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The struggle itself towards the heights is enough
to fill a man’s heart.

One must imagine Sisyphus happy.

El esfuerzo mismo para llegar a la cima basta
para llenar un corazén de hombre.

Hay que imaginarse a Sisifo feliz.

Albert Camus (1942, p.112)
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Abstract

This doctoral thesis specifically addressed the role of integrated STEM approaches in the
development of elementary girls’ and boys’ attitudes towards school science. For such an endeavor,
a mixed-method exploratory sequential design was adopted. During the first, qualitative strand, the
development of a pedagogical approach, rooted in constructivist, socio-constructivist, and the
tripartite-model of attitude, is advanced for the design and implementation of valid and plausible
STEM teachings units. A pilot unit was developed and tested for 15 weeks with a total of 649
students enrolled from 3™ to 6% grades of elementary education. The analysis of three focus groups
with six elementary school teachers that implemented the STEM unit, and the non-participant
structured observation of 219 classroom sessions, revealed that the iterative process of
implementation, evaluation, and re-design resulted in an authentic STEM unit that significantly
addressed the interconnection between Science, Technology, Engineering, and Mathematics
disciplines.

Next, during the second, quantitative strand, the effectiveness of this authentic STEM unit in
improving students’ attitudes towards school science was examined for 6 sequential weeks, using a
one-group pretest-posttest quasi-experimental design. A total of 245 elementary school students
participated in the 12-hour intervention unit. For data collection, existing measurement instruments
were examined by means of two systematic reviews revealing a gap in the literature of valid and
reliable attitude instruments. Therefore, two quantitative instruments, S-SSAS and SUCCESS, were
specifically developed and psychometrically evaluated in this dissertation. Findings of the
intervention suggested that the STEM unit seems to improve students' expectancies of success,
enjoyableness of school science, self-efficacy in school science, and intentions to further enroll in
school science subjects, without differential effects in terms of gender variable.

Taken together, this doctoral thesis advances a plausible conceptualization about what constitutes
STEM education and how to best implement it in the Spanish educational system. Therefore, it
carefully documents the iterative process of design, analysis, evaluation, and revision of a pedagogical
framework that offers insights with regard to the characteristics of a valid, practical and authentic
STEM education that possesses the potential to impact the attitudes towards school science of

elementary school students.






Resumen

Esta tesis doctoral aborda especificamente el papel de los enfoques integrados STEM en el
desarrollo de las actitudes de los nifios y nifias de Educacién Primaria hacia la ciencia escolar. Para
tal fin, se adopté un disefio de mérodos mixtos de corte secuencial exploratorio. Durante la primera
fase, de naturaleza cualitativa, se avanzé en el desarrollo de un enfoque pedagdgico, enraizado en el
constructivismo, el socio-constructivismo y el modelo tripartito de las actitudes, para el disefio e
implementacién de unidades de ensefianza STEM vilidas y plausibles. Asi, se desarrollé una unidad
didéctica piloto que fue probada durante 15 semanas con un total de 649 estudiantes de 3° a 6° curso
de Educacién Primaria. El andlisis de tres grupos focales realizados con seis maestros de Educacién
Primaria, asi como los resultados de la observacién estructurada no participante de 219 sesiones de
clase, revelaron que del proceso iterativo de implementacién, evaluacién y redisefio se obtuvo una
auténtica unidad diddctica STEM que aborda significativamente la interconexién entre las disciplinas
de Ciencia, Tecnologia, Ingenierfa y Matemdticas.

A continuacién, durante la segunda fase, de naturaleza cuantitativa, se examiné durante 6
semanas consecutivas la eficacia de esta unidad STEM para mejorar las acticudes de los estudiantes
hacia la ciencia escolar, empleando un disefio cuasi-experimental pretest-post test de un solo grupo.
Un total de 245 estudiantes de Educacién Primaria participaron en la unidad de intervencién de 12
horas. Para la recoleccién de datos, se examinaron los instrumentos de medicién existentes mediante
dos revisiones sistemdticas que revelaron una ausencia en la literatura de instrumentos de actitud
vélidos y confiables. Por lo tanto, dos instrumentos cuantitativos, S-SSAS y SUCCESS, fueron
especificamente desarrollados y evaluados psicométricamente en esta tesis doctoral. Los resultados de
la intervencién sugirieron que la unidad STEM parece mejorar las expectativas de éxito, el disfrute
de la ciencia escolar, la autoeficacia en la ciencia escolar y la intencién de los estudiantes de 3° a 6°
de Educacién Primaria de matricularse en futuras asignaturas de ciencia, sin efectos diferenciales en
wérminos de variables de género.

En conjunto, esta tesis doctoral propone una conceptualizacién plausible sobre lo que constituye
la educacién STEM y sobre la forma de implementarlo en el sistema educativo espafiol. Asi, se
documenta detalladamente el proceso iterativo de disefio, andlisis, evaluacién y revisién de un marco
pedagégico que ofrece detalles sobre las caracteristicas de una educacién STEM vélida, prictica y
auténtica que posee el potencial de mejorar las actitudes de los estudiantes de Educacién Primaria

hacia la ciencia escolar.
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Chapter 1. Introduction

This chapter introduces the impetus for this doctoral dissertation. More specifically, section 1.1.
describes the driving forces and the preliminary studies that prompted the development of this
research. Then, section 1.2. discusses the educational and research problem that was investigated,

whereas section 1.3. focuses on the specific aims and research questions.

1.1.  Origins

In order to convey meaning and facilitate the understanding and interpretation of the different
studies and sections compiled in this dissertation, it would be useful to begin by introducing how
and why this research emerged; namely, its origins. Although there are many factors involved, the
following five reasons were the ones that most encouraged this dissertation: (i) a decline in scientific
related careers enrollments; (ii) students negative attitudes towards science; (iii) science education
reforms; (iv) science education teacher’s professional development; and (v) the STEM education

movement. The significance of each of these factors for this dissertation is briefly described below.

1.1.1. Decline in enrollments

First, a shortage of graduates in science-related careers has been identified worldwide. Countries
such as Australia or the United States of America have experienced in recent years a continuous
decline in the number of students enrolled in these disciplines (Kennedy, Lyons, & Quinn, 2014;
National Science Foundation [NSF], 2017). This lack of enrolments is also similar among many
European Union countries (European Commission [EC], 2013), particularly in England (DeWitt
& Archer, 2015), France (Rapoport & Thibout, 2018) and Netherlands (Buser, Niederle, &
Oosterbeek, 2014). Spain is no stranger to this situation. Compared to 2004, in 2014 there were
23% fewer enrolments in scientific-related university degrees and 29% fewer enrolments in
engineering and architecture (Ministerio de Educacién, Cultura y Deporte [MECD], 2016).
Furthermore, in Spain, gender segregation persists, with very few university graduates being women:
only 25% and 2.5% in the case of Engineering & Architecture and Physics & Mathematics fields,
respectively (Instituto Nacional de Estadistica [INE], 2017). It is estimated that this situation could
lead to a lack of scientifically literate citizenship and a dearth of a STEM workforce. These
circumstances may compromise nations’ ability to address complex problems facing the 21%-century,
which in turn threatens global security (National Academy of Sciences [NAS], National Academy of
Engineering [NAE], & Institute of Medicine [IOM], 2010).
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1.1.2. Negative atticudes

Worries are dreadful. Coupled with a decrease in graduates in science-related careers, global
trends of negative attitudes toward school science have been also identified. The international ROSE
project (Sjoberg & Schreiner, 2010) concluded that in most developed countries students think of
school science as less interesting than other subjects. Indeed, different attitudinal components such
as lack of enjoyment (Palmer, Burke, & Aubusson, 2017), low levels of self-efficacy (Chachashvili-
Bolotin, Milner-Bolotin, & Lissitsa, 2016; Sellami, El-Kassem, Al-Qassass, & Al-Rakeb, 2017) or
perceiving science as irrelevant and not useful (Andersen & Ward, 2014) have been pointed out as
detrimental for developing intentions to enroll in science-related studies. Recently, career choice and
persistence has also been linked to achievement motivation factors such as expectancies of success
(Guo, Parker, Marsh, & Morin, 2015).

In order to identify whether these patterns also occur in the context in which this dissertation
was developed, the author of this dissertation conducted a set of preliminary studies investigating
several variables that may influence student’s intention to persevere in science-related studies, using
elementary school students from the region of Castile and Leon, Spain. The results of these studies
were used to create a baseline for the characteristics of the population under study in this dissertation,

in relation to several critical constructs for scientific literacy.

1.1.2.1. Preliminary studies with elementary students

The first study explored the stereotypical image of scientists in 149 children of multicultural
background, enrolled in 2™ to 6™ grades of elementary education, using a modified protocol of
Chamber’s (1983) Draw a Scientist Test (Toma, Greca, & Orozco Gémez, 2018)". The sample was
comprised of Spanish students, Spanish students of gypsy ethnicity and second-generation Spanish
students with roots from east-European countries.

In general, students had stereotyped conceptions of scientists, representing an image of the
scientist as a male, especially in the case of boys, with Caucasian traits, who wear lab coats and who
lonely conducts research in a laboratory with little to none interaction with other people. These
stereotypes persisted in both girls and boys and was depicted in all grades investigated. In addition
to stereotyped conceptions about the appearance or activities performed by scientists, the students
in this sample also revealed beliefs about science as a very hard to achieve career, only suitable for
very intelligent people. Therefore, it has been identified that these conceptions related to
psychological components of scientists are engrained from elementary levels of the educational
system, which could be holding back aspirations to pursue a career in science.

A second study investigated attitudes towards science and views of Nature of Science using the
same sample as the Draw a Scientist study described above (Toma, Greca, & Orozco-Gémez, 2019)%
Data were collected using a modified version of the Test of Science Related Attitude instrument

' See Supplementary material 1
* See Supplementary material 2
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developed and validated by Fraser (1981), and the Nature of Science instrument proposed by
Hacieminoglu, Yilmaz-Tiziin, & Ertepinar (2012).

Regarding gender, boys had better attitudes toward Science than girls but more naive views of
the empirical aspect of Nature of Science. In relation to cultural background, second-generation
Spanish students with east-European heritage reported significantly better attitudes toward Science
than Spanish students and Spanish students of gypsy ethnicity, although no differences in Nature of
Science views were found. Concerning grade level, 3" graders had more positive attitudes toward
Science than 5" and 6" graders and more informed views of the tentative Nature of Science.
Therefore, this study concluded that there is a need to address the steady decline in positive attitudes
toward Science and to improve students’ views of Nature of Science from early elementary grades.

Therefore, since these two studies are consistent with international investigations suggesting that
career aspirations in science start to develop at an early stage of the elementary education, with a
considerable decrease in students’ interest for science in upper grades and secondary education (Ali,
Yager, Hacieminoglu, & Caliskan, 2013; Denessen, Vos, Hasselman, & Louws, 2015; DeWitt and
Archer, 2015; Said, Summers, Abd-El-Khalick, & Wang, 2016), it is critical for Science Education
to advance educational initiatives and policies to foster student’s scientific vocations before they

enroll in secondary education.

1.1.3. Science education reforms

Driven by the situation described above, science education reforms are being undertaken
worldwide and inquiry-based pedagogies are being promoted as one of the main didactic strategies
to reverse this situation. For example, in the United States, the National Research Council (NRC,
2000) postulated inquiry as a central strategy for science teaching and, more recently, the Next
Generation Science Standards (NRC, 2013) promotes inquiry and scientific practices as a critical
axis for science education in elementary school. In other countries, such as Chile, a new policy
document suggests that inquiry should be used as a teaching strategy from the initial stages of
elementary education (MINEDUC, 2012).

Likewise, the Spanish science education curriculum is slowly starting to promote inquiry-based
science education through the three main curricula renovation advanced in the last two decades.
Thus, in the 90s, the Ley Orgdnica de Ordenacién General del Sistema Educativo (LOGSE)
[Organic Law on the General Organization of the Educational System] emphasized the need for
scientific literacy through constructivism-based teaching and learning methods, and established a
main subject called Conocimiento del Medio natural, social y cultural [Knowledge of the natural,
social and cultural environment] that integrated content from both natural and social sciences
disciplines (Ley Orgdnica 1/1990, de 3 de octubre).

Years later, in 2006, the Ley Orgdnica de Educacién (LOE) [Organic Law of Education] was
adopted in the Spanish educational system. While science education was still taught through the
same subject as in the LOGSE law period, the LOE educational law promoted a competence-based
curriculum and a global approach to learning. From a psychological point of view, this law proposes

a didactic treatment that goes from global themes and knowledge to more analytical and specialized
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ones, thus presenting the reality through holistic lens instead of structured by areas of knowledge
(Ley Orgdnica 2/2016, de 3 de mayo).

Lastly, the Ley Orgdnica para la Mejora de la Calidad Educativa (LOMCE) [Organic Law for
the Improvement of the Quality of the Education] has recently been proposed and implemented in
the Spanish education system. One of the main changes is that the Conocimiento del Medio natural,
social y cultural school subject is now divided into two distinct subjects called Ciencias de la
Naturaleza [Natural Sciences] and Ciencias Sociales [Social Sciences]. Through this change, greater
attention is given to science education, which now has two weekly one-hour sessions specifically
devoted to Natural Sciences disciplines, instead of the previous three hours that were shared with
Social Science disciplines during the LOGSE and LOE laws. Another important change is the
inclusion of a common standard for the six elementary grades (for students aged 6 to 12 years) called
Initiation to scientific activity. This new standard explicitly advocates, for the first time in Spanish
educational law, for inquiry approaches to scientific learning by planning and carrying out simple

scientific investigations (Ley Orgdnica 8/2013, de 9 de diciembre).

1.1.4. Professional development

The educational reforms that are being promoted will hardly have a significant educational
impact if teachers do not have the required knowledge and skills to use innovative, inquiry-based
teaching methodologies. There are numerous studies stressing that given the limited professional
development in science of elementary school teachers, any science education reform that goes beyond
the use of the textbook as the main teachings strategy will create many challenges because most
teachers do not have the knowledge and skills necessary to use active-based pedagogy reflectively and
appropriately in the classroom. In fact, research results reveals that elementary teachers hold
fragmented, superficial and flawed scientific knowledge, which leads to traditional, lecture-based
lessons for teaching science (Cafial 2000; Porldn et al., 2010). Similarly, previous research suggests
that pre-service teachers struggle with proposing teaching units that are in line with inquiry-based
approaches for science education (Seung, Park, & Jung, 2014).

In order to determine to what extent this aspect is present in the Spanish educational system, and
more specifically within the context where this doctoral thesis has been developed (i.e., Burgos
province), the author of this dissertation conducted a preliminary study on pre-service teaching
ability to design inquiry-based science teaching units, described below. The results of this study were
central for the design of the pedagogical framework for STEM-based science education proposed

and tested in this dissertation.

1.1.4.1. Preliminary study with preservice teachers

The purpose of this preliminary study was to identify elementary school pre-service teachers’
difficulties when developing inquiry-based teaching units for science education (Toma, Greca, &
Meneses Villagrd, 2017). To this end, up to 157 teaching units designed by students in the final year
of the University Degree in Primary Education at the University of Burgos have been analyzed. First,
following Schwarz & Gwekwerere (2007), the teaching units have been categorized into a continuum
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from didactic units that promote traditional, teacher-centered lessons, to units that promote inquiry-
based practices. Subsequently, the teaching units categorized as inquiry-based were evaluated using
the Reformed Teaching Observation Protocol (RTOP), developed by Sawada & Piburn (2000), to
detect the degree of coherence of the teaching units, and those aspects that are more difficult to
integrate into an inquiry-based science unit.

The findings suggested that only 22% of the didactic units designed promoted an inquiry-based
approach. Likewise, the application of the RTOP instrument revealed that three-quarters of the units
designed to promote an inquiry-based approach were developed in a very guided way, which did not
allow students to propose different research questions or design their own procedures for testing the
formulated hypothesis. In other words, even though inquiry was promoted, students were limited to
carrying out the hands-on activities already designed by the teachers. Therefore, these results
highlight the need to improve elementary school teacher’s professional development in science so
that they can be able to implement those educational measures that are being demanded in the

different educational reforms discussed in previous sections.

1.1.5. The STEM momentum

Finally, in this scenario characterized by continuous science education curricula reforms in order
to ensure scientific literacy and increase the number of students interested in pursuing science-related
careers, an educational movement, called STEM, emerged in science education policy discourse.
This acronym stands for Science, Technology, Engineering, and Mathematics, and is gradually
monopolizing attention in the science education panorama. Nevertheless, although the STEM
movement has gained momentum in recent years, the research and educational agenda developed
around this acronym is plagued with ambiguities and suffers from several critical limitations that
compromise its educational value.

Hence, under the STEM acronym, diverse and sometimes contradictory educational initiatives
are being promoted, including a greater emphasis on STEM coursework, improvement of STEM
curricula through educational reforms, and a global call to abandon the individualized treatment of
cach disciplines in favor of the adoption of integrated approaches that emphasize connection across
STEM school subjects and disciplines (English, 2016; Johnson, 2012; Kelley & Knowles, 2016). As
a result, the dominant STEM discourse states that “(...) these subjects cannot and should not be
taught in isolation, just as they do not exist in isolation in the real world or the workforce” (STEM
Task Force Report, 2014, p. 7). It is further argued that integrative approaches may increase student’s
perception of the relevance of STEM subjects and foster favorable attitudes towards learning and
engaging in STEM-related fields (NAE & NRC, 2014). This call for STEM integration through
real-world problem-based learning in authentic environments has been echoed in recent
international reforms, such as the Next Generation Science Standards (NRC, 2013) and the
Common Core State Standards for Mathematics (National Governors Association Center for Best
Practices NGACPB], 2010).

In order to identify the viability of such an educational framework in the Spanish context, the
author of this dissertation conducted a pilot study on the implementation of STEM-based science

instruction.
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1.2. Statement of the problem

Educational reforms aimed at improving elementary school students’ scientific literacy, attitudes
towards science, and intention to enroll in science-related careers are heavily promoted worldwide,
as well as by the last Spanish educational reform. As a result, the STEM acronym is being adopted
to refer to initiatives that are in tandem with these educational policies. Consequently, self-identified
STEM schools and STEM-based curricula continue to grow daily, with many in and out-of-school
STEM programs and initiatives mounting.

However, the STEM agenda is riddled with ambiguity as there is no clear conceptualization about
what constitutes STEM and how to best implement it in the Spanish educational system. A common
operational definition of STEM is missing (Breiner, Harkness, Johnson, & Koechler, 2012) and
research about the implementation of integrative STEM is scarce and suffers of “(...) inconsistent
use of language, failure to define terms, and lack of a theoretical framework for understanding
integrated STEM education” (NAE & NRC, 2014, p. 138). Due to the plethora of STEM
conceptualizations, lack of cohesive understanding, and dearth of research-based programs, STEM
is at risk of being considered only as the neologism for science education. Indeed, some critical voices
point to a STEM-ification of science education and consider STEM as an “(...) ideological
positioning of science education rather than anything evidence-based” (Carter, 2017, p. 2) used
“(...) to press for particular ideologically based improvements to public science reimagined as
STEM” (p. 9).

In short, there are many aspects of the STEM movement that require in-depth reflection and
investigation to determine whether this approach is appropriate for improving the scientific literacy
of students, as well as for promoting positive attitudes towards science and intentions to pursue
science-related studies. Otherwise, science education efforts under the STEM umbrella would run
the risk of being nothing more than a deficit educational model that does not advance in the

resolution of the problems facing the 21%-century science education.

1.3. Aim and research questions

In order to advance the ubiquitous journey of using STEM initiatives for preparing the current
and next generation of citizens, vigorously promoted by the science education community and by
stakeholders and policymakers, it is paramount to first articulate those theoretical and pedagogical
underpinnings that such an educational paradigm should have, and then conduct rigorous
educational investigations to identify the strengths and weaknesses of STEM-based science
education. Therefore, the main aim of this dissertation is to contribute to the development of a
coherent STEM framework that advances the teaching and learning processes that should take place
when such approaches are being implemented in elementary science education, and to assess its
impact on two educational outcome variables deemed important for scientific literacy, namely,
expectancies of success and attitudes towards school science. Consequently, this dissertation intends

to examine the following research questions:
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) 1. What are the characteristics of a valid, practical, and effective pedagogical
Main . . . . o
b framework that facilitates the implementation of STEM-based teaching units in
researc ) ) ) )
] elementary science education for promoting students’ expectancies of success and
uestion ) )
4 attitudes towards school science?
S J 1.1. What teaching strategies should be used to implement valid and plausible
econda : ) ) o
Y STEM-based teaching units for science education in elementary grades?
research . . , .
) 1.2. Does STEM-based teaching units promote students’ expectancies of success and
questions ) )
attitudes towards school science?
Terti 1.2.1. For upper grades students, which teaching approach (structured vs. guided
ertia T . .
r}}: inquiry), if any, is more effective?
researc . . .
. 1.2.2. Is there any differential effect based on gender or grade level variable? Do these
questions ) ) ]
results hold when controlling for pre-intervention scores?

This is certainly a commendable goal, so it is not expected, nor claimed, that this doctoral thesis
has fully achieved this task. However, it is hoped that progress has been made towards
conceptualizing STEM as an educational paradigm, and in developing research-based didactic
principles that guide the design of STEM-based teaching units that can be used to evaluate the
appropriateness and effectiveness, if any, of STEM education.

1.4. Research design

This doctoral thesis adopted a mixed-methods multiphase design (Creswell & Clark, 2011). The
multiphase design consists of an iteration of quantitative, qualitative, and mixed-methods studies
that are sequentially conducted. Each new approach or study builds on what was previously learned
and thus advance in addressing the central research question or project objective. This design is
appropriate when there are a set of incremental research questions that address the same
programmatic research objective, although cannot be fulfilled with a single study. Likewise, it is also
useful when new research questions emerge as the project or study is being conducted. Therefore,
the multiphase design provided an overarching methodological framework for this multiyear research
dissertation.

Throughout this doctoral thesis, nine different, but closely related studies will be described.
Although each one of these studies has their own research questions and objectives, they were
specifically conducted so that they contributed to addressing the research questions introduced
above. The relation between these studies is reported in Figure 1, which reads from the left side to
right one.
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Figure 1. Pedagogical framework proposed for STEM-based science education
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The first study introduces a pilot model of STEM education developed to test whether STEM
education is viable in the Spanish educational system. This study uses a mixed-method embedded-
design, which consists of collecting and analyzing both quantitative and qualitative data within a
traditional quantitative design (Creswell & Clark, 2011). The quantitative data was collected using
a Likert-type attitudinal scale and an achievement test, administered to elementary school students
using a one-group pretest-posttest quasi-experimental design (Campbell & Stanley, 1963). The
qualitative data was collected using structured interviews with in-service teachers. The quantitative
analysis provided evidence about the effectiveness of STEM education in students’ achievement and
attitudes towards science. The qualitative analysis enhanced the overall design by adding information
about teachers’ perception of STEM-based education. This study is introduced in Chapter 3 and the
full-text published manuscript is attached in Appendix 1.

The second study describes the intervention unit developed following the pedagogical approach
for STEM education, that builds on the first study, and that is introduced in Chapter 3 of this
dissertation. This study uses a qualitative approach by describing the didactic transposition of
constructivist and socio-constructivist learning principles to the design of a teaching unit suitable for
teaching science in an integrative way to students enrolled in 3 to 6 elementary grades, in Spain.
The theoretical underpinnings of this study are discussed in Chapter 2 and 3, and the full-text
published manuscript is attached in Appendix 2.

The third and fourth studies report the results of two systematic reviews conducted in order to
select the most appropriate measurement instruments for the main study. Both studies adopted a
qualitative approach following the PRISMA statement for systematic and meta-analysis studies
(Liberati et al., 2009). More specifically, the first systematic review analyzed the validity and
reliability evidences of attitude towards science instruments. Next, building on this study, the second
systematic review analyzed instrument development and validation practices in science education
research and the psychometric properties of instruments measuring variables related to attitudes,
such as motivation or self-efficacy. Both reviews are introduced in Chapter 4; likewise, the full-text
accepted for publication manuscript of the first systematic review is attached in Appendix 3, and the
full-text under review manuscript of the second systematic review is attached in Appendix 4.

The fifth study presents the development of the SUCCESS instrument, used in this dissertation
to assess the efficacy of the pedagogical framework for STEM-based science education described in
Chapter 3, and pedagogically transferred in the intervention unit attached in Appendix 1, on
improving students’ expectancies of success in school science. This study uses a mixed-methods
exploratory sequential design, which consists of two interactive phases, being the first one qualitative
and the second one quantitative (Creswell & Clark, 2011). The qualitative phase was used to develop
the initial pool of items and by establishing its content validity using a penal of experts and cognitive
interviews with the target population. Next, building on this exploratory first phase, the pool of
items was administered to a large sample size. This second, quantitative phase, was used to examine
the psychometric properties of the SUCCESS items in terms of validity and reliability evidences.
This study is introduced in Chapter 4 and the full-text in review manuscript is attached in Appendix

5.
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The sixth study further examines the psychometric properties of the SUCCESS instrument, using
a survey-type quantitative design. This study is likewise introduced in Chapter 4 and the full-text
published manuscript is attached in Appendix 6.

The seventh study describes the cross-cultural validation of the School-Science Attitude Survey
(S-SSAS), originally developed by Kennedy, Quinn, & Taylor (2016). This instrument was used in
this dissertation to examine the impact of the pedagogical framework for STEM-based science
education on elementary school students’ attitudes towards school science. This study adopted a
mixed-methods embedded design. The main phase consisted of a survey-type quantitative design in
which the psychometric properties of the Spanish version of the S-SSAS was examined, enhanced
with a qualitative strand that examined the content validity and item interpretability of the students
by conducting a panel of experts analysis and cognitive interviews with the target population. This
study is introduced in Chapter 4 and the full-text published manuscript is attached in Appendix 7.

The eighth study consists of an analysis of the pre-test data collected during the implementation
of the intervention unit. In this study, a survey-type of quantitative design was adopted by analyzing,
through a person-centered approach, students attitudes towards school science. The data for this
study was collected using the S-SSAS instrument. The analysis and results revealed the need to
control for gender and school grade variables when analyzing the quantitative results from the main
intervention study, described below. This study is introduced in Chapter 5, and the full-text
published manuscript is attached in Appendix 8.

Finally, the ninth study consists of the main intervention performed in this doctoral thesis. More
specifically, this study adopts a mixed-method exploratory design, in which the first, qualitative phase
was devoted to the formative evaluation of the intervention unit using educational design research
as a qualitative framework. Next, the second, quantitative phase consisted of the effectiveness
evaluation through a one-group pretest-posttest quasi-experimental design (Campbell & Stanley,
1963). The method and design of this main study are in-depth described in Chapter 4, and the
qualitative and quantitative findings are reported in Chapter 5. Lastly, these findings are discussed

in Chapter 6, with special emphasis on interpreting the results in light of all previous studies.
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Chapter 2. Theoretical framework

This chapter presents the theoretical framework underpinning this thesis dissertation. First,
section 2.1. briefly reviews the origin and development of the STEM acronym, as well as recent
studies conducted under the STEM umbrella. Next, section 2.2. discusses the theoretical
underpinning and the existing literature related to the two educational constructs (i.e., expectancies
of success and attitudes towards school science) examined in this dissertation to determine the

effectiveness of the pedagogical framework for STEM-based science education proposed.

2.1. STEM and STEM education

The STEM acronym was initially originated in the 1990s by the National Science Foundation
(NSF) as a “(...) strategic decision made by scientists, technologists, engineers, and mathematicians
to combine forces and create a stronger political voice” (STEM Task Report, 2014, p. 9). The aim
was to give more prominence to the disciplines of science, technology, engineering and mathematics
(Sanders, 2009). The STEM acronym has gained strong political value and nowadays is embraced
as a slogan for policymaker and advertisement of conferences, curricula and classroom resources
(Bybee, 2013). Nonetheless, its meaning remains unclear and currently, there is a wide spectrum of
conceptualizations, which compromise its educational value and hinders its real impact on
educational curricula and teaching practices. Keefe (2010) concluded that the general public confuses
the STEM acronym with stem cell research or plants, and Breiner et al. (2012), after examining
STEM conceptions of faculty members, concluded that there is a lack of a common operational
definition of STEM, with conceptualizations strongly resembling STEM as individual disciplines
and with most members failing “(...) to demonstrate an understanding (...) even if they held
academic appointments in STEM colleges and/or programs” (p. 9).

Consequently, from a policy perspective, STEM seems to be a slogan that calls for an
improvement of science and mathematics education to fuel international competitiveness and
economic security by fostering more graduates in these disciplines, retain talent, and recruit a
talented STEM workforce from around the world (Breiner et al., 2012). From an educational
standpoint, STEM is conceptualized through a broad continuum that moves from traditional
disciplinary coursework (i.e., science, mathematics, technology, and engineering as separate
disciplines) to recent conceptions that refers to STEM as the integration of science, technology,
engineering, and mathematics curricula to closely resemble how STEM knowledge is developed and
used in real life. In words of Dare et al. (2018), “STEM content should not be taught in isolation,
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but rather in a way that reflects how STEM knowledge is used outside of school; this knowledge is
further contextualized or driven by some problem or issue” (p. 4).

This notion of STEM as curriculum integration places the emphasis on considering the four
disciplines as a cohesive entity (Cunningham, 2014, 2018; English, 2016; Kelley & Knowles, 2016;
Vasquez, Sneider, & Comer, 2013), which provide opportunity to teach and learn in real-world
multidisciplinary contexts (Dare, Ellis, & Roehrig, 2018). Similarly, Bybee (2013) offered different
conceptualizations of STEM education ranging from discipline-based perspectives to true integration
of all four disciplines. For this author, STEM literacy encompass three aspects: (i) conceptual, that
involves the understanding and knowledge of STEM-related disciplines, (ii) skills, which relate to
the ability to apply STEM knowledge and procedures to real-world questions and problems, and (iii)
attitudes, which refer to the motivation for engaging in STEM-related issues and the adoption of
STEM-based ideas and reflective stances. Kelley & Knowles (2016) conceptualized STEM as “(...)
the approach to teaching the STEM content of two or more STEM domains, bound by STEM
practices within an authentic context for the purpose of connecting these subjects to enhance student
learning” (p. 3). Moore et al. (2014) referred to STEM education as “(...) an effort to combine some
or all of the four disciplines of science, technology, engineering, and mathematics into one class, unit
or lesson that is based on connections between the subjects and real-world problems” (p. 38) and
established that successful STEM education is characterized by (i) motivating context, (ii)
mathematics and science content inclusion, (iii) student-centered, (iv) inclusion of engineering
design, (v) teamwork and communication, and (vi) conceive failure as a learning opportunity
through redesign. Recently, the letter A, referring to “arts”, has been added to the acronym, turning
it from STEM to STEAM (STEM + Arts), which refers to the incorporation of creative thinking in
problem-solving and the development of creativity (Kim & Chae, 2016; Kim, Lee, Yang, Lee, Jang,
Kim, 2019).

Although closely linked with recent definitions of STEM, the notion of curricula integration is
not new and dates to the Aikin’s Eight-Year Study about the reconstruction of the secondary school
curriculum through core-type programs characterized by a student-centered, cross-disciplinary
approach who addressed the need for making connection across subjects (Aikin, 1942; Pinar, 2010).
Combined with the lack of consensus on what constitutes STEM, misunderstandings increase as
perspectives on STEM as curricula integration are also gaining momentum. Researchers and policy
developers are even more confounded about the existing perspectives on integration and the forms
it should take in the classrooms as approaches to integration varies also from disciplinary-based
integration to transdisciplinary-problem based approaches (Gresnigt, Taconis, van Keulen,
Gravemeijer, & Baartman, 2014; Hurley, 2001; Vasquez et al., 2013).

In relation to defining integration, the National Academy of Engineering and the National
Research Council (2014) conceptualized it as “(...) working in the context of complex phenomena
or situations on tasks that require students to use knowledge and skills from multiple disciplines” (p.
52). Beane (1997) defined integration as the curriculum planning around problems based on the
real world without concerning about standardized subjects’ areas or content. The STEM Task Force
Report (2014) stated that convenient integration of the four disciplines is not enough and addressed
the need for “(...) cohesive and active teaching and learning approaches” (p. 9) in linking STEM
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disciplines.

Regarding approaches to integration, Haggis & Adey (1979) referred to coordinated, combined
and amalgamated form of integration depending on the extent to which the disciplines are taught in
combination or not. Fogarty (1991) described and categorized ten ways to integrate curriculum
within single disciplines (i.e., fragmented, connected and nested), across several disciplines (i.e.,
sequenced, shared, webbed, threaded and integrated), and within and across learners (i.e., immersed
and networked). Hurley (2001) established science and mathematics integration along a continuum
of five levels: sequenced (planned and taught sequentially), parallel (simultaneously planned and
taught through parallel concepts), partial (planned and taught separate and together), enhanced (one
of the subjects is the dominant while the other is apparent), and total form of integration (planned
and taught together equally).

More recently, after reviewing existing literature on curriculum integration, Gresnigt et al. (2014)
proposed a taxonomy for integration based on the extent to which educational elements such as
goals, lessons, explanations or grades are being shared between curricula subjects. These authors listed
a six-level hierarchical taxonomy with integration approaches being fragmented, connected, nested,
multidisciplinary, interdisciplinary, and transdisciplinary, and concluded that the greater the form
of integration, the greater the possibilities of fostering students’ positive attitudes towards the
curriculum, developing 21%-century skills and awakening the enthusiasm of teachers. On the other
hand, Gresnigt and colleagues warned that greater curricula integration also requires more
commitment, professional development, teacher support, and necessary resources.

In short, the literature refers to STEM education both from a point of view centered on each
discipline and from an integrating perspective that calls for the interdisciplinary teaching of these
disciplines. As Bybee (2013) stated, “Many request a definition, and few agree with one when it is
presented” (p. X).

Given the lack of consensus in defining STEM education, before advancing it is necessary to

clarify how STEM is conceptualized in this dissertation. As mentioned above, in the literature STEM
is conceived as integrating at least two disciplines. However, this approach adds nothing new to the
Science & Mathematics integration approach promoted in the 1970s and 1980s, whose educational
value is, at best, equivocal (Czerniak, Weber, Sandmann, & Ahern, 1991). Therefore, in this
dissertation, it is argued that STEM initiatives must integrate the four disciplines in a synergistic way
so that the result of the integration is more than the mere sum of its parts. Likewise, contrary to
existing studies conceptualizing STEM as a teaching methodology (i.c., Martin-Pdez, Aguilera,
Perales-Palacios, & Vilchez-Gonzilez, 2019), in this dissertation STEM is conceived as an
educational paradigm that secks to establish connections between the four STEM disciplines. Thus,
the definition of STEM that is advanced in this thesis is:
% STEM is an educational paradigm aimed at intentionally reducing the boundaries between
Science, Technology, Engineering, and Mathematics by fostering holistic teaching and learning
episodes based on authentic transdisciplinary real-world problems wherein the similarities,
differences, and relationship between the concepts, procedures, and skills of each one of these
disciplines are fostered and explicitly established.
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2.1.1. STEM education empirical literature

Several empirical studies have examined the impact of a STEM approach on different educational
constructs, such as achievement, engagement, and interest. Thus, Kim, Kim, Yuan, Hill, Doshi, &
Thai (2015) reported that STEM lessons using robotics improved elementary education pre-service
teachers’ interest and enjoyment. Barak & Assal (2018) concluded that using robotics within the
STEM framework provides attractive learning environments, and Chen & Chang (2018) found that
students participating in an integrated robotics STEM course outperformed student in traditional
courses in terms of knowledge acquisition and development of interest and orientation towards
STEM-related careers. Likewise, Psycharis & Kotzampasaki (2019) study revealed that using
computational tools (i.e., microcontroller boards) during integrative STEM lessons improves
student’s computational thinking skills.

Some studies adopted an engineering-based approach to STEM, concluding that STEM learning
through engineering design improve middle-secondary students’” interest towards STEM subjects
and careers (Shahali, Halim, Rasul, Osman, & Zulkifeli, 2017). Likewise, Lou, Chou, Shih, &
Chung (2017) concluded that STEM projects with a focus on design might be helpful in improving
student’s creativity. Other studies integrated STEM education with project-based learning,
concluding that this approach can enhance secondary school students learning of STEM knowledge
and facilitate the integration of the STEM disciplines (Tsai, Chung, & Lou, 2018), and improve
attitudes towards the subject of engineering in freshmen students (Tseng, Chang, Lou, & Chen,
2013). Finally, at K-5 educational level, Lamb, Akmal & Petrie (2015) suggested that STEM
integrated learning may improve self-efficacy, science interest, spatial visualization and mental
rotation (i.e., transformation process related to the ability to manipulate and rotate mentally the
presented stimuli).

While these results provide initial empirical evidence supporting the effectiveness and relevance
of STEM approaches, these findings should be interpreted with caution due to the muldplicity of
STEM approaches used in the reviewed studies. In this regard, Martin-Pdez et al. (2019) have
identified that the acronym STEM appears in empirical studies addressing from one discipline in
isolation to interdisciplinary approaches that attempt to integrate all four disciplines that make up

the acronym.

2.2. Attitudes

Defining attitudes is not an easy task as attitudes are not directly observable or measurable.
Despite the existence of multiple different conceptualizations, there is a general agreement on
conceiving attitudes as a multifaceted rather than unidimensional construct, which encompasses
cognitive, affective and behavioral aspects (Khine, 2015; Simpson, Koballa, Oliver, & Crawley,
1994). Shaw & Wright (1968) considered that beliefs about a particular object (i.e., cognitive
component) leads to affective reactions towards that particular object (i.e., affective component) and
that this may affect the behavior towards that object (i.e., behavioral component). Therefore, for
these authors, there is a three-stage process that goes from the cognitive dimension (beliefs), then to

the affective one (affective reactions), and then to behaviors (predisposition to act in one way or
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another). Similarly, Oppenheim (1992) associated the cognitive aspect to beliefs about a certain
object and the affective component, much more stable and profound than the cognitive one, to the
values related to that object. Therefore, attitudes are conceived as individual's favorable or
unfavorable evaluations formed as individuals develop beliefs about the object under study (Ajzen,
1991; Fishbein & Ajzen, 1975). In words of Eagly & Chaiken (1995), attitudes can be defined as
“(...) a psychological tendency that is expressed by evaluating a particular entity with some degree
of favor or disfavor" (p. 414). Thus, attitudes encompass those evaluative aspects of a cognitive,
affective and behavioral nature referring to beliefs, thoughts, feelings, and emotions towards a given

object (e.g., science) or a behavior related with the object (e.g., studying science).

2.2.1. Attitudes towards science

Along with the development of literate scientific citizenship, the development of positive
attitudes towards science is likewise a critical objective included within the scientific literacy agenda.
The importance of attitudes towards science is reflected in the literature reporting a strong
relationship between enjoyment of science lessons with expressed intentions to further engage in
science learning experiences (Ainley & Ainley, 2011a; 2011b), and in the positive relationship
between interest in science and performance and achievement (Bybee & McCrae, 2011; Newell,
Tharp, Vogt, Moreno, & Zientek, 2015). Given that students' attitudes toward science may affect
their science performance, their desire to study science in the future, and the choice of science as a
career (Koballa, 1988), attitudes have perennially been a very significant line of research in science
education, especially in recent years given the steady decline of individuals interested in studying
science in secondary and tertiary education (Archer et al., 2010; Kennedy et al., 2014; Potvin &
Hasni, 2014).

Although in recent decades studies focused on diagnosing students' attitudes toward science have
proliferated considerably, the concept under study remains unclear. Indeed, Osborne, Simon, &
Collins (2003) stated that attitudes toward science are “(...) somewhat nebulous, often poorly
articulated and not well understood” (p. 1049), a problem that has been warned since more than
three decades (Munby, 1983). In this regard, Klopfer (1971) offered insight about the concept under
study by categorizing the attitude toward science construct as a set of affective behaviors toward
science as an enterprise, scientists, scientific inquiry, scientific careers and towards science-related
activities in general. Similarly, Schibeci (1983) concluded that attitude toward science deals with
several attitude objects, such as science as a discipline, the study of science, science lessons, among
many others. Gardner (1975) provided further clarity by addressing the differences between
“scientific attitudes”, conceived as those elements inherent to scientific thinking and research, and
“attitudes toward science”, conceptualized as the sociological, psychological and affective
conceptions about science. In short, attitudes towards science comprise various aspects, such as

science in general, the subject of school science, scientific careers, science teachers or the teaching of
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science, with each one of these aspects being characterized by many more detailed facets (Kind, Jones,
& Barmby, 2007; Toma, in press; Toma, Lederman, & Meneses Villagrd, under review?).

Consequently, past studies focusing on attitudes toward science have incorporated many
constructs such as anxiety toward science, self-esteem in science, motivation toward science,
enjoyment of science (Tytler & Osborne, 2012), students affective feelings and cognitive judgments
of science (Zhang & Campbell, 2011), unfavorable outlook of science (Abd-El-Khalick, Summers,
Said, Wang, & Culbertson, 2015), and perception of scientists and value of science to society
(Hillman, Zeeman, Tilburg, & List, 2016), among many others.

2.2.2. Attitudes towards school science

It is important to emphasize that in this dissertation the attitudinal object under investigation is
the domain of school science instead of science in general. First, of the STEM disciplines, the science
subject is the closest to student’s awareness at this educational stage, so it seems to be more realistic
and reliable to measure attitudes towards a subject they already know instead of, for example,
engineering, which is a discipline of which they presumably had no knowledge or past experiences
at all.

Secondly, because in the Spanish educational system, individuals’ interest in studying a STEM-
related university degree should first enroll in science subjects (i.c., biology, geology, physics, and
chemistry) at the secondary school stage, which would later lead to a scientific and technological
baccalaureate specialized for a career in STEM (LOMCE, 2013). Therefore, it seems appropriate to
assume that students ending the elementary education stage with negative attitudes towards school
science (not science in general) will avoid enrolling in scientific-type subjects later on in the
educational system, thus falling out of the STEM pathway from very early ages.

Finally, because behaviors towards engaging with the target object (i.e., studying school science),
rather than toward the object itself (i.e., science as an enterprise) are reported to be better predictors
of individual behaviors (Ajzen & Fishbein, 2005; Fishbein & Ajzen, 2010). Therefore, students may
have a positive attitude towards science as an enterprise, but negative attitudes towards learning
school science, which may affect their intention to pursue science-related studies despite their
favorable atticudes towards science in general. The decision on focusing on studying school science
instead of science, in general, is further reinforced by the above argument on STEM pathways; thus,
certainly a student will be more likely to enroll in science subjects during high school and
baccalaureate if he or she has positive attitudes towards studying science at earlier stages of the

educational system.

2.2.3. Expectancies of success in school science

Although different attitudinal components have been pointed out as detrimental for developing
intentions to enroll in further science, research on attitudes conducted in science education is affected

by a lack of conceptual clarity of the target construct and by methodological issues derived from

3 See Appendix 3 and 4
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poorly developed and unreliable measurement inscrument (Blalock et al., 2008; Gardner, 1975;
Munby, 1997), even in instruments developed in recent years (see Appendix 3 and 4). One
prominent theory that can be used to advance research in understanding students (dis)engagement
with science-related studies is Jaqueline’s Eccles and colleagues Expectation-Value theory (EVT),
which aims to explain the relationship between motivations and academic achievement by linking
performance, persistence and choice of a given task or activity with individual's beliefs about
expectancies of success and the value placed on that task or activity (Eccles et al., 1983; Eccles,
Wigfield, Harold, & Blumenfeld, 1993; Wigfield & Cambria, 2010). Recently, the EVT model has
been used to explain the selection of STEM subjects (Andersen & Ward, 2014), so it is postulated
as an ideal theoretical framework for examining disinterest in STEM-related degrees.

The first key construct of the theory, which is the one of interest in this dissertation, is
"expectancies of success”, defined by Eccles et al. (1983) as individual's beliefs about the success he
or she will have in a given task or activity, whether in the immediate or long-term future.
Conceptually, there are two dimensions that underlie individuals’ expectancies of success: (i) beliefs
in one's own ability, which refers to the individual's perception of his or her current competence to
perform a given activity in the present, and (ii) expectations, which refers to the individual's
perception of successfully performing that given activity in the future. However, studies have shown
that beliefs and expectations are highly correlated and cannot be differentiated empirically (Wigfield
& Eccles, 2000). Therefore, expectancies of success include internal beliefs about both the ability to
perform a task in the present and in the future.

Using a hypothetical example related to this dissertation, a student enrolled in elementary
education may feel highly competent in learning science, which may lead to the development of
positive beliefs about his or her ability to succeed in future science courses or subjects. This high
expectancy of success may foster the selection of science subjects during secondary education or the
engagement with extracurricular science activities; eventually, this individual may pursue a science-

related degree.

2.2.4. Actitude toward science empirical literature

It is difficult to establish patterns about the attitudes of primary school students due to the
disparity of constructs that have been studied as a reflection of attitudes towards science. Thus, while
some studies have focused on studying students' attitudes towards the "social implication of science”,
"enjoyment of science", or "interest in scientific issues" (Ali et al., 2013; Denessen, Vos, Hasselman,
& Louws, 2015), others have addressed more general aspects, such as pressure from teachers and
parents to be successful in school science subjects (George, 2006). However, there seems to be a
trend of more unfavorable attitudes among girls than boys (Caleon & Subramaniam, 2008;
Denessen et al., 2015; DeWitt & Archer, 2015; George, 2006; Hacieminoglu, 2016), as well as a
general decline in favorable attitudes towards science in higher school grades (Akpinar, Yildiz, Tatar,
& Ergin, 2009; Ali et al., 2013; Denessen et al. 2015; DeWitt & Archer, 2015; George, 2006; Said
et al., 2016).

In the Spanish context, most studies have focused on the Secondary stage (e.g., Arandia, Zuza,
& Guisasola, 2016; Pérez-Franco, de Pro Bueno, & Pérez, 2018; Vizquez & Manassero, 2009),
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reporting results that are more positive when compared to the international literature. However,
gender differences, favoring boys, have also been identified in the Spanish contexts. Thus, among
studies that have included Primary Education students in their sample, girls seem to have a less
positive attitude towards science than boys (de Pro Bueno & Pérez, 2014; Marbd-Tallada &
Midrzquez, 2010; Pérez & de Pro Bueno, 2018; Vizquez & Manassero, 2008). Likewise, although
less pronounced than in other countries, as grade level increase, Spanish students positive atticudes
tend to decrease (de Pro Bueno & Pérez, 2014; Marbd-Tallada & Midrquez, 2010, Vizquez &
Manassero, 2008). However, it should be noted that these differences are not as accentuated or
intense as some international results; hence, in the Spanish context, there are studies that have found
no association between attitudes towards science and gender or grade level variables (e.g., Ferndndez-
Cézar & Pinto-Solano, 2017).
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Chapter 3. Pedagogical proposal

This chapter describes the pedagogical framework for STEM-based science education proposed
in this doctoral thesis. First, section 3.1. discusses a study on a pilot STEM model for elementary
education. Next, section 3.2. presents the psychological underpinnings, based on constructivists and
socio-constructivists learning theories, of the pedagogical framework for STEM-based science
education developed in this dissertation by extending and modifying the pilot model introduced in
section 3.1. Then, section 3.3. introduces the main characteristics of the pedagogical framework,
discussing how each letter (and therefore, discipline) of the STEM acronym is conceptualized at an
educational praxis level in the light of the constructivists and socio-constructivists theories described.
Afterward, section 3.4. addresses the didactic transposition of the proposed pedagogical framework
to the design of teaching units in elementary education. Finally, section 3.5. summarizes the
intervention unit and provides specific examples of how the pedagogical framework proposed was

implemented in this dissertation.

3.1. Background: A pilot model of STEM education

A pilot model of STEM education was designed and tested in real-world classroom to examine
the impact if any, this type of integrative teaching approaches would have on students’ attitudes
towards Science and achievement, and to inspect in-service teachers’ opinions about STEM
approached to science education (Toma & Greca, 2018). In this section, an extended abstract of this
study is presented; the full published article is attached in Appendix 1.

A STEM prototype consisting of four phases that seeks to encompass each STEM discipline was
developed. This STEM model draws on Martin-Hansen’s (2002) coupled inquiry that combines a
guided and open inquiry investigation within one project. Thus, in the first phase, entitled inquiry
invitation, the teacher proposed an engineering-based, real-world problem that served as a context
to teach science-related content matter. During the second phase, students engaged in a guided
inquiry in which they conducted different hands-on activities using scientific practices and
technology, and interpreted data using mathematics. The third phase consisted of an open inquiry
during which students discussed the results obtained in the guided inquiry and proposed and
developed new research questions necessary to solve the initial problem, with less guidance from the
teacher. The fourth and final phase, named inquiry resolution, required the design or
implementation of a technological solution.
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Following this conceptualization of STEM education, a unit on simple machines for fourth
graders was designed and tested. During the inquiry invitation phase, the teacher introduced the
following engineering-based problem: How did the Egyptians transport the stone blocks for building
the pyramids without using modern machines? Next, in the guided inquiry, the teacher indicated
students how to construct three simple machines (i.e., pulleys, inclined planes, and levers) using
LEGO™ building blocks. Students performed several hands-on activities to determine the force
needed to move a small LEGO block using these simple machines. Students discussed the results
obtained and the physics laws that govern each machine were deduced with teacher facilitation. In
the third phase, students engaged in an open inquiry and investigated new variables that might have
an impact on the force that is necessary in order to move the pyramid block using simple machines,
such as the ruggedness of the inclined plane surface, the length of the inclined plane, or if a simple
or compound pulley is used. Finally, during the last phase, students modeled the route of a stone
block from its origin to the hypothetical pyramid, pointing out the way in which simple machines
would have been used.

This unit was tested in two conventional classrooms from one elementary school located in an
urban area of the city of Burgos, in Spain. Two classes from another (yet similar in characteristics)
school formed the control group that studied the sample simple machine unit through traditional,
teacher-centered pedagogies. The Test of Science Related Attitudes (TOSRA) scale developed by
Fraser (1981) was adapted and used to assess the influence of the pilot STEM model on students’
attitudes toward science. In addition, an achievement test with 25 questions was developed following
teachers’ criteria and standards of evaluation. Finally, teachers from the treatment group were
interviewed to gather information about their thoughts on teaching science through STEM.

Findings revealed that after the implementation of the pilot model, students included in the
treatment group reported more positive attitudes towards science than control group students did.
More specifically, they reported higher scores on attitudes towards scientists, scientific inquiry,
adoption of scientific attitudes, enjoyment of science lessons, and leisure interest in science
constructs. Regarding gender, there were no significant differences between and within each
treatment or control group. Similarly, the achievement test suggested that this prototype might foster
science learning, with all students improving their content knowledge about simple machines. As for
the interviews, both teachers argued that, although they were surprised by students’ results and the
classroom atmosphere during the STEM project, they would not use it as the main approach for
science teaching due to lack of knowledge and because the design of a STEM unit was too time
demanding.

The results of this study reinforce the need to advance in the development of a suitable framework
for implementing STEM education in the Spanish educational system. In addition to the logistical
limitations pointed out by the teachers who have participated in its implementation, this pilot study
on STEM also revealed limitations in terms of conceptualizing STEM education. Hence, it should
be acknowledged that in this pilot study, STEM was represented mainly as Science and Mathematics.
The referent of this model was the school science content and the scientific procedures (i.e., inquiry),
slightly complemented with mathematical procedures used for the analysis and interpretation of the

data. Engineering was only anecdotally present in the form of an initial problem that requires a
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resolution. As for technology, it was only present in the form of the material used during the inquiry-
based activities. In other words, this model did not contemplate the explicit use of engineering design
process or technology as guiding frameworks for helping students develop a solution to the problem.

Therefore, this model resembles what Bybee (2013) called "STEM as a reference for Science and
Math perspective” (p. 75), where Science is the dominant discipline, Mathematics is the secondary
focus, and Technology and Engineering are almost invisible and do not have an important function
in the teaching unit. Therefore, the results of this pilot study revealed the need for further studies
aimed at improving STEM approaches in terms of both conceptualization (i.e., STEM as being not
only S&M) and practicality (i.e., STEM as a teaching method that in-service teachers consider viable

and practical for teaching science education at elementary school).

3.2. Psychological underpinnings

To guide the process of designing STEM-based teaching, it is first necessary to know the process
through which students acquire and develop meanings of new information, what cognitive processes
take place, and how conceptual meanings are ultimately assimilated. Given the complexity of human
cognition, this dissertation draws on multiple learning theories and builds on those principles that
seem to be of value for developing a pedagogical framework for STEM-based science education.

Consequently, the underlying elements of constructivist and social-constructivist learning
theories are analyzed, and most relevant aspects of the theories of Piaget (1964, 1974), Vygotsky
(1979, 1981), Ausubel (1963, 1968, 1982) and Bruner (1961, 1966) are drawn for constituting the
psychological underpinnings of the pedagogical framework for STEM-based science education

proposed in this doctoral thesis.

3.2.1. Jean Piaget’s theory of cognitive development

The theory of cognitive development proposed by Piaget (1964, 1974), also known as Genetic
Epistemology, postulates that cognitive development is the result of a construction process through
which the learner actively constructs and corrects his set of schemes as a result of biological
maturation and the stimulation of environmental experiences. The individual understands and reacts
to the stimuli presented in the world through different knowledge block, named schemas.

Piaget proposes a pattern of maturation that goes through different stages of increasing
complexity, from an initial sensory-motor stage, in which the subject understands the world through
senses and learn to respond through motor activity to the various stimuli presented to his senses, to
a final fourth stage of formal operations in which the ability to think about abstract concepts is
developed. Each stage of cognitive development represents a higher qualitative level of knowing or
thinking. More complex and advanced logical forms of reasoning are gradually developed in a process
that involves assimilation and accommodation. Piaget conceives the mind as a cognitive structure
that tends to function in equilibrium; in the interaction with the world, the learner integrates new
structures into existing coherent systems (i.e., assimilation) and the mind tends to restructure itself
and reach new states of equilibrium (i.e., accommodation) through which the subject adjusts to the

demands of the environment.
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3.2.2. Lev Vygotsky’s sociocultural theory of cognitive development

The sociocultural theory postulated by Vygowsky (1979, 1981) sought to explain the
development of human beings in terms of social interaction. Vygotsky’s theory posits that
psychological functions are socially embedded, and that human mental cognition is a mediated
process in which systems of symbols (e.g., language) are essential for the development. From his
sociocultural perspective, learning and development are socially driven and takes place as learners
interact with other peers and objects in collaborative environments. Consequently, learning is
conceived as a mediated process, first at a social level and then at the individual level as a result of
the interaction between the learner and other experienced members of the society.

This social and cultural interaction is mediated by the tools and systems of symbols that have
been culturally constructed by a particular social group. These tools are subsequently transmitted
through social interaction to other subjects who internalize them. In other words, the development
of higher mental processes is subject to the transformation of social symbols, first between people
(i.e., interpersonal) and later within the subject itself (i.e., intrapersonal) through a complicated and
prolonged internalization process that necessarily requires the interaction between individuals. In
this transformation, the individual internalizes the social constructs and shared a set of systems and
symbols, giving rise to cognitive development. As the learner internalizes a greater number of set of
systems, the cognitive development and the psychological operation that the individual can perform
increase so as the range of activities and situations to which the individual can apply these
psychological operations.

Some of the most prominent aspects introduced by Vygotsky is the notion of the zone of
proximal development (ZPD), defined as the distance between the level of actual cognitive
development of an individual and his or her level of potential development under guidance or in
collaboration with more capable peers. The ZPD defines functions that are in the process of
maturation with external help, and it represents the region in which cognitive development occurs
(i.e., learning potential). As ZPD is highly related to an individual’s cognitive development, it is

dynamic and constantly changing as a function of the new cognitive development that is achieved.

3.2.3. David Ausubel’s learning theory
The meaningful learning theory proposed by Ausubel (1963, 1968, 1982) is a learner-centered

learning theory that focuses on and highlights what happens in the classroom when students are
learning. Unlike Piaget's or Vygotsky’s developmentally focused theories, Piaget aims at
understanding and explaining the nature of learning, what conditions can facilitate or hinder it, and
how to manipulate instructional elements and factors to enhance meaningful learning. Therefore,
this theory is focused on the process of teaching and learning and place emphasis on the previous
concepts and ideas that the learner already possesses.

As a result, Ausubel differentiated between meaningful and mechanical or rote learning. On the
one hand, learning is significant when an individual is able to relate new information to the existing
cognitive structure in a non-arbitrary and non-literal way. This interaction between the existing and

the new knowledge leads to the transformation of the ideas already established in the cognitive
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structure. Therefore, the previous knowledge is modified based on the acquisition of new meanings,
which give rise to new and more powerful and enriched ideas. Given that it is the learner who actively
organizes and re-structures his own existing knowledge based on the new information, meaningful
learning is conceived as the mechanism through which individuals gives meaning to new content,
relating it to the ideas and concepts already available in owns cognition. On the other hand, when
learning is not significant, it tends to be mechanical and resemble rote-based learning. In these cases,
the new information does not interact with the existing cognitive structure, so the learning is
produced in an arbitrary and mechanical way, without meaning for the learner.

Ausubel highlights three key aspects to enable meaningful learning. The first one is an emotional
aspect and refers to the necessity for the student to have a favorable attitude towards learning and to
be willing to learn, hence, this is closely related to attitudes towards school science investigated in
this dissertation. The second condition is related to the logical significance of the new knowledge or
information that must be presented in a logical way so it can be potentially related to the existing
cognitive structure of the learner. Finally, the third condition that would facilitate the acquisition of
meaningful learning is the presence of a stable cognitive structure with which the new information

can be related and anchored.

3.2.4. Jerome Bruner’s cognitive theory

Bruner (1960, 1961, 1966) introduced the concept of “Discovery learning”, that conceived
students as active learners who developed their own knowledge by organizing and categorizing
information using a coding system. Contrary to Piaget, he postulated that children can be taught
effectively regardless its stage of development and that development is a continuous process instead
of a series of separates stages. Therefore, for Bruner, cognitive development can be fostered without
having to wait for stage development readiness. As Vygotsky, he emphasized the child environment
as a key element for the development, stating that other people should help the child through the
process of scaffolding, like Vygotsky’s ZPD. Thus, Bruner lessons must be designed to foster this
discovery of the relationship between existing information. Doing so, education should aim for a
“Spiral curriculum” (Bruner, 1988), where complex ideas are first connected to existing knowledge
at a simplified level, and subsequently revisited in later school grades at a more complex and ever-

increasing level of abstraction.

3.3. Characteristics of the framework

Several implications for the proposed framework arise from the theories introduced in the
previous section (Tables 1 and 2). First, constructivist and social-constructivists theories consider
learning as the construction of meanings. According to these perspectives, learning stems from
interpretations based on individuals own experiences. In other words, instead of being simply
acquired or transmitted, learners construct personal interpretations of the world through personal
experiences. Therefore, individual’s knowledge is always tentative and subject to change, and
therefore, the pedagogical framework for STEM-based science education should focus on helping

students organize and relate meaningfully the new information to their existing knowledge.
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Table 1. The implication of Piaget’s and Vygotsky's theories for the pedagogical framework proposed

Key principles

Implication for the STEM-based pedagogical framework

Piaget
1. Biological stages of maturation

2. Assimilation and accommodation of new
knowledge

Vygotsky

1. Psychological development as a socially
mediated process between advantage (i.e.,
MKO) and fewer advantage individuals

2. Socially and culturally system of symbols
that influence the social interaction

the

internalization and transformation of socially

3. Cognitive  development  as

and culturally established a system of
symbols

4. Zone of proximal development (ZPD)

1.1. STEM key concepts and procedures should be carefully
selected and adapted to learner’s biological stage of cognitive
maturation

2.1. The STEM unit should start with a real-world problem
aimed at creating disequilibrium in the existing cognitive
structure

2.2. The STEM unit should allow students to develop
knowledge meaningfully, and to apply this knowledge to
new situations to facilitate accommodation.

2.3. Active teaching methodologies should be used to foster
assimilation of the new knowledge through situations that
encourage learning through discovery

1.1. Cooperative working groups should be established with
learners of different cognitive development

1.2. The teacher should act as a resource person (i.e., the
metaphor of “teacher as a guide”)

2.1. Each phase of the STEM unit should have clearly
established goals and milestones that scaffold students
learning

3.1. The STEM unit should be based on authentic problems
that creates opportunities for the system of symbols (i.e.,
STEM concepts and skills) to be internalized by the learners
3.2. Students should participate in rich and engaging
activities that foster conceptual understanding that are
transferable to other situations and contexts

4.1. The teacher should be the mediator for the cognitive
development by rooting designing the STEM unit
according to student’s prior knowledge and alternative
conceptions

4.2. Practices should be carefully intertwined with
scaffolding  strategies and explicit instruction (when
required) aimed at developing students’ ZPD

Second, socio-constructivists authors argue that learning takes place by the interaction between

the learner and environmental factors that can enhance or undermine the learning of the knowledge

matter of study. Therefore, it is essential to establish realistic learning episodes where the learning

task and concepts are delivered through situations that are relevant to learner’s previous experiences.

Consequently, in the proposed framework, learners should be engaged in real-world situations where

the new knowledge is contextualized and used, and the instructional methods should assist learners

in actively exploring and building their own understanding. There is a shift in the role of teachers
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Table 2. The implication of Ausubel’s and Bruner’s theories for the pedagogical framework proposed

Key principles Implication for the STEM-based pedagogical framework

Ausubel
1. Meaningful learning is the 1.1. New concepts and skills should be related to the existing cognitive

process of linking new knowledge structure of the learner through active teaching strategies and
to the existing cognitive structure  scaffolding

2. The learner has an active role in ~ 2.1. Active teaching methodologies, that actively engage student in the
this process learning process by exploring, discussing, and critiquing the new
information, should be used
2.2. Students should be allowed to develop their own knowledge
through questioning, exploring, elaboration and co-construction of a
solution to the authentic problem underpinning the teaching unit.
3. Emotional disposition of the 3.1. Teaching strategies that are highly motivating for students should
learner be used
4. Logical significance of the new 4.1. The new information and the materials should be adapted to
knowledge learners’ existing cognitive structures. The key concepts of each
discipline should be strategically selected so that it can be delivered in

an integrative manner

Bruner

1. Discovery learning 1.1. The STEM unit should promote students active and collaborative
participation
1.2. Teachers should connect the new concepts with existing
knowledge in an authentic learning experience

2. Spiral curriculum 2.1. During the unit, STEM concepts and skills should be iteratively

applied to different situations of increasing abstraction and
complexity.

from teaching facts that are passively memorized by students, to designing experiences that foster
learning through authentic and relevant contexts where students actively apply the new ideas and
knowledge developed to diverse situations.

Third, since Piaget's theory conceives cognitive development based upon biological stages of
maturation, the idea that teaching should be adapted to the cognitive development of the learner is
fundamental. This notion relates to the need to introduce certain concepts at a particular maturation
age and not before the learner reaches an appropriate level of cognitive development or maturation.
Likewise, since developmentally appropriate concepts should be introduced to foster new cognitive
assimilation and adaptation processes, the instructional approaches must provoke cognitive conflicts
(i.e., disequilibrium), understood by Piaget as situations that encourage the construction of new
processes of assimilation and accommodation of the new information. Accordingly, and also
consistent with Bruner’s theory, learning must be student-centered and should be acquired through
processes based on discovery learning in which the teacher creates meaningful contexts and guides

and facilitates this discovery through scaffolding.
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Fourth, Vygotsky’s sociocultural theory has several implications related to the social environment
in which the learning takes place. On the one hand, given that higher mental processes are originated
because of social interaction, students should learn in contexts where collaboration and discussion
between peers are fostered and framed within activities that have a clear purpose and goals. Social
interaction should not only be embedded in activities with concise goals but also be extended
overtime for the internalization of shared systems and thus cognitive development to be achieved.
Since this is a long and slow process, students should be able to test and reflect on their new cognitive
development and internalized systems in real environments and situations by increasing progressively
the level of abstraction and complexity of the concepts introduced, as Bruner also stated. Therefore,
extensive time must be allowed for the process of internalization of shared social systems to take
place.

On the other hand, Vygotsky’s theory has important implications related to external support. As
the principle of ZPD suggests, the instruction must be focused on the zone of potential development
where individuals interact with a more capable person, also named most knowledgeable other
(MKO), which provides the assistance needed to help the learner in the internalization process. This
support, likewise promoted by Bruner as scaffolding, has direct educational implications for the
creation of working groups, suggesting that they should be composed of learners with different levels
of cognitive development so that less advanced learners may operate within their ZPD through the
assistance provided by the most knowledgeable other.

Finally, Ausubel's theory has also fundamental educational implications for the pedagogical
framework proposed in this dissertation. Consistent with the principle of meaningful learning,
teacher instruction should focus on two main aspects. On the one hand, the existing cognitive
structure of the learner (i.e., previous ideas and alternative conceptions) should be considered. In
order to promote meaningful learning, teachers must examine what students already know about the
concept under study or concepts related to the new information so that this existing knowledge can
serve as support for the new information. If the existing structure is not ready for meaningfully learn
the new material, it would be necessary to improve first the existing cognitive structure to anchor
the new information in it. Therefore, the new content should be adapted to the existing cognitive
structure of the learners, presenting introductory materials and using advanced organizers that serve
as a cognitive link between what the student already knows and what he or she must learn, as
advances by Bruner’s theory as scaffolding.

On the other hand, attention should be devoted to how new information is delivered. Since
meaningful learning is fostered by an active role of the learner, the content should be taught using
active pedagogies that foster emotional disposition in students for learning the new content.
Therefore, the pedagogical framework for STEM-based science education should allow students to
develop understandings through actively engaging in questioning and exploration of the
phenomenon under study. This aspect is closely related to the cognitive and affective dimensions of
the tripartite model of attitudes (Khine, 2015; Simpson et al., 1994). When engaged in student-
centered learning episodes, individuals experience a different way of learning science; therefore, this
meaningful learning of the concepts under study could improve student’s cognitive (e.g., “relevant”
instead of “useless”) and affective (e.g., “fun” instead of “boring”) of the school science subject. In
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this regard, active teaching strategies are known for being highly motivating for students, especially
for young learners in elementary education (see Demirel & Dagyar, 2016, and Schroeder, Scott,
Tolson, Huang, & Lee, 2007 for two meta-analysis studies).

3.4. Didactic transposition

As introduced in Chapter 2, in this dissertation STEM is defined as an educational paradigm
that intentionally integrates the concepts, procedures, and skills of science, technology, engineering,
and mathematics disciplines through transdisciplinary real-world problems (Figure 2).

Consistent with constructivist and social-constructivist learning theories, and with the tripartite
model of attitudes, the STEM teaching unit is articulated around an authentic real-world
problematic phenomenon. This real-world problem stems from the science and mathematics
curricula and is presented such that it is relevant to the students and appropriate for their biological
stage of maturation. Likewise, this initial problem gives rise to different learning episodes that require
two specific phases: knowledge development (phase 1) and knowledge application (phase 2). More
specifically, on the one hand, the “knowledge development” phase is devoted to developing scientific
knowledge and understandings of the phenomenon under study through inquiry investigations that
require mathematical and technology knowledge. On the other hand, the “knowledge application”
phase aims at the application of the acquired knowledge to the resolution of the real-world problem
proposed, through the design of different solutions using the engineering design process,
mathematics, and technology, thus accommodating the new knowledge developed. Both phases are
delivered using student-centered teaching strategies that aim at developing scientific and engineering
skills appropriate for student’s maturational stage. Likewise, students’ engagement in scientific and
engineering investigations might trigger students’ attitudes towards school science learning by
improving their feelings and emotions (affective dimension of the tripartite model of attitude), and
thoughts and beliefs (cognitive dimension) about school science. Eventually, students would develop
positive attitudes towards school science subjects, which might promote their intention to enroll in
further science subjects (behavioral dimension). These phases are discussed in depth in the following

sections.

3.4.1. Knowledge development phase

The knowledge development phase consists of engaging students in inquiry investigation(s) to
develop the scientific knowledge that would help understand the phenomenon under study and thus
addressing the S (Science) of the STEM acronym.

The term inquiry has been prominently used in science education in relation to (i) scientists —
the scientific inquiry as what scientists do to study natural world and develop scientific knowledge;
(ii) students —the inquiry learning as a process by which students engage in the investigation of
natural phenomenon to learn science concepts, develop scientific or inquiry skills, and acquire
understandings of nature of science and scientific inquiry; and (iii) teachers —the inquiry teaching as
the pedagogy to teach science (Crawford, 2014; Minner, Levy, & Century, 2010). Therefore, the
proposed pedagogical framework for STEM science teaching conceives inquiry both as a mean that
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Figure 2. Pedagogical framework proposed for STEM-based science education
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relates to inquiry as an instructional approach used for the teaching and learning of scientific content,
and also as an end, where inquiry is an educational outcome to be studied and understood in the
context of science education as a part of the science content itself (Abd-El-Khalick et al., 2004).
Therefore, when engaged in inquiry-based science instruction students are expected to learn scientific
concepts through the use of scientific-like practices in authentic contexts, improve understanding of
Nature of Science (Lederman & Lederman, 2014; Lederman, 1992; Schwartz, Lederman, &
Crawford, 2004) and Scientific Inquiry (Abd-El-Khalick et al., 2004; Flick & Lederman, 2004;
Lederman, 2009), and develop scientific-related skills such as identifying problems, formulating
research question and hypothesis, designing and conducting of experiments, analyzing data, and
drawing conclusions (Keselman, 2003; Pedaste & Sarapuu, 2006)*. More specifically to this
dissertation, students do an inquiry to mimic scientific work and develop scientific skills (i.e., inquiry
as an end) and they engage in inquiry investigations to also learn the scientific core concepts (i.e.,
inquiry as a mean). These views have been promoted in international (AAAS, 1993; NGSS Lead
States, 2013) and national (LOMCE, 2013) educational reforms, is nowadays considered as central
for the achievement of scientific literacy.

Consistent with the ZPD and scaffolding principles promoted by social-constructivist theories,
inquiry investigations are divided into smaller units that are logically connected to help the teacher
structure the unit and guide students through different phases. These smaller units form a cycle,
known as the inquiry cycle (Pedaste et al., 2015). In the science literature, the inquiry cycle adopts
many different forms and frameworks, such as the learning cycle originally proposed by Karlplus &
Thier (1967) and subsequently adapted and popularized by Bybee et al. (2006) as the 5E
instructional model, or Wecker, Kohnle, & Fischer's (2007) three phases cycle. In a review study,
Pedaste et al. (2015) identified up to 109 different terms referring to inquiry phases, with core
features that can be grouped into five general inquiry steps, mainly orientation, conceptualization,
investigation, conclusion, and discussion.

Likewise, based on how much information and guidance is provided to students, inquiry
investigation can be categorized in a four-level continuum of inquiry, from confirmatory, where
students confirm a phenomenon following specific instruction with the research question and
procedure already provided by the teacher and where the potential results are known in advance, to
an open-type inquiry where students follow self-directed investigations by formulating research
questions, design procedures and generate explanation based on the evidence collected (Herron,
1971). Similarly, Martin-Hansen (2002) concluded that inquiry investigations can be structured
(cookbook type lessons), open (fully student-centered that closely mirror real scientific practices),
guided (where students are assisted by the professor through the inquiry cycle), or coupled, which
combines guided and open-type inquiries into a 5 step sequential cycle: (i) invitation to inquiry, (ii)
teacher-oriented guided inquiry, (iii) student-oriented open inquiry, (iv) inquiry resolution, and (v)

# It should be noted that the development of Nature of Science knowledge (Lederman, 2007), as well as
understandings about Scientific Inquiry (Lederman et al., 2014) is beyond the scope of this doctoral dissertation

and, therefore, was not addressed in the intervention unit.
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assessment.

In short, consistent with constructivist, socio-constructivist, and the tripartite model of attitudes,
inquiry investigations are used to foster an active role of the students and allow them to engage in
authentic problem-solving investigations to learn scientific concepts and scientdific skills. More
specifically, in this dissertation, the coupled inquiry model is adopted (Martin-Hansen, 2002),
consisting of conducting several investigations about the phenomena under study following the
Pedaste et al.’s (2015) 5-phase inquiry cycle, and progressively decreasing teacher guidance to allow

students to participate more autonomouslys.

3.4.2. Knowledge application phase

During the second phase of the pedagogical framework for STEM-based science education,
students apply the scientific knowledge acquired during the knowledge development phase to the
design, construction, and testing of solutions that may solve the initial real-world problem proposed
at the start of the unit, thus addressing the E (Engineering) of the STEM acronym. In this
dissertation, the E represents the use of engineering practices that foster the learning of scientific
curricular content through the application of the acquired knowledge to the design and construction
of a solution.

The inclusion of engineering practices into science education curricula allows students to discover
the interconnection between science and engineering (NGSS Lead State, 2013). In science
educational policy documents, engineering is conceptualized as a STEM content integrator (NRC,
2012), and the focus is on student’s engagement in what is considered to be cight essential practices
for understanding science and engineering (Table 3). While there is an evident overlap between
science and engineering practices, the NRC (2012) address the differences as forms that are mutually
complemented and strengthened, and therefore, should be made explicit during instruction.

From a pedagogical point of view, engineering practices are addressed using the engineering
design process (EDP) that structures the inclusion of engineering in elementary classroom through
five steps: identify the problem, reflect on the goals, establish criteria for the design, build a
prototype, and test and improve the prototype until arriving to the best solution (Cunningham,
2014, 2018). The EDP is an iterative cycle consisting of different phases named ask (identification
of the problems and constraints), imagine (ideas brainstorming and selection of the best one), plan
(designing and selecting needed materials), create (creation and testing of a prototype), and improve
(analysis of the strength and limitations of the prototype and ways of improvement). Therefore,
unlike the inquiry cycle that is used for advancing theoretical knowledge and understandings of the
phenomenon under study, the engineering design process engages students in the design,
construction, and testing of different prototypes of an artifact that may solve the problem formulated

> The real-world problem introduced in the intervention unit designed for this dissertation required students
to engage in two inquiry investigations to develop the pertinent knowledge for proposing a solution to the
initial problem during the knowledge application phase. However, it should be noted that other problems used
for a STEM unit may require more than two inquiry investigations.
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at the start of the unit.

3.4.3. Technology and mathematics

Considering elementary school student’s biological stage of maturation and because of the
Spanish curricula that do not explicitly stress technology as a separate subject or discipline, in the
pedagogical framework proposed in this dissertation technology is conceptualized through an
instrumental-engineering lens (c.f., Feenberg, 2017). This implies that technology is portrayed as
both making and using artifacts and instruments that can enhance science discoveries and
engineering applications, a conceptualization that is in line with curricula reforms (e.g., NGSS Lead
States, 2013). Therefore, technology is represented by the devices used during the scientific inquiry
cycle for the design, building, and testing of prototypes using the engineering design process, and
for the use of mathematical calculations and representations developed during both the knowledge-
development and knowledge-application phases.

Likewise, consistent with the Spanish curricula for elementary education, and the scientific and
engineering practices mentioned in Table 3, this dissertation advocates for the inclusion of
computational thinking and computer programming of devices in the knowledge development and
application phases. Computational thinking is defined as the ability to engage in problem-solving
analysis and resolution by drawing on computer science concepts (Wing, 2006, 2008). In other
words, CT is the ability to transfer and apply computational programming processes to new contexts

that are not necessarily related to programming (Berland & Wilensky, 2015) in order to “(...) solve

Table 3. The distinction between science and engineering practices

Science

Engineering

Ask questions about phenomena

Use models to develop explanations about natural
phenomena

Scientific investigation seeks to test, revise or develop

new theories and explanations

Produce data to find patterns through the derivation
of meaning using tabulation, graphical interpretation,
and statistical analysis

Use mathematics and computational thinking to
represent variables and study their relationships

The goal is to explain world features through the
construction of theories that can be applied to a
specific situation of phenomenon

Reasoning and arguments are integral for identifying
the best possible explanation to natural phenomenon
among a range of lines of reasoning

Define problems that need solutions

Use models to test possible solutions to a new

problem
Engineering investigation seek to identify
parameters that determine the effectiveness,

efficiency, and durability of their designs

Produce data to compare which solution meets
specific design criteria that best solves the problem
within specific constraints

Use mathematics and computational thinking to
test and assess potential solutions

The goal is to develop design solutions to a specific
problem based upon scientific knowledge and
within particular criteria and needs

and

identifying the best possible solution to a problem

Reasonin arguments are integral for
g g g

among a range of competing ideas

Extracted and adapted from NRC (2012)
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problems effectively and efficiently” (Shute, Sun, & Asbell-Clarke, 2017, p. 171), which requires to
master up to six main skills known as decomposition -splitting a problem into common elements
that are more easily addressed-, abstraction -retrieval of fundamental aspects of a system-, algorithm
-design logical and ordered instructions-, debugging -identification and fixing of errors-, iteration -
refinement of solutions-, and generalization -transfer of skills to other situations- (Shute et al., 2017).

CT is gradually being considered as the 21%-century skill and has been found to be beneficial in
the development of problem-solving skills (Chalmers, 2018) and in the fostering of science,
technology and mathematics understandings (Barak & Zadok, 2009; Nugent, Barker, Grandgenett,
& Adamchuk, 2010).

In the proposed pedagogical framework for STEM-based science education, technology and
computational thinking are fostered through the introduction of coding-related activities aimed at
programming devices that replace conventional laboratory-type technology/material (e.g.,
programming a thermometer instead of using a conventional one). This conceptualization is
consistent with the NGSS Lead States (2013) that included the use of mathematics and
computational thinking as one of the eight key science and engineering practices that are considered
as essential for all students to learn. Therefore, “Students are expected to use laboratory tools
connected to computers for observing, measuring recording and processing data” (p. 58) and also to
develop computational thinking skills such as searching and organizing data, create algorithms, and
use simulation of natural phenomenon.

As for the M (Mathematics) of the STEM acronym, this dissertation includes it through
mathematics curricula content and through mathematical skills. In the proposed pedagogical
framework, mathematics is learned in a real-world context where they became meaningful and
relevant. Thus, mathematics is essential throughout the STEM unit for the collection and
interpretation of data during the scientific inquiry, for the use of the engineering design process in
which mathematical reasoning is essential during the prototype design phase, and for the use of
technology, in this framework being represented by computational programming, where
mathematics is used to inform the user about the programming of different apparatus that can
enhance scientific discoveries and its engineering applications. This conceptualization is in line with
the National Research Council (2012), that considers mathematics as a tool for the understanding
of science and engineering practices: “(...) Mathematics often brings these two fields together by
enabling engineers to apply the mathemartical form of scientific theories and by enabling scientists
to use powerful information technologies designed by engineers” (p. 65). Therefore, “Students are
expected to use mathematics to represent physical variables and their relationships and to make

quantitative predictions.” (NGSS Lead States, 2013, p. 58).

3.4.4. Approach to integration

The report of the STEM Task Force Report (2014) highlighted the need for cohesive and active
approaches to teaching and learning, linked to STEM disciplines. Therefore, in the proposed
pedagogical framework, curricular integration is conceived as the learning of STEM disciplines
through contexts in which complex phenomena and situations require the use and application of the
knowledge and skills of these four disciplines (NAE & NRC, 2014). Specifically, this dissertation
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defines integration as an operational amalgamation of conceptual, procedural, and attitudinal
curricular contents of the different school STEM subjects and disciplines. Thus, it is advocated for
a complementary overlap between these contents through interdisciplinary approaches that are
effectively articulated through multiple learning episodes tackling grade-appropriate, real-world
problems in which skills and concepts of each STEM discipline are tightly linked and explicitly
emphasized as they interconnect and become interdependent.

Hence, a reduction of the boundaries and limits between each discipline is advocated, which
would improve the connection between the concepts, procedures, and skills of each discipline. The
taxonomy proposed by Gresnigt et al. (2014) is adopted, which proposed a six-level hierarchy to
integration from fragmented to connected, nested, multidisciplinary, interdisciplinary, and
transdisciplinary approaches, depending on the degree of integration sought between the different
disciplines. Therefore, consistent with the nature of curriculum integration, there is a certain loss of
the discipline perspective, and major real-issues such as climate change or water pollution became
the central emphasis of the educational experience. However, the use of explicit-reflexive teaching
strategies is likewise advocated to reflect on the characteristics of each STEM discipline and on the
similarities and differences between each discipline.

While this conceptualization highlights the characteristics that a perfectly integrated-STEM
approach should have, the framework proposed in this dissertation is intended to be dynamic in
order to adapt to the limitation of the educational system. Thus, it is not advocated that all science
units should be delivered following an integrative approach. Rather, the need for lecture-based
learning episodes is recognized, and therefore integration is promoted only for the teaching and
learning of curricular contents that can be approached through real problems, appropriate to
student’s cognitive development, and in which both the uniqueness and the interconnection of each
STEM discipline can be made explicit and understood by students.

In summary, the pedagogical framework for STEM-based science education advanced in this
dissertation proposes scientific and engineering practices as the backbone of a STEM unit. Using a
two-phase procedure, students engage first in scientific practices to develop scientific knowledge and
understandings of the phenomenon under study (Phase 1: knowledge development). Then, students
get involved in engineering practices to apply this knowledge to the design and development of a
technological solution for the phenomenon under study (Phase 2: knowledge application), thus
explicitly tackling the interconnection between the STEM disciplines and discovering the relevance
of cach one. Finally, technology is explicitly addressed through the inclusion of computer
programming, which, in turn, would support mathematics integration as fundamental for the coding

process and for data collection, analysis, and interpretation during both learning phases.

3.5. The intervention unit

This section presents a summary of the lesson plan designed and implemented in this dissertation
(Toma, 2018). The full lesson plan has been published as a book chapter and is therefore attached
in Appendix 2.

At the beginning of this unit, students are confronted with a problematic situation related to the
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colonization of a planet in which the existence of water has been discovered, that addresses curricular
units from the Science and Mathematics subjects (Table 4). Adapted from the science fiction film
“The Martian” (Scott et al., 2015), this problematic situation introduces the story of an astronaut
who finds himself stranded and alone on the Mars planet after the crew of this manned mission were
forced to abort the space expedition due to a strong dust storm. In order to survive until the rescue

day, the astronaut must find how to determine if the water found on this planet is suitable for human

Table 4. Curricular content addressed in the intervention unit

Science and Mathematics curricular contents

Science

- Initiation to scientific activity. Experimental approach to some questions related to Science.

- Project planning and reporting of the results

- Usefulness of some products and materials innovations for the advancement of society

- Matter: properties, states, and changes. Study and classification of some materials by their properties:
hardness, solubility, state of aggregation, texture, color, shape, plasticity, and conductivity

- Prediction of alterations in the movement and shape of bodies due to the effect of state changes

- Types of mixtures. Separation of components of a mixture by filtration, evaporation, and magnetization.
Physical procedures for separating mixtures

- Physical-chemical parameters of water quality

- Science knowledge that improves health (purification and potabilization of water, etc.)

Technology

- Use of information and communication technologies (ICT) to search for and select information,
simulate processes and present conclusions

- Guided search of information on the internet. Time control and responsible use of ICT

- Benefits and risks of technology and products

- Appropriate use of ICT as a learning resource

- Integration of ICT in the learning process to obtain information, make calculations, solve problems and
present results

- Computational thinking: algorithm, abstraction, decomposition, debugging, iteration, and

generalization*

Engineering
- Design and construction of simple structures that fulfill a function or condition to solve a problem from
modulated parts.

Mathematics

- Mathematical strategies and procedures: Graphs and tables

- Evaluation of the results obtained

- Measurements using conventional instruments and units of measurement in everyday contexts

- Critical analysis of the information presented

- Realization of simple statistical studies putting into practice the phases: Obtaining and recording data,
presentation in tables, transformation into graphs and evaluation of the results

* Based on Shute, Sun & Asbell-Clarke (2017).
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consumption. Therefore, this problematic situation requires the development of two inquiry
investigations to determine the physical-chemical parameters of the quality of the water found on
this planet (first inquiry) and the mixture separation techniques appropriate to purify the water
(second inquiry), as well as the application of the engineering design process for the design and
construction of an effective water filter to convert the water found in this planet suitable for human
consumption.

During the knowledge development phase of the unit, students engage in a coupled inquiry
(Martin-Hansen, 2002) to develop the knowledge that is necessary to understand the problematic
situation. This phase consists of two inquiry investigations. In the first one, students analyze the
temperature, pH, turbidity, suspended solids, and levels of chlorine and nitrate in different water
samples with the help and guidance of the teacher, thus introducing the Science discipline from the
STEM acronym. Likewise, during this phase, students use mathematics to interpret the results
obtained and to computationally program or code few microcontroller boards using visual
programming language to convert it into different data measurement sensors, thus introducing the
mathematics and technology component of the STEM approach. Using different external
measurement sensors, this microcontroller board can be programmed to become a measurement tool
of different parameters. For example, in this unit, instead of using a traditional existing thermometer
to measure the temperature of the water, students code the microcontroller board to convert it into
a thermometer. This inquiry investigation concludes by reflecting on the physicochemical parameters
that determine the quality of different water samples and reflect about the importance of this
knowledge for everyday life situations, for the environmental problems of potable water shortages in
many underdeveloped countries, and on the usefulness of science and scientific knowledge for
society. The teacher also explicitly emphasizes the interrelationship between science, technology, and
mathematics for the development of new knowledge.

During the second inquiry investigation, students learn about different methods of mixture
separation techniques to improve the quality of the contaminated water. During this second
investigation, the teacher's level of guidance decreases considerably, and students get involved in a
more active way. Thus, students propose and test different methods of water purification using
household and conventional laboratory material (i.e., metal grids, coffee filters, Bunsen burner, etc.).
In this way, students carry out research related to the techniques of separation of mixtures. As during
the first investigation, students program the microcontroller board to convert it into a motion sensor,
accelerometer, and a stopwatch to determine the efficacy and the time needed to filter the solid
components out of the water using each separation technique. Finally, this second stage may also
end with explicit-reflections on the integration of science, technology, and mathematics for the
development of new knowledge, and on the usefulness of this knowledge for real life°.

¢ It should be noted that, although beyond the scope of this dissertation, aspects related to the understanding
of scientific inquiry could also be addressed (Lederman et al., 2014). For example, students may discover that
there is no single method or sequence of steps established to develop new knowledge, that procedures are guided
by the question asked, and that explanations are developed from the collection of new data and from what was
already known about the phenomenon studied.
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After the knowledge development phase of the intervention unit, students are expected to (i)
understand the parameters that determines the water quality and be able to follow the correct
procedure to measures these parameters in different water samples, (ii) know the different separation
techniques that can be used to separate solid components from the water, and the correct procedure
to do so, and (iii) code the microcontroller board to convert it into the different measurement tools
needed for these tasks.

During the second phase of the intervention unit, named knowledge application, students use
the engineering design process to apply the scientific knowledge acquired during the knowledge
development phase to the design and construction of a solution that helps solving the initial problem,
thus introducing the engineering discipline from the STEM acronym. More specifically, students
design and test different technological processes and tools (i.e., water filters) and analyze their
effectiveness in terms of economic and material cost, filtering time, and efficiency in improving water
quality. Following several iterative design and test phases, students improve their design until
reaching the optimal solution that helps to solve the initial problem. In this phase, it is expected that
students would apply the scientific, mathematics and computational programming knowledge and
skills developed during the knowledge development phase. At the end of the second phase of the
STEM unit, the teacher and students explicitly reflect on the connection between science,
engineering, mathematics, and technology for solving problems of social relevance. For example,
students reflect that engineering design is made according to some specification, constraints, and
goals, that there is an intrinsic relationship between engineering and science (i.e., the utility of
scientific knowledge to engineering), and that there are also differences between science and
technology (e.g., while engineering aims at developing technological solutions, science scope is the

development of knowledge).
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Chapter 4. Methods

This chapter provides information on the methods of the main study conducted in the doctoral
thesis. Section 4.1. introduces the methodological approach adopted, with reference to the
qualitative and quantitative strand of the study. Next, sections 4.2. and 4.3. describes the context in
which this study has been conducted and the sample, respectively. Subsequently, section 4.4. presents
data collection methods, with subsection 4.4.1. focusing on the qualitative strand, and the 4.4.2.
subsection on the results of two systematic reviews on attitude quantitative measurement instruments
and on the development and validation of the instruments used in this dissertation. Finally, section

4.5. explains how data was analyzed.

4.1. Mixed-methods exploratory sequential design

For the main study of this dissertation, a mixed-method exploratory sequential design was
adopted. This design consist of two sequential phases, being the first one qualitative and the second
one quantitative (Creswell & Clark, 2011. More specifically, the exploratory design being with
prioritizing qualitative data collection and analysis in the first phase or strand. Then, building on the
qualitative data, the researcher conducts a quantitative phase that builds on, extends, or apply the
features of the first qualitative strand. According to Creswell & Clark (2018), “This feature may be
the generation of new variables, the design of an instrument, the development of activities for an
intervention (...)” (p. 67). Consist with the characteristics of this mixed methods design, the main
study of this dissertation starts with collection and analysis of qualitative data that is used to translate
the qualitative findings into an approach (i.e., intervention unit) that can be tested quantitatively to
determine its effectiveness for improving elementary school students’ expectancies of success and
attitudes towards school science. More specifically, the study begins with a series of iterative
implementation of the intervention unit that are qualitatively evaluated in terms of validity (i.e., the
extent to which the unit and its implementation can be considered STEM) and practicality (i.e.,
whether in-service elementary teachers are able to implement it according to the pedagogical
framework of reference). Each new iteration builds on a previous prototype of the intervention unit
until a reasonable approach and product are achieved. Then, the quantitative phase starts, consisting
of a quantitative intervention to examine the impact of the last unit prototype in the dependent
variables under study. Figure 3 includes a diagram with the main features of each strand, and the
next section describes in-depth the characteristics of the qualitative and quantitative strand,
separately.
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Strand

Qualitative
data collection

A

Qualitative
data analysis

A 4

Quantitative
data collection

v

Quantitative data

analysis

Overall

interpretation

Procedure

- Focus groups
- Non-participant structured

classroom observation

Direct and conventional
content analysis

- SUCCESS instrument
- S-SSAS instrument

Univariate and multivariate

statistics

Discussion in the light of
existing literature and
findings

Evaluation

RQ 1.1. What
teaching strategies
should be used to
implement valid and
plausible STEM-
based teaching units
for science education
in elementary grades?

RQ 1.2. Does STEM-
based teaching units
promote students’
expectancies of success
and attitudes towards

school science?

Primary research

question

Product

- Transcripts

- Challenges themes
- Teaching strategies

- Numeric data

- Expectancies of
success and attitudes

Empirical evidence
on plausibility and
effectiveness of

STEM

Figure 3. Diagram for the exploratory sequential design adopted in the main intervention study

4.1.1.

4.1.1.1.

Qualitative strand

Educational design research

For the development of the qualitative strand, educational design research methodology was
adopted. This methodology can be defined as an innovative research approach in educational practice
that involves the systematic design, development, and evaluation of educational interventions aimed
at addressing complex problems (Plomp & Nieveen, 2007). Educational design research is an
alternative research approach to traditional research methods that aims at designing and developing
practical and effective educational interventions (e.g., pedagogical approaches, programs, materials)
based on collaborative and reflexive labor between researchers and practitioners (i.e., teachers).

This approach emerged out of the need to address the credibility gap resulted from traditional
research approaches (e.g., survey or correlational type of studies) that hardly provide any solution to
the problems and issues of everyday practice beyond the mere identification and description of the
problem itself (Design-Based Research Collective, 2003; Reeves, 2006; Van den Akker, Fravemeijer,
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McKenney, & Nieveen, 2006). Put differently, as opposed to traditional research paradigms that
examine the educational problem in isolation and within artificial environments (e.g., “laboratory”
type of contexts), thus producing an incomplete and partial understanding of the problem being
studied (Barab & Squire, 2004), educational design research is developed in the naturalistic contexts
where the educational problem has been identified in order to develop (i) empirically rooted
innovative interventions and (ii) generalizable principles, also known as design principles (i.e., "how-
to" guidelines), that can be generalized to broader and more diverse contexts (Reeves, 20006).
Therefore, educational design research is carried out iteratively in close collaboration with researchers
and practitioners to increase the likelihood that the intervention will be practical, effective, and
scalable to similar contexts, therefore being more suitable for educational contexts were major and
complex problems where specific guidelines for solutions are not yet available. This is clearly the case
with STEM education.
Although this paradigm resembles action research, the main difference between both paradigms lies
in the fact that the latter is appropriate for professionals who seck to improve their educational
practice based on research, rather than generating design principles (Denscombe, 2007). Following
Plomp & Nieveen (2007) conceptualization, educational design research is:
“(...) the systematic study of designing, developing and evaluating educational interventions (such as
programs, teaching-learning strategies and materials, products and systems) as solutions for complex
problems in educational practice, which also aims at advancing our knowledge about the characteristics
of these interventions and the processes of designing and developing them.” (p. 13).

This definition highlights the cyclical nature of educational design research, consisting of
successive prototypes where analysis, design, evaluation and revision and re-design of the educational
intervention are iterated until reaching the desired outcome or design-principle that advance
solutions to the problem. Therefore, interventions or design principles not resulting in the desired
outcomes are refined and further tested in the naturalistic context until the design principles appear
to be effective. Each re-designed intervention is known as prototypes (Plomp & Nieveen, 2007), and
from each new prototype, new design principles contributing to closing the gap between the

educational practice and the desired outcome are advanced.

4.1.1.2. Design research phases

Educational design research has three main phases, named: (i) preliminary research, (ii)
prototyping, and (iii) assessment (Plomp & Nieveen, 2007). First, during preliminary research,
needs, context analysis, and literature review reviews are performed to develop a conceptual
framework underpinning the first prototype. During this phase, the problem in context is identified
and specifically formulated through practitioners and expert consulting, analysis of similar problems
or interventions, focused literature review and/or preliminary studies. The prototyping phase
involves the design, development, implementation, reflection, and re-design of a sequence of
prototypes aimed at improving the educational intervention. Therefore, during this phase, several
tentative interventions and design principles are advanced and refined through iterative cycles until
a desired prototype is achieved. Finally, once the intervention is effective and the design principles
are established, the assessment phase is performed. The main aim of this phase is to evaluate whether
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the intervention is practical (i.e., if practitioners can implement the educational innovation and the
design principles).

4.1.1.3. Quality criteria

The four quality tenets of educational design research proposed by McKenney, Nieveen, & Van
den Akker (2006) are met in this dissertation as follows:
¢ Rigor. This tenet refers to the rigorous standards for scientific research (Shavelson &
Towne, 2002), including, but not limited to, (i) pose of significant research questions, (ii) research
linked to relevant theory, (iii) adequate use of research methods and instruments that allow
investigation of the research question, and (iv) transparent disclosure of research to allow professional
scrutiny and critique. Consequently, (i) the significance of the research questions addressed in this
dissertation are justified by the growing literature demanding the development of conceptual and
pedagogical frameworks to STEM Education (Martin-Pdez et al., 2019); (ii) the pedagogical
framework for STEM-based education is rooted in constructivism and social-constructivism theories
(see Chapter 3 and Appendix 2), whose relevance to understanding the teaching and learning process
has been established for decades; (iii) both quantitative and qualitative research methods have been
used in an attempt to respond the research question proposed, and the measurement instruments
used where comprehensively developed and psychometrically validated (see Appendices 5, 6, and 7);
and (iv) in-depth details and original published studies are collected in this dissertation to allow
transparent reporting of the studies performed.

¢ Relevance. The second quality tenet raises questions about whether the research questions
are relevant for educational and policy practice, and whether the research group have the working
knowledge needed for the direct investigation of the research questions in natural settings. As stated
before, the relevance of this dissertation is underlined by national and international literature that
demands an understanding of the teaching and learning processes that must take place when STEM
approaches are adopted. In this regard, this dissertation proposed both a pedagogical framework for
STEM education, which could inform science teaching practices at the elementary educational level
and also stimulate research in this line of investigation. As for the needed background to conduct
this research, the author of this dissertation has specific background in elementary education, which
is the target educational stage of the different studies described in this dissertation, and the research
group, or more specifically the advisor of this dissertation, has an extensive experience of more than
two decades in the use of constructivist-based didactic strategies, such as inquiry teaching and
learning approach, this being a central teaching strategies using in the proposed framework.
% Collaboration. The third quality tenet refers to the need for collaboration between the
research team and practitioners. In this regard, the design, development, implementation, and
revision of each prototype of the proposed STEM framework was jointly conducted in direct
collaboration with six elementary school teachers that participated in the design, implementation,
and refining of the intervention unit, and with indirect collaboration of more than 36 visiting
teachers from the schools that participated during the formative evaluation of the unit.

% Validity. Finally, in order to develop effective design principles for STEM education, the
pedagogical framework proposed (and, therefore, the teaching unit designed) should meet the
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following validity criteria for high-quality interventions (Nieveen, 1999): (i) content validity: the
framework is based on state-of-the-art knowledge; (ii) construct validity: the STEM disciplines are
linked to each other in a meaningful way and the knowledge development and knowledge
application phases of the unit are logically designed; (iii) Practicality: the framework aims at being
realistically usable in natural settings by the end-user or practitioners (i.e., elementary school
teachers); and (iv) effectiveness: the use of the pedagogical framework proposed should result in the
desired outcomes, i.e., development of elementary school students’ expectancies of success and

attitudes towards school science (this aspect is addressed through the quantitative strand).

4.1.2. Quantitative strand

For the development of the quantitative strand, a one-group pretest-posttest design was adopted
(Campbell & Stanley, 1963). This type of research design is often used to determine the effect of an
intervention on a particular aspect of a given sample. Its main features are (i) use of a single group
of participants, and (ii) a sequential arrangements of data collection (Allen, 2017). The first
characteristics involves that all participants from the target sample are part of a single condition (i.e.,
the intervention group) receiving the same treatment. The second characteristics denote that the
dependent variable is assessed before and after the intervention is implemented, following a
O1 X O2 design, in which O represents the data collection and X the implementation of the
intervention. Within this design, the effect of an intervention is determined by exploring the
difference between the first evaluation (i.e., O1: pretest) of the dependent variable and the second
one (i.e., O2: posttest).

4.2. Context and temporalization

For this dissertation, a collaboration agreement has been established with the Centro Rural de
Innovacién Educativa de Burgos (CRIEB, Burgos Rural Center for Educational Innovation),
approved by the Conserjerfa de Educacién de Burgos (Department of Education of Burgos). The
CRIEB is a state-funded educational center, located on the peripheries of the city of Burgos, intended
to provide complementary educational instruction for students from rural areas of the Burgos
province. This means that the target population of this dissertation includes all the elementary
schools from the Burgos province with up to 12 units/classes. Therefore, over an academic year, up
to one thousand students enrolled in 3 to 6% grades of elementary education attend the CRIEB
school center for 5 days (from Monday to Friday) on an educational boarding school regime.

The collaboration agreement consisted of using the CRIEB school center during the 2017-2018
academic year for testing the pedagogical framework for STEM-based science education developed
in this dissertation. To this end, a total of 21 full weeks of intervention were established. Thus, 894
elementary school students coming from up to 36 state-funded schools located in the province of
Burgos (Figure 4) attended the CRIEB school center and participated in this Ph.D. thesis. Of them,
274 were enrolled in 3 or 4" grades, and the remaining 620 students were 5" or 6 graders. In
September 2017, schools were randomly assigned to one of the 21 weeks so that each intervention

week consisted of no more than 50 students.
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Each intervention week, a new group of students attended the CRIEB school center from
Monday morning to Friday noon. During the week, students participated in lessons developed
following the pedagogical framework proposed in this dissertation and in other relaxation activities
(e.g., going to the municipal swimming pool, to the cinema, etc.). The intervention lessons included
12 teaching hours, implemented by the six elementary school teachers who worked full time at the
CRIEB school center during the 2017-18 academic year. This amount of time corresponds to the
number of classes that are usually dedicated to each unit of school science in conventional schools.
Students were grouped according to the school grade they were enrolled in, thus forming a group

for 3" and 4™ graders, and another group for 5% and 6% graders.
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this dissertation were drawn. Note: @) represents the city of Burgos.
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Of the 21 intervention weeks, the first 15 weeks were devoted to improving the intervention unit
following the educational design research (Plomp & Nieveen, 2007) approach described in previous
sections (i.e., qualitative strand). During these 15 weeks, adjustments were made until suitable design
principles were developed, thus improving the validity and practicality of the STEM-based
intervention unit. In this way, the CRIEB school center became the ideal testing site that matches
the characteristics of the educational design research approach. First of all, the circumstance of having
21 weeks in which new students were attending the intervention site allowed several refining of the
intervention unit framework during the qualitative strand (see Chapter 5.1.), in order to overcome
the difficulties encountered after each trial. Secondly, unlike conventional schools, the CRIEB school
does not have a pre-established schedule. This allowed establishing an educational schedule that
simulated that of a conventional school, with the particularity that all the Science lessons usually
taught in approximately 5-6 weeks have been condensed into one week. Third, the availability of six
elementary school teachers has allowed the pedagogical framework to be developed in a naturalistic
school-type context, thus reducing the bias introduced by the researcher and endowing to the
investigation a more realistic and practical approach. Finally, the participation of students from such
diverse schools and contexts allows for greater generalization of the results, at least as far as rural
schools are concerned.

Once the design principles were developed and the practicality and validity of the intervention
unit were established, the effectiveness of the pedagogical framework for STEM-based science
education was assessed (i.e., quantitative strand). Thus, the last 6 weeks of the 2017-18 academic
school year were devoted to examining whether the intervention unit improves elementary school

students’ expectancies of success and attitudes towards school science (Figure 5).
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Figure 5. Distribution of the intervention weeks at the CRIEB school center
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4.3. Sample

4.3.1. Qualitative strand

A convenience sampling has been established by means of the teachers who have worked in the
CRIEB school center during the implementation of this doctoral thesis. The sample consisted of six
elementary school teachers (2 women), in charge of teaching the different sessions of the didactic
unit described in Chapter 3. Although all six teachers had extensive teaching experience in
elementary education (approx. 10 years each), none of them were familiar neither with the STEM
movement nor with the inquiry and engineering design process teaching strategies.

Therefore, the month before the start of the intervention (i.e., September 2017), the teachers
participated in a short, nine total hours, professional development workshop. The workshop
consisted of a first part dedicated to a brief theoretical introduction to STEM education as well as to
the teaching strategies used within the pedagogical framework, and a second part focused on
explaining the lesson plan. The teachers then received the materials and classroom notebooks that
students would use during the teaching unit.

It should be noted that the lack of a more comprehensive and long-term training professional
development program was a deliberated decision made by the author of this dissertation, in order to
increase the generalization of the results to other educational contexts. Given that Spanish teachers
tend to avoid active methodologies for science teaching, such as inquiry-based learning (Cafal, 2007;
Romero-Ariza, Quesada, Abril, Sorensen, & Oliver, 2019), the aim was to develop a pedagogical
framework that would allow teachers not experienced in inquiry-based or engineering design

teaching strategies, to be able to implement integrated STEM for science education.

4.3.2. Quantitative strand

The sample for the quantitative strand was established by means of convenience sampling
techniques, based on the students who have attended the CRIEB school center during the last six
weeks of the 2017-18 academic school year (from April 9" to May 31%, 2018).

A rtotal of 245 elementary school students participated in the evaluation of the effectiveness of
the pedagogical framework proposed in this dissertation. Of them, 67 were enrolled in 3 (n = 20)
and 4" (n = 47) elementary grades, and 178 were 5" (n = 82) and 6™ (n = 96) graders. Half of the
students were girls (n = 123) and the mean age of the students was 10.15 (SD = 1.22) for the girls
and 10.19 (SD = 1.10) for the boys.

For data analysis, students were grouped in lower (3" and 4% graders) and upper (5" and 6
graders) grade groups, consistent with the classroom distribution followed each week. In addition,
upper grades students were randomly assigned to either the structured or the guided approach to
inquiry investigations. After an initial inspection of the collected data, five and six cases were deleted
from the expectancy of success and attitudes databases, respectively, for univariate outliers.
Additionally, using Mahalanobis distance, three more cases were deleted from the S-SSAS database
for multivariate outliers (Tables 5 and 6).
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Table 5. Total sample size and valid cases for lower grades students after removing outliers

Gender All sample Expectancy of success Attitudes
Girls 36 36 35
Boys 31 29 31
Total 67 65 66

Table 6. Total sample size and valid cases for upper grades students after removing outliers

All sample Expectancy of success Attitudes
Gender Structured Guided Structured Guided Structured Guided
Girls 48 39 47 38 45 36
Boys 52 39 51 39 50 39
Total 100 78 98 77 95 75

4.4. Data collection

4.4.1. Qualitative strand

Qualitative methods were used to investigate the difficulties experienced by the teachers during
the implementation of the intervention unit. Data were collected from two main sources. The first
one was focus groups (Morgan, 1996) with the teachers reflecting on the implementation challenges
they experienced. Three focus groups were conducted during the 15-week period of the prototyping
phase. In addition, the second source was non-participant, structured observations and field notes
undertaken by the author of this dissertation (Bogdan & Biklen, 2007; Mulhall, 2003). The author
of this dissertation attended all lessons held in the educational center CRIEB during the 21 weeks
that lasted the intervention (from October 2017 to May 2018). More specifically, during the 15
weeks corresponding to the prototyping phase, non-participant observations were performed in 209

one-hour sessions.

44.1.1. Focus groups

A focus group is a discussion group in which several individuals are interviewed at the same time
in order to obtain information and generate reactions on the topic under study (Beck, Bryman, &
Futing, 2004). In the case of this doctoral thesis, the objective was to understand the limitations that
teachers have had in implementing the didactic unit based on the STEM model advanced in this
dissertation, and to jointly propose solutions to overcome these barriers and, therefore, to make this
type of pedagogical approach more viable. Three focus groups of approximately one hour each have
been carried out. To this end, teachers were instructed to write down the difficulties they have
experienced in each session they have implemented so that they could discuss them in-depth during
the focus groups. During each focus group session, each teacher-related his or her experience, the
difficulties encountered, and the proposed improvements. At the end of the session, a consensus was

reached on the measures to be taken in order to improve the implementation of the didactic unit.
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Table 7. Codes used for the non-participant structured observation

Aspects Codes
Teachers propositional The teacher had a solid grasp of the lesson
knowledge The lesson is presented in a logical and clear fashion

Connections with other disciplines were explored and valued
Students procedural knowledge Students made predictions or hypotheses
Students devised means for testing their predictions or hypotheses
Students engage in thought-provoking discussions
Classroom culture The teacher asked questions that triggered students thinking
Active participation was encouraged
The teachers acted as a resource person, instead of delivering lecture-
type of instructions

4.4.1.2. Non-participant structured observation

The author of this dissertation performed direct, structured, non-participant observation of each
session. The aim was to gain a better understanding of the educational environment created using
the pedagogical framework for STEM-education advanced in this dissertation. To this end, the
researcher took field notes on different aspects of the implementation process. More specifically, the
rubric developed by the author and colleagues (Toma, Greca & Meneses Villagrd, 2017), based on
Pitburn et al. (2000) Reformed Teaching Observation Protocol, was used to identify: (i) teachers
propositional knowledge (what they know and how they organize and present the material in a
learner-oriented manner), (ii) students procedures knowledge (to what extent teachers allowed
students to engage mentally and experimentally during the session, and (iii) the classroom culture
(to what extent there is communicative interactions between students). The specific codes used

during the non-participant observation are described in Table 7.

4.4.2. Quantitative strand

Data was collected using paper and pencil instruments upon students’ arrival at the CRIEB
school center (i.e., pretest on Mondays) and the last day of each intervention week (i.e., posttest on
Fridays). To avoid socially desirable responses, the author of this dissertation collected all the data in
the absence of classroom teachers from the CRIEB and visiting schools, and students were informed
that participation was voluntary, anonymous and that responses would not affect their school grades.

Two exhaustive reviews have been carried out to select the most appropriate inscruments for the
quantitative strand. To this end, the first systematic review examined attitude towards science
instruments published after Blalock et al’s, (2008) study (Toma, in press). Given the major
conceptualization issues identified in the first review, a second systematic review, hereafter referred
to as “beyond attitudes review” (Toma, Lederman, & Meneses Villagrd, under review), was
conducted to analyze the psychometric properties of instruments measuring other valuable
psychological constructs that were conceived as attitudes (e.g., self-efficacy, motivation, emotions,
engagement, etc.) in the instruments analyzed in the first actitude study. In the next section, an

extended abstract of both review studies is presented. The full-text accepted article for the first review
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is attached in Appendix 3, and the full-text of the second review, which is currenty under peer
review, is attached in Appendix 4.

4.4.2.1. Systematic reviews

Both studies were conducted following a systematic procedure consistent with the PRISMA
statement (Liberati et al., 2009). Potentially relevant articles were identified in the Web of Science
(WOS) Core Collection and Science Direct databases, in the case of the attitude review, and in the
WOS and Scopus databases in the case of beyond attitude review. Likewise, a snowball technique,
which consists of examining the reference list of selected articles for relevant studies not identified
through the databases, was used in both review studies. A total of 14 studies met the inclusion criteria
of the attitude review and 61 studies for the beyond attitude review.

The findings of these systematic reviews revealed that Blalock et al.’s (2008) and Munby’s (1983)
criticisms are still valid for current instruments used in science education research. The results
demonstrate that although a rather large body of instruments was developed and published in the
science education research in the last 14 years, the conceptual and methodological quality of most
of them are below modern standards for educational and psychological testing. Most instruments
lacked theoretical foundations and were almost based on existing instruments with conceptually poor
definition of the attitude construct. In addition, many of the attitude assessments were limited in
terms of validity and reliability of psychometric evidence. Likewise, several limitations related to data
reporting and misuse of some psychometric tests were also identified. These results are generalizable
to the Spanish literature, as reported in the instrument validation study reported in the next section
(Toma & Meneses Villagrd, under review).

These results calls into question the confidence that can be placed in the results derived from
studies using instruments whose validity and reliability is at stake and calls for the adoption of
rigorous psychometric analysis procedures to develop valid and reliable measurement instruments
that would help to support (or refute) the assumptions and consensus reached in this line of research.

The implications of these findings for the main intervention study were twofold. Firs, it raised
the need to develop valid and reliable measurement instruments to be used in the assessment of the
effectiveness of the proposed pedagogical framework for STEM-based science education. Second,
given the lack of confidence that can be placed in existing attitudes towards science studies using
psychometrically poor instruments, especially in the Spanish context, a descriptive study of the target
population of this dissertation (i.e., students from the Burgos province) should be carried out to

determine their attitudes using more robust instruments, which will be described in Chapter 5.

4.4.2.2. SUCCESS instrument

Given the lack of consensus in the science education literature about what is measured when
attitudes towards science are examined’, the development and validation of a first instrument were

performed. In this section, an extended abstract of two validation studies about the first quantitative

7 See Appendices 3 and 4
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instrument used in this dissertation, called SUCCESS, is presented (Toma & Meneses Villagrd,
under review; Toma, 2019). The first, full-text article, which is currently under peer review, is
attached in Appendix 5. The second full-text published validation article is attached in Appendix 6.

The SUCCESS is a theoretically driven (based on EVT theory), short (6 items), unidimensional
(measures expectancies of success in school science), and Likert-type (five response options)
instrument rooted in social psychology theories of achievement motivation. More specifically, the
SUCCESS was developed based on Eccles etal.’s (1983) EVT theory, described in Chapter 2 of this
dissertation. The use of this theoretical framework was based on past and recent research indicating
that student’s self-efficacy and expectancies of success in science and mathematics are low (Sellami
et al., 2017; Meece, Wigfield, & Eccles, 1990; Wigfield, 2004), factors that may negatively affect
the development of their intentions to enroll in future science-related studies. Given that students'
self-efficacy influences the type of activities in which students judge themselves to be competent
(Bandura, Barbaranelli, Caprara, & Pastorelli, 2001), and given that students with a high self-
concept are more likely to persist in science and engineering careers (Mau, 2003), the development
of expectancies of success in school science from the elementary stages of the education system may
be beneficial for counteracting the loss of interest in science at later stages. Despite existing literature
calling for the evaluation of expectancies of success from an early age, the instruments revised in the
systematic reviews introduced in the above section do not tackle this aspect. Therefore, there is a
need to address this gap in the literature and to develop a valid and reliable instrument to assess
whether the pedagogical framework designed in this dissertation is effective in fostering students’
expectancies of success in school science.

The development and validation of the SUCCESS instrument followed robust guiding principles
based on Classical Test Theory (CTT, DeVellis, 2017; Nunnally & Bernstein, 1994) and the
Standards for Educational and Psychological Testing (AERA, APA, & NCME, 2014). In the first
study (Toma & Meneses Villagrd, under review®), the expectancy of success construct was defined
and specified by drawing on theories of achievement motivation. Next, based on the theoretical
underpinnings adopted, a deductive approach based on literature review was used for the
development and adaptation from existing literature an initial list of potentially relevant items. In
the second phase, one panel of experts composed of university professors and elementary education
teachers examined the content validity of the proposed items, leading to a refined pool of items.
Next, the readability of the items was examined through cognitive interviews with the target
population, which led to the final pool of items. Finally, in the third and last phase, the retained
items were administered to a large-scale sample, consisting of Spanish elementary school students,
and the psychometric properties in terms of item quality, construct validity based on Exploratory
Factor Analysis (EFA), convergent validity and internal consistency reliability were analyzed.

In the second study (Toma, 2019?), the psychometric properties of the SUCCESS instrument
were further examined. More specifically, the construct validity was examined using Confirmatory

® See appendix 5
? See appendix 6
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Factor Analysis (CFA); criterion validity was examined using the Pearson correlation coefficient
between the SUCCESS and the attitudinal S-SSAS instrument reported in the next section; finally,
the reliability of the SUCCESS instrument was examined through the Cronbach a coefficient.
Taken together, the results of both studies suggest that SUCCESS is a valid and reliable
instrument with great content, construct and criterion validity, and acceptable internal consistency
reliability. Based on these findings, it can be concluded that reveal that the proposed instrument is
conceptually consistent with the “Expectancies of success” construct first introduced by Eccles et al.
(1983) and methodologically robust in terms of modern validity and reliability psychometric

evidences. Therefore, it can be used with confidence in this dissertation.

4.4.2.3. S-SSAS instrument

In addition to developing and validating the new instrument called SUCCESS, it was decided to
conduct a cross-cultural adaptation and psychometric validation of an existing attitude toward school
science instrument (Toma & Meneses Villagrd, 2019a). In this section, an extended abstract of the
second quantitative instrument validated and used in this dissertation is presented. The full-text
published validation article is attached in Appendix 7.

From the list of reviewed instruments in the systematic reviews reported in previous sections, the
10-items School-Science Attitude Survey (SSAS, Kennedy et al., 2016) was chosen as an adequate
candidate to be adapted and validated for Spanish speaking students. This instrument was selected
because (i) it was originally developed and validated following a robust procedure, (ii) it measures
the main attitude constructs used in science education research, and (iii) is short and easy to
administer, therefore suitable for the CRIEB context; due to its brevity, it allowed to administer
others measurement instruments, such as the SUCCESS, something inconceivable if a more
extensive instrument had been chosen due to student administration fatigue.

The School-Science Attitude Survey is an instrument designed to examine student’s attitudinal
profile to the area of school science through ten items that address the six common attitudinal
constructs used in the literature of attitudes toward science. The SSAS was translated into Spanish
following a cross-cultural translation procedure. Content and face validity were confirmed before
large-scale administration using a panel of experts and cognitive interviews with the target
population.

Psychometric evaluation of the Spanish School Science Attitude Survey (S-SSAS) indicated an
adequate level of internal consistency reliability and that response was well distributed along with
the response categories, showing great sensitivity and no evidence of extreme response tendency.
Intraclass correlation coefficient supported its temporal stability reliability, with a 10-days span
between the first and the second administration. Pearson correlation coefficient reported acceptable
predictive validity with a strong correlation between expected attitudinal constructs based on results
reported in specialized literature of attitudes. Likewise, the S-SSAS showed great concurrent validity,
thus being highly correlated with two attitudes measures of conceptual convergence already validated
in the literature. In addition, discriminative validity between S-SSAS constructs was confirmed by
obtaining similar results to those of its original version in terms of gender and rural or urban school

variables. Taken together, it can be concluded that the S-SSAS represents a first effort to provide a
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valid and reliable measure to examine attitudes toward school science of Spanish-speaking elementary
students, especially when there are time constraints for data collection. Therefore, it can also be used

in this dissertation with confidence.
4.5. Data analysis

4.5.1. Qualitative strand

Focus groups were audio-recorded and transcribed to allow for in-depth analysis of the challenges
reported and improvement measures described, and non-participant structured observation was
recorded in a field note. Data were analyzed using both direct and conventional content analysis
(Hsieh & Shannon, 2005). First, direct, theory-driven content analysis was performed. Common
difficulties reported in the literature related to using active-based (e.g., inquiry) strategies served as
initial coding categories to identify the extent to which CRIEB teachers have experienced the same
challenges. Next, a conventional coding analysis was used to identify further challenges mentioned
by the CRIEB teachers or observed by the author of this dissertation. Thus, transcripts and field
notes were read repeatedly; key words and sentences capturing difficulties experienced, and solutions
proposed, were highlighted. Using an iterative process, sentences describing similar ideas were
grouped and codes that are more general were created; finally, similar codes were congregated to

create meaningful clusters (Patton, 2002).

4.5.2. Quantitative strand

Data was analyzed using univariate and multivariate statistics, which pertains to the family of
general linear model (GLM) and is used to detect group differences when there are several dependent
variables that are conceptually related (Field, 2009; Leech, Barret, & Morgan, 2005), like in the case
of attitudes towards science construct. Although multivariate analysis is an extension of the analysis
of variance (ANOVA), most researchers just wrongly conduct a series of separate ANOVAs for each
dependent variable (i.e., each attitude construct). In the Spanish context, most studies analyzed
attitudinal instrument results without considering its factorial structure. Therefore, authors (e.g.,
Vizquez & Manassero, 2008; Marbd-Tallada & Mdrquez, 2010; Pérez-Franco, de Pro Bueno &
Pérez-Manzano 2018) analyzed each item independently, making up to a total of 25-50 individual
comparisons without using any o value correction. Unfortunately, this leads to a common problem
in the literature of attitudes towards science, related to type I error inflation, derived mainly from
erroneous statistical practices such as multiple t-testss or ANOVAs without adjusting the level of
significance (a value).

For example, following the common criterion of a = 0.05, in a study that examines the hypothesis
that there are differences between boys and girls in a single dependent variable, the probability of
obtaining a false positive (i.e., Type I error) is only 5% [1 - (1 - @)]; therefore, the researcher may
conclude, with a 95% confidence (1 - 0.05), that the difference observed between two groups is not
due to chance. However, since attitudes towards science are a multidimensional construct (Gardner,

1975), measured by numerous different dependent variables representing the affective, cognitive and
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Figure 6. Simulation of false-positive inflation in multiple tests without adjustment of the a level, based
on the formula 1 - (1 - o)™, where N is the number of t-tests performed on the same sample.

behavioral dimensions of attitudes (Eagly & Chaiken, 1995; Simpson et al., 1994; Tytler &
Osborne, 2012), studies in this line of research often use multiple t-tests or ANOVAs, one for each
actitude dimension, without adjusting the common criteria of a = 0.05. In these cases, by not
adjusting the level of a to the number of tests to be performed, the probability of false-positive
increases exponentially with the number of tests performed (Figure 6). Thus, with two repeated t-
tests or ANOVAs without a adjustment, there will be a 9.75% probability of type I error (i.e.,
obtaining a significant result when, in reality, it is not significant). With ten tests with uncorrected
a, the probability of a false positive increases to 40%, and so on. Therefore, the likelihood that the
results derived from the Spanish studies mentioned above are only a reflection of type I errors rather
than significant results is very high. To avoid this problem, a more conservative  value should be
used, by establishing some type of correction (i.e., Bonferroni correction), or ideally, by using
multivariate analysis when data meet the several assumptions of multivariate statistics. In the
following subsections, these assumptions are discussed for both SUCCESS and S-SSAS instruments.

4.5.2.1. Expectancies of success in school science

For lower grades students (3'! and 4" graders), data was analyzed using a 2 (gender: girls/boys) x
2 (time: pretest/posttest) mixed between-within subjects’ analysis of variance (ANOVA). Preliminary
checks were conducted to examine assumptions for mixed-between-within subjects ANOVA:
Levene’s test showed that the variances for expectancy of success scores were equal, both for pretest
F (1, 63) = .937, p = .336 and posttest scores, F (1, 63) = .1.420, p = .238, thus the assumption of
homogeneity of variance was not violated. Likewise, the Box’s test was not significant, M = 6.892,
p = .084, indicating that the assumption of homogeneity of covariance across the groups was not
violated. Consequently, Wilks Lambda results will be reported (Tabachnick & Fidell, 2007).
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Likewise, lower grades data was further analyzed using one-way between-group analysis of
covariance (ANCOVA) to determine whether the gender results hold when controlling for pretest
scores. In order words, ANCOVA was used to determine if girls and boys responded differently to
the intervention unit when controlling for their pretest scores. The independent variable was gender
(girls/boys). The dependent variable was the posttest scores on the SUCCESS instrument
(expectancy of success in school science), administered following completion of the intervention
unit. Pretest scores on the SUCCESS instrument, administered prior to the intervention, were used
as a covariate to control for individual differences. Preliminary checks were conducted to examine
assumptions for ANCOVA: The distribution of pretest and posttest scores for each gender revealed
linearity between the dependent variable (posttest score) and the covariate (pretest score), thus, the
assumption of linear relationship was not violated. Levene’s test showed that the variances for
expectancy of success scores were equal, F (1, 63) = .229, p = .634, thus the assumption of
homogeneity of variance was not violated. Finally, there was no interaction between the independent
variable (gender) and the covariate (pretest scores), F (3, 61) = .878, p = .076, thus the assumption
of homogeneity of regression slopes was not violated, and therefore ANCOVA results can be
interpreted with confidence (Tabachnick & Fidell, 2007).

For upper grades students (5" and 6™ graders), data was analyzed through a 2 (teaching approach:
structured/guided inquiry) x 2 (gender: girls/boys) x 2 (time: pretest/posttest) mixed between-within
subjects’ analysis of variance (ANOVA). Preliminary checks were conducted to examine assumptions
for mixed-between-within subjects ANOVA: Levene’s test showed that the variances for expectancy
of success scores were equal, both for pretest F (3, 171) = 1.818, p = .146 and posttest scores, F (3,
171) = .560, p = .642, thus the assumption of homogeneity of variance was not violated. Likewise,
the Box’s test was not significant, M = 14.390, p = .624, indicating that the assumption of
homogeneity of covariance across the groups was not violated. Consequently, Wilks Lambda results
are reported (Tabachnick & Fidell, 2007).

Moreover, upper grades data was further analyzed using a 2 x 2 between-groups analysis of
covariance (ANCOVA) to determine whether the gender results hold when controlling for pretest
scores. In other words, ANCOVA was used to examine if girls and boys responded differently to the
structured or guided approach to inquiry. The independent variables were the teaching approach
(structured/guided inquiry) and gender (girls/boys). The dependent variable was the posttest scores
on the SUCCESS instrument, administered following completion of the intervention unit. Pretest
scores on the SUCCESS instrument, administered prior to the intervention, were used as a covariate
to control for individual differences. Preliminary checks were conducted to examine assumptions for
ANCOVA: The distribution of pretest and posttest scores for each approach revealed linearity
between the dependent variable (posttest score) and the covariate (pretest score), thus, the
assumption of linear relationship was not violated. Levene’s test showed that the variances for
expectancy of success scores were equal, F (3, 171) = 1.122, p = .342, thus the assumption of
homogeneity of variance was not violated. Finally, homogeneity of regression slopes was the only
assumption violated, F (3, 171) = 6.153, p = .014, which may increase to likelihood of false-negative
results (i.e., type II error); therefore, upper-grade results when controlling for pretest scores should

be interpreted within this limitation (Tabachnick & Fidell, 2007).
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4.5.2.2. Attitudes towards school science

Lower grades data were analyzed using a 2 (gender: girls/boys) x 2 (time: pretest/posttest)
multivariate analysis of variance (MANOVA) with repeated measures. Preliminary checks were
conducted to examine assumptions for MANOVA: Levene’s test showed that the homogeneity of
variance was met for all pretest and posttest (p’s = .101 to .830). Likewise, the Box’s test was not
significant, M = 110.999, p = .187, indicating that the assumption of homogeneity of covariance
across the groups was not violated; consequently, Wilks Lambda results will be reported. Matrix
scatterplot inspection for each attitude factor revealed that the assumption of linear relationship was
not violated. Finally, Pearson correlation revealed that the maximum strength of the correlation
among the attitude variables was r = .562, between intention and enjoyableness factors; since these
values are lower than .8, the assumption of multicollinearity and singularity was met, and therefore
MANOVA results can be interpreted with confidence (Tabachnick & Fidell, 2007).

Likewise, lower grades attitudinal data were further analyzed using a one-way between-groups
multivariate analysis of covariance (MANCOVA) to control for pretest scores. The independent
variable was gender (gitls/boys). The dependent variable was the posttest scores on the S-SSAS
instrument (attitude towards school science dimensions), administered following completion of the
intervention unit. Pretest scores on the S-SSAS instrument, administered prior to the intervention,
were used as a covariate to control for individual differences. Preliminary checks were conducted on
the atticudinal data to examine assumptions for MANCOVA: The distribution of pretest and
posttest scores for each approach revealed linearity between the dependent variable (posttest score)
and the covariate (pretest score), thus, the assumption of a linear relationship was not violated.
Levene’s test showed that the variances for each attitudinal factor were equal, thus the assumption
of homogeneity of variance was violated (p’s = .356 to .620). Consequently, Wilks’ Lambda results
will be reported. The Box’s test was not significant, M = 30.628, p = .153, indicating that the
assumption of homogeneity of covariance across the groups was not violated. Finally, homogeneity
of regression slopes was violated for factors measuring intention, F (2, 63) = 7.844, p = .001, and
enjoyableness, F (2, 63) = 7.031, p = .002, which may increase to likelihood of false-negative results
(i.e., type II error); therefore, MANCOVA results should be interpreted within this limitation
(Tabachnick & Fidell, 2007).

Upper grades attitcudinal data were analyzed using a 2 (teaching approach: structured/guided
inquiry) x 2 (gender: girls/boys) x 2 (time: pretest/posttest) multivariate analysis of variance
(MANOVA) with repeated measures. Preliminary checks were conducted to examine assumptions
for MANOVA: Levene’s test showed that the homogeneity of variance was met for all but the
posttest scores for the intention, F (3, 166) = 5.181, p = .002 and perceived difficulty, F (3, 166) =
2.824, p = .040 attitudes factors. Likewise, the Box’s test was significant, M = 326.184, p = .015,
indicating that the assumption of homogeneity of covariance across the groups was violated;
consequently, Pillai’s Trace results will be reported. Matrix scatterplot inspection for each attitude
factor and pedagogical approach revealed that the assumption of linear relationship was not violated.
Finally, the Pearson correlation revealed that the maximum strength of the correlation among the
attitude variables was r = .616, between usefulness and relevance factors; since these values are lower

than .8, the assumption of multicollinearity and singularity was met (Tabachnick & Fidell, 2007).
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Finally, a 2 x 2 between-groups multivariate analysis of covariance (MANCOVA) was conducted
on the upper-grade attitudinal data to determine if the structured and the guided approach to inquiry
had different impact on girls and boys, after controlling for their pretest scores. The independent
variables were the pedagogical approach (structured vs. guided) and gender (girls and boys). The
dependent variable was the posttest scores on the S-SSAS instrument, administered following
completion of the intervention. Pretest scores on the S-SSAS instrument, administered prior to the
intervention, were used as a covariate to control for individual differences. Preliminary checks were
conducted on the attitudinal data to examine assumptions for MANCOVA. The distribution of
pretest and posttest scores for each approach revealed linearity between the dependent variable (i.e.,
posttest score) and the covariate (i.e., pretest score), thus the assumption of linear relationship was
not violated. Likewise, Levene’s test showed that the variances for perceived difficulty, F (3, 166) =
3.144, p = .027, and self-efficacy, F (3, 166) = 2.698, p = .048, were not equal, thus the assumption
of homogeneity of variance was violated. Consequently, Pillai’s Trace results will be reported. The
Box’s test was not significant, M = 86.059, p = .069, indicating that the assumption of homogeneity
of covariance across the groups was not violated. Finally, homogeneity of regression slopes was also
violated, which may increase to likelihood of false-negative results (i.e., type II error); therefore,
MANCOVA results may not accurately reflect the differential gender effect of the intervention
STEM-based unit, if any.
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Chapter 5. Findings

This chapter presents the findings of the main intervention study of this dissertation. More
specifically, section 5.1. reports on the iterative implementation, evaluation, and re-design of the
intervention unit developed following the pedagogical framework for STEM-based science education
introduced in Chapter 3. Therefore, this section describes the changes that have been made to
improve the practicality and viability of such an educational approach in the Spanish elementary
school science education. Next, section 5.2. reports on the effectiveness of the intervention unit (in
its latest version after making all relevant improvements) on fostering students’ expectancies of
success and attitudes towards school science. These results are reported by controlling for school
grade (lower grades: 34 and 4" graders; upper grades: 5" and 6" graders), gender (boys and girls),
pretest scores, and for upper graders, by comparing between delivering the knowledge development

phase of the intervention unit using structured vs. guided inquiry investigations.

5.1.  Qualitative strand

5.1.1. First prototype

The first focus group was held after two implementation weeks (from October 16" to October
27%,2017); thus, each teacher had the opportunity to implement twice each session that they were
in charge of. Table 8 reports the main codes derived from the first focus groups and from the non-
participant observation of 30 total sessions, and the educational measures adopted in prototype 2 to
overcome these challenges. It should be noted that during the first three prototypes, the STEM unit
described in Chapter 3 and attached in Appendix, lasted 15 total sessions instead of 12 sessions.

Table 8. Challenges identified in the first prototype and educational measures

Codes representing challenges Educational measures
- Classroom management - Classroom management strategies and
- Messiness (King et al., 2001) restructuring of the classroom space.
- Technical problems related to computational - Use a laptop instead of iPads from coding the
coding microcontroller board and using a micro USB cables

instead of Bluetooth

The codes with a reference were derived using direct content analysis, and the ones without any reference
using conventional content analysis.
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Three main codes emerged in the first prototype, mainly related with logistical and organizational
difficulties. Thus, the first great difficulty mentioned by all teachers was that of class management.
Far from the conventional image of students behaving well in quiet and orderly classrooms, all
teachers from the CRIEB school center have faced a classtoom climate to which they were not
accustomed. Hence, during the session in which the inquiry investigations and the engineering
design process was conducted, the active participation and the interactions between students
considerable increased the noise level, that reached much higher levels than in a traditional, teacher-
centered session. This made teachers feel that they were not having good classroom management
skills and that therefore; such an educational paradigm would not be suitable for science education.
In short, teachers argued that, unlike when they deliver lecture-style lessons that promoted stillness
and limited interaction among students, the intervention unit triggered too much noise and
aggravated the misbehavior of students.

From the field notes taken during classroom observations, it was clear that the classroom often
reached very disordered levels, with teachers having great difficulty in being able to focus students'
attention on the indications they were giving, especially during the sessions in which the inquiry
investigations were conducted. These aspects added to the messiness generated by the hands-on
investigations, and the fact that the level of student engagement and noise certainly reached limits
that would not be allowed in a conventional school, seemed to have overwhelmed the teachers.
Therefore, it would seem that classroom management problems were closely related to the teachers'
lack of techniques to manage the control of the classroom when implementing active teaching
strategies, which made the implementation of the intervention unit very disorganized.

On the other hand, some technical problems were reported in relation to the compurational
coding of the microcontroller board. More specifically, the microcontroller boards that were
programmed as measurement sensors required the use of iPads tablets and a visual-coding application
that required internet access through Wi-Fi connection. The first problem reported by the teachers
was related to the poor Wi-Fi connection, which often made it difficult for some workgroups to code
the microcontroller board. Lack of Wi-Fi connection, iPads that we're stuck with freeze screen errors
or that did not received access to the Wi-Fi were very frequent problems experienced during the
programming sessions. The second problem was related to the Bluetooth connection; as the coding
program, once created in the iPads, needed to be transferred to the physical microcontroller board
via Bluetooth connection, students experienced multiple connectivity issues. Since there were
multiple iPads and microcontroller boards that were used simultaneously in a classroom, it was often
impossible to connect each tablet to the desired microcontroller board to transfer the program.

To overcome these challenges, several changes have been made to the first prototype of the
intervention unit. First, the distribution of the class has been changed completely. Thus, working
groups have been created based on cooperative learning principles (Johnson & Johnson, 1999).
These working groups were generally made up of four or five students and were maintained in all
lessons. Also, a shelf has been created in which all the material was organized, according to the
sessions to be implemented, with only one student from each working group being authorized to
take the material to the working tables and to return it back to the shelf at the end of each lesson,
thus reducing class disorder and noise. In this way, it was intended to avoid the hustle and bustle
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Table 9. Challenges identified in the second prototype and educational measures

Codes representing challenges Educational measures
- Lack of pedagogical knowledge (Toma & Greca, - Structuration of each lesson according to the
2018) inquiry-cycle and engineering design process
- Lack of logical structure of the didactic sequences phases.
(Aragiiés, Quilez, & de la Gdndara, 2014)
- Difficulties of group work and inconsistent - Introduction of specific group roles

contribution and engagement between the member
of each working group (Anderson, 2002)

The codes with a reference were derived using direct content analysis

generated during the sessions in which the inquiry investigations and the engineering design process
was carried out.

Second, some strategies shown in the literature to be useful in facilitating the implementation of
inquiry-based science teaching (i.e., Keeley, 2008; Qablan & DeBaz, 2015) were implemented in
cach session. Techniques such as "Raise hand for silence” and a modified version of the "traffic light
cups” (i.e., one student in each group was in charge of communicating to the teacher their difficultes
or questions about the lesson being implemented) were used to grab students' attention, especially
during practical work sessions, and also to make the interaction between teacher and students more
organized and effective. By introducing these classroom management techniques, it was intended to
help the teacher attend, in a controlled and well-ordered manner, all the problems that working
groups face during the knowledge development and knowledge application phases of the unit.

Finally, regarding the microcontroller boards, it was decided to use USB micro-cables instead of
the Bluetooth to transfer the program to the microcontroller board, and to use computer laptops
with cable internet when Wi-Fi internet connection failed. It should be noted that these logistical
difficulties related to the coding-phase of the unit persisted throughout the intervention, albeit in a
less severe way as in the first prototype. Since these were aspects that teachers could not control (e.g.,
technical assistance, faster Wi-Fi internet connection, up-to-date computer software), it was

impossible to reach a definite solution.

5.1.2. Second prototype

The second prototype, which included the changes mentioned above, was implemented for 4
weeks (from November 6™ to December 1%, 2017). After this time, and a total of classroom
observations of 60 lessons, the second focus group was held. Field notes revealed, and teachers
reported, that the changes made to the first prototype allowed them to better deal with aspects related
to classroom management. However, the analysis of the classroom observation and the focus group
transcription revealed several important challenges that needed attention (Table 9).

The most important challenge was related to teachers’ ability to teach the unit using inquiry and
the engineering design process strategies. Thus, it has been observed that teachers lacked solid
didactic knowledge to structure the different phases of the inquiry investigations and for discussing
those aspects most important for each stage. For example, the progression from formulating an
investigable research question and formulating hypothesis was not explicitly made to the students.
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Likewise, the importance of designing a procedure that can address the formulated hypotheses, and
that is uldmately related to the research question being investigated, was neither highlighted.
Therefore, the didactic unit was delivered in an unclear, disorganized, and illogical order.

In addition, the two investigations about water quality parameters and the mixture separation
techniques, developed during the knowledge development phase, were disjointed and the
connections between them were inconsistent. The lack of explicit connection between the knowledge
development and the knowledge application phase was also a constant problem that threatened the
coherence of the intervention unit, and thus, the validity of the STEM-based framework. Thus,
although teachers knew some fundamentals about what to do in each lesson, they were not explicit
about it with the students, and therefore, students did not understand the relationship between
science and engineering, nor the importance of mathematics and technology. Too very often,
students did not even understand the reason behind some activities. Thus, for example, the
elaboration of hypotheses was a mere activity that had to be done because the teachers asked so but
lacked any value for students (and therefore, for the scientific investigations performed). Similarly,
students did not seem to understand the logical progression and relationship between knowing the
parameters that determines the quality of a sample of water for human consumption and the different
mixture separation techniques, or the relationship between the materials used during the water filcer
design and the mixture separation techniques.

Likewise, most of the time, teachers missed opportunities to make connections to anything
beyond the lesson or the inquiry investigation itself. For example, teachers did not make any effort
to connect the scientific inquiries to the initial problem of the unit or to other real-world problems,
or at the end of each investigation, to discuss about the hypotheses eatlier formulated and their
relationship with the results obtained. Therefore, it was observed that during the knowledge
application phase, when designing and testing water filters, students selected materials at random,
without actually applying the knowledge acquired through the two previous inquiry investigations
conducted during the knowledge development phase of the unit. All these limitations were reflected
in the engagement of students. Thus, a great disparity in student participation was observed. While
some students of each working group were performing the hands-on activities, the other member of
the group did not actively participate.

Finally, some teachers referred to the lack of content knowledge as an important challenge, but
they overcame this by preparing the lessons in advance, and from the experience acquired through
the implementation of the same lessons week after week. There was no mention about issues related
to inquiry investigations being time demanding, curricular restrictions, or to teaching materials
(Pozuelos, Gonzélez, & Caifial, 2010), as the lessons were already designed, and the needed material
and resources were easily accessed and prepared in advance.

To overcome these limitations, the following changes were made to the second prototype. First,
related to the lack of clear structure of the unit and the minimum attention given by the teacher to
make connections between the different activities and phases of the unit, the inquiry, and the
engineering design process cycles were introduced, and the 15 sessions were rearranged accordingly
to each step from the cycles. More specifically, the inquiry cycle established by Pedaste et al. (2015)
was adopted during both water quality parameters and mixture separation techniques inquiry
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investigations performed during the knowledge development phase of the unit. Therefore, the unit
sessions have been re-programmed in such a way that each session was devoted to addressing similar
aspects of the inquiry cycle: (i) orientation sessions, where the teacher stimulated students curiosity
through introducing the real-world problem in a meaningful way; (ii) conceptualization sessions,
where research questions and hypotheses were discussed and formulated; (iii) investigation sessions,
where students engaged in data collection and analysis; (iv) conclusion sessions, where the teacher
and students drawing conclusions from the data based on the research questions and hypotheses
formulated, and (v) discussion sessions, where students communicate their findings.

As for the knowledge application phase of the unit, a five-step engineering design process
(Cunningham, 2009) was adopted. During the first step (ask sessions), students analyzed the
problem under investigation, got to know how other engineers have approached the problem, and
examined the constraints of the design solution. The second step (imagine sessions), consisted of
students brainstorming different possible solutions, discussing the advantages and disadvantages of
cach one, and then selecting the best one. Then, in the third step (plan sessions), students drew a
diagram of their intended product or technological solution and analyzed the materials that they will
need considering the constraints of the problem. The fourth step (create sessions) is the moment
when students built their proposed product and tested their efficacy. Finally, the fifth and last step
of the engineering design process (improve sessions) consisted of students analyzing the limitations
of their products to discover what worked out and what could work better; then, they modified their
design and improved their product. As already mentioned, these inquiry and engineering design
phases were distributed throughout the different 15 sessions that lasted each unit, allowing specific
time to each phase so that students can in-depth reflect on them.

Likewise, to improve student’s active engagement during each inquiry and engineering step,
specific roles for each group member were designed (Johnson, Johnson, Holubec, & Roy, 1994),
,establishing up to four-member roles which were rotated through the 15-weekly sessions so that
each member of the group can adapt each role. The first role, called manager, had the task to remind
to the group the steps to be performed to stay on track, organize and distribute the materials, resolve
conflicts and help reach consensus, monitor the time and noise levels and, and review the order and
cleanliness of the group's work area. The second role, called speaker, is in charge of communicating
doubts, problems or the resolution of activities to the teacher when required, by gathering the
information agreed upon by the group and communicating it to the whole class and to the teacher.
The third role is the secretary, who is in charge of collecting data in the field notebook. Each student
had their own personal field notebook; however, it was observed that sometimes students were
focused on carrying out the hand-on activities but did not collect any data in the notebooks.
Therefore, the secretary's responsibility is to keep track of the results, remind classmates of the
importance of data collection, and check that everyone has recorded the results in their field
notebooks. Finally, the role of the researcher has been established; this member was charged with the
realization of the different hands-on activities. It should be noted that this does not imply that the
other members cannot participate in the hands-on activities; what this role aims at is to avoid
arguments that arise when the task to be performed requires the participation of a single person (e.g.,
introducing the microcontroller board into the water samples to measure the temperature).
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5.1.3. Third prototype

The third prototype, with the improvements mentioned above, was implemented for 5 weeks
(from January 8" to February 8%, 2018). Although the new lesson structure based on the inquiry
cycle and engineering design process improved the coherence and organization of how the unit was
delivered, and the new group roles fostered equal participation of the group members, (especially
among girls that often did not participate in the hand-on activities), the third focus group and the
observation of 75 lessons revealed challenges related with students’ inquiry and engineering skills,
and teachers’ difficulties of fostering them (Table 10).

It was observed that teachers lacked propositional knowledge to foster critical discussion between
students and in-depth reflection about the different inquiry skills pertaining to doing inquiry (e.g.,
formulating investable research questions; designing and conducting an investigation that tackles the
formulated question). For example, teachers asked the class to make predictions, but these were not
related to the procedure used for testing them, nor to the results obtained from the investigations
performed. In addition, student talk, reflection, and negotiation were almost inexistent, especially
between peers, because they were only offered opportunities to answer teacher questions.

Likewise, due to an overly structured approach adopted by the teachers, students had not real
possibilities to think critically about the phenomenon under study, nor opportunity to develop a
thoughtful hypothesis or to engage in thought-provoking activities, like devising the procedure,
negotiating meanings or synthesizing the outcomes observed. In the end, the inquiry investigations
and the engineering design process were delivered in a teacher-centered, lecture-based style.

In order to improve teacher’s propositional and didactic knowledge to teach using inquiry and
engineering design teaching pedagogies, different strategies from the literature were used as
scaffolding to allow students’ engagement in reflective practices. Based on existing literature about
improving teacher questioning and scaffolding during science inquiry, several questions and
strategies were developed for each inquiry and engineering design step that teachers would use to
foster communication and active participation of students (Table 11).

In addition, constructive feedback was encouraged. Based on Chin (2006), instead of using a
direct feedback stating that the student answer was right or wrong, teachers were instructed to use
several strategies: (i) when students response were correct, affirmation-direction instruction type of
feedback that reinforce the response and provide further examples; (ii) when there is a disagreement
in the class about the correct answer, teachers would accept all responses followed by several related
questions to make students reflect on their answer until all working groups understand what would
be the correct answer and why; and (iii) when no working group reached a correct response (i.e., no
hypotheses related to the research questions was formulated), teachers could reformulate the
instructions and the question to foster more discussion between students, instead of revealing the

correct answer.

5.1.4. Final prototype

The fourth and final prototype was implemented for four weeks (from February 26™ to March
234, 2018). The changes introduced for the fourth prototype provided pedagogical significance to
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Table 10. Challenges identified in the third prototype and educational measures

Codes representing challenges

Educational measures

Teachers’ lack of propositional knowledge (Toma,
Greca & Meneses Villagrd, 2017)

- Scaffolding questioning and strategies
- Constructive feedback

Lack of connection between the knowledge

development phase and the knowledge application

phase of the unit

The codes with a reference were derived using direct content analysis, and the ones without any reference

using conventional content analysis.

Table 11. Scaffolding strategies developed to overcome challenges from the third prototype

Questions types

Scaffolding questions

Interpretation

(foster observation and
inferences)

'Consequence

(ask for explanations)
'"Expectational

(help generate predictions)
'Tudgmental

(reinforce main ideas)
"Monitoring

(check progress)

? Synthesis

(relate existing knowledge)
“Motivation

(focus attention)

*Eliciting

(check preconceptions)
*Extending

(foster new ideas)
*Application

(use existing knowledge)

Exploring pre-requisites
*Hinting
(generate explanations)

What happened to the sample of water...? Can you describe your results?

If we do... what will happen to....2 What would happen if you change...?
How can we proceed to test this question? What can we do to....?

So, what have we learned about....2 What are the take-home messages
of...2

What are you doing with ....? Are you advancing on...?

How is this related to previous lessons? What do you already know
about...?

Would you drink this water? [while showing a contaminated water sample]
Do you think this design would be effective? [while showing a water filter
sample]

Why do human beings need to drink water? Why it is important for our
problem to depurate the water found on Mars planet?

Which material would be useful to...? What characteristics must our
design meet? What problem can be face if...?

Why would you use that material for your water filter? How can we
improve the turbidity? [while showing a different sample of contaminated
water]

What are our constraints? What are we investigating?

How can we find out? Why did we do this practice? Is this practice related
to the one that we have done yesterday?

'Based on Erdogan & Campbell (2008).

*Based on Yip (2004).

*Based on Kawalkar & Vijapurkar (2013).

the intervention unit and facilitated the teaching of the unit through inquiry and engineering design
teaching strategies. It was observed that students have had more opportunities to share and develop
their previous ideas and that the different phases of the inquiry and engineering process were
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delivered in a more significant and less anecdotal way. In this way, it scemed that the students
acquired a better understanding of the importance of these steps, as well as of the relationship
between the knowledge development and the knowledge application phases. Based on these results,
it was decided to not conduct another focus group, but just make minor adjustments based on the
classroom observation and informal conversation between the researcher and the teachers after each
session.

After two weeks of implementing the fourth prototype, it was observed that given the new focus
on reflective thinking during each phase of the inquiry cycle and the engineering-design process, the
implementation of 15 sessions in a week was too demanding for students. Therefore, it was decided
to reduce the didactic unit from 15 lessons to only 12 total weekly lessons, which in addition, would
resemble more faithfully the temporalization of a teaching unit in a conventional school. Therefore,
some inquiry cycle and engineering design steps were delivered in the same session, as reported in
Chapter 3 and Appendix 1 of this dissertation.

Likewise, it was decided to trial different amounts of guidance offered by the teacher during the
knowledge development phase!®. This decision was driven by the experience of the first three
prototypes in which it has been observed that teachers who are unfamiliar with these active teaching
strategies tend to turn them into structured, teacher-centered activities. Given that this has been the
case for the teachers implementing the intervention unit at the CRIEB, it is assumed that this result
could also be expected in conventional school centers, where there are other limitations such as the
lack of time, the need to design and produce the teaching materials, curricular pressures, or workload
(Canal, 2007; Pozuelos, Gonzilez, & Canal, 2010).

Based on how much information and guidance is provided to students, Herron (1971) proposed
a four-level continuum of inquiry, from confirmation, where students confirm a phenomenon
following specific instruction with the research question and procedure already provided by the
teacher and where the potential results are known in advance, to an open-type inquiry where students
follow self-directed investigations by formulating research questions, design procedures and generate
explanation based on evidences collected. Therefore, a structured inquiry and a guided inquiry group
were created. Students in the structured inquiry group participated in the didactic unit where the
research question was already established by the teacher, and where there was a specific procedure
for carrying out the hands-on activities, without opportunity for proposing new procedures. On the
other hand, students from the guided inquiries participated in the same didactic unit; however, the
scaffolding questions and strategies reported in the third prototype section were used during the
whole process of the inquiry implementation. Thus, in the orientation and conceptualization steps,
while in the structured group students were limited to reading the problem statement and the
research question, in the guided group, students were encouraged to identify the initial real-world
problem and formulate research questions and hypotheses. In the investigation step, the structured
group just followed the procedure given by the teacher and the guided group students were first

' Tt should be noted that it was decided to test it only with upper elementary graders because lower graders,
aged 8-9 years old, were found to be not cognitively ready to work in such an autonomous manner.
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given an opportunity to design their own procedure until reaching a similar procedure as the one
used in the structured group. In the conclusion step, the teacher summarized the results obtained for
the structured group; however, in the guided group this summary was done by reflecting on the
research questions and hypotheses formulated. Finally, the discussion step was identical in both
pedagogical approaches.

5.2. Quantitative strand

5.2.1. Pre-test data analysis

The aim of this scudy was to identify the interest of elementary girls and boys towards physics or
biology science content and analyze whether there are differences in their interests according to
gender and age variables (Toma & Meneses Villagrd, 2019b). In addition, the aim is to examine
whether there are differences in attitudes towards school science according to their science interests’
profiles. In this section, a summary of the analysis of CRIEB pretest data is reported. The full-text
published article is attached in Appendix 8.

For data collection, the Spanish-School Science Attitudes Survey (S-SSAS), described in the
previous section, was used. Interest in biology and physics content was determined from the analysis
of two items from the “relevance of school science to personal life” construct: item 8, “I want to learn
about the plants in my area” (biology interest) and item 10, “I want to learn about electricity and
how it is used in a house” (physics interest). A non-hierarchical cluster analysis, called K-Means, was
used for the extraction of the conglomerates that have determined the interest profiles for each
student. The sample was composed of 733 students from 3™ to 6 grade of elementary education,
enrolled in 29 schools from the province of Burgos that assisted the CRIEB school center during the
formative phase of the main study.

The findings revealed the existence of four interest profiles:

(i) interest in physics, with students reporting significantly greater interest in physics contents

than in biology;

(i)  interest in biology, with students reporting greater interest in biology contents than in

physics;

(iii)  low interest, with students reporting disinterest in both types of science contents; and

(iv)  high interest, with students reporting high interest in both disciplines.

In relation to school-level variable participants were found to be uniformly represented in all four
profiles. However, with respect to the gender variable, there was a significant over-representation of
the girls with respect to the boys in the “interest in biology” profile and a significant under-
representation of the girls in the “interest in physics” profile with respect to the boys. In addition,
there were significantly more girls than boys grouped in the ‘low interest’ profile and significantly
fewer girls than boys in the “high interest” profile. Finally, students in the “high interest” group are
those who have reported better attitudes towards school science than those in other interest profiles.

Taken together, these results indicate that students’ interest in scientific disciplines of physics or
biology is shaped from elementary levels of the educational system. These results have direct
implication for this dissertation, as they highlight that the aim of this dissertation (i.e., design and
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develop educational interventions from an early age to improve students’ atticudes towards school
science) is highly relevant and timely for the Spanish context.

5.2.2. Expectancies of success in school science

5.2.2.1. Lower grades

The 2 x 2 mixed between-within subjects ANOVA revealed that there was no significant
interaction effect for time*gender, Wilks Lambda = 1.00, F (1, 63) = .01, p = .939. These results
suggest that there is no significant gender difference in pre and posttest scores. Therefore, the main
effects of time can be interpreted with confidence. There was a non-significant main effect for time,
Wilks Lambda = .958, F (1, 63) = 2.816, p = .098. Inspection of mean test for girls and boys revealed
that, following participation in the intervention unit, there was a negligible increase in student’s
expectancies of success in school science (Table 12).

Likewise, the main effect comparing gender was neither statistically significant, F (1, 63) = 1.471,
p = .230, suggesting that the intervention unit has had no gender differential effect in lower graders
expectancies of success in school science. These results were also supported when controlling for
pretest scores. Thus, ANCOVA revealed that the interaction effect for gender was not significant,
F (1, 62) = .443, p = .508. There was a strong relationship between the covariate (pretest scores) and
the dependent variable (posttest scores), as indicated by 1,2 value of .509, suggesting that even when
controlling for student’s expectancies of success scores prior to the intervention, the STEM-based

unit has had no differential effect in lower grades girls’ and boys’ expectancies of success in school

science (Table 13).

Table 12. Expectancy of success pretest and posttest results

Multivariate®
Construct Time Gender M SD F p s
Expectancy Pretest Girls 3.79 0.73 2.816 .098 .042
of success Boys 3.58 0.94
Posttest Girls 3.92 0.81
Boys 3.69 0.67

*Multivariate results are reported for pretest and posttest scores comparison.

Table 13. ANCOVA results for expectancy of success variable

95% Confidence Interval

Gender M Std. Error Lower Bound Upper Bound
Girls 3.85 .09 3.68 4.03
Boys 3.77 .10 3.58 3.96

*Covariates appearing in the model are evaluated at the following pretest values: Expectancy = 3.69.
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5.2.2.2. Upper grades

The 2 x 2 x 2 ANOVA revealed no significant interaction effect for time*pedagogical
approach*gender, Wilks Lambda = .993, F (1, 171) = 1.17, p = .281; time*gender, Wilks Lambda =
996, F (1, 171) = .72, p = .397; and time*pedagogical approach, Wilks Lambda = .999, F (1, 171)
= .13, p = .718. These results suggest that there is no significant gender and pedagogical approach
difference in pre and posttest scores. Therefore, main effects for time can be interpreted with
confidence.

There was a significant main effect for time, Wilks Lambda = .917, F (1, 171) = 15411, p <
.001, with both pedagogical approaches improving upper grades students’ expectancies of success
(Table 14). The inspection of effect sizes for each pedagogical approach suggests slightly greater
improvements in the guided (m,* = .129) compared to the structured approach (m,* = .059).
However, the main effect comparing the two types of pedagogical approaches was not significant,
F (1, 171) = 444, p = .5006, revealing that there is no difference in the effectiveness of both
approaches (Figure 7).

Likewise, the main effect comparing gender was also not significant for upper grades students’
expectancy of success, F (1, 171) = .216, p = .643, revealing that the intervention unit had no gender
differential effect, in both the structured or guided approach. Consequently, following Cohen's
(1988) guidelines, these results suggest that both approaches have a moderate effect on upper grades
girls’ and boys” expectancies of success in school science.

In addition, these results do hold when controlling for pretest scores. Consequently, ANCOVA
reveals that the interaction effect for pedagogical approach*gender was not significant, F (1, 170) =
2.283, p = .133, and that there was a strong relationship between the covariate (pretest scores) and
the dependent variable (posttest scores), as indicated by 11, value of .545. Neither of the main effects
for pedagogical approach, F (1, 170) = .324, p = .570, and gender, F (1, 170) = .905, p = .343, were
statistically significant. These results suggest that when controlling for students’ expectancies of
success levels prior to the intervention, the two types of approaches had no differential effect for the
girls and boys included in this study (Table 15). In other words, girls and boys responded similarly
to the structured and guided approach.

Taken together, the results suggest that the intervention unit, designed according to the
pedagogical framework for STEM-based science education developed in this dissertation, was only
effective in improving 5% and 6™ graders expectancies of success in school science. Moreover, the
results suggest that students’ expectancies of success improved in both the structured and the guided
approach to inquiry investigation, suggesting no added benefit of reducing teacher guidance (i.e.,
using a guided inquiry instead of a structured one) during the knowledge development phase of the

unit.
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Table 14. Expectancy of success pretest and posttest scores

Approach
Structured
Construct Time Gender M SD M SD
Expectancy Pretest Girls 3.70 0.59 3.85 0.71
of success Boys 3.81 0.73 3.77 0.62
Posttest Girls 3.76 0.64 4.02 0.71
Boys 4.02 0.62 3.91 0.74
Expectancy of success
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Figure 7. Secondary interaction effects of time of test and pedagogical condition on
expectancy of success in school science variable.
Table 15. 2x2 ANCOVA results for expectancy of success variable
95% Confidence Interval
Approach Gender M Std. Error Lower Bound Upper Bound
Structured Girls 3.82 3.69 3.95
Boys 3.99 3.87 4.12
Guided Girls 3.97 3.82 4.11
Boys 3.93 3.78 4.07

*Covariates appearing in the model are evaluated at the following pretest values: Expectancy = 3.78.
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5.2.3. Attitudes towards school Science

5.2.3.1. Lower grades

The 2 x 2 MANOVA with repeated measures revealed that there was no secondary significant
interaction effect for time*gender, Wilks Lambda = .944, F (6, 59) = .594, p = .734, suggesting a
non-significant gender difference in pre and posttest scores. Therefore, the main effects of time for
each attitudinal factor can be interpreted with confidence.

Since there was a significant main effect for time, Wilks Lambda = .684, F (6, 59) = 4.615, p =
.001, n,? = .316, showing that the STEM-based intervention unit improved the combined six
dependent attitudes towards school science variables, univariate test were performed and interpreted
for each S-SSAS individual attitudinal variable or factors.

When considering the univariate time results for each factor, there was a substantial main effect
for intention, F (1, 64) = 7.012, p = .010, 1,* = .097, enjoyableness, F (1, 64) = 25.664, p < .001,
Ny’ = .283, and self-efficacy F (1, 64) = 4.350, p = .041, 1,* = .063 attitudinal factors (Table 16).
These results suggest that the intervention unit was effective in increasing lower grades girls’ and
boys’ intentions to further enroll in school science, enjoyableness of school science lessons and self-
efficacy in school science, but did not improve students perceived difficulty, usefulness and relevance
of school science.

The main effect comparing gender was not significant, Wilks Lambda = .933, F (6, 59) = .589,
p = .738, revealing that the intervention unit has had no gender differential effect in lower grades
elementary students’ attitudes towards school science. Therefore, the intervention unit was effective
in improving three (i.e., intentions, enjoyableness, and self-efficacy) out of the six attitudinal
constructs measures by the S-SSAS instrument, in both girls and boys.

These results are further supported when controlling for pretest scores. Therefore, MANCOVA
revealed that the interaction effect for gender was not significant, Wilks Lambda = .32, F (6, 53) =
54.00, p = .683. There was a medium to the large relationship between the covariates (pretest scores)
and the dependent variables (posttest scores), as indicated by 1,* values ranging from .103 to .304
when controlling for intention, enjoyableness and self-efficacy pretest scores, respectively. These
results suggest that even when controlling for attitudes towards school science prior to intervention,

the intervention unit had no differential effect based on gender variable (Table 17).
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Table 16. Attitudes pretest and posttest univariate results

Univariate®
Constructs Time Gender M SD F p e’
Intention Pretest Girls 2.72 1.06 7.01 .010* .097
Boys 2.48 1.29
Posttest Girls 2.97 1.08
Boys 3.03 1.33
Enjoyableness Pretest Gitls 3.17 1.40 25.66 .000* 283
Boys 3.19 1.47
Posttest Girls 4.03 0.84
Boys 3.81 0.87
Difficulty Pretest Girls 2.56 1.21 .61 438 .009
Boys 2.71 1.35
Posttest Girls 2.33 1.35
Boys 2.68 1.14
Self-efficacy Pretest Gitls 3.44 1.27 4.35 .041* .063
Boys 3.32 1.47
Posttest Girls 3.89 1.09
Boys 3.58 1.15
Usefulness Pretest Girls 3.86 0.83 31 .580 .005
Boys 3.87 0.87
Posttest Girls 3.90 0.82
Boys 3.95 0.86
Relevance Pretest Girls 3.72 0.74 1.78 .187 .027
Boys 3.50 0.95
Posttest Girls 3.85 0.71
Boys 3.67 0.76

*Statistically significant at p = .05 level.
“Univariate results are reported for pretest and posttest scores comparison.

Table 17. MANCOVA results for attitude towards science variable

95% Confidence Interval

Dependent Variable Gender M Std. Error Lower Bound Upper Bound
Intention posttest Girls 2.92 17 2.57 3.26
Boys 3.10 19 2.72 3.47
Enjoyableness posttest Girls 4.01 11 3.80 4.22
Boys 3.83 12 3.60 4.06
Difficulty posttest Girls 2.34 .19 1.95 2.72
Boys 2.67 21 2.26 3.09
Self-efficacy posttest Gitls 3.87 .16 3.55 4.20
Boys 3.60 .18 3.24 3.95
Usefulness posttest Girls 3.88 .13 3.63 4.14
Boys 3.97 .14 3.70 4.25
Relevance posttest Gitls 3.81 12 3.57 4.05
Boys 3.71 .13 3.45 3.96

*Covariates appearing in the model are evaluated at the following pretest values: intention = 2.61, enjoyableness =

3.18, difficulty = 2.63, self-efficacy = 3.39, usefulness = 3.87, relevance = 3.62.
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5.2.3.2. Upper grades

The 2 x 2 x 2 MANOVA revealed that there was no significant interaction effect for
time*pedagogical approach*gender, Pillai’s Trace = .028, F (6, 161) = .786, p = .582; time*gender,
Pillai’s Trace = .019, F (6, 161) = .518, p = .794; and time*pedagogical approach, Pillai’s Trace =
.054, F (6, 161) = 1.544, p = .167. These results suggest that there is no significant gender and
pedagogical approach difference in pre and posttest scores. Therefore, main effects for time can be
interpreted with confidence. Since there was a significant main effect for time, Pillai’s Trace = .153,
F (6, 161) = 4.844, p <.001, 1,*= .153, with both pedagogical approaches improving the combined
six dependent attitudes variables, univariate test were performed and interpreted for each attitudinal
factor. There was no tertiary time*gender*pedagogical approach, nor secondary time*gender
significant interaction effect for any attitudinal factor. This was also the case for the secondary
time*approach interaction effect for all but the perceived difficulty factor, F (1, 166) = 5.45, p =
.021, n,? = .032. Examination of the means (Tables 18 and 19) and the plots (Figure 8) suggest
that while the structured approach was effective in lowering students perceived difficulty of school
science, F (1, 94) = 3.75, p = .04, n,> = .038, the guided approach slightly increased students
perceived difficulty, although this last result was not significant, F (1, 74) = 1.89, p = .174.

Table 18. Attitudes pretest and posttest univariate results for the structured pedagogical approach

Univariate®
Construct Time Gender M SD F p Np?
Intention Pretest Girls 2.93 1.07 227 .634 .002
Boys 2.80 1.07
Posttest Girls 3.07 0.75
Boys 2.78 1.04
Enjoyableness Pretest Gitls 3.16 1.26 6.81 .011* .068
Boys 3.46 1.25
Posttest Girls 3.49 0.97
Boys 3.74 0.99
Difficulty Pretest Girls 2.53 1.25 3.75 .050* .038
Boys 2.46 1.28
Posttest Girls 2.18 0.89
Boys 2.32 1.28
Self-efficacy Pretest Girls 3.33 1.04 3.49 .065 .036
Boys 3.78 1.02
Posttest Girls 3.60 0.81
Boys 3.88 0.98
Usefulness Pretest Girls 3.82 0.89 .26 .610 .003
Boys 3.92 0.98
Posttest Girls 3.84 0.68
Boys 4.00 0.80
Relevance Pretest Girls 3.44 0.83 2.71 .103 .028
Boys 3.81 0.76
Posttest Girls 3.66 0.79
Boys 3.85 0.84

*Statistically significant at p = .05 level.
“Univariate results are reported for pretest and posttest scores comparison.
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Univariate results for the remaining attitudinal factors revealed that both approaches significantly
increase student’s enjoyableness of school science lessons, with a slightly higher effect size for the
guided (n,? = .090) than the structured approach (m,? = .068), although this difference was not
statistically significant, F (1, 166) = 1.75, p = .188, suggesting no difference between approaches in
terms of effectiveness. Consequently, following Cohen's (1988) guidelines, these results suggest that
both approaches have a moderate effect on upper grades girls’ and boys’ enjoyableness of school
science lessons.

Finally, univariate results revealed a significant main effect for time only in the guided approach
to inquiry for the intention to further enroll in school science attitudinal factor (Tables 18 and 19).
The main effect comparing approach was significant, F (1, 166) = .7.407, p = .007, n,* = .043,
suggesting that the guided approach was more effective in increasing students’ intentions to further
enroll in school science than the structured one.

The main effect comparing gender was also not significant for upper grades students’ attitudes
towards school science, Pillai’s Trace = .936, F (6, 161) = .1.838, p = .095, suggesting that the
intervention unit, in both the structured or guided inquiry approach, has had no gender differential

effect in upper grades elementary students attitudes towards school science.

Table 19. Attitudes pretest and posttest univariate results for the guided pedagogical approach

Univariate®
Construct Time Gender M SD F p np?
Intention Pretest Girls 3.33 0.96 3.91 0.052* .050
Boys 2.97 1.06
Posttest Girls 3.42 1.16
Boys 3.36 1.18
Enjoyableness Pretest Gitls 3.72 0.94 7.29 .009* .090
Boys 3.31 1.30
Posttest Girls 3.97 0.91
Boys 3.64 1.16
Difficulty Pretest Girls 1.86 1.13 1.89 174 .025
Boys 2.36 1.33
Posttest Girls 2.14 1.15
Boys 2.54 1.19
Self-efficacy Pretest Girls 3.61 0.90 3.39 .070 .044
Boys 3.54 1.14
Posttest Girls 3.94 0.83
Boys 3.64 1.06
Usefulness Pretest Girls 4.18 0.73 2.279 135 .030
Boys 3.95 1.04
Posttest Girls 3.97 0.74
Boys 3.86 0.87
Relevance Pretest Girls 3.76 0.71 1.711 .195 .023
Boys 3.68 0.79
Posttest Girls 3.81 0.72
Boys 3.82 0.71

*Statistically significant at p = .05 level.
*Univariate results are reported for pretest and posttest scores comparison.
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Table 20. 2 x 2 MANCOVA results for attitude towards science variable

95% Confidence Interval

Dependent Variable Approach M Std. Error Lower Bound Upper Bound
Intention Structured 2.98 .09 2.80 3.17
Guided 3.31 11 3.10 3.52
Enjoyableness Structured 3.68 .08 3.51 3.84
Guided 3.73 .09 3.55 3.92
Difficulty Structured 2.19 .11 1.98 2.40
Guided 2.41 12 2.18 2.65
Self-efficacy Structured 3.75 .08 3.59 3.92
Guided 3.79 .09 3.60 3.97
Usefulness Structured 3.95 .07 3.81 4.09
Guided 3.88 .08 3.72 4.04
Relevance Structured 3.79 .06 3.67 3.92
Guided 3.77 .07 3.63 3.92

*Covariates appearing in the model are evaluated at the following pretest values: Intention = 2.99; Enjoyableness
= 3.40; Difficulty = 2.33; Self-efficacy = 3.57; Usefulness = 3.96; Relevance = 3.67.

Finally, after adjusting for pretest scores, MANCOVA results revealed that the interaction effect
for the pedagogical approach*gender was not significant for any attitudinal factor. There was a
medium to the large relationship between the covariates (pretest scores) and the dependent variables
(posttest scores), as indicated by 1,? values ranging from .132 to .300. Similarly, the main effect for
gender was neither statistically significant for any attitude construct, suggesting that gitls and boys
responded similarly to the two inquiry approaches. Finally, the only main effect for approach to
reach statistically significant results was the intention factor, F (1, 160) = 4.23, p = .025,1,> = .031,
with students in the structured approach showing higher mean scores (Table 20). Thus, the
MANCOVA results support the findings previously reported related to the differential effect of both
pedagogical approaches (i.e., structured vs. guided). More specifically, MANCOVA reveals that even
when controlling for pretest scores, the two types of integrative-STEM approaches had a differential
effect in students’ intention to further enroll in school science, favoring the guided approach.

Taken together, the attitudinal results suggest that the STEM-based intervention unit was
effective in improving 3" and 4" graders intentions to further enroll in school science, perceived
enjoyableness of school science lessons, and self-efficacy in school science. Likewise, the intervention
unit was effective in improving the 5% and 6" grader's enjoyableness of school science lessons,
regardless of whether a guided or structured approach has been used during the inquiry investigations
developed in the knowledge development phase of the unit. In addition, while the guided approach
was more effective in improving student’s intention to further enroll in school science, it also
increased students’ perceived difficulty of school science, which in fact significantly decreased when
structured inquiries were used instead of guided ones. In other words, the findings suggest that
delivering the STEM unit using a structured approach for the inquiry investigations, performed
during the knowledge development phase, was more effective in reducing student’s perceived
difficulty of school science than when the guided approach to inquiry was used.
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In short, while these results suggest that the intervention unit was effective in improving students’
attitudes towards school science, the results are inconclusive as to what type of inquiry investigations
(structured or guided) should be used during the knowledge development phase when engaging 5%
and 6™ graders in this type of educational paradigm.
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Chapter 6. Discussion

This chaprer reflects on this thesis dissertation journey as a whole. Section 6.1. discusses the main
findings of the intervention study. Next, section 6.2. and 6.3. summarizes the significance and
educational and research implications of these studies for science education. Finally, section 6.4.
reflects on the limitation of this dissertation and closes with recommendations for future endeavors

in STEM-based science education and attitude towards science research.

6.1. Discussion of the findings

The purpose of this thesis dissertation was to advance understandings of the STEM educational
movement by proposing a pedagogical framework for designing valid and plausible teaching units
for STEM-based science education at elementary school level, in Spain. Likewise, this study intended
to evaluate the effectiveness of such educational paradigm (i.e., STEM as teaching science through
interdisciplinary approaches) on improving elementary students’ expectancies of success and
actitudes towards school science, which would contribute to fixing the leaky science pipeline (i.e.,
disengagement in science studies and careers). To attain these aims, the mixed-methods multiphase
design was adopted (Creswell & Clark, 2011), that combined several qualitative, quantitative and
mixed-methods studies within an overall research project.

The overarching research question (i.e., What are the characteristics of a valid, practical, and
effective pedagogical framework that facilitates the implementation of STEM-based teaching units
in elementary science education for promoting students’ expectancies of success and attitudes
towards school science?) was subsequently divided into two specifics ones. The first specific research
question addressed how to conceptualize STEM education and what didactic strategies should be
used to implement valid and plausible-STEM based units during science education lessons. To this
end, constructivist and socio-constructivists learning theories served as a guiding psychological
framework that helped to establish design principles to be considered when developing STEM-based
teaching units.

The second specific research question aimed at examining whether the teaching unit designed
following the pedagogical framework developed according to constructivist and socio-constructivists
learning theories, was effective in improving elementary school students expectancies of success and
positive attitudes towards school science. To this effect, two systematic reviews were performed to
select the measurement instruments most appropriated for the CRIEB context. Given the lack of
valid and reliable instruments in the existing literature, two instruments, rooted in the tripartite
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model of attitudes (Khine, 2015; Simpson et al., 1994).) and the expectancy-value theory of
achievement motivation (Eccles et al., 1983), were developed and assessed in terms of classical test
psychometric properties using the population that participated in the CRIEB school center during
the 2017-18 school year.

For the main study, this second research question was further divided into two tertiary research
questions aimed at (i) examining if the level of guidance offered by the teacher (i.e., structured -
teacher centered and low levels of students autonomy- or guided approach -stcudent centered and
low assistance from the teacher) would affect the dependent variables differently (Herron, 1971;
Kirschner, Sweller, & Clark, 2006), and (ii) controlling the results by gender and grade level
variables, consistent with existing literature revealing great disparity between girls and boys
(Denessen et al., 2015; DeWitt & Archer, 2015; George, 2006; Hacieminoglu, 2016), and lower
and upper graders (Ali et al., 2013; Said et al., 2016), with respect to the dependent variables
examined.

Each of these topics is discussed, in-depth, in the sections that follow.

6.1.1. Whar teaching strategies should be used to implement valid and plausible STEM-

based teaching units for science education in elementary grades?

In this dissertation, STEM was conceived as an educational paradigm aimed at learning science
through its integration with technology, engineering and mathematics disciplines. While this
conceptualization is consistent with other studies linking STEM to interdisciplinary education (e.g.,
Barak & Assal, 2018; Lou et al., 2017; Psycharis & Kotzampasaki, 2019), it differs in two critical
aspects.

First, there is a common agreement in the STEM literature on categorizing a project under the
STEM umbrella when it promotes the “(...) teaching and learning between/among any two or more
of the STEM subject areas, and/or between a STEM subject and one or more other school subjects”
(Sanders, 2009, p. 21). This conceptualization, that still persists in recent studies (see Martin-Pdez
etal.,, 2019 for a review of STEM studies), gives rise to several issues. On the one hand, if STEM is
conceptualized as the integration of two disciplines, one might consider if STEM, therefore, adds
anything new to science education, given that this approach has been promoted four decades ago
when Science & Mathematics integration perspectives got popularized. Likewise, it is also worth
considering why an approach similar to that of Science & Mathematics integration, whose
effectiveness for science education has been limited at best (Czerniak et al., 1999), is expected to be
more effective nowadays. On the other hand, this conceptualization is too simplistic and leads to a
proliferation of studies that fall under the STEM umbrella withou, in fact, promoting the teaching
and learning of more than one STEM discipline. Thus, Martin-Pdez et al. (2019) concluded that
most STEM proposals are inconsistent in that the connection between disciplines is not explicitly
described or does not exist. In this regard, this dissertation advances in conceptualizing STEM
education by considering that in order for a project to be considered STEM, it should integrate the
contents and procedures of the four STEM disciplines through the same teaching unit by explicitly
making connections between these disciplines, being this conceptualization more coherent and novel

than those present in the literature.
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Second, the STEM definition adopted in this dissertation also differs from existing ones in that,
while STEM is usually defined as a teaching approach (see van den Hurk, Meelissen, & van Langen,
2019 for a review of STEM interventions), this dissertation conceives STEM as an educational
paradigm that can be delivered using different teaching strategies, such as the ones used in the
intervention unit described in Chapter 3: inquiry-based science education and engineering design
process. This helps to clarify even more what is STEM education and how it should be delivered in
the classroom.

Based on this conceptualization, a pedagogical framework was developed, characterized by (i)
embedding the STEM unit in real-world problems of educational relevance that are motivational for
students; (ii) that coherently blends science and mathematics curricular content with technology and
engineering practices; and that (iii) uses inquiry investigations and engineering design process
teaching approaches to deliver the curricular content and to explicitly establish the similarities,
differences, and connections among the four STEM disciplines. More specifically, it is proposed that
this connection be made in two phases that attempt to simulate the process through which
knowledge and technological and engineering solutions are developed in real life. Therefore, the first
phase is focused on the development of scientific knowledge through students engaging in inquiry
investigations, and the second phase is devoted to the design and testing of a process or technological
solution through engineering practices by applying the knowledge developed in the first phase.

The formative evaluation phase (i.e., the qualitative strand from Chapter 5) revealed that such
an approach could be implemented at the elementary school level, however, not without issues that
need to be considered. Thus, the teachers needed up to fifteen weeks of implementing the unit to
develop the necessary skills in order to implement it as designed (i.e., following the pedagogical
approach developed in this dissertation). The main problems experienced by teachers were the ones
already reported in the literature about teaching science through renovated pedagogies (i.e., Aragiiés
et al., 2014; King et al., 2001; Romero-Ariza et al., 2019). Thus, teachers presented difficulties in
terms of (i) classroom management, due to an increased messiness and noise levels derived from
hands-on activities such as inquiry investigations, engineering design, and computer coding of
microcontroller boards; (ii) lack of pedagogical content knowledge for teaching science using active
strategies, which made teachers to adopt a teacher-centered and structured approach for delivering
the unig (iii) lack of propositional knowledge for teaching in an integrative way by making
connections between the STEM disciplines.

To this end, the restructuration of the classtoom into collaborative groups and the use of the
strategies reported by Keeley (2008) and Qablan & DeBaz (2015) were effective in facilitating the
implementation of the unit and by improving the classroom learning environment. Likewise, it was
found that teachers benefitted heavily from dividing the unit sessions according to the steps of the
inquiry cycle (Pedaste et al., 2015) and the engineering design process (Cunningham, 2009). In this
way, the different phases of the inquiry cycle (e.g., Formulating research questions and hypotheses,
designing an experiment, etc.), as well as those of the engineering design (e.g., Identifying a problem;
determining the constraints; design a prototype, etc.) were not merely anecdotal but became essential
steps for the development of the didactic unit and the resolution of the initial real-world problem
that was introduced at the start of the teaching unit. Likewise, the use of the scaffolding questions
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Table 21. A summary of the quantitative strand findings

Lower grades Upper grades

Dependent variables Structured approach  Guided approach

Expectancy of success

I
+

Intention

+ +

Enjoyableness
Difficulty
Self-efficacy + = =

1
+ +
]

Usefulness = = =
Relevance = = =

Note: the = symbol represents no change from pretest to posttest scores; + represents an increase in the
posttest scores, thus, an increase in positive attitudes; and - represents a decrease in the posttest, thus, a
decrease in positive attitudes.

and strategies proposed by Erdogan & Campbell (2008), Yip (2004), and Kawalkar & Vijapurkar
(2013) proved to be effective in increasing the active participation of students, and in establishing
an explicit connection between the four STEM disciplines.

Therefore, it can be concluded that while this framework was valid in terms of how STEM is
conceptualized and how it should be delivered (i.e., considering learning principles from socio-
constructivists theories), its implementation in elementary classrooms is not without issues and raises

concerns about the practicality and plausibility of such an approach to science education.

6.1.2. Does STEM-based teaching units promote students’ expectancies of success and
g

attitudes towards school science?

After the 15-weeks formative phase, the efficacy of the proposed pedagogical framework in
improving elementary school students' expectancy of success and attitudes towards school science
was assessed (i.e., the quantitative strand from Chapter 5). Taken together, the findings revealed that
STEM-based education could be effective in improving some dimensions of the dependent variables
examined, although some mixed-findings should be considered (Table 21).

Taken together, the STEM-based intervention unit seemed to be effective in improving 3¢ and
4™ students' self-efficacy, enjoyableness, and intentions to further enroll in school science studies,
and 5" and 6™ graders expectancies of success, enjoyableness, and intentions. These findings are
consistent with the literature showing that active-teaching methodologies are more motivational for
students than teacher-centered and lecture-type ones. For example, a meta-analysis revealed
empirical evidence supporting the use of problem-based teaching strategies for improving students'
attitudes towards science courses (Demirel & Dagyar, 2016). Similarly, enjoyableness findings are
in line with previous studies using information-communication technologies (ICT) in classroom
(Kara & Yesilyrut, 2008) or by using active-type of teaching strategies (Lee & Erdogan, 2007;
Akinoglu & Tandogan, 2007).

Likewise, these findings are consistent with previous studies promoting STEM-based science
education. Thus, in relation to fostering interest in further scientific studies, Shahali et al. (2017)
study concluded that exposure to STEM-based approach, with emphasis on the engineering design
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process, has a positive impact on students' interest in science subjects and careers. Similarly, Kim et
al. (2015) highlighted that STEM education, delivered using robotics improved emotional
engagement variables, such as interest and enjoyment. Nonetheless, these comparisons should be
interpreted with caution because STEM conceptualization, as well as the approach to integration,
varied significantly between these studies and this dissertation.

Likewise, an increase in intentions to further enroll in science can be explained by the fact that
affective measures such as self-efficacy and expectancies of success have been shown to be linked to
engagement and, therefore, related to decision-making to pursue science education studies or careers
(Eddy & Brownell, 2016; Kelly, 2016; Wang & Degol, 2013). As such, the use of inquiry and
engineering design teaching strategies in the intervention unit allowed students to increase their levels
of self-efficacy in school science, and presumably, their intention to further enroll was affected by
this aspect, as well as by an increase in enjoyableness.

As for the lack of improvement in the usefulness and relevance of school science-dependent
variables, these results are not surprising and can be explained by the lack of explicit focus on
targeting these aspects during the intervention unit (Gaspard et al., 2015). Previous studies suggest
that perceived relevance can be fostered through explicit, relevance-inducing tasks, such as directly
communicating the utility or value information (Shechter, Durik, Miyamoto, & Harackiewicz,
2011) or self-generating reflections through writing a text about the relevance of the subject (Gaspard
et al.,, 2015; Hulleman, Godes, Hendricks, & Harackiewicz, 2010; see Harackiewicz, Tibbetts,
Canning, & Hyde, 2014 for a review of interventions aimed at promoting utility-value of STEM
courses). Therefore, while during the intervention unit students had the opportunity to understand
the relevance of inquiry investigations and engineering design processes for solving real-world
problems, these aspects did not tackle the usefulness and relevance of science as a school subject. In
other words, students could have learned about the usefulness and relevance of science, technology,
engineering and mathematics as disciplines and enterprises, but they could not relate these aspects
to the relevance of studying science at school; therefore, the “Why should I learn school science?”
question could have remained unanswered.

As mentioned eatlier, some mixed findings were obtained. More specifically, while the structured
approach to inquiry investigation was effective in reducing students' perceived difficulty of school
science, the guided approach, characterized by less guidance from the teacher, increase students
perceived difficulty of school science. These results are in line with challenges the common
assumption in science education research about the need to deliver inquiry investigations through
open-minimal guidance teaching strategies, aspect that has already been warned by Kirschner et al.
(2006). These findings can be explained using constructivist theories principles. Thus, Ausubel
(1982) theory highlight the importance of previous concepts and ideas that the learner already
possesses; similarly, Vygotsky (1981) argued that in order for the students to learn, the learning
episode should be adapted to the zone of proximal development. Therefore, given that the students
from this study had no previous experience with inquiry teaching methodology, it is not surprising
that they were not been able to engage significantly during the unit. Thus, by reducing the amount
of teacher guidance, this teaching strategy stepped outside of student’s zone of proximal development
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and therefore did not connect with their previous ideas and experiences, which could have led to
increasing theirs perceived difficulty of school science.

6.2. Significance and implications of this dissertation

The significance of this dissertation appears to be threefold. First, this dissertation has advanced
in the conceptualization of STEM education and offered a research-based pedagogical framework
for developing teaching units for STEM-based science education. Second, the findings of the
intervention study have added to existing knowledge about the difficulties experienced by teachers
when implementing STEM-based units, and about the effectiveness of such educational approaches
on expectancies and attitudes. And third, this dissertation has contributed to highlighting those
psychometric practices that need to be improved when developing measurement instruments and
added to the Spanish literature two valid and reliable instruments that can be used to assess the

effectiveness of interventions aimed at repairing the STEM pipeline.

6.2.1. Conceptualization of STEM and pedagogical transposition

As discussed previously, this dissertation proposed a conceptualization of STEM education and
exemplified how STEM can be translated into classroom practices. Therefore, this dissertation
advances in filling the gap for common language when STEM is addressed in educational research
and practice. This conceptualization of STEM as an educational paradigm aimed at teaching science,
technology, engineering and mathematics in an integrative way, as well as the pedagogical framework
describe for designing STEM-based teaching units, can be used in future studies to test the
effectiveness of such educational proposals that are nowadays overly promoted and too frequently
misinterpreted.

This aspect has several implications for science education research. First, while this thesis
recognizes the muldplicity of STEM conceptions and approaches, it highlights the need to abandon
the detrimental practice of coining the term STEM when only one or two disciplines are being
addressed. Martin-Péez et al., (2019), after reviewing a total of 27 studies self-identified as STEM,
concluded that a common error is to associate STEM with the treatment of a single discipline, or
with the treatment of two disciplines in which one of them is only used to support for the first one.
Therefore, in order to facilitate progress in this line of research, projects should only be categorized
as STEM when it addresses the four STEM disciplines by making explicit connections between
them. In this way, for example, interventions focused on scientific content and in which technology
or mathematics are used sporadically (e.g., studying pulleys through an investigation in which
mathematics is used only for data collection), or interventions that use engineering design process in
an isolated manner and without establishing connections with science and technology (e.g., using
engineering design process to build parachutes without first addressing the scientific concept of
gravity or air resistance force), should not fit within the STEM umbrella.

The second implication is related to the instruction methodologies to be used. Thus, from the
formative phase of this dissertation, it is derived that active methodologies involving students in

science, engineering, and computational programming practices are the cornerstone for achieving
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the integration of the four STEM discipline within a single unit since they allow reflecting explicitly
on the similarities and differences between these disciplines.

Third, using this common conceptualization of STEM, future studies should address several
critical aspects stemming from this dissertation. Although the idea of teaching and learning science
in an integrated way by establishing connections with other disciplines is appealing and intuitively
valid, there are many factors that should be considered before blindly promoting such an approach.
More specifically, given the results of the formative phase of the main study, in-service teachers seem
to not possess the necessary training to effectively and operationally implement STEM education.
Likewise, although the organizational system of Spanish primary education (in which the same
teacher teaches several subjects) could favor the implementation of integrated approaches, it is worth
asking to what extent the design of a curriculum based on these STEM integration principles is
feasible.

Therefore, if STEM is to be fully adopted in science education, the proposed pedagogical
framework for STEM-based science education has implications for in-service and prospective teacher
professional development. While there is much research focused on improving science teacher
curricula (Capps & Crawford, 2013), there is a gap in the literature on how to train teachers with
the knowledge, skills, and strategies required to implement STEM-based education, especially since
engineering and computer programming practices are to be promoted. Therefore, this implication
presents perhaps one of the greatest challenges for STEM education as proposed in this study, as this
new educational paradigm aimed at curricula integration of four disciplines raise the need to
completely revise and adapt teacher professional development plans to address the needs rooted in
such novel approaches.

As can be observed, there are many questions about STEM that cannot be answered unless STEM
is clearly conceptualized. In this regard, it is hoped that the conceprualization advanced in this thesis
could add to reversing the current trend in science education research consisting in incorporating
the STEM acronym into all projects, regardless of whether or not the integration of the four STEM

disciplines is proposed.

6.2.2. Effectiveness of STEM proposals

Besides advances in the conceptualization of STEM education, this dissertation piloted the
proposed framework to assess whether such an educational paradigm is effective. So far, findings
suggest that STEM-based science education could improve students' expectancies of success, self-
efficacy, and enjoyableness of school science, and enhance intention to further enroll in science
studies. The results of this study solidify the notion that student-centered teaching strategies are
more beneficial than lecture-based lessons, in terms of psychological variables such as attitudes.

Nonetheless, a novel result challenges some assumptions about teaching approaches that uses
minimum teacher guidance. Thus, the finding of the guided approach increasing students’ perceived
difficulty of school science should be further studied under controlled conditions. If using inquiry
investigations as a teaching strategy aims at improving students' attitudes, it may be the case that the
common assumption that the more open, the better (i.c., open inquiry approach) is not the most

beneficial. Likewise, future studies should examine how value-based strategies, aimed at improving

81



STEM EDUCATION IN ELEMENTARY GRADES

students perceived value (i.e., usefulness and relevance) of school science could be introduced in the
pedagogical framework advanced in this dissertation.

6.2.3. Psychometric properties of measurement instruments

Finally, this dissertation adds a major contribution to measurement methods in science education
research. Thus, both systematic reviews reveal that the quality of instruments focused measuring
attitudes towards science, and other psychological variables related to attitudes, such as motivation
or self-efficacy, is of major concern. Thus, the instruments reviewed are characterized by the absence
of a theoretical framework for the conceptualization of what constitutes attitudes towards science,
which leads to the inclusion under the same umbrella, and without justification, of some many
diverse constructs whose relevance for the study of attitudes towards science is, in the best of cases,
doubtful. Likewise, the absence of empirical test-retest reliability evidence makes these instruments
inappropriate for longitudinal studies or studies focused on the evaluation of educational
interventions (pretest-posttest designs). Since the stability and reproducibility of results is not
guaranteed, researchers evaluating educational interventions would use these instruments blindly and
without any possibility of knowing with certainty to what extent the educational intervention has
been effective.

Moreover, it is of major concern the misuse of psychometric test, mainly those related to
conducting exploratory factor analysis, or the fact that the vast majority of instruments have been
developed using items that lack an empirical basis, so they have been formulated according to the
criteria of the test developers or from adapting existing instruments. Therefore, it is not clear to what
extent these items reflect the ideologies of the researchers rather than accurately measuring the real
actitudes of the individuals under study.

The implications of these practices are in-depth discussed in Toma (in press)!' and Toma,
Lederman, & Meneses Villagrd (under review)!?. Therefore, only a summary of them is included in
this section. Consequently, due to the poor psychometric quality of the instruments available for
measuring attitudes towards science, one might wonder about the degree of confidence that can be
placed in the results derived from the use of these instruments whose validity and reliability are at
stake. This requires the development of measurement tools that have undergone a rigorous process
of design and validation, which would help to obrain valid and reliable results that would support or
refute the assumptions established and agreed upon in this line of research.

Likewise, it is necessary to consolidate a robust body of instruments that report valid and reliable
results that allow comparisons between international contexts, as well as between different
educational interventions focused on promoting favorable attitudes. It is worth highlighting the
contribution of this dissertation to this aspect by developing two instruments whose psychometric
properties have been thoroughly examined and established in three empirical studies. On the one
hand, the Spanish School-Science Attitude Survey (S-SSAS) has been cross-validated for the Spanish

! See Appendix 3
12 See Appendix 4
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context. Using a muldstage cross-cultural translation approach and muldple psychometric
evaluations, empirical evidence has been advanced to consider the S-SSAS as a valid and reliable
instrument for measuring elementary students’ attitudes toward school science. On the other hand,
two psychometric studies provided empirical evidence that supports the SUCCESS instrument as a
valid and reliable measurement tool for advancing understandings about elementary school student’s
expectancies of success in school science. The implication of these two studies is in-depth discussed

in Appendices 5, 6, and 7.

6.3. Limitations

Such and comprehensive endeavor as a doctoral thesis is not without limitations. Therefore, the
findings reported in this dissertation should be interpreted considering the following research design

threats: (i) short intervention time, and (ii) lack of control group.

6.3.1. Short intervention time

One of the main aspects that could have had affected the findings reported in this dissertation is
the intervention total time. Given that attitudes are a fairly stable construct, a 12-hour intervention,
especially when delivered in a one-week timeframe, may fall too short to discover the real impact
that STEM education might have. Therefore, the lack of improvement in some attitudinal
dimensions should be interpreted considering this aspect. It may be the case that the same
intervention, extended over several weeks'® would have resulted in greater improvement in students’
attitudes towards school science.

Nonetheless, considering existing literature on attitudes, it may be the case that the lack of
improvement reported in this dissertation may be the reflection of the outcome that STEM
education would produce. Thus, considering the tripartite model of attitudes, the attitudes factors
that did improve after the intervention represent the affective (i.e., perceived enjoyableness and self-
efficacy in school science) and the behavioral (i.e., intentions to further enroll in school science)
dimensions of the attitude construct, which are considered to be more stable, profound and difficult
to change (Oppenheim, 1992) than the cognitive dimension (i.e., perceived usefulness and relevance
of school science factors) that did not improve after the intervention unit.

Likewise, in the attitude literature, there are many studies that report the benefits of extremely
short interventions in improving students’ attitudes pertaining to the cognitive dimension. For
example, Gaspard et al. (2015) concluded that a 90-min intervention was effective in improving
students’ relevance and usefulness beliefs about mathematics subject. Similarly, Schmid & Bogner
(2017) reported on the effectiveness of a 3-hour structured inquiry lesson in improving student’s
self-determination in science. Kosovich, Flake, & Hulleman (2017) concluded that expectancy and

utility value can decrease over the course of a single college class. Likewise, Alexander, Fives, Buehl,

13 Since a conventional school teaches a maximum of two science classes each week, this intervention would

have been extended for a total of six weeks.
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& Mulhern (2002) examined the effect of a single science session on students” beliefs, with positive
results. Weisgram & Bigler (2007) study revealed that a 1-hour session about gender discrimination
in the scientific field led to improvement in students’ self-efficacy and beliefs about the value (e.g.,
similar to usefulness and relevance studied in this dissertation) of science. Finally, Prokop, Tuncer,
& Kvasni¢dk (2007) improved students toward biology by conducting a one-day field trip, followed
by a short research-based activity.

To conclude, while the short duration of the intervention may be considered a limitation, it may
also be the case that that STEM education is not effective in improving cognitive-based attitude
constructs; therefore, there may be a need for a more explicit focus on the relevance and usefulness

of science classes, an aspect that will need to be studied in the future.

6.3.2.  Lack of control group

Similarly to the short intervention time limitation, the research design adopted for the
quantitative strand is likely to be unappropriated for causal effects conclusions. More specifically, a
one-group pretest-posttest quasi-experimental design was chosen (Campbell & Stanley, 1963).
Therefore, the lack of control group does not control for history type of extraneous variables and
consequently could prevent from concluding that the effects were caused by the intervention and
not by other aspects taking place between the pretest and the posttest data collection. Hence, it may
be the case that the pre and post-test scores have differed for reasons that are unrelated to the STEM-
based intervention unit. However, this design was used for ecological validity reasons. In other words,
the use of a control group unrelated to the intervention (i.e., that did not assist the CRIEB school
center) would have also been an unacceptable practice because this group would not be comparable
to the experimental one. Therefore, the use of a non-comparable control group would have raised
issues about whether the outcomes are a selection bias effect.

This dissertation intended to reduce the limitation of this design by using random assignment to
the different experimental conditions. Therefore, before assisting the CRIEB center, participating
schools have been randomly assigned to one of the 21 intervention weeks. Therefore, some students
participated during the formative evaluation phase, while others assisted in the CRIEB during the
effectiveness evaluation phase; likewise, students assisting in the effectiveness evaluation phase have
been randomly assigned to the structured of guided approach to inquiry investigations. Moreover,
given that the dependent variables examined (i.e., attitudes towards science) have been consistently
shown to decrease over the course of the end of elementary education and start of secondary
education (Akpinar etal., 2009; Ali et al., 2013; de Pro Bueno & Pérez, 2014; Denessen et al., 2015;
DeWitt & Archer, 2015; George, 2006; Marbd-Tallada & Marquez, 2010; Said et al., 2016;
Vidzquez & Manassero, 2008), there is no valuable reason to expect that the experimental students’
attitudes would have naturally improve over the course of the intervention week.

Another measure was taken to reduce the threats to internal validity; thus, the intervention unit
was implemented by in-service teachers (instead of the researcher itself) that implemented the unit
for 15 weeks prior to the effectiveness evaluation phase. These 15-weeks formative evaluation was
crucial for establishing implementation fidelity and therefore, reducing extraneous variables related
to teacher training of different styles of implementing the STEM-based intervention unit.
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Notwithstanding this, it should be acknowledged that the evaluation phase of this dissertation
represents only a pilot study. That being so, there is a need to further conduct studies using a natural
classroom context. In addition, these future studies could benefit from the adoption of a more
rigorous methodological design, such as the pretest-posttest control group or the Solomon four-
group design (Campbell & Stanley, 1963).
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