1 and L2.
How proficient an individual is in both L1 and L2 (and how well each are supported) shapes the
unacquired knowledge, skills, and abilities within a learner’s capacity (i.e., the Zone of Proximal
Development (ZPD); Howe, 1996; Vygotsky, 1986) and determines what relative advantages can
be realized within the context of a math test or assessment (Cummins, 1981; Herrera, Holmes, &
Kavimandan, 2012). Additionally, most studies have used cross-sectional designs or repeatedmeasures designs with small inter-testing intervals. Such designs may not provide a clear
perspective on how a bilingual advantage can change the trajectory of math development, not
just the endpoint. Research in areas of reading and literacy has shown that monolinguals and
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bilinguals do not necessarily differ in early elementary assessments (Thomas & Collier, 1997,
2002). During the late elementary years, bilingual students improve in areas of reading and
literacy to a much larger degree than their monolingual peers. This reflects findings in the
cognitive literature that suggest as rule-based tasks become increasingly complex, bilinguals
outperform monolinguals in their ability to execute novel tasks.
In a study by Stocco and Prat (2014) of monolinguals and bilinguals, participants were
presented with non-linguistic (arithmetic) output task, rules for executing the task, and numbers
to use as inputs. Participants were timed on how quickly they were able to encode and execute
each presented order of operations and numbers. Functional Magnetic Resonance Imaging
(fMRI) imaging was used to visualize how areas of the brain were used during each trial. What
researchers found was that bilinguals were able to execute novel tasks faster than their bilingual
peers. Additionally, brain imaging revealed that bilinguals were both more flexible and more
efficient when executing new tasks. Stocco and Prat (2014) suggest their findings have realworld educational implications:
Because of the similarity between (Rapid Instructed Task Learning) and traditional
educational settings in which individuals learn to perform novel tasks based on
instructions, our finding that bilinguals are faster at executing new instructions (and can
recruit more neural resources to do so), suggests that they may also be quicker at learning
certain types of rule-based materials at school. In fact, the 350-ms difference between
bilinguals and monolinguals corresponds to 10% faster processing times, which translates
to significant savings of time for more complex instructions and longer tasks. For
example, bilingual children might have a significant advantage over monolingual
children when first learning complex rule-based procedures at school, such as those that
are part of the algebra and math curricula. (pp. 59-60)
A unique relationship between language (bilingualism in particular), executive
functioning, and math exists as outlined above. Therefore, it seems reasonable to suggest that a
bilingual education, or a dual-language program (Gomez & Gomez Jr., 2014), may provide
benefits to both linguistically related achievement (literacy, verbal comprehension) and
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achievement in non-linguistic material (mathematics). Much of the research that guides our
understanding of the bilingual advantage is based on experimental studies, which may not have
external validity when we consider that educational achievement is moderated by social
constructs. Factors like SES and teacher-student relationships can affect educational outcomes,
and they are of particular importance when we consider social stereotypes that affect the most
vulnerable and at-risk populations.
1.7

Enculturation and Cultural Gaps
Literature regarding bilingual, multilingual, and multicultural learners has increase over

the last several decades. The literature spans a wide range of disciplines including psychology
(Morales, Calvo, & Bialystok, 2013), cognitive development (Kroll & Bialystok, 2013),
physiology (Stocco & Prat, 2014), communication disorders (Pena, Gillam, Bedore, & Bohman,
2011), and education (Thomas & Collier, 1997). Outcomes that have been studied include areas
of language development, reading, literacy, mathematic development, and educational
achievement (de Abreu, 2011; Morales et al., 2013; Stocco & Prat, 2014; Thomas & Collier,
1997; Van Luit & Toll, 2015). In general, imaging and experimental studies have shown that
bilinguals approach cognitively challenging tasks in a unique manner and demonstrate a
cognitive advantage over monolingual peers (Bialystok & Feng, 2009; Martin-Rhee & Bialystok,
2008; Stocco & Prat, 2014). Within the context of experimental studies, the evidence remains
relatively consistent; however, educational studies using school-based data have shown
inconsistent, or contradictory, evidence of bilingual education and learner achievement (Paap &
Greenberg, 2013; Paap, Johnson, & Sawi, 2016). Conflicting evidence in bilingual education
may stem from how educators approach learners, versus how learners approach the education
system. Newer, more culturally responsive, educational models based on this concept are
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showing promising results (Herrera, 2016; Herrera, Holmes, & Kavimandan, 2012). Varieties of
such models exist and are beyond the scope of the current work, which will focus on the
importance of considering culture in the context of learner achievement.
Demographic and cultural changes within the United States, particularly within schoolaged learners, have dramatically outpaced those within our system of educators (Collier, 2007;
Herrera, 2016). That is to say, traditionally trained educators are largely enculturated to a
worldview that is distinctly different from their pupils. Enculturation is the cultural context in
which an individual’s cognitive and linguistic development occur (Collier, 2007). As such, each
individual has both unique and shared aspects of culture. For an educator, considering this is
critical to effectively utilizing and stretching a learner’s Zone of Proximal Development (ZPD;
Howe, 1996; Vygotsky, 1986).
The ZPD is the set of unacquired knowledge, skills, and abilities within a learner’s
capacity, given the help of a more learned collaborator (Howe, 1996; Vygotsky, 1986). Learning
within the ZPD is linguistically mediated and dependent on the learner’s background knowledge
(Herrera, 2016). Learning is a collaborative effort, with each participant lending their worldview
to scaffold new concepts or ideas. Importantly, background knowledge is not comprised of only
academic knowledge. It includes knowledge from home, community, and school (Herrera et al.,
2012; Moll, Amanti, Neff, & Gonzalez, 1992). A cultural gap between educator and learner can
inhibit application of the ZPD principles in traditional settings, as awareness of the learner’s nonacademic background knowledge may be limited—or disregarded. Consider the following
example (quoted in Herrera, 2016):
One of my first revelations came up during my English class. Our class was reading
Edgar Allan Poe’s “The Black Cat,” and my native English-speaking students were
creating higher level and insightful literary collaborative learning group assessments
about how the narrator had alcohol, domestic, and animal abuse issues. But I noticed that
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the (culturally and linguistically diverse students) were not strong contributors to the
group work. After the lesson, when I reflected upon the students and the lesson itself, I
realized that the book was full of specifics that related to an American context of various
issues (p. 145).
This situation becomes even more problematic when we consider that, under a traditional
model, learning only occurs in one direction. The learner never gets to be the educator. They do
not get to be the instructor of their own world view in an asymmetric learning environment. They
do the majority, if not all, of the cultural learning, leaving them with the onus of a cultural gap.
This gap will widen if not addressed in a culturally adaptive way. Consider the earlier example
of teaching Poe to a group of native English-speakers and a group of culturally and linguistically
diverse students:
In my efforts to balance this situation in my room, I spoke with two of my [culturally and
linguistically diverse] CLD students and asked them to recommend a scary story they
knew that also had a moral message. They immediately thought of “La Lloron.” I found
an English translation of the tale, and when we had class discussions and group work, my
Mexican students became the leaders of the class. The climate of the classroom changed
immediately. The CLD student’s self-confidence soared, and the native English-speaking
students were empathetic to the plight of analyzing the literature of a different culture
(quoted in Herrera, 2016, pp. 145-146).
Enculturation differences within cultural groups are to be expected, yet the cultural gaps
that occur with learners, peers, and educators from very different race or ethnicities are
increasingly more commonplace. For many individuals, English is not their primary language
(L1), but rather a second language (L2) they learn primarily in an academic setting. A range of
terminology has been used to describe students for whom English is not their L1. Among these
are English Language Learners (ELL) or Limited English Proficient (LEP). Such terms can
arguably be viewed as imparting a negative perspective on linguistically diverse students.
Similar to viewing a cultural gap as a problem for students to overcome, diversity is presented
from a deficit perspective. The terms ELL and LEP frame each learner’s linguistic profile as a
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deficiency in one language, not a relative proficiency in multiple languages. Alternatively,
proponents of an asset perspective have used the term Culturally and Linguistically Diverse
(CLD) students (Herrera, 2016). This is a broader term that is more inclusive of any cultural and
linguistic differences that affect how well a learner’s ZPD is stretched while taking advantage of
language as a mediating factor (Krashen, 1985).
An important element of Vygotsky’s ZPD is that language mediates the learning that
occurs in the ZPD. To maximize the ZPD, linguistic development is imperative. Krashen (1985)
introduced the input hypothesis, based on the “i+1” principle. In essence, the input hypothesis is
a linguistic corollary to the ZPD. New learning can only occur one step away from the language
that is currently used by an individual. In other words, educators should use language that is
accessible to their students. Boggs (1985) states:
Sociocultural context and nuances, discourse logic and dynamics, delivery styles, social
functions, role expectations, norms of interaction, and nonverbal features are as important
as (if not more so than) vocabulary, grammar, lexicon, pronunciation, and other linguistic
or structural dimensions of communication. (p. 301)
Ideologically, this does not appear to be a contentious principle. For example, it is widely
understood that doctors should use plain language and avoid medical jargon when they are
consulting with patients. Even in this example, most of us also understand from experience that
this appears to be much more difficult to do in practice. Add to this the challenge of a CLD
environment and it is easy to see that even the best-intentioned educator may have difficulty in
effectively applying Krashen’s (1981, 1982, 1985) and Vygotsky’s (1986) work.
A primary role of a school-based speech-language pathologists (SLP) is to assess students
whose behavior or academic performance indicate issues with language proficiency. The SLP
must also be able to make use of the assessment findings to help guide appropriate clinical or
classroom interventions. In a CLD environment, assessments need to be both culturally and
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linguistically adaptive. Otherwise, any intervention based on an assessment of language
proficiency will, at best, limit the capacity for learning. What follows is a discussion of some
core concepts behind acculturation, how those concepts can evidence themselves in educational
settings, and how CLD students may experience traditional education differently from students
who identify with the dominant culture.
1.8

Race, Ethnicity, and Acculturation
Acculturation is the term used to describe the process of change that occurs when two

cultures blend together. A common way to describe what happens during acculturation is by
using the “melting pot” analogy. Under this analogy, CLD students seamlessly assimilate into
the dominant school culture. Although assimilation is one possible outcome of acculturation,
Collier (2007) describes it as only one of four outcomes that can be observed: assimilation,
integration, deculturation, or rejection. Assimilation refers to the complete replacement of one’s
home or heritage culture with the school culture. Integration refers to the blending of varying
aspects of both school and heritage cultures. Both assimilation and integration can be viewed as
positive outcomes of acculturation. Since racial and ethnic identities often serve as cultural
identities (Collier, 2007; Herrera et al., 2012), and are resistant to extinction, absolute
assimilation is a rather rare occurrence. Integration is not only a much more realistic outcome of
acculturation, but, as we will discuss later, an outcome that can be used to benefit school
composition and learner outcomes.
In contrast to assimilation and integration, deculturation and rejection are particularly
negative outcomes of acculturation. Deculturation occurs when the student does not accept either
their heritage culture or the school culture. Rejection is the intentional repudiation of either
culture for the other (Collier, 2007). Acculturation is not an easy process, because academic,
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social and home cultures are often in conflict. In studies of acculturation stress or “culture
shock,” rejection or deculturation were associated with poor mental health, substance abuse or
deviant behaviors. In academic settings, acculturation stress can manifest as anxiety, poor
attention control, and social and emotional withdrawal. In turn, these can affect a child’s
language, cognitive functioning, and academic performance (Szapoznik & Kurtines, 1980).
Appreciating this acculturation effect is critical to understanding how CLD students may
experience standardized educational goals.
Poor focus, distractibility, and withdrawal from participation can be useful indicators of a
potential learning disability (Collier, 2007; Herrera, Murry, & Cabral, 2007). While they are
sensitive to the presence of learning disabilities, they are not specific. The behavioral sequelae of
learning disabilities can be indistinguishable from those indicative of acculturation stress. For
example, in one study (Collier, 1989) of elementary students enrolled in an English as a Second
Language (ESL) program, researchers examined factors related to individual acculturation.
Investigators also collected educational variables useful in determining the referral and
placement of student in special needs. Students referred for special needs placement only
differed statistically in factors related to acculturation. No statistical differences were found
between non-referred students and referred students on educational variables. The length of time
in the United States was significantly and positively associated with educational achievement.
The numbers of CLD students who are referred for special needs is disproportionately
high when compared to their mainstream peers. While the reasons for this may be, in part,
related to acculturation stress and related behavioral changes, it can have a lasting effect on how
CLD students are viewed academically. Collier (1989) showed that acculturation differences
were the driver behind student referrals for special needs. Students who were referred and those
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who were not did not differ in terms of educational factors. However, teachers listed “academic
reasons” as the primary reason for referring each student. Consequently, the author noted a large
interaction effect between academic achievement and minority enrollment (Collier, 1989). By
contrast, research on culturally diverse school environments, in which a bilingual program was in
place, showed fewer referrals to special education and lower rates of socio-emotional stress
(Finn, 1982; Szapoznik & Kurtines, 1980).
One possible reason for the incongruence in referral rates in schools with a mainstream
demographic distribution (lower minority enrollment) and schools with culturally and
linguistically diverse populations (higher minority enrollment with bilingual support) is cultural
capital. Cultural capital refers to the relative advantage of being culturally in-sync with
educators. Students who are enculturated to a system that promotes competition and individual
achievement would find it difficult to succeed in an education system that promotes
collaboration and interdependence, and vice versa. According to Herrera (2016):
Teaching is often contextualized within the “norms” of the English language. These
subtle aspects may differ from the modes of communication used by CLD students. Our
students have learned how to express what they know, resolve conflict, react to nonverbal
cues, and navigate their emotional state based on the cultural context to which they have
been socialized (p. 35).
Even subtle cultural differences can have unintended negative consequences in classroom
settings. A study by Elliot and Argulewicz (1983) of Mexican-American and Anglo students,
with or without a learning disability, found significant differences in how diagnostic labels were
applied when labeled by Anglo teachers. Teachers rated Mexican-American students differently
than Anglo students in the areas of comprehension, creativity, and closeness to teacher. Teacher
ratings also differed when students with learning disabilities were compared to those without
learning disabilities; however, the ratings differed in areas of classroom disruption, working
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speed, and inattention (Elliot & Argulewicz, 1983). This example illustrates that independent of
what educational needs a child may have, cultural differences can affect an educator’s perception
of student abilities—CLD students operate with less cultural capital in the classroom.
1.9

Learner Socio-Economic Status
Socio-economic status (SES) is an important predictor of academic achievement and

health in young children. SES refers to the life experiences that are unique to individuals who
share a similar social and/or economic status (Arnold & Doctoroff, 2003). As such, SES is a
latent variable and is therefore difficult to quantify. Since SES depends on the interplay between
economic forces and social factors, issues related to enculturation and acculturation are deeply
bound to the concept of SES. Racial and ethnic minorities are disproportionately represented in
low-SES populations—a population at high risk academically (Rank & Hirschl, 1999). For these
reasons, it is imperative that we understand the unique contribution of SES to academic
performance.
Differences in SES are associated with a number of health sequelae, each with larger
implications for how children perform in school (Bradley & Corwyn, 2002). Compounding the
disparities evidenced in SES research is how SES affects what educational resources are
available to students and families (Bradley, Corwyn, Burchinal, McAdoo, & Coll, 2001; BrooksGunn & Duncan, 1997). This is particularly true for families living near or below the poverty
line. The resources needed to mitigate the deleterious effects of low-SES are often unavailable,
or severely underfunded, in areas where there is a critical need.
Low-SES has been associated with low-birth weight, poor nutritional status, and
excessive stress (Bradley & Corwyn, 2002). Each of these can have a negative effect on
individual general health and academic achievement. As they relate to academic achievement,
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the health sequelae of low-SES have a negative impact on executive functions (Lawson & Farah,
2017). Executive functions are responsible for controlling attention, inhibiting distractions,
problem solving, and switching between tasks (Miyake et al., 2000). As such, executive
functions play a crucial role in academic success; they may mediate the association between SES
and academic achievement.
In a study of 336 students, aged six years through 15 years, Lawson and Farah (2017)
examined the relationship between SES, executive function, and changes in reading and math
over two years. SES was significantly associated with both verbal memory and executive
function. Furthermore, SES was directly associated with changes in math and reading
comprehension. Executive function was statistically predictive of changes in math, but not
reading comprehension. Of particular interest in this study is the fact that large portions of
students in low- and high- SES strata were excluded from analysis based on prescreening
findings. This means that their findings are reflective of a mostly healthy middle-class sample of
students—those least likely to be affected by their SES experience. The authors suggest their
findings may indicate that educational interventions aimed at improving executive functions
could be used to narrow the SES-achievement gap.
Children raised in poverty are likely to be in need of additional educational resources to
help close, or at least mitigate, the SES-achievement gap. Educational resources that are
beneficial, at least in the short-term, for ameliorating SES related disparities include
phonological awareness programs, early literacy programs, computer and technology access
(Arnold & Doctoroff, 2003). Unfortunately, all of these resources require funding or the
reallocation of existing funds already in short supply.
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Poverty is a chronic condition, and schools that serve predominantly low-SES
neighborhoods receive little in the way of funding when funding is tied to school performance.
Schools that serve low-SES communities may show poor student performance on standardized
tests for a number of reasons. First, differences in SES are associated with differences in
executive function, which affects cognition (Bradley & Corwyn, 2002; Lawson & Farah, 2017).
Second, the school may have very limited resources to address the SES-achievement gap
(Bradley et al., 2001). Lastly, standardized tests are normed on a primarily middle-class
experience. Similar to issues related to assessment in CLD students, standardized test questions
are interpreted through an enculturated worldview—a worldview that can lead to correct answers
being interpreted as incorrect (Herrera, 2016; Herrera et al., 2012; Herrera et al., 2007). Consider
the following problem that was given to a class of urban middle school students:
Busy Bus Company Problem
Yvonne is trying to decide whether she should buy a weekly bus pass. On Monday,
Wednesday, and Friday, she rides the bus to and from work. On Tuesday and Thursday,
she rides the bus to work but gets a ride home with her friends. Should Yvonne buy a
weekly bus pass based on the following fare information?
Busy Bus Company Fares
One Way: 1.00
Weekly Pass: 9.00 (Glaser & Silver, 1994, p. 22)
The teacher in this example noticed that a large portion of her students selected the
weekly pass as the best deal for Yvonne. As this puzzled the teacher, she started a class-wide
discussion of the problem. What the teacher found was students chose the weekly pass as the
most economical because Yvonne’s family would likely be able to use the pass when Yvonne
was not going to be riding the bus (Glaser & Silver, 1994). What this shows is that each student
understands the nature of the problem being asked; however, the “correct” answer depends on
the cultural lens used to view academic problems.
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It becomes imperative to keep an example such as this in mind when we consider
summary statistics of standardized test results. Even if we assume every education professional is
fully aware of, and consciously avoids, the dangers of stereotyping a child, we must still contend
with the biasing effect of data-driven results. More specifically, data aggregated at the school
level, district level, demographic variable level (gender, race/ethnicity, SES), or other subgroup
is not useful for describing individual achievement. However, summary statistics may often be
used to incorrectly draw an inference about an individual’s academic achievement potential.
These incorrect inferences about individuals is known as the ecological fallacy (Connolly, 2006).
The ecological fallacy results from not considering how much variance can exist both within and
between each individual, each sub-group level variable, and group level variables. That is to say,
we must understand how individuals cluster within societal structures. Multi-level modelling is
one way to avoid the ecological fallacy, particularly when dealing with school level data. A
complete discussion of multi-level modelling is beyond the scope of the current study and will be
addressed in subsequent work.
1.10

Language as a Mediator
So far, the focus of this work has been an introduction to acculturation, acculturation in

education, and how cultural differences can produce negative academic outcomes for CLD
students. These outcomes should be understood as corollaries of rejection or dissimilation—
unsuccessful acculturation. By contrast, assimilation or integration—successful acculturation—
can be beneficial to academic achievement. What follows is a discussion of the role of language
in successful acculturation, and by extension, implications for professionals responsible for
proper assessment and intervention.
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Language is a key mediator of successful acculturation. Early in infancy (and perhaps
earlier), human beings are already attending to, and actively acquiring, the elemental parts of
language. A child will have tremendous exposure to the language of their family and community
long before they enter formal education. In fact, close to half of the language acquisition process
for L1 is completed by six years of age (Herrera & Murry, 2011). Krashen (1985) describes this
process of acquiring language (typical of L1) as distinctly different from learning language
(often typical of L2 in academic settings). Learning language, by contrast, is not a subconscious
process. Learning is about applying proper grammar and formal rules, which requires conscious
effort. Krashen (1981, 1982, 1985) and Krashen and Terrell (1983) introduced hypotheses of
acquisition-learning, input, affective filtering, monitoring, and natural order to aid the
understanding of L2 acquisition.
The natural order hypothesis refers to the predictable manner in which errors are made
during acquisition. By understanding that linguistic errors are a normal and necessary part of the
acquisition process, we can view L2 errors in CLD students as a natural transition. The monitor
hypothesis refers to language learning (rule application and error correction) as necessary only so
far as it helps monitor language acquisition. The acquisition of L2 in a meaningful context and
environment will promote fluency (Herrera, 2016). By applying both the natural order and
monitor hypotheses, a safe and inclusive environment can be created for students to explore and
experiment with L2, which is necessary for acquisition under the affective filter hypothesis
(Herrera, 2016). The affective filter hypothesis postulates that affect (e.g., motivation, boredom,
anxiety, fear) can facilitate or inhibit the acquisition of a second language. Similarly, a
supportive environment for CLD students to acquire L2 requires the inclusion of L1. If we revisit
the input hypothesis, the inclusion of L1 is necessary because L1 facilitates learning in L2. This
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does not mean that every lesson or part of a curriculum should be taught in both L1 and L2, as
both languages have common underlying proficiencies (Cummins, 1981).
It stands to reason that an educational program that supports the use of L1 and L2 in
academic settings will be of substantial benefit to CLD students. Furthermore, a wealth of
literature provides evidence suggesting that bilinguals have a distinct cognitive advantage over
monolingual peers (Bialystok & Feng, 2009; Bialystok, Poarch, Luo, & Craik, 2014; Stocco &
Prat, 2014). The most convincing evidence comes from studies on executive function. Whether
we consider executive function to be one domain, or a composite of inhibition, set shifting, and
working memory, most evidence on bilinguals support the existence of a bilingual advantage. If
we accept the results from SES studies (e.g., Lawson & Farah, 2017), then a bilingual education
program could produce benefits to executive function to all students. In a comparison of a dual
language immersion preschool program and a traditional English immersion preschool program,
Barnett and colleagues (2007) showed that children in a dual language program made significant
gains in both L1 and L2. Students in the English Language immersion program made
comparable gains in L2 but showed significant loss in L1 skills. The authors use their evidence
to suggest, “[dual language] has the potential to address two serious problems—inadequate
progress in native language for the nation’s rapidly growing ELL population, and inadequate
second language acquisition of native English speakers” (Barnett et al., 2007, p. 290).
A common practice in traditional education settings is to academically separate CLD
students (for whom English is L2) and mainstream students. This is done to provide bilingual
support to assist CLD students’ learning of English. This would also limit native English
speakers’ exposure to L2. By contrast, a Vygotskian approach might suggest that all students be
afforded the opportunity to learn from the larger variety of enculturated worldviews available
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when no separation exists between English learners and native English speakers. Students would
collaborate through shared and un-shared languages to scaffold new learning and stretch their
ZPD. Reflecting on Krashen’s hypotheses of language acquisition (1981, 1982, 1985), it is in this
environment that both native English speakers and English learners would start to truly acquire
an L2. Through the process of acquiring L2, each child would be exposed to the executive
function benefit observed in bilingual speakers. Here is the experience of one teacher after a
move to a more culturally responsive method of teaching, which keeps ESL students in the
general classroom:
Our preliminary assumptions that these students can’t learn math or science until they
learn English have been completely disproved. We’ve moved far beyond thinking we
couldn’t serve our CLD students in the general classroom because they’d be a detriment
to the rest of the school. Having CLD students in the classroom has enriched our
environment and broken down barriers between all the cultures in our community
(Herrera, 2016, p. 145).
There are a growing number of educational models that support bilingual education in culturally
responsive classroom environments, like Biography-Driven Instruction (Herrera et al., 2012;
Herrera et al., 2007). Such models understand the importance of L1 inclusion in the classroom;
however, bilingual instruction and biliteracy are not the sole purposes of the curriculum.
Culturally responsive teaching operates from the perspective of reaching each child’s funds of
knowledge, where L1 plays a vital role, to help scaffold new learning. This mirror’s the
theoretical perspectives of Krashen and Vysgotsky.
Given the interplay between culture, SES, executive functions, and academic
achievement disparities, dual-language programs aim to provide the cognitive benefit of a
bilingual experience within a culturally responsive framework that can benefit all students
(Gomez & Gomez Jr., 2014). Dual-language programs operate within a Vygotskian framework
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to stretch students’ ZPD to transfer the bilingual advantage, noted in experimental studies, to the
classroom.
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CHAPTER 2
STATEMENT OF THE PROBLEM
“To be a well-informed citizen and a participant in the knowledge economy, Americans must be
mathematically literate.” U.S. Department of Education, in remarks to the National Council of
Teachers of Mathematics (Duncan, 2011)
In a report from Harvard’s Program on Education Policy and Governance, students in the
United States (class of 2011) were ranked 32nd in mathematics amongst countries participating
in the Program for International Student Assessment (PISA) (Peterson, Woessmann, Hanushek,
& Lastra-Anadon, 2011). Only 32 percent of U.S. students were found to be proficient in
mathematics. Hispanic, Native American, and Black children were found to have even lower
levels of math proficiency, underlying an academic disparity that is well documented in
educational and research literature. While the low level of mathematical proficiency has not
affected economic outlooks in the past, changes in the global economy make proficiency in
math, science, and reading critical to future economic growth and sustainability.
Extensive lines of research have focused on the association of early language exposure,
and the importance of language development, to early literacy and overall academic achievement
(Foorman et al., 2005; Thomas & Collier, 2002; Whitehurst et al., 1994; Whitehurst & Lonigan,
1998). An integral piece of this evidence is the association between language and executive
function, a general term for the multidimensional aspects that control attention and goal-directed
behavior (Hughes, 1998; Im-Bolter, Johnson, & Pascual-Leone, 2006). Findings from multiple
lines of inquiry suggest that language development that occurs early in childhood (i.e., less than
four years of age) is associated with better executive control and “school-readiness” in later
education, and children with language deficits may also show impairments in executive
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functioning. While the association, causal or reciprocal, between language and executive
functioning is well demonstrated, the relationship between language, executive function, and
mathematics is less clear.
Cognitive, domain-general, predictors such as executive function and language show
many indirect effects with regard to fraction performance, proportional reasoning, and general
mathematics (Bull, Espy, & Wiebe, 2008; Bull, Johnston, & Roy, 1999; Gathercole & Pickering,
2000). The effects of domain-general predictors are largely mediated by more proximal
assessments of basic math skills (Cirino, Tolar, Fuchs, & Huston-Warren, 2016; LeFevre et al.,
2010). This suggests that a well-developed executive function can help coordinate early math
skills to solve problems of increasing complexity. It may be that domain-general skills become
increasing more important as the variability and complexity of math problems increases. The
importance of language also plays a larger role in more complex mathematics due to most
problems being presented as word problems in later grades. In fact, both phonological awareness
and oral comprehension are correlated with math achievement (Einarsdottir et al., 2016);
however, the variance in mathematics performance explained by language skills is lower, as
expected, than the variance explained in reading and literacy performance.
2.1

Bilingualism
Bilingual individuals have demonstrated an advantage over monolingual peers in areas of

executive functioning. The bilingual advantage has been described, quite extensively, as one of
inhibitory control, but the relationship is more complex (Bialystok, 2010; Bialystok & Feng,
2009). The bilingual experience is tied to a disadvantage in lexical access. Evidence consistently
shows bilinguals to have a harder time accessing words when compared to monolingual peers
(Bialystok & Feng, 2009). However, the constant demand placed on lexical processing—which
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hinders lexical fluency—provides an executive control benefit in bilinguals. This processing,
monitoring, and/or conflict resolving benefit may provide benefits to nonverbal and nonlinguistic
cognitive processing. It should be noted that the bilingual advantage seems to be somewhat
dependent on the extent of an individual’s bilingual experience and how much demand is placed
on executive control (Christoffels et al., 2006). For example, bilinguals that work as interpreters
tend have better executive functioning than non-interpreters. A similar difference is often found
between simultaneous bilinguals, those who are raised as bilingual from birth, and secondlanguage-learners.
Dual-language education programs offer a natural experiment from which we can gain
insight into the relationship between math achievement and language. Given that each student is
given instruction in both languages offered through the curriculum, each student is receiving
instruction under a processing demand. Furthermore, investigators can compare the relative
achievements of simultaneous bilinguals, second-language-learners where their primary
language is English, and second-language-learners where their primary language is not English.
By using standardized assessments designed to measure broad outcomes of math skills and
competencies, researchers may get a larger picture of how hypothesized improvements in
executive function would coordinate on real-life academic assessments. This latter point obliges
a discussion of socio-cultural variables that may moderate or confound the expected outcome.
Much of the research that guides our understanding of the bilingual advantage is based on
experimental studies; studies that can have limited external validity when we consider that
educational achievement is moderated by social constructs. Factors like SES and teacher-student
relationships can affect educational outcomes, and they are of particular importance when we
consider social stereotypes that affect the most vulnerable and at-risk populations (Arnold &
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Doctoroff, 2003; Lawson & Farah, 2017). This would be critical in any assessment within an
educational setting given that instructional quality/equality can be assumed to vary both within
and between environments. For example, Blair, McKinnon, and the Family Life Project
Investigators (2016) examined math skills using two different assessments at 48 months of age
and at the end of kindergarten. As expected, prior math skills were strongly associated with skills
at the end of kindergarten; however, these relationships were significantly moderated by both
executive function and teacher-student relationships. Both executive function and teacher-student
relationships impacted students with low baseline levels of math skills the most.
2.2

Bilingualism and Mathematics
To summarize, the United States lags behind other nations in mathematics. Changes in

the global economy provide a better outlook for bilingual and biliterate individuals who are
proficient in math, science, and reading. Recent research shows a remarkable link between
bilingualism and an executive function advantage. Executive function plays a critical role in the
ability to plan, identify pertinent patterns, and solve complex problems. As such, executive
functioning plays a critical role for the non-verbal learning necessary to succeed in mathematics.
The bilingual advantage in executive functioning has shown, in experimental studies, to improve
the learning time of novel arithmetic tasks. This research would suggest children who learn to
use two languages at an early age, and continue to use both languages during critical early
learning years, could be at an academic advantage in subjects not typically associated with
linguistic or verbal acumen. The juxtaposition of such experimental findings and data which
suggest a disparity between culturally and linguistically diverse students and their mainstream
peers leaves a critical gap in our knowledge of how bilingualism/biliteracy affects mathematics
development in a real-world educational setting.
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2.3

Purpose for the Current Study
The long-term goal of this research was to understand how bilingual education could be

used to mitigate the deleterious academic sequelae associated with SES disparities while
improving outcomes for all learners. The objective of this study was to determine how duallanguage education affected the acquisition and trajectory of mathematic skills in primary
education. The central hypothesis was that, when compared to children learning in a
monolingual instructional environment, dual-language learners would demonstrate significantly
higher scores by their fifth-grade year on two standardized assessments, the Mathematics
Computation (M-COMP) and Mathematics Concepts and Applications (M-CAP). These
assessments are described in Appendix A. The hypothesis was formulated based on the results of
numerous experimental and quasi-experimental studies on bilingual individuals, both in and out
of school settings (e.g., Collier, 2007; Einarsdottir et al., 2016; Bialystok et al., 2014; Blair et al.,
2016; Stocco & Prat, 2014) . The rationale for the research was that, if it could be shown that a
dual-language curriculum can provide a demonstrable academic benefit with a clear trajectory,
then research on new and innovative approaches to learning delays, impairments, and disparities
can be realized.
To test the central hypothesis and accomplish the study objective, this study pursued the
following specific aim: Identify the trajectory of mathematics skill development for primarygrade learners in a dual-language and monolingual learning environment.
With respect to the expected outcomes, the study attempted to identify the trajectory of
M-COMP and M-CAP results of students between second and fifth grades. Such results are
expected to have an important positive impact, because the identified trajectories will provide
critical information on how language, bilingual learning in particular, affect math development.
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These results could have a broad impact on the fields of speech and language development,
education, educational psychology, sociology, and public policy.
2.4

Research Questions

1. Can a dual-language program demonstrate a bilingual advantage in mathematics, as evidenced
by better performance on standardized math assessment tests?
2. Does performance on math assessments vary with the level of bilingual experience?
2.5

Significance of the Current Study
Findings from the study could provide key insights into the relationship between math

and language and bridge a key gap between findings from experimental and theoretical research
and results from an applied setting. The results could also provide justification for targeted
investigations with at-risk populations using various testing batteries. The significance of this
work resides in that it was a necessary first step in creating evidence-based policy
recommendations that allow us to reach our long-term goal of understanding how bilingual
education might be used to mitigate SES disparities and improve outcomes for all learners.
2.6

Assumptions of the Current Study
While the study is well-designed to meet our aim and test our central hypothesis, a few

assumptions should be mentioned. First, it was assumed that staffing changes or changes within
the district or study sites has not affected the outcomes to be investigated. While it can, with a
high degree of certainty, be assumed that such changes have occurred during the study period,
there is no indication that these have affected the study outcomes more than could be expected
by random error. It is also assumed that all teachers and administrative staff are supportive of the
schools’ missions and curricula.
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Secondly, the control school was chosen based on the assumption that since the school
serves the same neighborhood the two study sites would serve populations with similar
demographic profiles. Given that the dual-language program is a magnet school, this assumption
could have been violated. Any noted differences in demographics were adjusted for using
statistical methods.
Finally, whether or not a student was part of the free or reduced price lunch program was
used as a surrogate measures of SES. Since SES is a latent variable that cannot be directly
observed and measured, an assumption is made regarding the relationship between free or
reduced lunch and SES within our study population.
2.7

Limitations/Delimitations
Although the study aim was met by testing our central hypothesis, the results of the study

should be interpreted within an appropriate frame of inference. The inferences drawn from the
results were limited in several ways. First, the presented math assessment scores are for
individuals in grades two through five. Any interpretation of the results was limited to that
specific developmental age range. Secondly, the dual-language program is provided in English
and Spanish. The neighborhood that is served by both schools is predominantly Hispanic. A
portion of the population for either school had Spanish as their home or primary language. Any
interpretation of the study results should consider that the findings do not generalize to other
languages (e.g., an English-Navajo dual-language program). Furthermore, not all dual-language
programs are the same or have similar amounts of time dedicated to instruction in L2. Any
generalization between dual-language programs should be limited to those that follow the
recommendations established by the Dual-Language Training Institute (Gomez & Gomez, 2014).
The outcome measures use the assessments provided by AIMSweb (Appendix A) to test
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mathematic development. These assessments may not be used by every district, nor can the
values provided by these assessments be expected to readily compare to other math assessment
tools. Finally, as with any retrospective study, results are limited by the information that was
recorded and how that information was recorded. Data may have been corrupt, were missing for
a number of cases per year, or could have been of questionable reliability; however, this is
unlikely due to the regulations in place for how data are recorded and maintained within the
school district.
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CHAPTER 3
METHODS

This chapter includes a discussion of the methods and data that were used to answer the
research questions. This chapter includes the following: (1) Institutional Review Board approval,
(2) a description of the setting for the study and the student data, (3) the methods for data
collection, (4) an explanation of the measures and data collected, and (5) a description of the data
analysis.
3.1

Institutional Review Board Approval
Approval to implement this study was granted by both the Institutional Review Board

(IRB) at Wichita State University (Appendix B) and the Innovation and Research Committee,
Unified School District #259 (Appendix C).
3.2

Setting and Students
To meet the aim of this study, we used data from two Midwestern schools serving

elementary-aged children. The schools were located within 0.5 miles from each other and served
the same neighborhoods; however, one school was a dual-language magnet school while the
other was not a magnet school with a specialized program for delivering curricula. Since both
schools were within the same school district, the underlying curriculum and assessments for each
school were comparable. For the dual-language program, the curriculum was presented in
Spanish and English based on the Gomez model for dual-language (Gomez & Gomez, 2014).
In general, dual-language programs are designed so that each language is used as the
primary language of instruction for a portion of the total instruction time. The relative proportion
of instruction that is completed in each language can vary depending on the model of
implementation, the demographic of the populations served, and/or the primary aim of the
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educational program. Reviews on the effectiveness of different models indicate that programs in
which at least 50% of instructional time is in a learner’s L2 are the most effective. Under the
Gomez model, reading and language arts are taught in L1 until first grade. From then on, reading
and language arts are taught in both L1 and L2. Mathematics is taught only in English. Science
and Social Studies are taught only in Spanish. Importantly, students with different primary
languages are in classes together (except for reading/language arts before second grade).
For this study, data were gathered on students who completed their fifth-grade year
during the 2016-2017 school year. Math assessments were reviewed for those students from their
second- through fifth-grade years. Although it would have been ideal to view math development
through the middle school years, a comparable control school did not exist in the same school
district. Without an adequate control sample, a valid comparison between monolingual and duallanguage environments would not have been achievable. By keeping the comparisons limited to
second through fifth grades, the data were justifiably compared between the two sample schools.
Since both schools served the same neighborhoods, the assumption was that the student
populations were similar with regard to race, ethnicity, and SES. However, given that the duallanguage school was a magnet school, a portion of the student population came from
neighborhoods that differ from our control population with regard to these variables. While these
differences were not expected to dramatically change the outcomes of this study, attempts were
made to adjust for confounding using statistical methods.
3.3

Data Collection Methods
Data were obtained from school records via the Executive Director of Assessments and

Research for Wichita Public Schools. The data received from each study site were de-identified
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prior to delivery. For transfer, the data were transferred via email communication between the
Executive Director of Assessments and the study investigator.
3.4

Measures and Data for Analysis

3.4.1 Demographic Variables
For descriptive analyses of the student data, demographic variables were collected on
each student. Demographic variables included grade level at the time of each assessment, gender,
race/ethnicity, whether or not the student had a disability on record, whether the student was
recorded as an English Language Learner, and whether the student received free or discounted
lunch. For analysis, grade level and season were used as markers of time in the longitudinal
models. Gender was recorded as a dichotomous variable (i.e., male or female), race and ethnicity
was a single nominal variable consisting of “White,” “Black or African-American,” “Hispanic,”
or “Two or More.” The variables for student disability, free or reduced lunch program, and
English Language Learner were all dichotomous variables indicator variables. For example, a
student who received free lunch was recorded with a “1” to indicate that status. Students who did
not receive free lunch were marked with a “0” on that variable.
3.4.2 Dual-Language Identifier
Whether or not each student’s primary language was English was recorded to help
establish the math development trajectories of primary English speakers and ELLs in
monolingual and dual-language learning environments. As our main factor of interest, the school
for each student was recorded as a dichotomous variable with the monolingual school as the
reference.
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3.4.3 Socio-Economic Status
Socio-Economic Status (SES) is a latent variable that cannot be directly measured.
However, income is highly associated with the concept of SES. The variable for free or reduced
lunch program participant was used as a surrogate measure of SES. Although this is a single
dichotomous variable being used as a surrogate for a multifaceted and complex latent variable,
the variable is the most common used within the school district to identify a lower SES
population. Because the dual-language school was a magnet school, the largest difference in the
student populations between the schools in this study was the proportion of students in magnet
schools who are not considered low SES. Therefore, students recorded as not participating in the
free or reduced lunch program were eliminated from primary analyses.
3.4.4 Primary Outcomes
The primary outcomes for the proposed study will be students’ scores on the M-COMP
and M-CAP assessments produced by AIMSweb. The M-COMP assessment is designed to
assess grade-level appropriate mathematics computation. For this study, the individual domains
that were assessed include column addition (grades two and three), basic facts (grades two
through five), complex computation (grades two through five), decimals (grades four and five),
fractions (grades four and five), conversions and percentages (grade five).
The M-CAP assessment is comprised of items related to concept mastery and the
application of concepts to real-world problems or scenarios. The assessment was designed to
focus on “ensuring students’ problem-solving, logical reasoning, and application of analytical
skills to problems” (see Appendix A). The concepts that will be covered in this study will
include: number sense, operations, patterns and relationships, measurement, geometry, data and
probability (grades two through five), and algebra (grade five only). Both the M-COMP and M-
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CAP assessments are given multiple times per school year for students in grades one through
eight (M-COMP) and two through eight (M-CAP). Each assessment has been validated against
the North Carolina and Illinois end-of-year assessments using multiple national samples.
Samples were stratified to match the national demographic breakdown. Reliability metrics for
each assessment and rates of improvement have been published in the AIMSweb technical
manual (Appendix A).
3.5

Data Analysis Plan

3.5.1 Descriptive Analyses
Data from demographic variables were abstracted and summarized as percentages for
categorical data. For continuous variables that were assumed to follow a Gaussian distribution,
the data were summarized as mean ± standard deviation. Variables with highly skewed
distributions were summarized by their median and interquartile range. Data were screened for
missing and out-of-range values using the “Descriptives” and “Frequencies” procedures
available in SPSS (IBM Corp. Released 2015. IBM SPSS Statistics for Windows, Version 24.0.
Armonk, NY: IBM Corp.). No out-of-range values were noted during the screening process.
Missing values were noted for many of the outcome variables. These primarily came from the
control school and for assessments during the early elementary years (first through third grade).
Missing values were addressed during multiple imputation, as described later in this chapter.
The distributions of independent and dependent variables were evaluated using the
“Explore” procedure in SPSS. Our analysis depended on our data meeting the assumptions of
multiple linear regression, primarily that of multivariate normality. Tests of multivariate
normality can be cumbersome and of little utility depending on the nature of the study question
(Tabachnick & Fidell, 2013). An expedient way to ensure multivariate normality is to observe
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univariate distributions and transform each variable to better approximate a Gaussian distribution
(Tabachnick & Fidell, 2013). In this manner, a multivariate Gaussian distribution is produced
through linearity. Most of our assessment variables were skewed (either positively or negatively)
upon observation of univariate histograms. For these variables, transformations were conducted
according to the suggestions provided by Tabachnick and Fiddell (2013, p. 87). The distributions
of transformed variables were rechecked and/or transformed again using a different function
until an approximately Gaussian distribution was appreciated. All continuous variables were then
re-scaled to standardized Z scores so that each variable, transformed or not, would be set to the
standardized Gaussian distribution [i.e., ~N(0,1)]. To address outliers in the data, the Z scores for
each variable were screened for extreme values such that the absolute value for the Z score was
greater than 3.29. Extreme outliers can act like magnets during regression analysis, causing the
resulting regression equation to be less reflective of most cases in favor of the extreme values
that do not accurately reflect the study population. For adjusting outliers, any z-score with a
value greater than ±3.29 was adjusted to exactly ±3.29. In this fashion, the values are still
extreme but within the plausible limits of a Gaussian distribution so as not to have too dramatic
of an effect on the results of the regression analysis.
3.5.2 Assessing Influential Cases
Univariate outliers can be easily handled given the methods stated above. However, even
cases that are not univariate outliers can become multivariate outliers given their unique position
in a multivariable space. Their unique combination of scores and factors may lead them to carry
heavy influence on the results of multiple regression analysis. A common method for identifying
overly influential cases is through the metric of Cook’s Distance (Tabachnick & Fidell, 2013).
Cook’s Distance is a measures influence by measuring the distance of each case from the
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centroid of the multivariable space. Cases with larger distances may have more influence. In the
current study, the measure of Cook’s Distance standardized to a Z score was used to identify
cases with extreme leverage (i.e., a Z score greater than 3.29). Then, a logistic regression was run
to identify any factor or groups of factors that best discriminate these highly influential cases
from other non-influential cases. Results of the logistic regression determined that the factor
“students with disabilities” was the most discriminating factor for highly influential cases. The
decision was made to remove students with disabilities from the primary analysis since the factor
was not central to the research questions and they would exert considerable influence on the
results should they remain in the analysis.
3.5.3 Missing Values and Multiple Imputation
In the presence of missing values in the original dataset, multiple imputation provided a
useful way for conducting a type of sensitivity analysis for comparison of any analysis of the
original incomplete data. Multiple imputation involves using the extant data and variables as
predictors of the missing values. More precisely, it predicts the distribution of variables with
missing values. Using pre-defined predictors for imputed values, several datasets—containing
imputed values where values were missing—are created with the purpose of accounting for
uncertainty and variation in the unknown values. The advantage of multiple imputation over
other methods for handling missing data is that it is rather robust to assumptions regarding the
randomness of missing values. Multiple complete data sets are created, and during analysis, the
results from each imputed dataset and the original data are displayed separately and pooled to
include a range of possible variations. For the current study, ten imputed data sets were created
to offer enough variation to account for what amounts to a large amount of uncertainty in certain
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variables. Anywhere from five to 20 imputations are considered sufficient for such purposes
(Tabachnick & Fidell, 2013).
3.6

Primary Analysis

3.6.1 Research Question 1
The first research question was the following: Can a dual language program demonstrate
a bilingual advantage in mathematics, as evidenced by better performance on standardized math
assessment tests?
To answer the first research question, student scores on the M-CAP and M-COMP for
each of the study schools were compared using generalized estimating equations. Generalized
estimating equations were useful for this research question in that they can handle a wide range
of variable types and account for correlation between repeated measurements (Ballinger, 2004).
Several different correlational structures were tried before deciding on the correlational structure
that provided the best model.
The dependent variables were the M-CAP and M-COMP scores for grades two, three,
four, and five. The independent factors were gender, race/ethnicity, and whether the student was
an English Language Learner (ELL), and the school of instruction. The independent covariate
was the score on the M-COMP during the fall of students’ first-grade year. This provided a way
to control for already existent differences in math abilities prior to each student’s first formal
assessment. Significant interactions and/or main effects were followed with post hoc
comparisons, with Bonferroni corrections for multiple comparisons. Estimates of marginal
means were used to plot the trajectories of assessment scores for each school over the course of
each year (seasonal changes) and over the course of four years.
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3.6.2 Research Question 2
The second research question was the following: Does performance on math assessments
vary with the level of bilingual experience?
To answer this research question, we used the same analysis from Research Question 1,
but with a particular focus on the interaction effect between primary language and school
program. We assumed here, that those in a dual language program, on average, had more
bilingual experience, particularly in the later grades. Of particular interest were differences in the
dependent variables that were associated with school program and primary language.
All statistical tests were two-sided. Tests of model effects were given an alpha level of
p = 0.05. Post hoc tests were also two-sided with a resultant p value that was corrected for
multiple comparisons. All testing procedures were done in SPSS (IBM Corp. Released 2015.
IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY: IBM Corp.).
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CHAPTER 4
RESULTS

4.1

Cleaning and screening of the data
The data file from the school district contained data on 122 students. Of those, 70 were

students who completed their fifth-grade (Calendar Year [CY] 2016-2017) school year in a duallanguage magnet school. The remaining 52 students completed their year at a control school that
does not offer a dual-language program for their students. Information for each student was
provided on the following variables: The school they attended, if they were classified as an ELL,
if they were on the free or reduced lunch program, if they had a disability, their identified
race/ethnicity (White, Black or African American, Hispanic, two or more racial/ethnic groups),
their gender, the M-CAP scores for the fall, winter, and spring probes of their second-grade (CY
2013-2014) through fifth-grade (CY 2016-2017) years, and their M-COMP scores for the fall,
winter, and spring probes of their first-grade (CY 2012-2013) through fifth-grade (CY 20162017) years. Data were complete for all demographic variables. Data were missing, particularly
for the earlier grades, on both M-CAP and M-COMP scores. A summary of each variable and the
relative percentage and number of missing values is presented in Table 1.
TABLE 1
SUMMARY OF MISSING VALUES FOR EACH VARIABLE

Number of
Missing Values

Relative Percentage
of Missing Values

School Attended

0

0%

Gender

0

0%

Variable
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TABLE 1 (continued)

Number of
Missing Values

Relative Percentage
of Missing Values

Race

0

0%

ELL?

0

0%

Disability?

0

0%

Free or Reduced Lunch?

0

0%

Fall 2013-2014 M-CAP Score

17

13.9%

Winter 2013-2014 M-CAP Score

13

10.7%

Spring 2013-2014 M-CAP Score

13

10.7%

Fall 2014-2015 M-CAP Score

13

10.7%

Winter 2014-2015 M-CAP Score

12

9.8%

Spring 2014-2015 M-CAP Score

12

9.8%

Fall 2015-2016 M-CAP Score

12

9.8%

Winter 2015-2016 M-CAP Score

11

9.0%

Spring 2015-2016 M-CAP Score

12

9.8%

Variable

M-CAP Scores
2013-2014 School Year

2014-2015 School Year

2015-2016 School Year
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TABLE 1 (continued)

Number of
Missing Values

Relative Percentage
of Missing Values

Fall 2016-2017 M-CAP Score

4

3.3%

Winter 2016-2017 M-CAP Score

4

3.3%

Spring 2016-2017 M-CAP Score

0

0.0%

Fall 2012-2013 M-Comp Score

22

18.0%

Winter 2012-2013 M-Comp Score

22

18.0%

Spring 2012-2013 M-Comp Score

15

12.3%

Fall 2013-2014 M-Comp Score

15

12.3%

Winter 2013-2014 M-Comp Score

13

10.7%

Spring 2013-2014 M-Comp Score

13

10.7%

Fall 2014-2015 M-Comp Score

12

9.8%

Winter 2014-2015 M-Comp Score

12

9.8%

Spring 2014-2015 M-Comp Score

12

9.8%

Variable
M-CAP Scores (Cont.)
2016-2017 School Year

M-COMP Scores
2012-2013 School Year

2013-2014 School Year

2014-2015 School Year
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TABLE 1 (continued)

Number of
Missing Values

Relative Percentage
of Missing Values

Fall 2015-2016 M-Comp Score

12

9.8%

Winter 2015-2016 M-Comp Score

11

9.0%

Spring 2015-2016 M-Comp Score

11

9.0%

Fall 2016-2017 M-Comp Score

4

3.3%

Winter 2016-2017 M-Comp Score

1

0.8%

Spring 2016-2017 M-Comp Score

0

0.0%

Variable
M-COMP Scores (Cont.)
2015-2016 School Year

2016-2017 School Year

Nearly all the missing values in the data set were from the control school. The only missing data
from the dual-language school were seven students with missing scores for one or more of the
2012-2013 M-COMP probes.
The distributions for the M-CAP and M-COMP scores were assessed by reviewing
histograms and evaluating means, variances, and skewness. Many of the probes for either the MCAP or M-COMP scores had distributions that were either somewhat skewed or highly skewed.
This required a transformation of each skewed distribution to approximate a Gaussian, or
normal, distribution. All transformed scores were then converted to z-scores. Any z-score with
an absolute value greater than 3.29 was trimmed to equal 3.29. Table 2 contains a summary of
the descriptive statistics for the raw scores from each probe, the required transforming function,
and the resultant transformed scores.
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TABLE 2
DISTRIBUTIONS OF MATH ASSESSMENT SCORES BEFORE AND AFTER
TRANSFORMATION

Variable

Mean ±
Standard
Deviation

Skewness

Transforming
Function

Mean ±
Standard
Deviation

Skewness

5.9 ± 5.4

2.01

log10 (𝑥 + 1)

0.0 ± 1.0

-0.12

32.2 ± 10.6

-0.76

√51 − 𝑥

0.0 ± 1.0*

-0.06

38.8 ± 9.9

-1.71

log10 (51 − 𝑥)

0.0 ± 1.0*

0.75

4.9 ± 2.8

0.86

√𝑥

0.0 ± 1.0

-0.50

7.4 ± 4.6

0.96

log10 (𝑥)

0.0 ± 1.0

-0.70

M-CAP Scores
2013-2014 School Year
Fall 2013-2014 M-CAP
Score
Winter 2013-2014 MCAP Score
Spring 2013-2014 MCAP Score
2014-2015 School Year
Fall 2014-2015 M-CAP
Score
Winter 2014-2015 MCAP Score
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TABLE 2 (continued)

Variable

Mean ±
Standard
Deviation

Skewness

Transforming
Function

Mean ±
Standard
Deviation

Skewness

0.87

No functional

0.0 ± 1.0

0.85**

M-CAP Scores (Cont.)
2014-2015 School Year (Cont.)
Spring 2014-2015 M-

11.6 ± 6.4

CAP Score

transformation

2015-2016 School Year
Fall 2015-2016 M-CAP

8.2 ± 5.0

0.81

√𝑥

0.0 ± 1.0

-0.05

12.1 ± 5.5

0.50

No functional

0.0 ± 1.0

0.50

0.0 ± 1.0

0.41

0.0 ± 1.0

0.70

0.0 ± 1.0

-0.35

Score
Winter 2015-2016 MCAP Score
Spring 2015-2016 M-

transformation
13.5 ± 6.3

0.41

CAP Score

No functional
transformation

2016-2017 School Year
Fall 2016-2017 M-CAP

5.9 ± 3.8

0.70

Score
Winter 2016-2017 M-

No functional
transformation

8.2 ± 6.3

1.84

CAP Score
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log10 (𝑥 + 1)

TABLE 2 (continued)

Variable

Mean ±
Standard
Deviation

Skewness

Transforming
Function

Mean ±
Standard
Deviation

Skewness

7.2 ± 4.9

0.87

√𝑥

0.0 ± 1.0

-0.17

11.2 ± 8.8

0.99

√𝑥

0.0 ± 1.0

-0.21

24.3 ± 13.4

0.07

No functional

0.0 ± 1.0

0.07

M-CAP Scores (Cont.)
2016-2017 School Year (Cont.)
Spring 2016-2017 MCAP Score
M-COMP Scores
2012-2013 School Year
Fall 2012-2013 M-Comp
Score
Winter 2012-2013 MComp Score
Spring 2012-2013 M-

transformation
34.6 ± 12.0

-0.97

log10 (49 − 𝑥)

0.0 ± 1.0*

0.61

16.5 ± 9.4

0.46

No functional

0.0 ± 1.0

0.46

Comp Score
2013-2014 School Year
Fall 2013-2014 M-Comp
Score

transformation
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TABLE 2 (continued)

Variable

Mean ±
Standard
Deviation

Skewness

Transforming
Function

Mean ±
Standard
Deviation

Skewness

32.2 ± 10.6

-0.76

√51 − 𝑥

0.0 ± 1.0*

-0.06

38.8 ± 9.9

-1.71

log10 (51 − 𝑥)

0.0 ± 1.0*

0.75

21.4 ± 13.6

0.85

√𝑥

0.0 ± 1.0

-0.18

36.7 ± 15.8

-0.08

No functional

0.0 ± 1.0

-0.08

0.0 ± 1.0

-0.26

0.0 ± 1.0

-0.19

M-COMP Scores (Cont.)
2013-2014 School Year (Cont.)
Winter 2013-2014 MComp Score
Spring 2013-2014 MComp Score
2014-2015 School Year
Fall 2014-2015 M-Comp
Score
Winter 2014-2015 MComp Score
Spring 2014-2015 M-

transformation
41.3 ± 17.5

-0.26

Comp Score

No functional
transformation

2015-2016 School Year
Fall 2015-2016 M-Comp

18.5 ± 11.7

0.94

Score
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√𝑥

TABLE 2 (continued)

Variable

Mean ±
Standard
Deviation

Skewness

Transforming
Function

Mean ±
Standard
Deviation

Skewness

0.36

No functional

0.0 ± 1.0

0.36

0.0 ± 1.0

-0.15

M-COMP Scores (Cont.)
2015-2016 School Year (Cont.)
Winter 2015-2016 M-

34.8 ± 16.4

Comp Score
Spring 2015-2016 M-

transformation
43.4 ± 17.0

-0.15

Comp Score

No functional
transformation

2016-2017 School Year
Fall 2016-2017 M-Comp

9.9 ± 7.4

1.57

log10 (𝑥)

0.0 ± 1.0

-0.61

16.1 ± 11.6

0.95

√𝑥

0.0 ± 1.0

0.14

23.3 ± 14.6

0.59

√𝑥

0.0 ± 1.0

-0.09

Score
Winter 2016-2017 MComp Score
Spring 2016-2017 MComp Score
*Z-scores were reflected to undue the reflection done during transformation.
**Differences in the skewness between the transformed variable and the original data are due to
trimming the extreme values (z-score >3.29).
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4.2

Descriptive Analysis
Demographic variables were comparable between our two study schools, with the

exception of race (Table 3). At least half of the students included in analysis were recorded as
ELLs, and Hispanic was listed as the race/ethnic group of record for most students.
TABLE 3
SUMMARY OF DEMOGRAPHIC VARIABLES FOR STUDENTS IN A DUAL-LANGUAGE
MAGNET SCHOOL AND A CONTROL SCHOOL

Parameter
Gender (male)

Dual-language
magnet school

Control school
(traditional education
model)

P-value

45.3% (24)

51.9% (27)

0.496

Race/ethnicity

0.017*

White

1.9% (1)

9.6% (5)

Black or African

1.9% (1)

13.5% (7)

94.3% (50)

73.1% (38)

Two or more

1.9% (1)

3.8% (2)

English Language

50.9% (27)

65.4% (34)

0.134

17.0% (9)

17.3% (9)

0.965

American
Hispanic

Learner
Student with
Disabilities
Fisher’s Exact Test used due to small expected cell counts.
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Both the untransformed and transformed M-CAP and M-COMP scores were compared
for each seasonal probe in each year (Table 4). Significant differences were found in spring MCAP scores in the second grade year with the traditional education school outperforming the
dual-language school (p = 0.003). Mean scores at the dual-language school begin to show
improvement over scores from the traditional education school by fourth grade, but the
differences do not reach statistical significance until the fall of the students’ fifth grade year.
TABLE 4
UNIVARIATE COMPARISON OF MATH ASSESSMENT SCORES BEFORE AND AFTER
TRANSFORMATION

Variable

DualLanguage
School

Traditional
School

p

Untransformed Data

DualLanguage
School

Traditional
School

p

Transformed Data

M-CAP Scores
2013-2014 School Year
Fall 2013-2014

5.7 ± 3.7

5.0 ± 3.6

0.395*

0.08 ± 0.84

-0.05 ± 0.79

0.524

Winter 2013-

34.1 ± 7.6

33.2 ± 9.6

0.916*

0.11 ± 0.72

0.07 ± 0.92

0.838

40.4 ± 6.5

40.0 ± 8.2

0.982*

0.03 ± 0.87

0.05 ± 0.95

0.939

5.1 ± 2.8

0.747*

0.09 ± 0.73

0.09 ± 0.93

0.995

2014
Spring 20132014
2014-2015 School Year
Fall 2014-2015

4.9 ± 2.3
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TABLE 4 (continued)

Variable

DualLanguage
School

Traditional
School

p

DualLanguage
School

Untransformed Data

Traditional
School

p

Transformed Data

M-CAP Scores (Cont.)
2014-2015 School Year (Cont.)
Winter 2014-

8.0 ± 3.3

7.3 ± 4.2

0.334*

0.24 ± 0.66

0.02 ± 0.93

0.226

10.4 ± 4.5

14.7 ± 6.7

0.003

-0.19 ±

0.49 ± 1.05

0.003

2015
Spring 20142015

0.70

2015-2016 School Year
Fall 2015-2016

8.9 ± 5.1

6.9 ± 3.6

0.125*

0.16 ± 0.94

-0.22 ± 0.82

0.077

Winter 2015-

13.3 ± 4.8

11.1 ± 4.7

0.053

0.21 ± 0.88

-0.19 ± 0.86

0.053

15.0 ± 6.2

13.7 ± 6.0

0.354

0.24 ± 0.98

0.02 ± 0.95

0.354

4.3 ± 2.4

<0.001

0.32 ± 0.83

-0.40 ± 0.63

<0.001

2016
Spring 20152016
2016-2017 School Year
Fall 2016-2017

7.1 ± 3.2
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TABLE 4 (continued)

Variable

DualLanguage
School

Traditional
School

p

DualLanguage
School

Untransformed Data

Traditional
School

p

Transformed Data

M-CAP Scores (Cont.)
2016-2017 School Year (Cont.)
Winter 2016-

8.4 ± 4.8

7.0 ± 3.8

0.241*

0.14 ± 0.78

-0.07 ± 0.75

0.205

6.7 ± 4.0

6.6 ± 4.4

0.963*

-0.02 ±

-0.11 ± 1.00

0.672

2017
Spring 20162017

0.82

M-COMP Scores
2012-2013 School Year
Fall 2012-2013
Winter 20122013
Spring 2012-

12.1 ± 8.2

9.2 ± 7.4

0.165*

0.14 ± 0.91

-0.16 ± 0.84

0.198

25.8 ±

23.9 ± 11.3

0.545

0.11 ± 1.00

-0.03 ± 0.85

0.545

36.0 ± 11.6

0.537*

-0.03 ±

0.01 ± 0.81

0.419

13.4
35.0± 11.5

2013

0.94
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TABLE 4 (continued)

Variable

DualLanguage
School

Traditional
School

p

DualLanguage
School

Untransformed Data

Traditional
School

p

Transformed Data

M-COMP Scores (Cont.)
2013-2014 School Year
Fall 2013-2014

16.3 ± 8.6

16.6 ± 7.6

0.915

-0.01 ±

0.01 ± 0.81

0.915

0.91
Winter 2013-

34.1 ± 7.6

33.2 ± 9.6

0.916*

0.11 ± 0.72

0.07 ± 0.92

0.838

40.4 ± 6.5

40.0 ± 8.2

0.982*

0.03 ± 0.87

0.05 ± 0.95

0.939

20.7 ± 11.4

0.643*

0.08 ± 0.78

0.01 ± 0.83

0.691

38.3 ± 13.8

0.581

-0.01 ±

0.10 ± 0.87

0.581

0.29 ± 1.03

0.100

2014
Spring 20132014
2014-2015 School Year
Fall 2014-2015

21.5 ±
11.1

Winter 20142015
Spring 20142015

36.5 ±
13.4
40.1 ±

0.85
46.4 ± 17.9

0.100

14.7

-0.07 ±
0.84
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TABLE 4 (continued)

Variable

DualLanguage
School

Traditional
School

p

DualLanguage
School

Untransformed Data

Traditional
School

p

Transformed Data

M-COMP Scores (Cont.)
2015-2016 School Year
Fall 2015-2016
Winter 20152016

18.0 ± 9.1

19.7 ± 11.1

0.613*

0.02 ± 0.79

0.14 ± 0.89

0.553

29.0 ±

47.2 ± 16.2

<0.001

-0.35 ±

0.76 ± 0.99

<0.001

0.53 ± 0.85

<0.001

10.6

Spring 20152016

40.3 ±

0.65
52.4 ± 14.4

<0.001

14.0

-0.18 ±
0.82

2016-2017 School Year
Fall 2016-2017

9.0 ± 4.2

10.1 ± 6.7

0.704*

0.07 ± 0.61

0.01 ± 1.07

0.754

Winter 2016-

10.7 ± 6.1

23.7 ± 12.7

<0.001*

-0.42 ±

0.61 ± 1.03

<0.001

0.46 ± 0.94

<0.001

2017

0.68

Spring 20162017

4.3

17.6 ±

30.2 ± 14.3

<0.001*

10.0

-0.34 ±
0.77

Primary Analysis
To address both of the research questions, a generalized estimating equation was used to

evaluate the relationship between student scores on the M-CAP and the M-COMP.
For both the M-CAP and M-COMP models, various correlation structures were tried in
an effort to find the best model fit. Each possible correlation structure attempts to account for the
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correlation between repeated measures of the M-CAP and M-COMP over time. Possible
correlation structures include independent, autoregressive, exchangeable, and unstructured. The
final models were chosen based on the Corrected Quasi Likelihood under Independence Model
Criterion (QICC). The model with the lowest QICC was considered the preferred model, as the
QICC is structured in a less-is-better format.
For the M-CAP, an independent structure was used as the resultant model had a QICC of
420.17, which was lower than the resultant QICC under the autoregressive (420.49) or
exchangeable (420.34) correlation structures. An unstructured correlation did not result in model
convergence on a solution. Table 5 summarizes the results for the model showing the
relationship between M-CAP scores and school program, whether or not English is the primary
language, race/ethnicity, gender, computation scores from the fall of first grade, and the timing
of each assessment probe.
TABLE 5
ASSOCIATION OF STUDENT DEMOGRAPHICS AND EDUCATION MODEL WITH
MEAN STANDARDIZED M-CAP SCORES FROM SECOND THROUGH FIFTH GRADE.*
Parameter
Dual-Language Education
Male Gender
Race/ethnicity
Black or African American
Hispanic
Two or More

B
.571
.120

Lower
CI
.181
-.060

Upper
CI
.961
.301

Wald
X2
8.224
1.700

.004
.192

-.695
-.126
.335

-1.114
-.426
.047

-.276
.175
.622

10.550
.670
5.208

.001
.413
.022
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p

TABLE 5 (continued)

Parameter
Race/ethnicity (Cont.)
White
English Language Learner (ELL)
M-COMP Score (Fall 1st Grade)
Dual-Language × ELL
Dual-Language × Primary English Learner
Traditional × ELL
Traditional × Primary English Learner
Dual-Language × 5th Grade
Dual-Language × 4th Grade
Dual-Language × 3rd Grade
Dual-Language × 2nd Grade
Traditional × 5th Grade
Traditional × 4th Grade
Traditional × 3rd Grade
Traditional × 2nd Grade
Dual-Language × Spring
Dual-Language × Winter
Dual-Language × Fall
Traditional × Spring
Traditional × Winter
Traditional × Fall
ELL × 5th Grade
ELL × 4th Grade
ELL × 3rd Grade
ELL × 2nd Grade
Primary English Learner × 5th Grade
Primary English Learner × 4th Grade
Primary English Learner × 3rd Grade
Primary English Learner × 2nd Grade
ELL × Spring
ELL × Winter
ELL × Fall
Primary English Learner × Spring
Primary English Learner × Winter
Primary English Learner × Fall

B

Lower
CI

Upper
CI

ref
.500
.056
-.775
ref
ref
ref
-.065
.052
-.149
ref
.180
.116
.383
ref
-.108
.058
ref
.333
.088
ref
-.504
-.508
-.240
ref
ref
ref
ref
ref
-.077
-.088
ref
ref
ref
ref

ref
.026
.045
-1.320
ref
ref
ref
-.357
-.268
-.370
ref
-.178
-.187
-.076
ref
-.241
-.090
ref
.105
-.125
ref
-.942
-.934
-.853
ref
ref
ref
ref
ref
-.256
-.277
ref
ref
ref
ref

ref
.974
.066
-.231
ref
ref
ref
.226
.371
.072
ref
.537
.420
.842
ref
.025
.205
ref
.560
.302
ref
-.065
-.083
.373
ref
ref
ref
ref
ref
.102
.101
ref
ref
ref
ref
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Wald
X2

p

ref
ref
4.268
.039
108.576 <.001
7.787
.005
ref
ref
ref
ref
ref
ref
.193
.660
.100
.752
1.740
.187
ref
ref
.971
.324
.565
.452
2.670
.102
ref
ref
2.550
.110
.586
.444
ref
ref
8.233
.004
.663
.415
ref
ref
5.066
.024
5.495
.019
.587
.444
ref
ref
ref
ref
ref
ref
ref
ref
ref
ref
.716
.398
.827
.363
ref
ref
ref
ref
ref
ref
ref
ref

TABLE 5 (continued)

Parameter

B

Lower
CI
.222
.104
-.197
ref
ref

Upper
CI
1.339
1.218
1.170
ref
ref

Wald
X2
7.503
5.403
1.944
ref
ref

p

Dual-Language × ELL × 5th Grade
.780
.006
Dual-Language × ELL × 4th Grade
.661
.020
rd
Dual-Language × ELL × 3 Grade
.486
.163
Dual-Language × ELL × 2nd Grade
ref
ref
Dual-Language × Primary English Learner ×
ref
ref
5th Grade
Dual-Language × Primary English Learner ×
ref
ref
ref
ref
ref
4th Grade
Dual-Language × Primary English Learner ×
ref
ref
ref
ref
ref
3rd Grade
Dual-Language × Primary English Learner ×
ref
ref
ref
ref
ref
2nd Grade
Traditional Education × ELL × 5th Grade
ref
ref
ref
ref
ref
th
Traditional Education × ELL × 4 Grade
ref
ref
ref
ref
ref
Traditional Education × ELL × 3rd Grade
ref
ref
ref
ref
ref
nd
Traditional Education × ELL × 2 Grade
ref
ref
ref
ref
ref
Traditional Education × Primary English
ref
ref
ref
ref
ref
Learner × 5th Grade
Traditional Education × Primary English
ref
ref
ref
ref
ref
Learner × 4th Grade
Traditional Education × Primary English
ref
ref
ref
ref
ref
Learner × 3rd Grade
Traditional Education × Primary English
ref
ref
ref
ref
ref
Learner × 2nd Grade
Intercept
-.923
-1.226
-.620
35.602 .000
*Given the categorical nature of many of the variables used, parameter estimates cannot be
directly calculated. Therefore, parameter estimates are in reference to one or more levels of a
factor(s). The use of “ref” denotes a level or combination of factor levels that serve as a reference
category for the parameters estimated above. Reference categories are always listed after
parameter estimates that refer to them.
Significant main effects were found with regard to race and initial M-COMP score.
Compared to their White peers, Black students had lower standardized M-CAP scores. Students
who identified with two or more racial/ethnic groups had higher standardized M-CAP scores
when compared with their White peers. As expected, student performance on the M-COMP
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probe during the fall of their first grade year was directly associated with standardized
performance on the M-CAP.
As part of our sensitivity analysis for the missing data in the original data set, results
from the ten imputed data sets were compared for major deviations from analysis of the original
data. Significant interactions were found with regard to school, ELL status, season, and school
year. Being identified as an ELL in a dual-language program was associated with a significant
increase in standardized M-CAP scores in the fourth and fifth grades. However, ELL status in
general was associated with a reduction in relative M-CAP score in the fourth and fifth grades.
spring probes were associated with higher scores, but only for the traditional education students.
Students identified as ELL in a dual-language school also had lower relative M-CAP scores
when compared to their peers. Taken together, the findings suggest that a dual-language program
is associated with improvements in relative M-CAP scores as students progress through the
fourth and fifth grades; however, this generalized improvement is not noted in ELL students after
adjustment for demographic variables.
For the M-COMP, an independent structure was used as the resultant model had a QICC
of 421.49, which was lower than the resultant QICC under the autoregressive (422.63) or
exchangeable (421.96) correlation structures. An unstructured correlation did not result in model
convergence on a solution.
Table 6 summarizes the results for the model showing the relationship between M-COMP
scores and school program, whether or not English is the primary language, race/ethnicity,
gender, computation scores from the fall of first grade, and the timing of each assessment probe.
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TABLE 6
ASSOCIATION OF STUDENT DEMOGRAPHICS AND EDUCATION MODEL WITH
MEAN STANDARDIZED M-COMP SCORES FROM SECOND THROUGH FIFTH GRADE*
Parameter
Dual-Language Education
Male Gender
Race/ethnicity
Black or African American
Hispanic
Two or More
White
English Language Learner (ELL)
M-COMP Score (Fall 1st Grade)
Dual-Language × ELL
Dual-Language × Primary English Learner
Traditional × ELL
Traditional × Primary English Learner
Dual-Language × 5th Grade
Dual-Language × 4th Grade
Dual-Language × 3rd Grade
Dual-Language × 2nd Grade
Traditional × 5th Grade
Traditional × 4th Grade
Traditional × 3rd Grade
Traditional × 2nd Grade
Dual-Language × Spring
Dual-Language × Winter
Dual-Language × Fall
Traditional × Spring
Traditional × Winter
Traditional × Fall
ELL × 5th Grade
ELL × 4th Grade
ELL × 3rd Grade
ELL × 2nd Grade
Primary English Learner × 5th Grade
Primary English Learner × 4th Grade
Primary English Learner × 3rd Grade
Primary English Learner × 2nd Grade
ELL × Spring
ELL × Winter
ELL × Fall

B
.724
-.074

Lower
CI
.356
-.283

Upper
CI
1.091
.135

Wald
X2
14.885
.479

<.001
.489

-.330
.267
.760
ref
.162
.050
-.753
ref
ref
ref
-.491
-.406
-.133
ref
.435
.412
.279
ref
-.296
-.315
ref
.215
.288
ref
.135
-.020
-.228
ref
ref
ref
ref
ref
.236
.213
ref

-.913
-.045
.429
ref
-.283
.039
-1.272
ref
ref
ref
-.732
-.611
-.343
ref
.067
.062
-.088
ref
-.432
-.420
ref
-.006
.126
ref
-.372
-.481
-.708
ref
ref
ref
ref
ref
.047
.069
ref

.253
.578
1.091
ref
.608
.061
-.234
ref
ref
ref
-.249
-.201
.078
ref
.802
.763
.647
ref
-.159
-.210
ref
.436
.450
ref
.642
.440
.252
ref
ref
ref
ref
ref
.425
.357
ref

1.234
2.814
20.236
ref
.508
79.085
8.080
ref
ref
ref
15.859
15.100
1.520
ref
5.374
5.311
2.224
ref
18.074
34.561
ref
3.637
12.161
ref
.271
.008
.867
ref
ref
ref
ref
ref
5.975
8.373
ref

.267
.093
<.001
ref
.476
<.001
.004
ref
ref
ref
.000
.000
.218
ref
.020
.021
.136
ref
.000
.000
ref
.057
.000
ref
.602
.931
.352
ref
ref
ref
ref
ref
.015
.004
ref
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TABLE 6 (continued)

Parameter

B

Lower
CI
ref
ref
ref
-.283
-.140
-.153
ref
ref

Upper
CI
ref
ref
ref
.883
.953
.968
ref
ref

Wald
X2
ref
ref
ref
1.019
2.128
2.033
ref
ref

p

Primary English Learner × Spring
ref
ref
Primary English Learner × Winter
ref
ref
Primary English Learner × Fall
ref
ref
Dual-Language × ELL × 5th Grade
.300
.313
Dual-Language × ELL × 4th Grade
.407
.145
Dual-Language × ELL × 3rd Grade
.408
.154
nd
Dual-Language × ELL × 2 Grade
ref
ref
Dual-Language × Primary English Learner ×
ref
ref
th
5 Grade
Dual-Language × Primary English Learner ×
ref
ref
ref
ref
ref
th
4 Grade
Dual-Language × Primary English Learner ×
ref
ref
ref
ref
ref
3rd Grade
Dual-Language × Primary English Learner ×
ref
ref
ref
ref
ref
2nd Grade
Traditional Education × ELL × 5th Grade
ref
ref
ref
ref
ref
Traditional Education × ELL × 4th Grade
ref
ref
ref
ref
ref
rd
Traditional Education × ELL × 3 Grade
ref
ref
ref
ref
ref
Traditional Education × ELL × 2nd Grade
ref
ref
ref
ref
ref
Traditional Education × Primary English
ref
ref
ref
ref
ref
Learner × 5th Grade
Traditional Education × Primary English
ref
ref
ref
ref
ref
Learner × 4th Grade
Traditional Education × Primary English
ref
ref
ref
ref
ref
Learner × 3rd Grade
Traditional Education × Primary English
ref
ref
ref
ref
ref
Learner × 2nd Grade
Intercept
-1.082
-1.380
-.783
50.371 <.001
*Given the categorical nature of many of the variables used, parameter estimates cannot be
directly calculated. Therefore, parameter estimates are in reference to one or more levels of a
factor(s). The use of “ref” denotes a level or combination of factor levels that serve as a reference
category for the parameters estimated above. Reference categories are always listed after
parameter estimates that refer to them.

Significant main effects were found with regard to race/ethnicity and M-COMP scores
from the fall of the first grade year. When compared to their White peers, identifying with two
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or more racial/ethnic groups was associated with an increase in relative M-COMP scores. Similar
to M-CAP, M-COMP scores from the fall of the first grade year were directly associated with
relative M-COMP scores throughout elementary school. Significant interactions were found with
regard to school, ELL status, season, and school year. ELL status during the winter and spring
was associated with an increase in relative M-COMP scores. winter scores in the traditional
education school was associated with an increase in relative M-COMP scores, while duallanguage education in winter and spring were associated with a decrease in relative M-COMP
scores. Relative M-COMP scores increase in the fourth and fifth grades under the traditional
education model, while the relative M-COMP scores decline under the dual-language model.
ELL status under the dual-language model was also associated with a decline in relative MCOMP scores. Taken together, it appears as though intra-year M-COMP scores improve more
under the traditional education model. Average inter-year M-COMP scores also improve more
under the traditional education model.
As part of our sensitivity analysis for the missing data in the original data set, results
from the ten imputed data sets were compared for major deviations from analysis of the original
data. What was clear from a review of the outputs from each imputed data set is that the resultant
parameter estimates do not vary significantly. From this, one can conclude that the General
Estimating Equations (GEE) analysis of the original data set is not so sensitive to the missing
values in the data that results from the original data cannot provide reliable results.
The figures that follow are dedicated to displaying the raw, standardized, and model
estimated standardized scores graphically as they relate to our two study questions.
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4.3.1 Research Question 1
Research Question 1 was the following “Can a dual language program demonstrate a
bilingual advantage in mathematics, as evidenced by better performance on standardized math
assessment tests?”
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A.

B.

Figure 1. A comparison of mathematics concepts and applications (A) scores and computation
scores (B) from second through fifth grade between a dual-language and traditional education
model.
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When looking at a school-to-school comparison of raw M-CAP and M-COMP scores
(Figure 1), distinct patterns are observable for each test. M-CAP scores for each school are very
similar in second and third grade (Figure 1A), particularly with regard to fall scores. This pattern
changes in the fourth-grade year with the dual-language school having consistently higher
scores, particularly during the fall (Table 4). By contrast, an opposing pattern is occurring
between the schools for the M-COMP scores. M-COMP scores, as expected, increase in the
intra-year period for both schools; however, these increases are much more dramatic under the
traditional education model. Of interest is the fact that M-COMP scores in the fall do not seem to
be affected by large improvements in computational skills from the prior year (Figure 1B and
Table 4).
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A.

B.

Figure 2. A comparison of average mathematics concepts and applications (A) scores and
computation scores (B) for students from second through fifth grade between a dual-language
and traditional education model.
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By looking at the raw scores for each school averaged over each year (Figure 2), the
opposing patterns in M-CAP and M-COMP scores can be seen again. These represent the
average of all three seasonal probes throughout each year. However, the variance in scores from
fall to spring are not equal for each school.
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A.

B.

Figure 3. A comparison of average mathematics concepts and applications (A) scores and
computation scores (B) for students in the fall, winter, and spring between a dual-language and
traditional education model.
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By looking at the slopes of the graphs in Figure 3, one observes that intra-year changes,
on average, between the two schools appear to be comparable for the M-CAP. Traditional
education does appear to have a slightly greater average improvement from winter to spring, but
on the whole the slopes for the two schools are comparable. By contrast, improvements in
computation differ greatly between the two schools, yet the average fall scores are the same. This
indicates that year-to-year improvement in M-COMP is driven primarily by intra-year changes.
To help understand the results from the GEE model, viewing how the differences in relative
scores change over time is crucial. The standardized scores used in the GEE model were z-scores
which are comparable to percentiles, often used when viewing student performance relative to
their peers. For example, a student with a z-score of 0.00 would be considered the average for the
population, and that score would translate to 50th percentile. Half of the student’s peers would
score below that mark and half would score above that mark. Theoretically, all things being
equal, a student who performs at the 50th percentile in the fall would be at the 50th percentile in
the winter and the spring unless changes during that time frame were different relative to their
peers. Figure 4 shows a comparison of mean relative M-CAP and M-COMP scores for each
school. Here we can see that both schools are comparable during the first two years (second and
third grade). The relative scores vary about the grand mean for the two schools (z-score = 0).
However, during the fourth and fifth grades, scores for both tests tend to separate from the grand
mean. One school is consistently above the mean and one school is below the mean. Again, if we
look at scores in the fall for each test, we see that scores on the M-CAP diverge greatly. Scores
on the M-COMP diverge in the winter and spring, but return to the baseline grand mean each
fall, or nearly so.
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A.

B.

Figure 4. A comparison of standardized mathematics concepts and applications (A) scores and
computation scores (B) from second through fifth grades between a dual-language and traditional
education model.
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Figure 5 shows the year-to-year differences in relative scores between the two schools.
As expected, for both the M-CAP and the M-COMP, students stay relatively close in scores
through the third grade. With the exception of a spring spike in M-CAP scores in the third grade
in the traditional education environment, this pattern is similar to our hypothesized pattern.
Congruent with our hypothesis, M-CAP Scores deviate from each other in fourth and fifth grade,
with students from the dual-language school showing greater relative improvement when
compared to the traditional education school. Contrary to our hypothesis, M-COMP scores
improve more during each year for students in a traditional education environment relative to
their dual-language peers. Figure 5 uses the average of seasonal probe scores for each year to
obtain a yearly average. As such, average yearly scores may reflect varying changes in student
seasonal probes. Figure 6 shows the average relative seasonal scores between the two schools.
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A.

B.

Figure 5. A comparison of standardized mathematics concepts and applications (A) scores and
computation scores (B) from second through fifth grades between a dual-language and traditional
education model.
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Seasonal differences show that, on average, students in a dual-language environment
have higher relative M-CAP scores in the fall, but students in the traditional education
environment improve so dramatically during winter and spring that there becomes little relative
distance between the schools by spring. It should be noted that Figure 6 is the average of each
season’s scores from the second through fifth grades. If we compare Figure 6 to Figure 4 and
Table 4 we notice that the difference in fall scores apparent in Figure 6A, is due to a dramatic
rise in fall scores in the dual-language school during the fourth- and fifth-grade years.
Conversely, Figure 6B shows a similar pattern from winter and spring M-COMP scores, but the
average of fall scores are comparable between the two schools.
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A.

B.

Figure 6. A comparison of standardized mathematics concepts and applications (A) scores and
computation scores (B) for students in the fall, winter, and spring between a dual-language and
traditional education model.
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Results from our GEE model estimates the means of the relative scores for each
mathematics assessment at each school over each season (Figure 7) and each year (Figure 8).
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A.
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Figure 7. A comparison of GEE-estimated relative mathematics concepts and applications (A)
scores and computation scores (B) for students in the fall, winter, and spring between a duallanguage and traditional education model.
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The patterns shown in Figure 7 do not differ greatly from the unadjusted patterns shown
in Figure 6. However, adjustments have been made based on demographic differences and
controlling for students’ initial computational skill level (fall first grade).
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Figure 8. A comparison of GEE-estimated relative mathematics concepts and applications (A)
scores and computation scores (B) from second through fifth grades between a dual-language
and traditional education model.
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The unadjusted estimated means visualized in Figure 8 are comparable to those in Figure
5. Again, it should be stressed that when looking at scores at the year level, we are looking at the
average of each year’s fall, winter, and spring scores. The effect that this has on yearly trends is
that they are not reflective of students’ year-to-year learning. To understand how students are
changing in their performance over time, it is crucial to look at the entire timeline (Figure 1), the
seasonal pattern (Figures 3, 6, and 7), and the yearly averages (Figures 2, 5, and 8).
4.3.2 Research Question 2
Research Question 2 was the following: Does performance on math assessments vary
with the level of bilingual experience?
From Figure 9A, scores for ELLs and primary English speakers are comparable in second
grade and into third grade. Once we get spring of third grade, we start to see some divergence in
the pattern for students based on school environment and ELL status. Consistent with our
hypothesis, a pattern emerges from the fourth and fifth grades in which primary English speakers
from the dual-language school perform better than primary English speakers from the traditional
education program. Similarly, ELLs from a dual-language program perform better than ELLs
from a traditional education program. What is crucial to note is how the fall scores for students at
the dual-language school continue to increase year-to-year. This suggests that they are showing
long-term sustainable growth in the area of mathematics concepts and applications.

95

A.

B.

Figure 9. A comparison of raw (A) and standardized (B) mathematics concepts and applications
scores from second through fifth grades between a dual-language and traditional education
model.
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By looking at Figure 9B, we see the same scores displayed in Figure 9A but placed on a
relative scale such that each score can be understood as a percentile or place rank compared to all
students in the two schools. In an idealized format, we might expect the lines created to be
perfectly flat. This would suggest that a student who scores in the 70th percentile and continues
to grow in skills commensurate with his or her peers, will still score in the 70th percentile.
Changes from this idealized flat line can result from scoring better than expected on a test. This
would elevate him or her up in the relative ranks, and consequently push others down in rank,
not because they did poorly, but they just didn’t improve to the same degree. Changes can also
occur when other students do much better than expected on the same test, pushing down their
peers’ relative rank. What we see in Figure 9B is how each study sub-group tends to vary around
a true mean for the sub-group. If we were to draw a line of best fit to each of these sub-groups,
we would see that during second and third grade, the groups are close but primary English
students tend to have better scores than ELL students. By the fourth and fifth grades, those trends
still hold, yet those individuals in the dual-language environment show greater improvement.
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A.

B.

Figure 10. A comparison of raw (A) and standardized (B) mathematics concepts and applications
scores from second through fifth grades between a dual-language and traditional education
model.
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From Figure 10, it is apparent that primary English speakers perform better in general
when compared to their ELL peers. However, as we can see in both 10A and 10B, students at the
dual-language school, both primary English students and ELLs, begin to improve when
compared to their traditional education peers.
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A.

B.

Figure 11. A comparison of raw (A) and standardized (B) mathematics concepts and applications
scores and computation scores in fall, winter, and spring between a dual-language and traditional
education model.
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Seasonal differences are greatest when comparing the two schools, with differences based
on primary language within the schools do not show seasonal interactions, with the exception of
ELLs in a traditional education program. ELLs in the traditional education program show greater
improvement from winter to spring than their primary English speaking peers. Overall, fall
scores are better in the dual-language program, but improvements throughout the year are not as
dramatic as in the traditional education program (Figure 11).
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A.

B.

Figure 12. A comparison of raw (A) and standardized (B) mathematics computation scores from
second through fifth grades between a dual-language and traditional education model.
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Figure 12A shows the raw scores on the M-COMP when stratified by school and ELL
status. What is observable from the raw scores is that the fall scores for each group are relatively
similar. The intra-year scores for the traditional education schools are higher, particularly for the
winter and spring assessment probes. The differences between the schools for the winter and
spring scores is greatest during the fourth and fifth grade winter and spring scores. For ELLs,
scores on the M-COMP were comparable when compared to their primary English speaking
peers during second grade. From second grade through fifth grade, students recorded as ELLs in
the dual-language school had consistently lower computation scores than primary English peers
in the same school. Primary English speaking students in traditional education performed similar
to primary English speaking students in the same school. ELL students in the traditional
education school outperformed ELL students in the dual-language school for the winter and
spring probes each year, with greater differences as years progressed.
Figure 12B shows the relative standardized M-COMP scores stratified by school and
ELL status. An important observation from this figure is that the fall scores for each group stay
at approximately the same relative position, or declines, except for the primary English speaking
students in the traditional education model. Relative winter and spring scores are much higher
for the traditional education students compared to the relative scores from the dual-language
school. This does not mean that students decline in performance, generally speaking, from fall to
spring. It simply represents the fact that improvements under the traditional education model, the
relative gain for the winter and spring probes outpaces that of their peers. This forces the relative
scores under the dual-language condition to appear as if the students’ performance declines;
however, this is artefactual due to the way the standardized scores are calculated.
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A.

B.

Figure 13. A comparison of raw (A) and standardized (B) mathematics computation scores from
second through fifth grades between a dual-language and traditional education model.
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To understand Figure 13, it is helpful to review and understand the interpretation of
Figure 12. Figure 13 is essentially the same interpretation; however, the fall, winter, and spring
scores for each year are averaged to produce an average M-COMP score and average relative
standardized score for each year. An interpretation of Figure 13 is that under the traditional
education model, all students performed better for computation assessments than their duallanguage peers. All students saw a decline in their performance by fifth grade, with students
under the dual-language program showing decline after third grade and students under the
traditional education model showing decline after fourth grade. However, it is important to
remember that averages over each school year are sensitive to large changes in performance
during each school year (Fig. 12). That is to say that the graphs in Figure 13 are reflective of
relative changes from fall to spring during each school year.
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A.

B.

Figure 14. A comparison of raw (A) and standardized (B) mathematics computation scores in
fall, winter, and spring between a dual-language and traditional education model.
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Figure 14 allows a view into how students stratified by school and ELL status perform on
computation assessments when scores are averaged over each season. What is observable in
Figure 14A is that ELL students tend to perform less well in computation compared to their
mainstream peers for each school. This difference was greater for students in a dual-language
program. On average, primary English speaking students in a dual-language school performed
better than other groups during the fall probes. ELL students in a dual-language school
performed worse than other groups during probes in any season. Students in a traditional
education school performed better than those in a dual-language school on computation during
winter and spring probes.
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Figure 15. A comparison of the model estimated standardized scores for the M-CAP (A) and the
M-COMP (B) from second through fifth grades.
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Figure 15 shows the estimated mean standardized M-CAP and M-COMP scores for
students stratified by school and ELL status. These population estimates are based on the relative
standardized scores that are displayed in Figure 10B and 13B. In Figure 15A, we can observe
that ELL students from a traditional education program are estimated to perform better in
concepts and application relative to their peers in second grade. Primary English speakers in a
traditional program are expected to perform worse in conceptual knowledge than their peers
during second grade. Students from a dual-language school are expected to lie in between the
scores of ELL students in a traditional program and English speaking students in a traditional
program. By fifth grade, this pattern changes. Students in a dual-language program are estimated
to have better relative scores than their L1 peers in a traditional education program.
In Figure 15B, The relative growth in computational skills is estimated to be the greatest
for ELL students in the traditional education model. Modest relative growth in computational
skill is estimated for primary English speaking students in the traditional education model. The
estimated relative growth for students in the traditional model corresponds to a relative decline in
relative scores for students in a dual-language model, with primary English speakers out
performing their ELL peers.
4.4

Brief Summary of Results
Unadjusted univariate analysis showed M-CAP scores to be comparable between the two

schools through third grade. By the fall of the fourth grade year, M-CAP scores in the duallanguage program were starting to exceed those in the traditional education program. However,
the differences between the schools would narrow during the winter and spring probes. fall
scores between the schools were statistically significant for the fifth grade year. GEE estimates
show a reversal pattern between the schools with relative scores being the same in second grade,
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with large improvement in conceptual knowledge during second grade for students under the
traditional education model during third grade. By the fourth and fifth grade years, students in
dual-language education outperform their traditional education peers in relative conceptual
knowledge. When stratified by primary language status, primary English speakers at a duallanguage school were estimated to outperform primary English speakers at a traditional
education school. Primary English speakers at a traditional education school were estimated to
outperform ELL students in a dual-language school, who were expected to outperform ELL
students at a traditional education school.
Unadjusted univariate comparisons for M-COMP assessment scores shows that
computational scores between the two schools were comparable through third grade. During
fourth and fifth grade, students at a traditional education program had statistically higher scores
during the winter and spring probes than their dual-language peers. No significant difference was
found in fall probe scores. GEE estimates show the relative improvements in computational
skills are greater under a traditional education model. When stratified by primary language, ELL
students in a traditional setting were estimated to outperform primary English speakers in a
traditional setting. Primary English speakers in a traditional setting were estimated to outperform
primary English speakers in a dual-language setting, who were expected to outperform ELL
students in a dual-language setting. Yearly estimates of M-COMP scores are sensitive to the
large intra-year variance in scores, particularly with regard to the traditional education model.
This occurs because the fall to spring differences in scores becomes larger as students progress
through elementary school, which forces each yearly average to be higher than the previous year.
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CHAPTER 5
DISCUSSION

The purpose of this retrospective study was to determine how dual-language education
affected acquisition and trajectory of mathematic skills in primary education. The need for this
study was based on disagreement between experimental studies of cognitive differences in
bilinguals and monolinguals and the disparity present in academic performance of CLD students.
The experimental literature suggests that bilingualism is associated with benefits to executive
function and novel arithmetic tasks (e.g., Bialystok, 1999, 2010, 2015; Carlson & Meltzoff,
2008; Stocco & Prat, 2014). One would expect such benefits would contribute to greater
academic achievement for CLD students, who make up a majority of bilingual speakers in the
United States. In contrast, CLD students are at higher risk for falling behind academically when
compared to their mainstream peers (Peterson et al., 2011). Disparities due to differences in
SES—which negatively affects executive function—and cultural context have been posited as
reasons for the observed juxtaposition between experimental studies and educational data
(Herrera et al., 2007; Lawson & Farah, 2017). Dual-language education presents itself as a
uniquely positioned intervention for capitalizing on potential benefits of bilingualism and
cultural responsiveness while mitigating the deleterious effects of SES disparities (Arnold &
Doctoroff, 2003; Gomez & Gomez, 2014; Lawson & Farah, 2017). Findings from this study
were used to assess the association between dual-language education and mathematics
development during elementary school. This chapter includes (1) an overview of the study, (2)
an interpretation of major findings in relation to literature on executive function, (3) an
interpretation of major findings in relation to literacy development and cultural responsiveness,
(4) study limitations and implications, (5) suggestions for future work, and (6) study conclusions.
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5.1

Overview of the Study
The theoretical framework for this study is based on an extensive review of literature

covering relationships between language, executive function, cultural responsiveness, and
mathematics. The relationship between language and math is complicated, but from the last
several decades of research, we can draw some conclusions. First, it appears that executive
function consists of three separable but highly related domains: working memory and updating,
inhibition of prepotent responses and conflicting information, and task shifting (Miyake et al.,
2000). Each domain is known to continue to mature and focalize through development into
adulthood (e.g., Bell & Wolfe, 2007; Best et al., 2009; Casey et al., 1997; Durston et al., 2006;
Luciana & Nelson, 1998). Tasks designed to assess executive functions are varied, may be
highly sensitive to executive tasks that have a high cognitive demand (face validity), but are
known to be non-specific with regard to which domain (if any specifically) of executive function
is being assessed (Miyake et al., 2000). This may be indicative of weaknesses in task design, but
more likely, it is due to the highly complicated and changing nature of the latent variables of
executive function. We also know that executive function is associated with other latent variables
such as intelligence and socioeconomic status (Arnold & Doctoroff, 2003; Bradley & Corwyn,
2002; Lawson & Farah, 2017).
Young children (pre-school age) with good executive function skills tend to develop early
literacy skills sooner (Cragg & Nation, 2010; Fernyhough & Fradley, 2005), and individuals with
disabilities in executive function have also shown to have, in many cases, co-existing language
disabilities (Lidstone et al., 2009; Russell et al., 1999). While the true nature of the relationship
between language and executive function is still an active line of investigative research, the
conclusion that an association exists is not unfounded. Furthermore, research on bilinguals and
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executive function have shed some light on how acquisition of a second language may affect
executive function.
Multiple lines of research suggest that bilinguals show an advantage over monolingual
peers in areas of executive function (e.g., Bialystok, 1999, 2010, 2015; Carlson & Meltzoff,
2008; Stocco & Prat, 2014). While research can be very inconsistent as to which areas of
executive function are most benefitted, this can be attributed to varying measures used,
population age, sample sizes, and definitions of the term “bilingual”. What is posited as a reason
for observed differences between monolinguals and bilinguals is that both languages are active at
all times for bilingual individuals (e.g., Bialystok & Martin, 2004; Bialystok et al., 2008; Costa
et al., 2008). This dual-lexical activation creates a consistent processing demand requiring
individuals to inhibit non-relevant language, update relevant information based on context and
interlocutor, and shift in-between aspects of each language based on environment and
communicative needs (e.g., interpreter). Inhibition of conflicting information and proactive
interference seems to be the most likely area of executive function to benefit from second
language acquisition, but this may also be due to the age of populations most studied (pre-school
age). At early ages, inhibition can dominate, or be more salient to assessment, amongst executive
functions. It also can make executive function appear as one integrated domain.
While positing the demonstrated benefit to executive function will translate to greater
academic achievement, educational studies have varied in their findings of differences between
bilinguals and monolinguals with regard to academic achievement (Einarsdottir et al., 2016;
Elliot & Argulewicz, 1983; Finn, 1982; Szapoznik & Kurtines, 1980). Some of the most seminal
studies in this area have focused on reading comprehension and literacy development (Thomas &
Collier, 1997, 2002). An important finding from these studies is that while early literacy
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development appears to be comparable between monolinguals and bilinguals, bilinguals begin to
improve and outpace their monolingual peers in later primary grades. An Icelandic study
(Einarsdottir et al., 2016) of bilingual and monolingual peers found that bilinguals were more
likely to finish secondary education with high marks (comparable to a letter grade of “B” or
better) in areas of language and math. It is important to note the myriad of limitations and
methodological issues that surround many studies that use bilingual populations. For example,
researchers often rely on self-assessments or surveys to decide if an individual fits a definition of
bilingual. These definitions are often not standard. Secondly, the benefits of a bilingual
experience will often depend on when a second language was acquired, how often it is used, and
in which contexts it is used (e.g., Luk et al., 2011).
Any appreciable benefit to academic achievement may also depend on the relative
proficiency of bilingual students (Thomas & Collier, 2002). With most CLD students, academic
support of L1 is crucial to performance in L2. To date, studies of dual-language programs have
focused primarily on outcomes in reading and literacy. To my knowledge, this is the first study
to look at the association of a dual-language intervention and math assessment scores through
elementary school. Chapter 3 describes analytical methods used to describe that association, and
Chapter 4 describes study results of analysis of data. What follows is a discussion and
interpretation of this study’s findings.
5.2

Major Findings as They Relate to Executive Function
From evidence provided from previous studies, the following results were expected for

the first research question: For children that enter a dual language program, the expectation was
to see M-CAP and M-COMP scores that are comparable to those students from traditional
education through third grade. However, after third grade, mean scores for M-CAP and M-
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COMP would differ, with students from the dual language program having higher scores on
average. With respect to M-CAP, findings were relatively consistent with expectations, although
statistically non-significant. Figure 1A shows a pattern that is close to the expected pattern, in
which scores for the two schools start to separate.
Of particular importance are the mean scores for students during the fall probes of each
assessment. The reason fall is an important time period to view when we consider improvements
in mathematical reasoning is that it can be considered a return-to-baseline score after a natural
“washout” period during Summer months. Considering the fact that AIMSweb assessments are
normed for each grade level, fall scores should be comparable across grade levels. Similarly,
winter scores should be comparable to winter scores, and spring scores should be comparable to
spring scores. However, winter scores and spring scores are also expected to be higher, and vary
more, as these scores also indicate responses to mathematics curricula, and environmental
differences, during the school year. As an example, we can consider an average student (i.e.,
50th percentile) with regard to grade-level understanding of mathematics concepts and how to
apply them. One would expect that their raw score would increase from fall to winter and from
winter to spring each year (Figures 1 and 3 show this pattern rather well for each school). After
returning to school after a Summer break, and entering higher grade-level mathematics, their
next fall assessment probe should be comparable to the previous year’s fall probe, assuming that
the student is still at the 50th percentile. This represents the student’s baseline performance.
Changes to baseline performance in concepts and application assessments best illustrate
long-term improvements in student performance since fall probes are likely to be less sensitive to
performance variations due to instructional and environmental differences that occur over each
school year, and within different classrooms. This relative stability in the fall assessment probes
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is illustrated in Figure 4. When each student’s score is placed on a relative scale (i.e., a z-score),
we see that intra-year changes in student scores vary greatly. The fall probe scores are much
more stable. Given the retrospective nature of the study and that individual classroom-level data
were not gathered, the fall scores are a much better measure of year-over-year changes compared
to yearly averages, spring scores, or winter scores.
5.2.1 Interpretation of M-CAP Scores
Consistent with our hypothesis, mean fall M-CAP scores were not statistically different
in second and third grade between students under a dual-language education model and a
traditional education model. The fall M-CAP scores then differ starting in fourth grade, with a
statistically significant difference in fifth grade. Inconsistent with our hypothesis was the lack of
difference between the two schools in fall M-COMP scores. Although we expected the scores to
be similar in second and third grade, the scores remained non-significantly different through the
fourth- and fifth-grade years.
Several possible explanations exist for the study findings and the inconsistencies with the
central hypothesis. First, the differences between mathematics computation (assessed by MCOMP) and mathematics concepts and applications (assessed by M-CAP) should be elucidated.
As defined in the technical manual (Appendix A), the M-CAP was designed “with a focus on
ensuring students’ problem-solving, logical reasoning, and application of analytical skills to
problems.” For second-, third-, and fourth-graders, the M-CAP measures number sense,
operations, patterns and relationships, measurement, geometry, and data and probability. Algebra
is added to the assessment in fifth grade. By contrast, the M-COMP is used to assess
computational ability in the areas of basic facts, column addition, and complex computations in
first through third grade. Decimals and fractions are added to the assessment in fourth grade, and
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conversions and percentages are added to the assessment in fifth grade. Quite simply, M-CAP
scores relate to the problem-solving process. It assesses how well students make use of the
understanding they have of mathematical principles to reason, plan, and execute a solution to a
presented problem. This cannot occur without some procedural training in and memorization of
basic computational tasks, so both assessments are needed and interdependent to some extent.
If bilingual experience does impart a benefit to executive function, it seems reasonable to
expect the sequelae of that benefit to be observed more readily in M-CAP assessments. While all
tasks, even simple computational tasks require the activation of executive function domains
(Cantin et al., 2016), the evidence from studies on executive function suggest that eliciting an
observable response in executive function in late childhood and early adolescence is unlikely
unless highly complicated tasks, tasks requiring the synergistic use of all three domains, are
presented (Best et al., 2009; Cowan & Powell, 2014; Fuchs et al., 2010; Gathercole et al., 2004;
Leon-Carrion et al., 2004; Luciana & Nelson, 1998). Problem-solving and reasoning assessments
like the M-CAP should be complicated enough to elicit observable differences in executive
function, particularly in early intra-year probes when exposure to grade-level material is limited.
Measures of executive function are not routinely gathered on all children in the school district, so
conclusive statements on the association between fall M-CAP scores and executive function
cannot be made. However, differences in executive function due to a dual-language educational
environment could be partly responsible for the differences noted in M-CAP scores.
The outcome with regard to M-CAP scores was expected for several reasons. First, not all
students have a bilingual background upon entering the program, and it may take years of
experience with a second language for changes to executive function to be appreciated
(Briellmann et al., 2004; Chee, Hon, Lee, & Soon, 2001). Secondly, early math skills should not
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be as affected by differences in executive functioning as later math skills that are more
cognitively demanding (Bialystok, 2011). The lack of difference in fall M-COMP scores was
unexpected, though not thoroughly surprising.
5.2.2 Interpretation of M-COMP Scores
The hypothesized difference in performance on the M-COMP was based primarily on
studies of bilingual versus monolingual individuals on non-verbal tasks of executive functioning,
such as arithmetic tasks. In one such study (Stocco & Prat, 2014), bilingual individuals were
found to learn novel arithmetic tasks more effectively and more efficiently than their
monolingual peers. Participants were each presented a series of numbers (x,y). For example,
participants might be shown the numbers 7, and 8. Next, the participants would be shown an
order of operations such as “add 2 to x,” “subtract 3 from y,” and “sum the results for each
previous task.” Each participant’s response time and accuracy for the set of operations was
recorded. Functional MRI imaging was used to map the neural circuits employed by each
participant during execution of each set of operations. The benefit of this design is that it allowed
the investigators to view differences in executive functioning by using a task that forces
participants to use all three executive function domains in a dynamic and integrated way. For
example, set shifting is required to turn attention from the set of numbers to the set of operations
and from each operation to the next operation. Secondly, inhibition is required to maintain focus
and attention on the operation at hand without interference from irrelevant numerals or
operations. Finally, working memory is tasked because each step requires the participant to
correctly recall from memory whichever numeral, operation, or prior arithmetic result is required
to complete the immediate task.
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The results from the Stocco and Prat (2014) study demonstrated a significant bilingual
advantage in the speed at which novel tasks are learned. Bilingual individuals were faster at
executing novel tasks than their monolingual peers. Imaging results indicated bilinguals were
also shown to be more efficient or “flexible” in how they responded to new rule-based learning.
Specifically, bilinguals showed greater modulation in activity in the area of the brain associated
with rule-based learning, the basal ganglia. The basal ganglia is also the area of the brain
associated with selecting the appropriate target language in multilingual individuals (Abutalebi,
Miozzo, & Cappa, 2000; Fabbro, 2001). Stocco and Prat (2014) suggest the real-world
application of their results to have impact on education, and specifically mathematics. Since the
M-COMP is an assessment of rule-based mathematics learning, it presents itself as an obvious
choice to test hypotheses regarding any real-world application of the Stocco and Prat (2014)
findings.
When looking at Figure 1B, we see no appreciable differences in the fall scores between
the two schools. On the other hand, the winter and spring scores are very different between the
two school programs, although both schools show a large amount of intra-year improvement in
computation scores. These differences suggest that a large amount of improvement in
computation is occurring during each year, with students from the traditional education school
showing more improvement in the intra-year period than those from a dual-language school. The
large intra-year improvements in M-COMP scores demonstrated at both schools, compared to
the relatively small intra-year improvements in M-CAP scores, suggest that M-COMP scores are
also more sensitive to instruction. This may mean that differences in winter and spring scores are
due more to variations between instructional methods and assessment procedures between
classrooms and schools.
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Because each fall, winter, and spring probe is given based on grade-level material, it
stands to reason that scores on grade-level material improve from fall to spring. However, we do
not see appreciable differences year-to-year in the fall M-COMP scores between the two schools,
like those noted for M-CAP scores. This could mean that growth in computational skill during
the school year, however great, does not necessarily translate to an improved baseline (fall score)
in more difficult material. While the findings from the M-COMP scores do not confirm this
study’s hypotheses, it is important to note differences between our population and that used by
Stocco and Prat (2014). First, the Stocco and Prat study used only bilingual individuals that were
highly proficient in their L2. That is to say, they were biliterate, so they were able to proficiently
read and write in L2. Conversely, this study looked at individuals that can be considered to have
emerging biliteracy, with biliteracy being the overall goal of a dual-language program (Gomez &
Gomez, 2014). So, it may be that appreciable differences in M-COMP would not be noticed until
secondary school (grades 6-8) when students are more proficient in L2. In fact, the hypothesized
pattern of diverging scores after third grade for those in dual-language programs and traditional
education programs are based on seminal work in literacy development (Thomas & Collier,
1997).
5.3

Major Findings, Literacy Development, and Cultural Responsiveness
The LETRS model for literacy describes the acquisition of literacy as an iterative process

that integrates the use of four “processors” (Foorman et al., 2005; Moats, 1996, 2009). The
processors are: context, semantic processing, the phonological processor, and the orthographic
processor. Semantic processing derives meaning from context (highly contextual information)
and the phonological and orthographic processors (highly abstract information). The semantic

120

processor acts like a bridge between abstract and symbolic representations (phonemes and
written words) of oral language and context.
Early language is highly contextual. Children derive meaning, and form concepts about
their world, from interpersonal communications and their environment. Cummins (1981) has
termed this the development of basic interpersonal communication skills (BICS), the beginning
of the language-to-literacy continuum. During the process of literacy development, school-age
children are introduced to more academic language and the alphabetic principle. Children learn
that their oral language can be represented by a set of symbols that can be manipulated in a rulebased way. By learning the rules for how to use these symbols—the alphabetic principle—
children can learn to read by sounding out the letters that form both known and unknown words
(Foorman et al., 2005; Paul & Norbury, 2012). However, knowing how to spell and/or sound out
words does not guarantee that an individual will draw any real meaning or conceptual insight
from those tasks (Klingner et al., 2008). This is the learning-to-read phase of literacy
development—developing skills related to the rule-based manipulation of the representations of
oral language (phonological and orthographic processors).
A common example of a student who may become adept at sounding out words or
spelling words, yet struggle with drawing meaning from them, is a CLD student. A CLD student
may become proficient with sounding out words in English, and even do well in spelling with
relatively few errors. However, because the language and culture used in their academic setting
does not map well to the context from which they developed BICS, CLD students can experience
difficulty transitioning from the learning-to-read phase to the reading-to-learn phase (Klingner et
al., 2008; Paul & Norbury, 2012); a critical bridge is broken between the orthographic and
phonological processors and the semantic processor. When that bridge is present, the reading-to-
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learn phase is marked by metalinguistic awareness—an understanding that reading can be used
to enhance conceptual knowledge (Paul & Norbury, 2012). Cummins (1981) calls this cognitive
and academic language proficiency (CALP), and it allows a child to improve their conceptual
knowledge and understanding through contextual experiences and de-contextualized, more
abstract, sources of knowledge.
A modified version of the LETRS model can be applied to help make sense of
mathematics development and provide a possible explanation for our conflicting findings with
M-CAP and M-COMP. By replacing the semantic processor with mathematics concepts and
applications, and replacing the orthographic processor and phonological processor with
computation, or procedural skills, we get the following simple model (Figure 16):

Contextualized Input

Concepts
and
Application

Context
(real-world)

Decontextualized Input

Computation

Figure 16. Hypothesized relationship between mathematics concepts and application,
computation, and real-world experience.
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Computation, which exists at the more abstract end of the continuum, can further be divided into
its component parts like numeracy, simple operations, decimals, among others. What is
important to understand is that computation deals with highly symbolic (decontextualized)
representations of real-world (contextualized) experience in a rule-based, procedural way. Again,
the aim here is to build a strong bridge between the contextual experiences, our real-world
observations and problems, and the more abstract symbols of computation. Ultimately, the goal
should be for students to attain a level of fluency with mathematical thinking that allows them to
easily move between conceptual thinking and procedural (computational) thinking.
Conceptual mathematics deals with understanding the principles that govern relationships
between concepts and ideas. By contrast, procedural knowledge refers to memorized action
sequences that do not necessarily require an underlying understanding of their meaning (RittleJohnson & Alibali, 1999). Conceptual and procedural knowledge are distinctly different;
however, adequate performance in mathematics—inside and outside of the classroom—requires
them to be used interdependently (Rittle-Johnson, 2017; Star, 2005). For example, a student can
become quite adept at solving a series of linear equations through rote memorization of the
component steps required to reach the correct solution. This student has learned one particular
way to solve problems that present in a particular format. In this example, procedural knowledge
dominates, and the student does not necessarily have to use any conceptual knowledge. Learning
only requires rote practice of the procedural steps. By contrast, a student who has conceptual
understanding of the problem at hand may see multiple ways to solve the same set of linear
equations (Star, 2005). Thus, the student has the ability to recognize problems of different
formats as sharing common solution procedures. Solutions to each problem can therefore have
implications for—and applications to—a much wider set of problems.

123

Ideally, a positive feedback loop exists between conceptual and procedural knowledge
(Rittle-Johnson, 2017; Star, 2005). Real-world problems are complex, and math provides a way
to represent important concepts in a model that can be manipulated using logical rules in order to
deepen our understanding—and find solutions to problems. If we recall the above example of a
student finding the correct solution via procedural knowledge alone, it is reminiscent of the CLD
student who can grasp the alphabetic principle but never really transitions into the reading-tolearn phase of literacy (Klingner et al., 2008). Given the similarities between the examples, the
context part of the modified LETRS model (Fig. 16) serves as a likely place to find a solution.
As with CLD students in reading and literacy, it is important that all students are able to
bring their language and culture, through which they have learned their entire non-academic
lives, into the math classroom. Without this, it is unlikely that conceptual knowledge will grow
passively through more exposure to procedural learning. While built on a hierarchical set of
rules, computational skills become more complex at an increasingly rapid pace (Dehaene, 2001;
Geary, 2013; LeFevre et al., 2010). Such complexity is necessitated, and thus understood to be
relevant, because it attempts to represent the complexity of a young learner’s growing world. For
all students, it is important to make apparent the connection between procedural math and the
larger context of their world. For example, how do the computations relate to concepts? How do
these concepts relate to the world as the student experiences it?
Some of the most common concerns from math educators are that students do not retain
the information from year to year, and students cannot transfer math skills to other subjects or
outside the classroom (e.g., Hiebert & Carpenter, 1992). It appears that these concerns can be
visualized in this study’s findings. As expected, during each instructional year students from
both schools show improvement in computational skills. Ideally this improvement would also
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impart some improvement in conceptual skills, which would then impart further understanding
and flexibility in computational skills. This is the desired feedback loop that is described in
current literature on math development. If this were occurring as desired, one can expect that
gains made during each school year would impart some benefit to more challenging material.
This is because the iterative relationship between conceptual and procedural knowledge builds
operational flexibility (Rittle-Johnson, 2017; Star, 2005), the ability to apply learned concepts
and procedures to novel tasks. The expected result would be that incremental improvements are
made in relative scores in the fall, after the natural washout period during the Summer months.
By contrast, what we see in the M-COMP results is no positive change in fall scores yearto-year. By only looking at yearly averages, it appears that under the traditional education model,
students are dramatically improving year-over-year compared to their dual-language peers;
however, fall scores do not seem to improve. In fact as students get into grade-levels (fourth and
fifth) with increasingly more complicated computations, fall scores decline. This may mean that
students, although learning how to apply the appropriate procedures for solving computational
tasks, it does not necessarily transfer to flexibility when presented with new material.
Over the last several decades, theories on how math skills develop have focused on which
type of math knowledge is most important to overall skill development (Rittle-Johnson &
Alibali, 1999). Should procedural knowledge, which is used in strictly computational problems,
take precedence over mathematical concepts and applications? By contrast, should conceptual
knowledge take precedence in early education as a way to impart more meaning when
computational skills are later addressed? Unfortunately, we may recognize one method or the
other as resembling our own educational experience in math class. The most current and
dominant theory in math development now views successful development as an iterative process

125

(Rittle-Johnson, 2017). Both procedural and conceptual knowledge grow concurrently, but they
are not always in phase with each other. Studies on this concept show that conceptual knowledge
gained during one school year can transfer to computational improvements the next school year
and vice versa.
Viewing procedural and conceptual mathematics as iterative gives merit to our modified
model of math development (Figure 16) and our study findings as a whole. Consider the known
benefits of dual-language enrichment programs. They allow for the use of L1 by all students,
while introducing and developing L2. This ensures that cognitive and academic language
proficiency (CALP) will develop early through L1 while basic interpersonal communication
skills (BICS) are concurrently developing in L2 (Gomez & Gomez, 2014). Not only does this
improve literacy outcomes, it makes the academic setting contextually rich and diverse. Just as in
the LETRS model, in which meaning and understanding can be derived from context (Herrera et
al., 2012; Moll et al., 1992), conceptual learning with respect to math is closely tied to context as
well. This is especially important in early math education when traditional math education is
dominated by learning computational skills.
What the study results show us is that under the dual-language program, fall scores for
conceptual and applied mathematics learning begin to increase year-to-year after third grade.
This pattern is not noticed in the computation scores, but given the iterative nature of math
development, this may mean the expected gains in computation occur after fifth grade. In my
opinion, what we see in the study findings suggest that dual-language enrichment provides a
beneficial boon to how well conceptual math maps to contextualized information. This, in turn,
should translate to improvements in computation, but this may not occur until the middle school
years. Star (2005) describes this iterative pattern as developing an idealized procedural flexibility
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that improves the student’s ability to tackle new and more challenging problems with ease. This
procedural flexibility is comparable to the results found by Stocco and Prat (2014) described
earlier. Again, we should mention a key difference in the populations used in the Stocco and Prat
study and that used in this study. Stocco and Prat’s findings were based on using a bilingual
population that was proficiently biliterate. This again provides some a priori justification for my
assertion that differences in computation will begin to show by the end of middle school. By the
eighth grade, students in a dual-language program are expected to have attained a baseline level
of biliteracy.
The results from this study cannot definitively comment on which physiological and/or
social mechanisms may be producing the results that were found; however, it appears that the
differences, and lack of differences, found between the two study groups warrant more
prospective work accompanied by rich data collection and systems analyses.
5.4

Limitations and Implications
This study has several limitations. Inferences about the impact of this study should be

viewed in light of these limitations. The non-experimental design of the study inhibits the
interpretation of the relationship between the intervention, dual-language education, and our
primary outcome—the trajectory of math development during elementary school. Experimental
designs are not practical, nor desired, in real-world application studies of educational outcomes.
A strong argument can be made that insights gained from experimentally designed studies of
educational interventions fail to be applicable in practice, where factors cannot be easily
controlled or adjusted. In this sense, it may prove more valuable to take a formative approach to
interventional studies. Formative in the sense that what changes iteratively is the quality and
quantity of metrics available from which to draw inferences. With regard to the current study, it
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is not possible to state that dual-language enrichment is causing the observed differences in
conceptual or computational learning, nor is it likely that this would be a single causative factor.
What is likely, given the richness of the experimental literature and our findings, is that duallanguage enrichment may play a significant role in benefitting the early learning of mathematical
concepts and applications.
A second limitation is the retrospective design of this study. Inherent in retrospective
designs are limitations with regard to data type and quality, which can make inferences from
those data suspect. Almost universally, data used in retrospective studies were not originally
gathered with an expressed purpose that parallels the study aims. As such, there is no guarantee
that variables used in analyses were quantified in a way that reflects, let alone permits, a priori
decisions about design or analyses. For example, SES and executive function are both latent
variables (Arnold & Doctoroff, 2003; Miyake et al., 2000). That is, they cannot be directly
measured or observed. Nonetheless they are vitally important concepts that are understood to
play dominant roles in many social, health, and educational outcomes (Arnold & Doctoroff,
2003; Bradley & Corwyn, 2002; Bradley et al., 2001; Brooks-Gunn & Duncan, 1997). By using
observable and measurable variables that are understood to share information—and are thus
interdependent—with these latent variables, researchers assume that inferences about the latent
variables can be achieved. However, differences in how measures are quantified can make such
assumptions tenuous. In the current study, whether or not a student was on a free lunch program
was used as a surrogate SES variable. Even if the two concepts were synonymous, a categorical
variable does not contain the same richness of information as a continuous, or even ordinal,
variable would when representing a latent variable like SES, which is conceptually a continuum.
All this is to say that when using a retrospective design, findings should be viewed as attempts to
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find signal in a very noisy channel. With regard to the current study, a prospective design was
prohibitive due to logistical constraints and time constraints. Data, although not optimal, were
available from a natural experiment. Data that would take at least five years to duplicate
prospectively. Findings from the current work provide justification for moving forward with a
richer prospective investigation.
Another limitation of retrospective designs is the possibility of missing data. Missing data
can cause incorrect inferences to be drawn, particularly when the missing data cannot be said to
be missing at random. In my opinion, I have accounted for this limitation reasonably. Multiple
imputation is robust to assumptions about data missing at random (Tabachnik & Fidell, 2013).
Furthermore, all possible variables were used to predict the parent distributions of variables with
missing data. The predicted distributions, when randomly sampled, did not result in significant
differences between the model parameters derived from the original data and those derived from
any of the ten imputed datasets or the pooled data. In the context of the current study, the
limiting nature of missing data is not critical because the values that are present can be assumed
to represent the parent population relatively well.
A third limitation to this study is the relatively small sample size, both in the number of
individual students and the number of schools for comparison. As mentioned earlier, educational
systems are highly complex with innumerable factors that can account for variations in student
performance at any given point within the school year. Our findings only represent the
performance of one small cohort of students from two schools in one school district. Therefore,
our findings and inferences from those findings may not generalize to districts, schools, and
students that differ from our sample. This is particularly true with regard to the population
estimates derived from the GEE modeling. Although the assumptions regarding the use of the
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model were met, the standardized scores were based on a relatively small sample, and as such the
estimates produced are sensitive to the volatility of standardized scores within a small sample.
Rather than being viewed as a critical flaw in the current study design, given its retrospective
nature, this limitation should be viewed as highlighting areas of potential measurement error that
can be clarified in future works. In a sense, addressing these issues in future investigations
should provide an invaluable reduction in noise and uncertainty.
Finally, findings from this study are limited in that measures of executive function or
instructional differences were not triangulated. This limits the ability of the current work to
associate the observed differences in conceptual development with differences in executive
functioning or cultural inclusivity in the classroom. However, the theoretical basis for this work
was influenced by a growing body of literature in bilingualism and cognition that demonstrates
an executive function benefit from the acquisition of multiple languages. Furthermore, as such
measures are not routinely gathered on students in the classroom, it is questionable whether
attempts to gather such information would have reduced the already limited study sample. What
can be inferred from the current work is that there appears to be a demonstrable difference in the
trajectory for conceptual mathematics learning that is in line with both the hypothesized
differences and those noted for literacy under a dual-language model for education. As such, this
work provides the impetus for a breadth of new questions that will help elucidate the complex
basis for these observations and their consequences in later education.
5.5

Suggestion for Future Work

5.5.1 The Importance of Community-Based Research
As with any interventional research, investigators are concerned with accessing and
recruiting the correct population for a study. This helps ensure the validity of the work and that
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the sample size is adequate for drawing reliable conclusions. As with sensitive or
underrepresented populations in epidemiological, educational, and social research, entire
communities can be underrepresented and difficult to recruit for research. Many communities
may be research-naïve or have a distrust for research and/or academicians who may be viewed as
the sole beneficiaries of community-based research (CBR). If not considered, in an open and
adaptive way, the views and values of the communities targeted by CBR, researchers may
validate any negative assumptions about research and those who wish to conduct it. Furthermore,
it becomes less likely that we will be able to recruit the appropriate communities to fill research
gaps, compounding problems of scientific validity (e.g., Faber & Kruger, 2013).
5.5.2 Scientific Validity
Assuming that researchers are granted institutional approval for a community-based
intervention, the scientific validity of that intervention must still be weighed against the values
held by the community participants. Economic and sociopolitical factors must also be balanced
to ensure the intervention is applied as designed, that it holds value to those in the community,
and that community resources are not unduly stretched or strained. If any of these considerations
not fully addressed with input from the community in question, undue harm can result.
For example, an educational intervention that is aimed at improving the health literacy of
students from a traditionally low socioeconomic status (SES) school may run into some ethical
issues unique to the communities it intends to target. First, the intervention itself may not be
viewed as having value to the community. Many low SES communities have a disproportionate
number of immigrants or individuals from culturally and linguistically diverse backgrounds.
These participants may view the specifics of the interventions as unnecessary or
counterproductive, depending on their cultural views on health and/or any discrepancies in the
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translation of materials. Secondly, even if the intervention is viewed favorably, it may require
time and resources that are already in short supply, decreasing the likelihood that the intervention
will be carried out as desired. Lastly, the intervention, although intended to provide benefit, may
be viewed as a way to further stigmatize or marginalize members of the community.
For the current work, approval was sought from the school district’s research review
committee to obtain the data necessary to answer the research questions posed (Appendix B).
Because the intervention under investigation is naturally occurring within the community, no
additional resources were needed from the community to achieve the aim of the research.
5.5.3 Community Partnerships
While the ethical issues presented thus far should give community researchers pause to
reflect on current practices, it is through these ethical problems that current strategies, although
inchoate, for ameliorating these issues can be found. The most commonly presented method is to
supplement traditional ethics review boards (i.e., IRBs) with input from community advocacy
groups (Shore et al., 2011). Here, the goal is for stakeholders from community groups or
agencies to have input into how or if research in their community is approved. Community
members have a chance to review and provide feedback on any tools or assessments that may be
used in the intervention. This should be viewed as an active measure to strike the critical balance
between scientific validity and the economic or sociopolitical considerations that will affect an
interventions efficiency.
By including community partners in the research and ethics review process, some
perceived conflicts of interest can be mitigated to improve recruitment, trust, and accountability
issues. Although IRBs work well to prevent ethical violations when working with individual
research participants, a common perception is that the academicians, those funding the research,
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or the institution associated with the IRB will likely be the beneficiaries of research efforts.
Although the significance of a particular research line is usually communicated to participants,
this may not translate to actualized benefits at the community or individual level. The inclusion
of community partners to the research review process, can help guide appropriate interventions
to produce real benefits, both in efficacy and efficiency.
The inclusion of community partners in CBR should be viewed as a sine qua non for the
research process, but how this operates in practice is certainly a work in progress. Some of the
considerations that should be considered when developing community research partnerships
include: funding and compensation, how much relative power each advocacy group has in the
review process, how are community advocates selected, how to develop steering committees to
maintain relationships, and what kind of accountability is held by the researcher(s) and/or the
sponsoring institution.
5.5.4 Future Research Questions
Future research should focus on prospective observational designs that aim to confirm
and delineate the nature of the observed findings in the current work. Concurrently, larger-scale
retrospective designs can be used to establish how much variability in performance can be
attributed to differences between classrooms, schools, and school districts. The information
provided by the retrospective work will be imperative for choosing an appropriate sample
prospectively. Prospective work should aim to address the following questions:
1) Determine if the observed differences in math conceptual development are associated with
population differences in executive functions.
An extensive literature review has revealed a wealth of studies that demonstrate an
executive function advantage associated with bilingualism. This has been difficult to study
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longitudinally due to how executive function develops, and the limitations associated with
repeated executive function measures using the same battery of tests. However, a modified trailmaking task has been shown to elicit task-dependent responses through early adulthood. This
could make a trail-making task a promising candidate for assessing population differences in
executive function as they develop under different educational constraints. The addition of
executive function measures to a prospective observational design would be that the results could
show that a language-based educational intervention, like dual-language enrichment, could
mitigate the deleterious effects that differences in SES can have on executive function. Such
language interventions would hold promises as a resource rich method for providing benefit
where it is most needed—resource limited communities.
2) Are there observable differences when students are taught using a dual-language model vs. a
culturally inclusive model like Biography-Driven Instruction (BDI; Herrera, 2016)?
Findings from the current study bring to light another possible explanation for our results.
It remains possible that the benefits to conceptual mathematics that are associated with duallanguage may also be associated with programs that are based on culturally inclusive education,
like Biography-Driven Instruction (BDI; Herrera, 2016). From a BDI perspective, a student’s L1
is still a crucial part of their classroom learning, and there remains a focus on improving L1 for
the same reasons as in dual-language. However, language inclusivity is only part of a larger
model which promotes culturally responsive education. Under this model, all students are
encouraged to bring culturally relevant context into the classroom to help scaffold their learning
and the learning of their peers. Not only would this scaffolding of contextually relevant
information fit well with the modified LETRS model for explaining improvements in math
concept development, literature supports this method of instruction for brain development.
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3) Are early changes in conceptual knowledge met with changes in computational knowledge in
middle school?
Building on the differences in conceptual development noted in the current work, and the
lack of differences noted with regard to computational development, future work should focus on
math development through the middle school years. With the most current theories of math
development suggesting that conceptual and computational knowledge grow in an iterative
fashion, one can hypothesize that conceptual growth observed in the later elementary grades will
transfer to improvement in computational skill in middle school; however, the current work was
unable to appreciate and change in computational skill. I believe this is due to the fact that we
did not look at M-CAP and M-COMP scores beyond 5th grade.
4) What are the implications for enrollment in advanced mathematics coursework and
graduation rates?
Research is needed to ascertain the extent to which early changes in math development
are associated with larger educational goals. Specifically, do such changes and/or differences in
development relate to high school graduation rates or the likelihood of enrollment in advanced
mathematics courses? The significance of the implications from the current work should be
weighed with regard to these questions. The current represents an early step in a long line of
investigations meant to reach the investigator’s long-term goal of understanding how bilingual
education could be used to mitigate the deleterious academic sequelae associated with SES
disparities while improving outcomes for all learners.
5.6

Final Thoughts and Conclusions
Recent research shows a remarkable link between bilingualism and an executive function

advantage. Executive function plays a critical role in the ability to plan, identify pertinent
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patterns, and solve complex problems. Executive functioning plays a critical role for the nonverbal learning necessary to succeed in mathematics. Together, these data would suggest
children who learn to use two languages at an early age could be at an academic advantage in
subjects not typically associated with linguistic or verbal acumen. However, the United States
lags behind other nations in mathematics. Analysis of mathematics assessments from students in
elementary school suggest that a dual-language intervention can produce observable changes in
the trajectory of conceptual mathematics learning. The findings imply that focusing on biliteracy
as a goal for all students can potentially have a positive effect on math development. This
suggests that language, an abundant educational resource, may have an increasingly important
part to play in mitigating disparities in mathematics achievement. As the number of CLD
students continues to grow in the United States, teaching methodologies that utilize learners’
cultural and linguistic funds of knowledge early in academic settings will be imperative.
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