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Summary

Inquiry has played a prominent role in past and present science education reforms
around the world. This doctoral thesis examines inquiry as an instructional approach and
outcome through the lenses of science education and international large-scale assessments in
the Norwegian context. The overarching aim of the thesis is to investigate the theoretical,
methodological, and empirical perspectives of inquiry as an instructional approach (means)
and the assessment of inquiry as an instructional outcome (ends). The empirical investigations
were based on data from student and teacher questionnaires, student assessments, and student
log files in the Trends in International Mathematics and Science Study (TIMSS) and the

Programme for International Student Assessment (PISA) 2015.

This thesis is based on four articles which are introduced and discussed in an extended
abstract. The extended abstract includes a configurative review of research on inquiry using
TIMSS and PISA studies that provides a central background for the articles and a discussion
about the integration and interpretation of the findings across the articles. To bridge the
research gaps identified in the configurative review, the four articles address the overarching

aim of the thesis by taking into account different aspects of inquiry.

Article 1 investigates inquiry as an instructional approach and outcome by exploring
the relationship between inquiry-based science teaching and student achievement in science.
This article attempts to resolve conflicting findings of inquiry—achievement relationships by
demonstrating the existence of curvilinear rather than linear patterns, as previously assumed.
Article 2 addresses the research gaps in comparing inquiry as an instructional approach
between primary and secondary education. It examines the interplay between teachers’ self-
efficacy in teaching science and perceived time constraints in explaining the opportunities for
students to engage in cognitively challenging learning activities in Grades 4, 5, 8, and 9.
Article 3 presents an investigation on the assessment of inquiry as an instructional outcome.
It identifies distinct profiles of students’ performance on simulated inquiry tasks that require
the skills to coordinate the effects of multiple variables and to coordinate theory with
evidence. While Article 3 takes a micro approach, focusing on specific scientific inquiry
skills, Article 4 explores inquiry as an instructional outcome from a macro approach, taking
into account a range of formal and informal reasoning skills students need to acquire in order

to participate in inquiry practice. This article argues for the importance of assessing formal



and informal reasoning and provides a short overview on utilizing the potential of computer-
based assessments to assess both types of reasoning.

Taken together, the findings presented in this doctoral thesis advance the existing
knowledge about the important distinction and role of inquiry as a means and an end in science
education. As TIMSS and PISA data have become increasingly relevant for guiding
educational research, policy, and practice, this study can inform the science education
community about the strengths and limitations of these data for investigating inquiry. This
thesis argues that, to understand inquiry in a comprehensive context, it is essential to consider
the relationships of data gathered from various sources: the input (i.e., student and teacher
characteristics), the process (i.e., inquiry as an instructional approach from the teacher’s
perspective), and the output (i.e., inquiry as an instructional outcome from the student’s
perspective). This study also contributes to informing the current science education reform in
Norway and to improving the ways in which inquiry is assessed as an instructional approach

and outcome in international large-scale assessments.
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1 Introduction

Like every other endeavor, the beginning is in small things.
Anyone who tries to look into anything with sufficient care will find something new.

—Sir William Ramsay, How Discoveries Are Made, 1908

This doctoral thesis draws on research in the areas of science education and
international large-scale assessments. The overarching aim of the PhD project is to investigate
the theoretical, methodological, and empirical perspectives of inquiry as an instructional
approach (means) and the assessment of inquiry as an instructional outcome (ends) using the
2015 data from Trends in International Mathematics and Science Study (TIMSS) and
Programme for International Student Assessment (PISA).

This introductory chapter begins with a rationale, describes the background for the
thesis, and outlines the context in which the subsequent chapters are situated (1.1). Next, the
chapter details the overarching aim of this PhD project (1.2) and describes how the four
articles included in the thesis are related to the overarching aim (1.3). Finally, it presents a

brief overview of all the chapters in this thesis (1.4).

1.1 Background and rationale

Inquiry has played and continues to play a prominent role in science education reforms
around the world. Researchers and practitioners view inquiry as an essential aspect of
enhancing science education and has become a central term associated with “good science
teaching and learning” (R. D. Anderson, 2002, p. 1). Over the past decades, numerous
publications have emphasized the importance of implementing inquiry in science classrooms
(Abd-EI-Khalick et al., 2004; Capps & Crawford, 2013; Schwab, 1958). Despite debate on
how to conceptualize inquiry and what it means to teach science as inquiry (Crawford, 2014;
Furtak & Penuel, 2019), previous studies, in general, have demonstrated the effectiveness of
inquiry activities as a basis for quality teaching that enhances students’ achievement and
interest in science (e.g., Estrella, Au, Jaeggi, & Collins, 2018; Furtak, Seidel, lverson, &
Briggs, 2012; Gibson & Chase, 2002). Furthermore, engaging students in inquiry contributes
to advancing equitable science education as current research has demonstrated its benefits for
non-mainstream students, such as those with minority cultural and language backgrounds or

those from low-income families (see J. C. Brown, 2017; Estrella et al., 2018). Recent



advancements in computer-based technologies have also generated further excitement among
researchers looking to harness these resources to develop more effective and authentic
assessments of scientific inquiry (Neumann, Schecker, & Theyl3en, 2019; Scalise & Clarke-
Midura, 2018; Smetana & Bell, 2012). Investigating the intersection of these two aspects—
inquiry as an instructional approach and inquiry as an instructional outcome—through the
lens of international large-scale assessment (ILSA) studies is the subject of this doctoral study.

1.1.1 Inquiry as an instructional approach and outcome in science

The National Science Education Standards (National Research Council [NRC], 1996)
describes inquiry in two ways. First, inquiry refers to teaching methods and strategies
intended to help students enhance their understanding of science content. The second
interpretation of the standards refers to inquiry as the process skills and abilities students
should understand and be able to perform. The first aspect denotes inquiry as an instructional
approach in that inquiry is a means and the understanding of science content is the end.
Conversely, the second aspect represents inquiry as an instructional outcome in which the
subject matter serves as a means to facilitate the development of scientific inquiry skills as
the ends (Abd-El-Khalick et al., 2004; Hackett, 1998). Inquiry should not be viewed
exclusively as either a means or an end as such a view could lead to overestimating the
importance of one aspect over the other (Hackett, 1998). Thus, when investigating inquiry in
science education, attention should be given to inquiry as both an instructional approach and
an instructional outcome (Abd-El-Khalick et al., 2004; R. D. Anderson, 2007; Bybee, 2006).

As an instructional approach, inquiry-based teaching has long been advocated by
science education communities (e.g., American Association for the Advancement of Science
[AAAS], 1994; Schwab, 1958). This approach places a strong emphasis on students’ active
learning and their responsibility for constructing their own knowledge (de Jong & van
Joolingen, 1998; Schwab, 1958). It provides students with an opportunity to explore scientific
questions and develop systematic investigation strategies to answer them, and this process
promotes their understanding of the nature of science (Crawford, 2012; N. G. Lederman,
2019; Schwartz, Lederman, & Crawford, 2004). The trend toward inquiry-based teaching also
stresses the significance of inquiry as an instructional outcome by developing students’
reasoning and thinking skills to support inquiry learning (Klahr & Dunbar, 1988; Kuhn,
Black, Keselman, & Kaplan, 2000; Zimmerman & Klahr, 2018). The emphasis on both
aspects of inquiry is also reflected by policy recommendations to implement inquiry activities

in order to improve the quality of science teaching (Harlen, 2013; NRC, 2013; Osborne &



Dillon, 2008; Rocard et al., 2007) and the increasing focus on assessing inquiry in large-scale
assessments (Martin & Mullis, 2016; OECD, 2016a). Due to the significant role inquiry plays
in improving science teaching and learning, this PhD project is devoted to investigating the
theoretical, methodological, and empirical perspectives of inquiry as an instructional
approach and the assessment of inquiry as an instructional outcome under the umbrella of
TIMSS and PISA studies. This thesis can inform the science education community about the
potentials and limitations of using TIMSS and PISA data to investigate research questions

related to science education in general and inquiry in particular.

1.1.2 Investigating inquiry using TIMSS and PISA studies

The use of TIMSS and PISA data for secondary analysis has attracted great attention
over the past two decades (Hopfenbeck et al., 2018). These studies include representative
samples of students from both primary and secondary schools (Grades 4-8 for TIMSS and
15-year-old students for PISA) to measure trends in student performance. Moreover, these
data provide unique opportunities for generalizing the findings to a wide population and for
analyzing the determinants and consequences of student performance in specific subjects
(Strietholt & Scherer, 2018). TIMSS and PISA studies can accommodate the investigation of
both aspects of inquiry across assessment cycles (J. O. Anderson, Lin, Treagust, Ross, &
Yore, 2007; Tosa, 2009). These studies produce a wealth of data with well-documented
psychometric properties and enable researchers to investigate a broad range of research
questions that could contribute to better enactment of inquiry-based science teaching and the
development of students’ inquiry skills. The internationally comparative context in which
these questions could be raised would advance the understanding of differences and
similarities in implementing inquiry as an instructional approach and assessing inquiry as an
instructional outcome across national, cultural, and regional settings around the world. At the
national level, TIMSS and PISA data could also be examined to better understand the
effectiveness and mechanisms of certain educational initiatives, such as the effects of
curriculum reform, instructional time, and resources for teachers’ implementation of inquiry
and students’ inquiry outcomes. Against this backdrop, ILSA studies have become
increasingly relevant and significant instruments for informing educational research, policy,

and practice.

1.1.3 Inquiry in the Norwegian context

To fully grasp the context in which this PhD project is situated, it is necessary to

consider some main characteristics of the Norwegian school system before discussing the



place of inquiry in the national science curriculum. These topics are discussed with a focus
on the Norwegian primary and lower secondary schools as the empirical setting of this thesis.

In Norway, all children have the right to 13 years of education, with most children
starting school at the age of six. Compulsory education is free and consists of primary school
(Grades 1-7) and lower secondary school (Grades 8-10). In general, students are taught in
inclusive classrooms and are not separated based on their abilities. Seven percent of students
in Grades 1-10 receive special needs education and related supports (Ministry of Education
and Research, 2018b). While the final stage of school—upper secondary school (Grades 11—
13)—is also free, it is not compulsory, and students can choose a variety of programs that
prepare them for higher education or allow them to enter the labor market through vocational
programs. In Grades 1-11, school science in Norway is offered as an integrated subject that
comprises areas within the disciplines of biology, physics, chemistry, earth science, and
technology, whereas in Grades 12 and 13, students can choose specialized science subjects.

Regarding the opportunity for students to learn science, Norwegian classrooms devote
considerably fewer hours than do classrooms in other countries (TIMSS 2015 Report; Martin,
Mullis, Foy, & Stanco, 2016). Compared to the international averages, teachers spend 29%
less time on science teaching per year in Grades 4 and 5 and 47% less time in Grades 8 and 9
(Nilsen & Frayland, 2016). Prior to 2016, science teachers in Grades 1-7 were assigned 325
hours to teaching science. However, following the publication of the TIMSS 2015 national
report, an additional 41 hours were added to the amount of science instructional time per year.
More specifically, 187 teaching hours were allocated to teaching science in Grades 1-4, and
179 teaching hours were allocated to Grades 5-7 at the beginning of the 2016-2017 school
year. The number of teaching hours did not change for Grades 8-10 and Grades 11-13, which
still receive 249 and 280 hours, respectively. With regard to the resources for conducting
scientific investigations, large differences exist between primary and lower secondary schools
(Nilsen & Frgyland, 2016). Findings from TIMSS 2015 showed that only 20% of students in
Grade 4 and 31% of students in Grade 5 studied in schools that had a science laboratory,
compared to 94% and 93% of students in Grades 8 and 9, respectively (Nilsen & Frayland,
2016). Thus, it is hardly surprising that more than two-thirds of the principals in these primary
schools reported that science instruction was affected by resource shortages, compared to only
about half of the principals in lower secondary schools. Researchers have identified increased
instructional time and resources as important elements in strengthening science education
(Banilower et al., 2018; Blank, 2013), and these issues continue to be the subject of debate in
Norway (Kunnskapsdepartementet, 2014; Nilsen & Frgyland, 2016; NOU, 2014).

4



Norwegian teachers generally view the teaching profession as their first career choice
(OECD, 2019; Throndsen, Carlsten, & Bjornsson, 2019). Students participating in TIMSS
2015 were taught by science teachers who had between 10 and 20 years of teaching experience
(Kaarstein, Nilsen, & Blomeke, 2016). Almost all of these students had science teachers who
had at minimum completed a formal teacher education at the bachelor level. In fact, 55% of
science teachers at primary and lower secondary schools had at least 30 credits in science
(Ministry of Education and Research, 2015). Although the vast majority of teachers in
Norway are open to new and innovative teaching practices (OECD, 2019), science teachers’
participation in professional development was significantly lower than the international
average (Martin, Mullis, Foy, et al., 2016). Lack of teacher training was particularly evident
in the areas of science content, teaching students with special needs, integrating computer
technology into teaching, and improving students’ critical thinking or inquiry skills, along

with science curriculum and assessment (Martin, Mullis, Foy, et al., 2016).

The three stages of Norwegian schooling—primary, lower secondary, and upper
secondary education—are governed by a centralized national curriculum. Expert groups of
teachers, teacher educators, and various institutions examine this curriculum before it is
approved by the Norwegian parliament. In 2006, the National Curriculum for Knowledge
Promotion was introduced and is currently still implemented. The 2006 science curriculum
divides the competence goals primary and lower secondary students need to achieve into four
stages: after Grade 2, Grade 4, Grade 7, and Grade 10. These competence goals are taught in
relation to the following main subject areas: the budding researcher, diversity in nature, body

and health, phenomena and substances, and technology and design.

Following the 2006 Knowledge Promotion reform, two central changes were made to
the national science curriculum, which emphasizes the notable role of scientific literacy and
inquiry in Norwegian science classrooms. The first change emphasized five “basic skills”
(grunnleggende ferdigheter): reading, writing, numeracy, digital skills, and oral skills. The
implementation of these basic skills is integrated into science teaching and learning across all
grades. Second, the science curriculum obtained a new main subject area that emphasizes
scientific inquiry and the nature of science, termed “the budding researcher” (forskerspiren).
In 2013, the curriculum was revised to add detailed descriptions of several competence goals
in science and to explicitly highlight the necessity of integrating the budding researcher with
other main subject areas for its implementation in the classrooms. The 2006 and revised 2013

curriculum view inquiry as a fundamentally important goal of science learning that also serves



as a means to accomplish that learning. The budding researcher subject area emphasizes the
dual role of inquiry, as stated in the curriculum as follows:

Teaching in natural science presents natural science as both a product that shows the knowledge
we have acquired thus far in history and as processes that deal with how knowledge of natural
science is developed and established. These processes involve the formulation of hypotheses,
experimentation, systematic observations, discussions, critical assessment, argumentation,
grounds for conclusion and presentation. The budding researcher shall uphold these
dimensions while learning in the subject and integrate them into the other main subject areas
(Ministry of Education and Research, 2006).

The implementation of the 2006 Knowledge Promotion reform and its revision
illustrates the similarity between the context of science education in Norway and in
international perspectives, which center on the importance of scientific literacy and practices
for student learning (Crawford, 2014; N. G. Lederman, 2019; Martin & Mullis, 2016; National
Research Council, 2013; OECD, 2016a; Osborne, 2014a). Following the curriculum reform,
several research projects investigated the integration of scientific literacy in inquiry-based
science teaching, providing insights into the curriculum implementation in science
classrooms. Examples include the StudentResearch project that examine the enactment of The
Budding Research and the basic skills (Knain & Kolstg, 2011), the Science-Teacher
Education Advanced Methods project, which concentrates on supporting teachers in
implementing inquiry approaches (S-TEAM, 2010), the Budding Science and Literacy
project, which addresses learning modalities (writing, reading, talking, and doing) in relation
to various phases of inquiry practice (Jdegaard, 2018; @degaard, Haug, Mork, & Servik,
2014), and the Representation and Participation in School Science (REDE) project, which
focuses on the use of representations as important learning tools for participating in science
discourse (Knain et al., 2017). Over the years, similar research projects focusing on qualitative
study of science classrooms have analyzed different aspects of scientific inquiry in the
Norwegian context. Historically, quantitative paradigms and methodologies are not
commonly applied to educational research in Norway, including in the field of science
education. This PhD project is the first study to examine the dual role of inquiry as an
instructional approach and outcome in science using large-scale assessment data that provide

representative samples of Norwegian students, thus providing the potential of generalizability.

Recently, a new curriculum reform has been undertaken and is planned to be
implemented in the 2020-2021 school year. This reform aims to increase the alignment
between educational goals and the changing society to improve coherence among the different
parts of the curriculum and give students better opportunities for in-depth learning, critical

thinking, and reflection (Ministry of Education and Research, 2019). This reform seems



promising as inquiry continues to have a prominent place in the science curriculum. More
specifically, scientific inquiry and the nature of science are parts of the core elements
(kjerneelementer) emphasized in the current reform. By focusing on the dual role of inquiry,
this study would provide insights that could inform the ongoing curriculum reform in Norway.

1.2 The overarching aim

A considerable number of studies have investigated inquiry using TIMSS and PISA
data. As will be discussed in more detailed later, I conducted a configurative review to
uncover several research gaps concerning inquiry as an instructional approach and the
assessment of inquiry as an instructional outcome. From my perspective, these gaps need to
be addressed in order to advance this field of research. Consequently, this PhD project was
designed to bridge these gaps with an overarching aim to investigate the theoretical,
methodological, and empirical perspectives of inquiry as an instructional approach (means)
and the assessment of inquiry as an instructional outcome (ends) using TIMSS and PISA
2015.

[ A configurative review of empirical studies investigating inquiry using TIMSS and PISA data ]

!

[ Research gaps 1

[ Inquiry as an instructional approach ]‘/\‘[ Inquiry as an instructional outcome J

N S 2 s S ,
CONTEXT: |
INQUIRY
A, - ¢ A 4
‘ INPUT PROCESS [ OUTPUT
L J
Student Taacher A [ Instructional Approach ] [ Instructional Outcome ]
Background Background : o : : st
Attitudes Belief; { Dot ] { il ] { R i [ Aclficelsgr;eent L Inzcl:ierr\:tglxlls J

3

Article 1:
Curvilinear

Article 2:
Teacher Beliefs

Article 3:
Log file

Article 4:
Assessment

Discussion about the integration and interpretation of the four articles in addressing the research gaps
identified by the configurative review and accomplishing the overarching aim of the PhD project

Figure 1.1. An overview of the thesis and the relationships between the four articles.



As illustrated in Figure 1.1, I adopted Scheerens’s (1990) Context-Input-Process-
Output (CIPO) model of schooling to provide a short overview of the work presented in this
thesis and to demonstrate the relationships among the four articles in addressing the
overarching aim. The CIPO model clusters a number of indicators within the educational
system into context, input, process, and output components (Scheerens, 1990, 2016). Based
on a framework of school effectiveness, this model conceptualizes school as a system in which
the indicators of input variables and school or classroom processes within a specific school
context interact in “producing” the output measures (Scheerens, 2016). In this thesis, the
CIPO model also represents the argument that, to understand inquiry in a comprehensive
context, it is essential to consider the relationships of data gathered from various sources: the
input (i.e., student and teacher characteristics), the process (i.e., inquiry as an instructional
approach from the teacher’s perspective), and the output (i.e., inquiry as an instructional
outcome from the student’s perspective). The four articles collectively address the
overarching aim by emphasizing different aspects of the CIPO model. The following section
introduces the articles and describes how they are related to the overarching aim and different
aspects of the CIPO model. The following labels are used to refer to these articles: Article 1:

Curvilinear, Article 2: Teacher Beliefs, Article 3: Log File, and Article 4: Assessment.

1.3 Overview of the articles

Article 1: Curvilinear

Teig, N., Scherer, R., & Nilsen, T. (2018). More isn't always better: The curvilinear
relationship between inquiry-based teaching and student achievement in science.
Learning and Instruction, 56, 20-29. http://doi.org/10.1016/j.learninstruc.2018.02.006

Article 1 presents an investigation of inquiry as an instructional approach and outcome
in science. Specifically, this article targets both the empirical and methodological perspectives
of inquiry as an instructional approach. Within the broader framework of the CIPO model,
this article addresses the inquiry context by emphasizing the relationships among the process
of inquiry-based science teaching, the input aspect that looks into students’ socio-economic
status (SES), and the output aspect of inquiry as an instructional outcome through students’
science achievement. The goals of this research were to (a) test the linearity assumption of
the associations between inquiry-based science teaching and student achievement by
comparing linear and curvilinear relationships and (b) examine the effects of classroom SES

in moderating the inquiry—achievement relationship.



Article 2: Teacher Beliefs

Teig, N., Scherer, R., & Nilsen, T. (2019). | know I can, but do | have the time? The role of
teachers’ self-efficacy and perceived time constraints in implementing cognitive-
activation strategies in science. Frontiers in Psychology, 10.
http://doi.org/10.3389/fpsyg.2019.01697

Article 2 presents a study of inquiry as an instructional approach by focusing on the
theoretical and empirical perspectives of inquiry within the framework of cognitive-activation
strategies (CASs). In the CIPO model, this article addresses the overarching inquiry context
by focusing on the relationships between the process aspect of inquiry-based science teaching
and the input aspect (i.e., teachers’ background and beliefs). Specifically, this study explores
the interplay between teachers’ self-efficacy in teaching science and perceived time
constraints to explain the variation in the implementation of general and inquiry-based CASs.
Given the possible differences between primary and secondary schools, it also compared the
relations between teacher beliefs and CASs across Grades 4, 5, 8, and 9.

Article 3: Log File

Teig, N., Scherer, R., & Kjeaernsli, M. (2019). Identifying patterns of students’ performance
on simulated inquiry tasks using PISA 2015 log-file data. Manuscript submitted for

publication.

Article 3 presents an investigation on the assessment of inquiry as an instructional
outcome. Within the CIPO model, this article addresses the inquiry context by highlighting
the relationships between the input aspect of students” demographic variables and attitude and
the output aspect of inquiry as an instructional outcome (i.e., students’ science achievement
and scientific inquiry skills). This study aims to identify hidden profiles of students’ inquiry
performance in a complex simulated task environment that requires the skills to coordinate
the effects of multiple variables and to coordinate theory with evidence. This study also
explores the extent to which the profiles vary according to students’ demographic
characteristics (i.e., gender, socio-economic status, and language at home), attitudes (i.e.,

enjoyment in science, self-efficacy, and test anxiety), and science achievement.

Article 4: Assessment

Teig, N., & Scherer, R. (2016). Bringing formal and informal reasoning together—A new
era of assessment? Frontiers in Psychology, 7.
http://doi.org/10.3389/fpsyg.2016.01097



Article 4 presents a discussion about the assessment of inquiry as an instructional
outcome, which was published as an opinion paper. This article provides a short overview of
the potential of utilizing computer-based assessment (CBA) to assess scientific reasoning. It
explores the relationships between formal and informal reasoning and the importance of
assessing both types of scientific reasoning skills. It further discusses the opportunities CBAs
can offer for assessing the complexities of both types of reasoning with respect to students’
individual reasoning skills as well as their collaborative performance, engaging students in a
dynamic, interactive, and stimulating assessment environment, and providing students with

personalized and instant feedback to support them.

1.4 Outline of the thesis

This PhD thesis consists of two parts: the extended abstract (Part 1) and the four
articles (Part Il). I refer to the articles in Part 1l throughout the extended abstract and therefore
recommend reading them before reading Part 1. This part comprises six chapters, which
provide a central background for the articles and a discussion about the integration and

interpretation of the articles.

Chapter 1 introduces the motivation behind this doctoral study. Specifically, | explain
the background and rationale for this study, describe how inquiry is viewed in the Norwegian
context in which this study is situated, derive the overarching aim, and introduce how this aim
is addressed by each article in Part Il. Based on a configurative review process, Chapter 2
details the current research gaps in investigating inquiry with TIMSS and PISA studies. This
review further strengthens the rationale of this PhD study and the aims of each article. Chapter
3 explains the main theoretical framework of inquiry in this thesis and clarifies specific
aspects of the framework that are targeted by the four articles. Chapter 4 outlines the methods
used to answer the research questions and the reasoning behind the choice of these methods.
In this chapter, | also offer some reflections on the research credibility and ethical issues of
this study. Chapter 5 provides a summary of the four articles, while Chapter 6 further
delineates the findings across these articles and discusses how the findings address the
research gaps and overarching aim of this PhD study. It proposes some contributions of this
thesis to the fields of science education and large-scale assessments and outlines some

strengths and limitations of this PhD project, followed by a brief concluding remark.
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2 A configurative review of research
on inquiry

What is gained by scientific inquiry is gained forever;
it may be added to, it may seem to be covered up, but it can never be taken away.

— Sir Michael Foster, A Century’s Progress in Science, 1899

In this chapter, | describe my configurative review of research on inquiry in science
education that employed TIMSS and PISA data. This configurative review identifies research
gaps in the existing body of literature to support the reasoning for conducting my PhD study.
This chapter begins with a background for the configurative review and a summary of its
process (2.1). | provide an overview of the research gaps identified in the review process by
focusing on the studies that examined inquiry as an instructional approach and outcome (2.2),
inquiry as an instructional approach (2.3), and inquiry as an instructional outcome (2.4). As a
final point, I summarize the synthesis across the three strands of inquiry studies and briefly

explain how the four articles contribute to bridge the research gaps.

2.1 Introduction to the configurative review

The number of published articles utilizing ILSAs to inform research in science
education has been on the rise in the past two decades (Hopfenbeck et al., 2018; Liou & Hung,
2015). Some of these studies have analyzed TIMSS and PISA data to examine inquiry in
science education. For instance, some researchers have focused on the factors influencing
students’ achievement and motivation in science (e.g., Jerrim, Oliver, & Sims, 2019; Liou &
Ho, 2018), the importance of teacher beliefs and collaboration in fostering inquiry teaching
(e.g., Kang & Keinonen, 2016; Pongsophon & Herman, 2017), and students’ mastery of
scientific inquiry skills (Kabiri, Ghazi-Tabatabaei, Bazargan, Shokoohi-Yekta, & Kharrazi,
2017; Yip, Chiu, & Ho, 2004). Indeed, these studies provide high-quality data that can be
used to analyze various aspects of inquiry including the trend results across cycles and offer
potential generalizability of the research findings and conclusions. While a considerable
number of studies have investigated inquiry by employing secondary analysis of TIMSS and
PISA data, there has been little effort to review and synthesize these findings in order to

identify knowledge gaps that are crucial for facilitating directions for further research.
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Previous studies have reviewed a number of publications using ILSAs focusing on the
impact of PISA study on educational research in general (Dominguez, Vieira, & Vidal, 2012;
Hopfenbeck et al., 2018), the contributions of TIMSS on examining school and classroom
factors that contribute to student achievement (Drent, Meelissen, & van der Kleij, 2013), and
the use of sampling weights and design effects in TIMSS and PISA (Liou & Hung, 2015).
Yet, the question remains of the extent to which researchers have taken advantage of TIMSS
and PISA data to advance research in science education, specifically in investigating inquiry.
Given these issues, | started by reviewing empirical studies that analyzed inquiry as an
instructional approach and outcome using TIMSS and PISA data. The synthesis of these
studies serves as an assessment of how TIMSS and PISA have affected research literature and

advanced research within the area of inquiry in science education.

A spectrum of approaches to systematically review literature exists depending on the
extent of the research problem, the scope and degree of detail needed, and the available time
and resources to conduct it (Gough, Oliver, & Thomas, 2017). | adopted a configurative
review to summarize the ways in which TIMSS and PISA data have been used to investigate
inquiry and to provide an overall view of the findings from the existing research. Even though
this review is systematic in the sense that it followed clear, replicable, and accountable
procedures (Gough, Thomas, & Oliver, 2012), it cannot be fully referred to as a systematic
review because the process was conducted independently rather than in a review team, as
commonly practiced when conducting a systematic review (Moher et al., 2015). | undertook
the literature search on April 20, 2019 on the ERIC and PsycINFO databases using
combinations of the key terms “PISA” or “TIMSS” and “inquiry” or “enquiry.” Appendix A
presents a detailed step-by-step description of the search procedures, eligibility criteria, and
search and screening process. The following question guided the review process: how were
TIMSS and PISA data used to investigate inquiry as an instructional approach and outcome
in science?

The final review process resulted in 42 publications comprising 37 peer-reviewed
articles, 4 dissertations, and 1 working paper. Of these studies, 22 analyzed PISA data whereas
the remaining 20 studies examined TIMSS data. The included studies also utilized both
TIMSS and PISA data across different cycles of assessment. Appendix B summarizes a
description of the studies included in the configurative review, and Appendix C provides
further details on the overall findings of the review. To address the main aim of the review in
mapping the keys aspects of research utilizing TIMSS and PISA data to investigate inquiry, |

classified the publications into three thematic categories: (a) inquiry as an instructional
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approach and outcome, (b) inquiry as an instructional approach, and (c) inquiry as an
instructional outcome. For each category, | summarized how TIMSS and PISA data were used
to investigate inquiry. I also reflected upon the knowledge gained from the included studies
and discussed some gaps in the literature that could be bridged by utilizing TIMSS and PISA
data.

2.2 Research on inquiry as an instructional approach
and outcome

In the first category, | identified 20 studies utilizing the PISA data and 15 studies
grounded in the TIMSS data. A considerable number of studies looked into the extent to which
inquiry as an instructional approach was associated with inquiry outcomes (e.g., student
achievement and motivational constructs) by taking into account other relevant variables at
the student, classroom, school, or country level. Student achievement was the most frequent
outcome variable (32), followed by student interest toward science (7), science-related career
aspirations (3), and environmental awareness (1). While most studies found positive
relationships between inquiry approaches and motivational constructs within and between
countries (e.g., Cairns & Areepattamannil, 2017; House, 2009; Jiang & McComas, 2015;
Kang & Keinonen, 2017), the findings were mixed when considering science achievement as
the outcome. Jerrim et al. (2019) found negative effects of inquiry-based teaching assessed in
PISA 2015 and student performance on the national examination in England. Similar findings
on the inquiry—achievement relationship were also found in high-performing countries, such
as Japan, Korea, Finland (Lau & Lam, 2017), and Taiwan (S. F. Chen, Lin, Wang, Lin, &
Kao, 2012; Gao, 2014; Long, 2016). In a study across 54 countries, Cairns and
Areepattamannil (2017) further demonstrated a negative relationship between inquiry-based
teaching and students’ scientific literacy. In contrast, other studies showed that a range of
inquiry activities was positively correlated with student achievement. In particular, these
activities included those that emphasize models or applications and interactive teaching
(Areepattamannil, 2012; Gee & Wong, 2012), hands-on experiments (Grabau & Ma, 2017),
teacher demonstrations and practical work (Lavonen & Laaksonen, 2009), and drawing
conclusions from investigation (Jiang & McComas, 2015; Lavonen & Laaksonen, 2009).
Although these studies used only TIMSS or PISA questionnaires to measure inquiry, their
definitions of inquiry varied considerably; accordingly, the researchers selected a diverse type

of teaching and learning activities to represent inquiry. This inconsistency could have masked
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important differences in the inquiry—achievement relationship across these studies. Besides
the multiple interpretations of inquiry, a number of methodological factors could hinder the
comparability of results across studies. The studies most often applied varying types of
regression analyses (28), followed by latent variable approaches (6), and propensity score
analysis (1). In addition, many studies failed to provide information about incorporating the
nested structure of the ILSA data into the analyses (16).

Selecting the appropriate level of analysis and type of relationship are another
important consideration for understanding the effectiveness of inquiry in enhancing student
outcomes. Previous studies examined the effectiveness of inquiry at various levels of analysis,
such as student (16), classroom (7), school (7), and country level (5). These levels of inquiry
analysis could contribute to the differential meanings and explanatory power of the
effectiveness of inquiry. Although previous research has stressed the need to measure
teaching effectiveness at the classroom level (for instance, Creemers & Kyriakides, 2008),
most studies included in this review did not consider the importance of this analytical
approach. While investigating teaching effectiveness at the student or school level may
provide insights into individual differences in student perceptions or the instructional climate
in schools (Scherer, Nilsen, & Jansen, 2016), this approach suffers from methodological
challenges associated with the inquiry effectiveness factors operating at the inappropriate
level. Regarding the type of relationship, studies on teaching effectiveness have relied on the
assumption that a linear association exists between teaching factors and student outcome
variables. TIMSS and PISA studies implemented a frequency dimension of teaching
effectiveness by measuring how often certain inquiry activities occurred with the responses
that typically range from “never” to “every lesson”. Researchers have proposed that it is
necessary to investigate nonlinear relations when examining the link between frequency
dimension and student achievement (see Caro, Lenkeit, & Kyriakides, 2016; Creemers &
Kyriakides, 2008). All studies included in the review except one (the Curvilinear article; Teig,
Scherer, & Nilsen, 2018%) tested only linear relationships between inquiry as an instructional
approach and outcome. Current research examining inquiry effectiveness using TIMSS and
PISA data might have neglected the possible existence of a nonlinear relationship between

inquiry instruction and science achievement.

In summary, the synthesis of the review of the first category has highlighted (a) the

varying conceptualizations of inquiry across studies, (b) the need to incorporate the classroom

! The literature search was undertaken after the Curvilinear article was published.
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level as the level of analysis, and (c) the need to consider possible nonlinear relationships

between inquiry-based instruction and student achievement.

2.3 Research on inquiry as an instructional approach

| identified three studies in the second category of inquiry as an instructional approach.
Although all studies utilized the teacher questionnaire in TIMSS, none of them used a similar
set of items to measure inquiry instruction. Kuzhabekova (2015) analyzed the TIMSS 2007
data in an attempt to identify various factors driving the implementation of inquiry-based
science that focuses on students work in a small group to plan and conduct experiments or
investigations. This study shows that teacher’s age, teaching experience, level of education,
and class size accounted for the variations of the utilization of inquiry across 40 countries.
Also using the TIMSS 2007 data, Kang and Keinonen (2016) examined a number of school-
and teacher-level factors that affected teachers’ emphasis on inquiry investigation in Finland
and South Korea. The findings demonstrated that teachers’ confidence in teaching science
and their collaboration to improve teaching were significant predictors of the inquiry practice
in both countries. In Finland, teacher professional development, class size, and school
resources were positively associated with facilitating inquiry whereas the opposite results
were found for teachers’ education levels in South Korea (Kang & Keinonen, 2016).
Pongsophon and Herman (2017) utilized the theory of planned behavior to propose a causal
model of inquiry as an instructional approach by analyzing six high-achieving countries in
TIMSS 2011. The model showed that teachers’ collaboration was positively related to their
occupational satisfaction, confidence in teaching inquiry, and frequent enactment of inquiry
practice. However, teachers’ perceptions of student constraints were negatively associated
with their confidence and occupational satisfaction. This study provided a partial validation
of the theory of planned behavior for the enactment of inquiry-based science teaching
(Pongsophon & Herman, 2017).

All studies in this category aimed to determine possible factors associated with inquiry
teaching practice at the teacher, school, and/or country level. Even though TIMSS provides
data for inquiry practice at the primary and lower secondary level (i.e., Grades 4 and 8), these
studies examined TIMSS data in only Grade 8. Previous research has demonstrated that
science teachers, especially in primary schools, encounter considerable challenges in
implementing inquiry in their classrooms (Ireland, Watters, Brownlee, & Lupton, 2012;

Newman et al., 2004; Stone, 2019). TIMSS provides rich information that could contribute to
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understanding these challenges (especially by analyzing relevant variables at the student,
teacher, or school level), how these challenges might differ between primary and secondary
science classrooms across countries, and whether these challenges remain across the TIMSS
assessment cycles. In addition to TIMSS, PISA provides data from students, teachers, and
principals that can be used to further explore the opportunities and challenges for the
implementation of inquiry. These data can be linked with the Teaching and Learning
International Survey (TALIS), which asked teachers and school leaders about teaching and
learning environments at their schools. Starting from 2018, TALIS also added a video study
that provides additional analytical insights into science teaching practice from the
perspectives of classroom observations. Future research could focus on utilizing these data to
provide evidence that supports the implementation of inquiry as an instructional approach for
both primary and lower secondary schools.

2.4 Research on inquiry as an instructional outcome

Four studies fall into the last category: two studies analyzed Grade 8 data from TIMSS
2011, one study used PISA 2000, and one study explored PISA 2006 and 2009 data. Kabiri
et al. (2017) examined Iranian eighth-graders’ mastery profiles and showed that they
performed significantly low on the items that required high-level thinking and complex skills,
such as explaining phenomena, reasoning, and scientific inquiry. Yip et al. (2004) examined
gender differences in scientific literacy achievement for students in Hong Kong. Although
gender differences were not found in students’ overall achievement and combined scores of
scientific inquiry processes, females tended to perform better on “recognizing questions” and
“identifying evidence” items whereas males scored higher on “understanding science
concepts” (Yip et al., 2004). The remaining studies (Liou & Bulut, 2017; Ruiz-Primo & L,
2016) explored the effects of item characteristics (e.g., cognitive demand, item format, item
dimension) on the different aspects of students’ science performance, including scientific
inquiry.

Rapid advancement in technology has resulted in the assessment of student
performance shifting away from paper-and-pencil to computer-based platforms. In the realm
of ILSAs, computer-based assessment of science was first piloted in PISA 2006 for three
pioneering countries (Denmark, Iceland, and South Korea) and then implemented worldwide
in PISA 2015 (OECD, 2010, 2016a). As of 2019, TIMSS has also transitioned to a digitally

based assessment called eTIMSS that was administered via computers or tablets (Martin,
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Mullis, & Foy, 2017). Compared to paper-and-pencil tests, computer-based environments can
measure complex inquiry skills more effectively and in a wider range of science contexts
(Neumann et al., 2019; Pellegrino & Quellmalz, 2010; Scalise & Clarke-Midura, 2018). This
shift contributes to making the assessment of different features of inquiry practice—such as
testing and carrying out investigations, interpreting data, drawing inferences, and constructing
explanations—more visible (DeBoer et al., 2014; LaMar, Baker, & Greiff, 2017; Quellmalz,
Timms, & Buckley, 2010).

In brief, the digital shift toward computer-based platforms in PISA 2006 and 2015 has
provided promising opportunities to investigate inquiry as an instructional outcome. Yet, none
of the studies identified in this configurative review has taken advantage of these data. Most
notably, PISA 2015 created machine-generated log files that contain the records of all the
steps and actions students took during the assessment, along with their corresponding
timestamps. The vast amount of information stored in these log-file data could open new
research avenues for understanding how students interact with computer-based inquiry tasks
and shine a light on why some students are more successful at solving inquiry tasks than
others. Moreover, it could be used to understand the differences in students’ performance
across countries on the basis of their behavioral actions during the assessment (Greiff, Niepel,
Scherer, & Martin, 2016). While many studies have taken advantage of PISA log-file data to
understand student performance in reading (e.g., Fregnes & Narvhus, 2011; Hahnel,
Goldhammer, Naumann, & Krohne, 2016) and problem-solving (e.g., de Boeck & Scalise,
2019; Greiff et al., 2016; He, von Davier, Greiff, Steinhauer, & Borysewicz, 2017) in greater

detail, no study found in this review demonstrated a similar endeavor in science.

2.5 Summary of the review

In this configurative review, | synthesized key research themes addressing inquiry as
an instructional approach and outcome using TIMSS and PISA and reflected on the
knowledge gained from these studies. This review revealed several research gaps concerning
the implementation and assessment of inquiry that are pivotal topics in science education and
have not yet been explored with ILSAs. The review also provided the means to strengthen the
rationales for conducting this PhD project and to focus on the different aspects of the CIPO
model that are highlighted in the four articles. It is also worth noting that, out of 42 studies
identified in this configurative review, only one study specifically examined inquiry in the

Norwegian context (the Curvilinear article; Teig et al., 2018).
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The first category of studies that examined inquiry as an instructional approach and
outcome showed some conflicting findings regarding the relationships between inquiry-based
teaching and student achievement. Even when these studies utilized similar TIMSS or PISA
data, some methodological differences existed, particularly with respect to item selection,
level of inquiry analysis, and type of relationship, which could contribute to the inconsistent
findings in the literature. Article 1: Curvilinear specifically addressed these methodological
issues in order to clarify the relationship between inquiry as an instructional approach and
student achievement in science (Teig et al., 2018).

Second, the review indicated that researchers have conducted no studies to compare
the implementation of inquiry as an instructional approach and its associated factors between
primary and lower secondary schools. In 2015, Norway changed the target population of
students from Grades 4 and 8 to Grades 5 and 9 to improve the comparability to other Nordic
countries (Bergem, Kaarstein, & Nilsen, 2016; Kavli, 2018). Consequently, TIMSS 2015
included samples from all of these grades. Article 2: Teacher Beliefs took advantage of this
opportunity and compared not only teachers’ frequency of enacting inquiry in the classrooms,
but also their self-efficacy and perceived time constraints as well as the relationships among

these constructs across Grades 4, 5, 8, and 9 (Teig, Scherer, & Nilsen, 2019).

The third category, research investigating inquiry as an instructional approach,
strongly suggested that future studies should harness the potential that comes with computer-
based tests to advance the assessment of inquiry. As such, Article 3: Log File demonstrated
how process data from PISA 2015 were analyzed to investigate students’ profiles of inquiry
performance in order to provide insights into their inquiry processes. In addition, Article 4:
Assessment provided an overview of the opportunities for assessing formal and informal
reasoning skills implicated in inquiry activities (Teig & Scherer, 2016).

Across the three strands of inquiry research, this review indicated variability in inquiry
conceptualization as well as the number and type of items that represent this concept. As an
instructional approach, inquiry was framed as single activities or a range of activities. While
some studies focused only on the activities related to scientific experiments or investigations,
others also included teacher-directed instruction, such as explaining science concepts or the
relevance of science to students’ daily life. The identified literature also framed inquiry as an
instructional outcome differently. However, this variability was less evident compared to
inquiry as an instructional approach because the outcome variable was mostly represented by
overall TIMSS or PISA science achievement. Since the conceptualization of inquiry plays a

significant role in understanding its implementation and assessment, the next chapter is
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devoted to addressing this issue in more detail. Most importantly, | outline the overarching
framework of inquiry in this PhD project and how the four articles target specific aspects of

inquiry in the main framework.
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3 Theoretical framing of inquiry

Theories are nets cast to catch what we call “the world”: to rationalize, to explain,
and to master it. We endeavor to make the mesh ever finer and finer.

— Karl Popper, The Logic of Scientific Discovery, 1959

The term inquiry has been “one of the most confounding terms within science
education” (Settlage, 2003, p. 34). Researchers have interpreted it in multiple ways across the
literature, leading to confusion regarding what inquiry actually entails (e.g., Barrow, 2006;
Crawford, 2014). The key focus of this chapter, therefore, is to provide an underlying
theoretical perspective of inquiry to clarify how this construct is framed in this thesis as a
whole and in the four articles separately. First, I introduce a brief history of inquiry and
justifications for its central role in science education (3.1). Next, | extend these perspectives
by outlining how inquiry is conceptualized within the TIMSS and PISA studies in which this
PhD project is situated (3.2). Finally, I present the main theoretical framework of inquiry used
in this thesis while clarifying specific aspects of the framework that are targeted by the four
articles (3.3).

To promote students’ development of scientific understanding, the implementation
and assessment of inquiry should focus on four integrated domains: the conceptual domain
includes facts, concepts, laws, and principles of science; the epistemic framework is used to
develop and evaluate scientific knowledge; the procedural domain describes the diversity of
scientific procedures and practices used to establish scientific knowledge; and the social
domain includes interactions that shape how scientific knowledge is communicated,
represented, argued, and debated (Duschl, 2003, 2008; Furtak et al., 2012). Although the
integration of the four domains is essential in understanding inquiry as an instructional
approach and outcome, this thesis draws upon only the first three domains. Undoubtedly the
social process of inquiry is highly relevant to discuss, especially in relation to sociocultural
and constructivist theories. However, since the social domain is not pertinent to the TIMSS

and PISA studies, it is well beyond the scope of this thesis to specifically address this domain.

3.1 Inquiry and science education

Inquiry is not a new idea. More than two and a half centuries ago, in 1759, Edmund

Burke wrote that “the method of teaching which approaches most nearly to the method of
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investigation, is incomparably the best” because “it tends to set the reader himself in the track
of invention, and to direct him into those paths in which the author has made his own
discoveries” (as cited in Osborne, 2014a, p. 579). Over 150 years later, John Dewey
articulated similar ideas when he strongly recommended the inclusion of inquiry in science
classrooms. Dewey argued that many teachers placed too much emphasis on teaching science
as a well-established body of facts and not enough focus on engaging children in how to think
scientifically and the way science works (Dewey, 1910). He further warned that “science
teaching has suffered because science has been so frequently presented just as so much ready-
made knowledge, so much subject matter of fact and law, rather than as the effective method
of inquiry into any subject matter” (1910, p. 124). In the late 1960s, Joseph Schwab began to
promote reforms that highlighted the prominent role of inquiry (1958, 1960). Schwab
elaborated the rationale for science teaching as a process of “an enquiry into enquiry” that
includes fundamental processes such as students asking questions, making observations,
collecting data, and constructing explanations. To provide insights into how we know what
we know, he highlighted a close connection between the product and process of science and
emphasized that students should learn scientific knowledge anchored to the methods that
generate such knowledge (Schwab, 1962). Many decades later, the paradigm that science
should be taught as a process of inquiry that emphasizes learning science concepts and using
the skills and abilities of inquiry to learn those concepts continues to play a pivotal role in
science education reforms around the world (Abd-EI-Khalick et al., 2004; Kim, Chu, & Lim,
2015).

In the United States, the role of inquiry as an instructional approach and outcome was
evident and rooted in the publications of Benchmarks for Science Literacy (AAAS, 1993) and
the National Science Education Standards (NRC, 1996). Along with the Inquiry and National
Science Education Standards (NRC, 2000), these policy documents had a significant
influence on the increasing place of inquiry in school science worldwide during the 1990s and
2000s. Although these reforms led to a greater emphasis on engaging students with inquiry
practice, their interpretations continued to vary widely, which resulted in uneven
implementations of inquiry across classrooms (Bybee, 2011; Crawford, 2014; Osborne,
2014b). Thus, to better conceptualize what it means to engage students in activities similar to
those of scientists, the latest reform reframed inquiry with the term “scientific practices”
(NRC, 2012, 2013). The publications of A Framework for K-12 Science Education (NRC,
2012) and the Next Generation Science Standards (NRC, 2013) outline the importance of

science learning that provides students with opportunities to explore crosscutting concepts
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across various science domains, to discover the meaning and connections among disciplinary
core ideas across science disciplines, and to participate in scientific practices to understand
how science knowledge is developed and understood. These interrelated practices include the
following: asking questions; developing and using models; planning and carrying out
investigations; analyzing and interpreting data; using mathematical and computational
thinking; constructing explanations; engaging in argument from evidence; and obtaining,
evaluating, and communicating information (NRC, 2012, p. 59). In this context, the term
inquiry is not replaced but rather expanded and viewed as an important form of scientific
practices and the range of cognitive, social, and physical practices that it requires (Bybee,
2011; NRC, 2013). This current reform also underlines a stronger focus on scientific
argumentation and reasoning in which critiquing and evaluating claims based on evidence
derived from an inquiry investigation plays a larger role in learning science (Ford, 2015;
Llewellyn, 2014; Osborne, 2014b). This emphasis is important in addressing common
misconceptions that equate inquiry with hands-on science and simply following scientific
methods (Crawford, 2014; Furtak & Penuel, 2019; Llewellyn, 2014).

For decades, engaging students in inquiry has played a crucial role in determining
excellent science teaching and learning. Research has suggested that inquiry aligns with how
students learn science as it stresses the importance of prior knowledge in building student
understanding and applying knowledge to novel situations (Crawford, 2014; Rivet & Krajcik,
2008). Studies from cognitive science have supported the use of inquiry for facilitating
students’ acquisition of (a) a deep foundation of factual knowledge, (b) an understanding of
facts and ideas in the context of a conceptual framework, and (c) an ability to organize
knowledge in ways that facilitate retrieval of information (Bransford, Brown, & Cocking,
2000, p. 16). Furthermore, researchers and practitioners have viewed inquiry as a useful
context for teaching and learning science that fosters the advancement of scientific literacy
(e.g., Cavagnetto, 2010; Duschl, 2008; N. G. Lederman, 2019; N. G. Lederman, Lederman,
& Antink, 2013; Roberts, 2007). Classrooms that emphasize inquiry would anchor learning
with questions that are meaningful for students, provide opportunities to connect science ideas
and use multiple representation, and support their engagements in scientific discourse
(Krajcik & Sutherland, 2010). In the context of inquiry, these instructional features are
valuable for fostering literacy practices, which promote students’ abilities to think critically
and make decisions as informed citizens participating in a global society (Duschl, 2008; N.

G. Lederman, 2019; Sadler, Barab, & Scott, 2007). Supported by a growing body of research,
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the place of inquiry as both science content and a way to learn science has become
increasingly eminent in science education.

Despite some skepticism and ongoing debate (e.g., Jerrim et al., 2019; Kirschner,
Sweller, & Clark, 2006; Sweller, Kirschner, & Clark, 2007; Zhang, 2016), most researchers
seem to agree on why inquiry should be central to science education. Nevertheless, it remains
challenging to reach a consensus on what inquiry actually means as this construct can vary
with respect to the range and type of activities (Minner, Levy, & Century, 2010; Rdnnebeck,
Bernholt, & Ropohl, 2016), teacher guidance (Vorholzer & Von Aufschnaiter, 2019), and
cognitive dimensions (Duschl, 2008; Furtak et al., 2012). Anderson (2007) noted that “inquiry
is an imprecise word [...] If the word is to continue to be useful we will have to press for
clarity when the word enters a conversation and not assume we know the intended meaning”
(2007, p. 808). To this end, it is imperative to be transparent and precise about how this PhD
project frame the construct of inquiry. As this project utilized the data from TIMSS and PISA
studies, it is important to first compare the conceptualization of inquiry according to both
assessments before discussing the conceptual framing of inquiry in this thesis and across the

four articles.

3.2 Inquiry in the TIMSS and PISA 2015 frameworks

Inquiry as an instructional approach

The TIMSS 2015 context questionnaire framework provides an implicit explanation
of the construct of inquiry as an instructional approach. The framework refers to inquiry as
an essential part of instructional engagement in a classroom context (Hooper, Mullis, &
Martin, 2013). Here, instructional engagement is conceptualized with regard to the three basic
dimensions of instructional quality: classroom management, supportive climate, and
cognitive activation (Klieme, Pauli, & Reusser, 2009; Lipowsky et al., 2009). More
specifically, inquiry activities were associated with cognitive activation that provides students
with opportunities to engage in challenging tasks, such as working with others on a science
project or discussing the results from an investigation (Hooper et al., 2013). In TIMSS 2015,
science teachers in Grades 4 and 5 were asked about how often they engaged their students in
various science teaching and learning activities including inquiry, for instance, designing and
conducting experiments, interpreting and presenting data from investigations, and using
evidence to support conclusions. Appendix D provides a comprehensive list of the questions

used to measure science teaching and learning activities in the TIMSS’ teacher questionnaires.
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Similar to the TIMSS framework, PISA also applies the three basic dimensions of
instructional quality to measure science teaching practices (OECD, 2016a). In contrast to
TIMSS, the PISA 2015 assessment and analytical framework explicitly specifies inquiry as
an instructional approach under the umbrella of “enquiry-based science instruction” (OECD,
2016b). The construct is conceptualized as “the ways in which scientists study the natural
world, propose ideas, and explain and justify assertions based upon evidence derived from
scientific work” which includes “engaging students in experimentation and hands-on
activities, and also [...] encouraging them to develop a conceptual understanding of scientific
ideas” (OECD, 2016b, p. 69). Unlike in the TIMSS study, the PISA framework generally
measured inquiry-based science instruction using a student questionnaire, although a number
of participating countries had the option to also include teacher questionnaires. PISA asked

students about how frequently (“never or hardly ever,” “in some lessons,” “in most lessons,”

and “all lessons”) the following activities occurred in their school science lessons:

Students are given opportunities to explain their ideas.

Students spend time in the laboratory doing practical experiments.

Students are required to argue about science questions.

Students are asked to draw conclusions from an experiment they have conducted.

The teacher explains how a science idea can be applied to a number of different phenomena (e.g.
the movement of objects, substances with similar properties).

Students are allowed to design their own experiments.

There is a class debate about investigations.

The teacher clearly explains the relevance of science concepts to our lives.

Students are asked to do an investigation to test ideas (OECD, 2016a).

arwnE

© oo

The conceptualization of inquiry in the literature varies greatly with respect to the type
of activities students are involved in and the role of teacher guidance (Ronnebeck et al., 2016;
Vorholzer & Von Aufschnaiter, 2019). Grounded from the cognitive activation dimension of
instructional quality, both TIMSS and PISA 2015 studies seemed to define inquiry (or
enquiry) as an instructional approach similarly. However, the range of activities used to assess
this construct varied to certain degrees. While TIMSS asked teachers how often they
implemented inquiry activities mostly related to hands-on investigations, PISA asked students
about a variety of activities linked not only to experimentation but also to critique and
argumentation. Likewise, in assessing inquiry-related investigations, neither TIMSS nor
PISA provided a clear indication of the extent of teacher guidance. For instance, TIMSS asked
teachers about how often their students “design experiments or investigations,” whereas PISA
asked students and/or teachers about how frequently “students are allowed to design their own
experiments.” Although students’ responsibility for conducting the investigation is evident, it
is unclear whether the source of the scientific question being investigated came from the

teacher or the student themselves. The ways in which inquiry is operationalized as an
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instructional approach might differ depending on the guidance provided during the instruction
that leads to the different levels of inquiry practice (Furtak et al., 2012; Lazonder & Harmsen,
2016; Minner et al., 2010; Vorholzer & Von Aufschnaiter, 2019).

Inquiry as an instructional outcome

TIMSS 2015 is a curriculum-based assessment that measures students’ science
knowledge as well as their understanding of and skills in science practices (Jones, Wheeler,
& Centurino, 2013). TIMSS 2015 specifically assessed the following science practices that
are fundamental to scientific inquiry: asking questions based on observations, generating
evidence, working with data, answering a research question, and making an argument from
evidence (Jones et al., 2013, p. 58). Since these practices cannot be assessed in isolation, they
are assessed in relation to science content domains (i.e., biology, chemistry, physics, and earth
science) and by drawing upon a range of thinking processes specified in the cognitive domains
of knowing, applying, and reasoning. Inquiry as an instructional outcome is highly
emphasized within the reasoning domain, which requires students to analyze information,
design investigations, use evidence to justify explanations, evaluate alternative explanations,
and extend their understandings to new situations (Jones et al., 2013, p. 56). Further
information about TIMSS 2015 science assessment framework is available at

https://timssandpirls.bc.edu/timss2015/. Appendix E provides an example of TIMSS science

item used to measure inquiry as an instructional outcome under the reasoning domain.

In contrast to TIMSS, PISA is a literacy-based assessment that measures students’
scientific literacy based on the following competencies: to explain phenomena scientifically,
to evaluate and design scientific enquiry, and to interpret data and evidence scientifically
(OECD, 2016a). The assessment of inquiry as an instructional outcome is closely related to
the last two competencies. As described in the PISA science assessment framework (OECD,
2016a), these competencies are assessed in a specific context (i.e., personal, local/national,
and global issues) and require students to demonstrate three distinguishable but related types
of knowledge. The competency to explain phenomena scientifically requires students to have
scientifically established knowledge about the natural world (content knowledge), whereas
the second and third competencies also involve an understanding of how scientific knowledge
is developed and of science as inquiry practice. These competencies require an understanding
of the procedures that are fundamental for the diverse methods and practices used to establish
science knowledge referred to as procedural knowledge, such as the concept of repeated

measurements and the control-of-variables strategy, which is essential for scientific inquiry.
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Moreover, these competencies also require students to have epistemic knowledge, which
includes an understanding of why certain procedures are used to conduct science, the
legitimacy of the knowledge claims generated from these practices, and the distinction
between different types of knowledge claims (e.g., fact, theory, hypothesis, and data). In this
regard, procedural knowledge demands students to understand what is meant by the control-
of-variables strategy and how to apply it, whereas epistemic knowledge requires them to
explain why this strategy is essential for establishing knowledge in scientific inquiry. More
detailed information about the PISA 2015 science assessment framework can be accessed at

https://www.oecd.org/pisa/. Appendix E provides an example of PISA science item used to

measure inquiry as an instructional outcome.

The assessment of inquiry as an instructional outcome is undoubtedly significant in
both TIMSS and PISA 2015 frameworks. In the TIMSS framework, inquiry is embedded in
science practices and is assessed in relation to particular science content and cognitive
domains, whereas in PISA it relates mostly to the last two competencies underlying scientific
literacy. Since TIMSS and PISA emphasize different types of assessment focus (i.e.,
curriculum-based versus literacy-based), it is challenging to compare the extent to which
inquiry is covered by both studies. However, due to the literacy approach of PISA, this
assessment is assumed to be independent from the science curricula in the participating
countries (Harlen, 2001). Instead, PISA focuses on assessing whether 15-year-old students
have acquired the “knowledge and skills for full participation in modern society” within the
common, internationally agreed framework of scientific literacy (OECD, 2016a, p. 1).
Consequently, this assessment provides great detail about what it means to be a scientifically
literate individual, including the place of inquiry in the framework. For instance, the
assessment of student understanding about the nature of science in the context of inquiry is
more evident in the PISA framework than in its TIMSS counterpart. Additionally, it is worth
noting that TIMSS used a paper-based test in 2015 while PISA had already begun using CBA
in most participating countries. The use of interactive and simulated environments in PISA
2015 has enhanced the assessment of inquiry in comparison to previous cycles. For example,
PISA 2015 required students to conduct an investigation by manipulating a number of
variables in a simulated experiment to generate evidence that supported their arguments. In
these circumstances, it is reasonable to assume that the assessment of inquiry as an
instructional outcome is, to a certain extent, better covered by the assessment framework in
PISA than in TIMSS 2015.
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3.3 The conceptual framing of inquiry in this study

Inquiry is far from a uniformly defined concept. Recently, two systematic reviews
synthesized the various conceptualizations and features of inquiry across current studies.
Pedaste et al. (2015) systematized inquiry cycle by developing five integrated general phases
of inquiry: orientation, conceptualization (sub-phases: questioning and hypothesis
generation), investigation (sub-phases: exploration, experimentation, and data interpretation),
conclusion, and discussion (sub-phases: communication and reflection). Ronnebeck et al.
(2016) analyzed the variability of the inquiry operationalization found in the literature by
looking into inquiry as single activities and aggregating the similar features of these activities
into an overall model of scientific inquiry consisting of preparing, carrying out, explaining,
and evaluating phases (see Figure 3.1). In this model, communication is viewed as an
overarching competence relevant for all the phases and serves “as a means to either better
understand scientific concepts and procedures or to participate in a scientific community”
(R6nnebeck et al., 2016, p. 183).

Both reviews reflected similar phases and steps of the inquiry process and developed
an inquiry model that encompassed generic competence, such as communication, and science-
specific competence, like designing investigations (Ronnebeck, Nielsen, Olley, Ropohl, &
Stables, 2018). While Pedaste et al.’s review (2015) focused on the studies that described
inquiry as integrated activities or phases that form a cycle, Ronnebeck et al. (2016) examined
studies that referred to inquiry as both single activities and a set of integrated activities. In
addition, Ronnebeck et al.’s framework explicitly acknowledged the importance of relating
inquiry to student understanding about scientific concepts and the nature of science
(Ronnebeck et al., 2016; Ronnebeck et al., 2018), which generally aligns with how inquiry is
conceptualized in the TIMSS and PISA 2015 studies. Against this backdrop, | have applied
the inquiry framework from Ronnebeck et al. (2016) to frame the conceptualization of inquiry

as both an instructional approach and outcome in this study.

Building on the inquiry framework of Rénnebeck et al. (2016), | use the term inquiry
as an instructional approach to refer to inquiry as single activities (e.g., interpreting data,
constructing models, or developing scientific explanations) or a set of integrated activities or
phases, such as designing and conducting experiments followed by analyzing, interpreting,
and evaluating data from the experiments. From this perspective, inquiry activities are
embedded in a broader dimension of CASs within the instructional quality framework and

aimed at facilitating student understanding of scientific concepts and the nature of science. As
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an instructional outcome, inquiry represents the competence to integrate scientific knowledge
(i.e., conceptual, procedural, and epistemic knowledge) and reasoning skills implicated in the
activity or a set of activities that are relevant for understanding science concepts and the nature
of science. This dual conceptualization of inquiry aligns with the TIMSS and PISA 2015
science frameworks (Martin & Mullis, 2016; OECD, 2016a) and can be identified in the
scientific practices, crosscutting concepts, and core ideas in A Framework for K—12 Science
Education (NRC, 2012) and the Next Generation Science Standards (NRC, 2013) as well as
in the learning and competence goals outlined in the Norwegian science curriculum (Ministry
of Education and Research, 2006). In the following figure, | summarize the main conceptual

framing of inquiry in this study and the specific features of inquiry targeted by the four

articles.
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Figure 3.1. A summary of the main conceptual framing of inquiry in this study and the
specific features of inquiry targeted by the four articles. Adapted from
“Searching for a common ground—A literature review of empirical research on
scientific inquiry activities,” by S. Ronnebeck, S. Bernholt, and M. Ropohl,
2016, Studies in Science Education, 52, p. 189. CC BY.
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Articles 1 and 2: Inquiry as an instructional approach (TIMSS 2015)

The first two studies, Article 1: Curvilinear and Article 2: Teacher Beliefs, focus on
the subsequent features of inquiry as an instructional approach: (a) carrying out; (b)
explaining and evaluating; and (c) communicating, as indicated by the green box in Figure
3.1. These features share significant similarities with the integrative cycle of inquiry-based
learning from Pedaste et al.’s model (2015), especially the conceptualization, investigation,
discussion, and conclusion phases. Hence, since Articles 1 and 2 used TIMSS 2015 data, |
simplified Pedaste et al.’s model to better reflect science practices described in the TIMSS
framework, as shown in Appendix F. The simplified model serves as an important means for
clarifying and justifying the selection of the following science teaching and learning activities
in TIMSS 2015 and used for the conceptual and analytical concept of inquiry as an
instructional approach in Articles 1 and 2:

Design or plan experiments or investigations.

Conduct experiments or investigations.

Present data from experiments or investigations.

Interpret data from experiments or investigations.

Use evidence from experiments or investigations to support conclusions.

agbrwdnE

In addition to investigating inquiry as an instructional approach, Article 1 also
examines inquiry as an instructional outcome. The latter aspect of inquiry is represented by
overall TIMSS science achievement, which taps into various science content (i.e., biology,
chemistry, physics, and earth science) and a range of thinking processes related to the

cognitive domains of knowing, applying, and reasoning.

Articles 3 and 4: Inquiry as an instructional outcome (PISA 2015)

Article 3: Log File and Article 4: Assessment conceptualize inquiry as an instructional
outcome from a micro and macro approach, respectively. Using PISA 2015 log-file data,
Article 3 views inquiry from a micro approach by emphasizing formal reasoning skills to
coordinate the effect of multiple variables and to coordinate theory with evidence. These skills
are essential for the activities of (a) carrying out and (b) explaining and evaluating, as marked
by the orange box in Figure 3.1. The micro approach to conceptualizing inquiry provides
insights into students’ strategies for solving simulated inquiry tasks at the item level and
serves as a means to understand how students’ profiles in these tasks are related to their overall

PISA scientific literacy achievements.

Article 4: Assessment views inquiry from a macro approach by targeting overall
features of inquiry in the main framework indicated by the blue box in Figure 3.1. This article

reviews the assessment of inquiry as an instructional outcome and emphasizes the formal and
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informal reasoning skills that students need to participate in a range of inquiry activities—not
only those that are related to experimentation, but also the activities related to critique and
argumentation, which are essential for understanding the nature of science. In this respect,
Article 4 conceptualizes inquiry in relation to the skills relevant for understanding established
scientific knowledge (formal reasoning) as well as controversial socioscientific issues that
draw on various contexts, such as personal, social, economic, moral, and ethical perspectives

(informal reasoning).
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4 Methods and methodological
reflections

To err is human, to forgive divine,
but to include errors into your design is statistical.

— Leslie Kish, Chance, Statistics, and Statisticians, 1978

The four articles investigating inquiry as an instructional approach and outcome
consist of three empirical studies based on a secondary analysis of TIMSS and PISA 2015
data and one review article that discusses existing literature on the assessment of inquiry. All
empirical articles used quantitative methods, specifically by employing various types of latent
variable modeling approaches. The primary focus of this chapter is to describe the methods
used in the three empirical articles and to provide the rationales underlying the choice of these
methods in addition to reflections about the research credibility and research ethics. In this
chapter, | begin by outlining background information about the TIMSS and PISA studies and
providing an overview of the research process pertinent to the four articles (4.1). In the next
section, | address the choice of latent variable models as the methodological approach and the
rationale for this choice (4.2), followed by a description about the analysis of log-file data
(4.3). Finally, I reflect on the credibility of the research and ethical considerations associated
with the secondary analysis of TIMSS and PISA data (4.4).

4.1 Overview

4.1.1 TIMSS and PISA 2015

TIMSS and PISA are trend studies that are designed to assess the development of
student outcomes in various subject areas. TIMSS is a quadrennial international comparative
assessment that aims to measure trends in mathematics and science performance of students
at the primary (Grade 4) and lower secondary (Grade 8) level. PISA is a triennial study
designed to evaluate education systems worldwide by assessing the skills and competencies
of 15-year-old students with core domains in reading, mathematics, and science. Norway has
participated in TIMSS since 1995 and PISA since 2000. Table 4.1 provides an overview of
the main differences and similarities between the assessment in TIMSS and PISA 2015

studies, with an additional focus on the Norwegian samples.
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Table 4.1. A comparison between the Norwegian TIMSS and PISA 2015 (Bergem et al.,
2016; Kjeernsli & Jensen, 2016).

Aspect TIMSS 2015 PISA 2015
Assessment Mathematics and science Science (main), mathematics, reading,
domain collaborative problem-solving
Assessment Curriculum-based Literacy-based
focus
Assessment Paper-based Computer-based
mode
Assessment Grades 4 and 5: 72 minutes 120 minutes, plus a 30-minute
length Grades 8 and 9: 90 minutes background questionnaire
Background questionnaire: 30
minutes
Item format Multiple choice and open response Multiple choice and open response
with interactive and simulation tasks
Number of Grades 4 and 5: 207 items 184 items
items® Grades 8 and 9: 266 items

Data collection

o Student performance

e Background questionnaire from
students, teachers, school leaders,
and parents of students in Grades 4,
5,8,and 9

e Student performance
e Background questionnaire from
students and school leaders

e 4795 students Grade 8
o 4697 students Grade 9

Sampling Schools are sampled and then intact Schools are sampled and then 15-

design classes of students are drawn from year-old students are drawn from each
each of the sampled schools of the sampled schools

Norwegian e 4164 students Grade 4 5456 15-year-old students

samples® e 4329 students Grade 5

2To avoid overburdening students, each student answered only a small fraction of all items, and their responses
are placed on a common scale to provide an overall estimate of their performance (multiple-matrix sampling
design).

®In TIMSS 2015, Norway changed the target population to Grades 5 and 9 to obtain a better comparison with
other Nordic countries. However, Norway also collected benchmark data from students in Grades 4 and 8.

4.1.2 Research elements of the thesis

The research process in this project was guided by the main objectives of investigating
(a) the theoretical, methodological, and empirical perspectives of inquiry as an instructional
approach and (b) the assessment of inquiry as an instructional outcome. To achieve these
objectives, |1 examined the Norwegian data from TIMSS and PISA 2015 studies, which
resulted in three empirical articles, and then | summarized the current state of understanding
regarding the assessment of inquiry, which led to the publication of one review article. Table

4.2 presents an overview of the research elements across the four articles.
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Table 4.2. A summary of the research elements in the PhD project.

Research Article 1: Avrticle 2: Avrticle 3: Avrticle 4:
element Curvilinear Teacher Beliefs Log File Assessment
Type Empirical research | Empirical research | Empirical research | Review article
ILSA TIMSS 2015 TIMSS 2015 PISA 2015 PISA 2015
(example)
Data e Student e Teacher e Student N/A
assessment questionnaire assessment
o Student e Student log-file
questionnaire data
e Teacher e Student
questionnaire questionnaire
Samples 4,382 students and | 804 science 1,222 15-year-old | N/A
211 science teachers; Grades 4, | students
teachers; Grade 9 5,8,and 9
Method o Multilevel e Multigroup e Log-file analysis | N/A
structural structural o Latent mixture
equation equation modeling
modeling modeling
Conceptual | Inquiry as an Inquiry as an Inquiry as an Inquiry as an
and instructional instructional instructional instructional
analytical | approach: approach: outcome (micro): outcome (macro):
framing of | & Design or plan « Design or plan « Coordinating the | « Formal and
inquiry experiments or experiments or effect of multiple informal
investigations investigations variables reasoning skills
« Conduct « Conduct « Coordinating
experiments or experiments or theory with
investigations investigations evidence
e Present data from | ¢ Present data from
experiments or experiments or
investigations investigations
e Interpret data e Interpret data
from experiments |  from experiments
or investigations or investigations
o Use evidence e Use evidence
from experiments |  from experiments
or investigations or investigations
to support to support
conclusions conclusions
Inquiry as an
instructional
outcome:
o TIMSS science
achievement
Level of Classroom level Classroom/teacher | Student level N/A
inquiry level
analysis
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Research Article 1: Avrticle 2: Avrticle 3: Avrticle 4:
element Curvilinear Teacher Beliefs Log File Assessment
Main aim | To clarify the type | To examine the role | To identify profiles | To provide an
of relationship of teacher beliefs in | of students’ inquiry | overview of the
between inquiry- implementing CASs | performance on opportunities for
based science across grade levels | two tasks, referred | assessing complex
teaching and student to as Items 1 and 2, | scientific reasoning
achievement which require the using CBAs
skills to coordinate
the effects of
multiple variables
and to coordinate
theory with
evidence
Research 1. How isinquiry- | 1. Towhatextent | 1. Which profiles | What kinds of
guestion based science do teacher self- of students’ opportunities can
teaching related efficacy and inquiry CBA:s offer to
to student perceived time performance on | assess complex
achievement? constraints Items 1 and 2 formal and
2. Does the matter for their exist? informal scientific
relationship implementation | 2. To what extent | reasoning skills?
between inquiry of general and do students’
and inquiry-based background
achievement CASs? characteristics,
remain after 2. Do these attitudes, and

controlling for
students’ SES?

3. lIsthe

relationship

between inquiry

and
achievement
moderated by
students’ SES?

relationships
vary across
grade levels?

science
achievement
differentiate
their profiles on
Items 1 and 2?

3. How are the
profile
memberships
on Items 1 and
2 related?

4.2 Latent variable models

As with other theoretical concepts in educational research, inquiry is a concept that is

difficult to observe directly and may therefore be represented as a “latent variable”

(MacCallum & Austin, 2000; Raykov & Marcoulides, 2012). Latent variable modeling

provides a key tool for making inferences about such theoretical concepts using a set of

observable indicators by taking into account that these indicators are imperfect measures of

the concepts (Bartholomew, Knott, & Moustaki, 2011; Marsh & Hau, 2007). It comprises a

large collection of useful models and strategies for analyzing relevant theoretical constructs

across the three empirical articles. In the following section, I discuss these methods in more

detail and provide rationales that support their applications in each article.
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4.2.1 Articles 1 and 2: Explanatory factor analysis, confirmatory factor
analysis, and structural equation modeling

Explanatory factor analysis (EFA) and confirmatory factor analysis (CFA)

Factor analysis aims to identify the number and loading pattern of latent variables
(factors) by modeling the variation and covariation among a set of observed indicators (T. A.
Brown, 2015; Kline, 2014). Factor analysis divides the variance of each indicator into a
common variance that is shared with other indicators from the same factor and unique
variance, which comprises the variance that is associated with specific indicator and variance
of random error (T. A. Brown, 2015). Thompson (2007) illustrated three key purposes of
factor analysis in research: (a) to inform the validity of interpreting latent variables as
constructs, (b) to develop theory about the nature of the construct, and (c) to summarize the
relationships among the indicators with a set of factor scores that can be applied for further

analyses.

Two broad classes of factor analytic methods (EFA and CFA) were employed in
Article 1: Curvilinear and Article 2: Teacher Beliefs. Both methods model the observed
covariation among observed indicators as a function of the latent variables. However, they
serve different purposes. Specifically, EFA is a data-driven approach that is used to generate
hypotheses about the possible number of factors by examining the relationships between the
common factor and indicators, which are referred to as factor loadings (T. A. Brown, 2015;
Comrey & Lee, 2013). For instance, Article 2: Teacher Beliefs employed EFA to investigate
the multidimensionality of the CASs construct. As a theory-driven approach, CFA was used
to evaluate structures of latent variables (T. A. Brown, 2015). Unlike EFA, CFA requires a
predefined number of factors, indicators that reflect the factors, and known relationships
among the factors (T. A. Brown, 2015; Thompson, 2007). In Article 2, CFA was used to
confirm the two-factor structure of CASs resulting from the EFA. The model fit for the latent
variables in this project was assessed using common goodness-of-fit-indices and their
guidelines for an acceptable fit (RMSEA <.08, CFI>.95, TLI>0.95, and SRMR <.10;
Marsh, Hau, & Grayson, 2005). These guidelines do not represent “golden rules” as they
depend on the specific features of the measurement models, such as the number of factors,

the type of factor structure, and the sample size (Marsh, Hau, & Wen, 2004).

Structural equation modeling (SEM)

SEM is a general analytical framework for analyzing relationships among observed
and latent variables (Bollen, 1989; Loehlin, 2004; Muthén, 2002). SEM combines a latent
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variable model that estimates the relationships between constructs and their observed
indicators (i.e., the measurement model) and the relationships among the constructs (i.e., the
structural model) by correcting biases attributed to measurement error (Bollen, 1989; Marsh
& Hau, 2007; Tomarken & Waller, 2004). Once the studied constructs have been assessed—
in this project, CFA was employed—the structural relations among the constructs can be
established (Raykov & Marcoulides, 2012). Byrne (2016) summarized several aspects of
SEM that distinguish it from a traditional multivariate approach: First, SEM takes a
confirmatory as opposed to an explanatory approach. As such, it provides the opportunity to
conduct hypothesis testing in order to evaluate the existing theory. Second, SEM corrects for
measurement errors in the models, in contrast with most other multivariate procedures that
largely ignore their existence. Third, while the classical multivariate approach uses only
observed variables, SEM can integrate both observed and unobserved variables. Given these
benefits of SEM over other multivariate approaches, SEM was applied in this project to
validate the studied constructs and assess the relationships among latent variables. In the
following, | discuss the necessity of integrating a multilevel and multigroup approach to the
SEM framework for analyzing data from the TIMSS study pertinent to Article 1: Curvilinear
and Article 2: Teacher Beliefs.

Multilevel approach. TIMSS uses a two-stage stratified cluster design in choosing
participants within a country; using this approach, schools are sampled, and then intact
classrooms of students are selected randomly within the participating schools (see Martin,
Mullis, & Hooper, 2016 for further details). In such samples, data from the students are
generally not independent (Hox, Moerbeek, & Van de Schoot, 2017). Students from the same
classes would tend to be similar to each other. For instance, students from the same class
would be more likely to have comparable science achievement as opposed to those from
different classes as they participate in similar inquiry activities with the same teacher. The
nested structure of the data would violate the assumption of independence among
observations required by standard statistical tests, such as multiple regression and analysis of
variance (Heck & Thomas, 2015; Raudenbush & Bryk, 2002). Hence, incorporating
multilevel techniques within the broader SEM approach is crucial in order to produce correct
parameter estimates of the regression coefficients among the constructs (Goldstein, 2011;
Heck & Thomas, 2015). The multilevel approach also allows for studying classroom
processes both as an individual (student-level) and group (class-level) phenomena, which is
of particular importance for analyzing teaching effectiveness. Article 1: Curvilinear contains

further discussion of the need to investigate the relations between teacher instruction (class-
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level variable) and science achievement (student-level variable) at the appropriate level of
analysis (i.e. classroom level).

Multigroup approach. While multilevel models deal with the hierarchical data
structure by assuming the variation across groups is random, the multigroup approach
assumes the variation is fixed (Bou & Satorra, 2010). Since Article 2: Teacher Beliefs used
data from science teachers across Grades 4, 5, 8, and 9, employing SEM with multigroup
approach was particularly suitable for this purpose. First, multigroup CFA was used for
measurement invariance testing in order to evaluate whether the measurement models were
invariant across groups (Greiff & Scherer, 2018; Hox, de Leeuw, Brinkhuis, & Ooms, 2012;
Putnick & Bornstein, 2016). Configural invariance testing was conducted to evaluate whether
the constructs under investigation had the same factor structures across groups by allowing
parameter estimates to vary across groups (Putnick & Bornstein, 2016; Sass & Schmitt, 2013).
If configural invariance was supported, the next step was to constrain factor loadings to be
equal in order to examine whether each observed indicator or item contributed to a latent
factor similarly across grades (metric invariance test; Putnick & Bornstein, 2016). Second, if
metric invariance was obtained (i.e., teachers interpreted the constructs similarly across grade
levels), multigroup SEM could be performed to examine structural relations among teacher
constructs across grade levels. Finally, structural (relational) invariance testing was used to
evaluate whether these structural relations from the previous analyses were equal across
groups (Sass & Schmitt, 2013). For comparing the freely estimated models with the
constrained models in the measurement and structural invariance testing, we used the Satorra-
Bentler corrected chi-square difference test (SB-y?, Satorra & Bentler, 2010) and/or the
differences in fit indices (ACFI > -.01, ARMSEA > .014, and ASRMR > .015 as evidence of

non-invariance; F. F. Chen, 2007).

4.2.2 Article 3: Latent mixture modeling

Latent mixture modeling comprises a range of latent variable models that use a model-
based clustering or person-centered approach by classifying individuals with similar patterns
into latent classes (Berlin, Williams, & Parra, 2014; Muthén & Muthén, 2000). In contrast to
variable-centered approaches (e.g., SEM) that describe homogenous relationships between
variables for all individuals across the population, person-centered approaches assume that
these relationships are heterogeneous across a group of similar individuals (Marsh, Lidtke,
Trautwein, & Morin, 2009; Muthén & Muthén, 2000). As with other latent variable models,

mixture models include measurement and structural models. The measurement model
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specifies relationships between a number of underlying latent classes and the class-specific
distributions of the corresponding observed indicators, whereas the structural model specifies
the distributions of the latent classes in the population and its relations with other latent and
observed variables (Masyn, 2013; McCutcheon, 1987). For the measurement model, Article
3: Log File employed Latent Class Analysis (LCA) to classify students into similar groups of
inquiry performance, or latent classes, on the basis of both categorical and continuous
indicators. The existence of these latent classes explains students’ differences among these
observed indicators as each class exhibits unique characteristics of the observed indicators
(Geiser, 2012). For the structural model, the Article 3: Log File explored the relationships
between the latent classes of students’ inquiry performance resulting from the measurement
model and other external variables of interest. Here, we applied latent class regression with
covariates using students’ demographic and attitude variables as predictors of the latent
classes. We also applied latent class regression with distal outcome in which the latent class
variable was used as a predictor of science achievement. Compared to other methods (e.g.,
one-step approach), the new three-step procedure is used to take into account potential
classification errors when the auxiliary variables are included in the model in order to prevent
underestimating the relationships between class membership and external variables
(Asparouhov & Muthén, 2014; Vermunt, 2010).

4.3 Log file analysis

As presented earlier, Article 3 examines students’ log-file data from PISA 2015. These
data were stored individually in XML files for each assessment unit. The analysis of the data
was focused only on two items (i.e., Items 1 and 2) that require reasoning skills in coordinating
the effects of multiple variables and coordinating theory with evidence. All variables from the
XML log files were extracted into a CSV file for easy interpretation of the sequence of
students’ actions. These variables were then combined with other variables from the PISA
science assessment and background questionnaire data for further analyses using students’

PISA ID variables.

The theory-driven performance indicators approach (LaMar et al., 2017) was applied
to assess students’ inquiry strategies: the vary-one-thing-at-a-time (VOTAT) strategy for Item
1 and the Interactive strategy for Item 2 (for further details, see Article 3: Log File in Part II).
Drawing from the framework of scientific reasoning and inquiry, we established clear and

interpretable indicators of the inquiry strategies. The indicators of these inquiry strategies
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were then matched with the sequence of students’ actions or behavioral patterns from the log-
file data. Whether individual students applied the relevant strategy during their unguided
exploration phase determined the scoring for the inquiry strategy. Due to the OECD’s
confidentiality regulations, the actual tasks cannot be displayed. Hence, I have modified the
released PISA field trial items from the “Running in Hot Weather” to illustrate the
complexities of reasoning skills needed to solve the items. Figure 4.1 shows an example of
the computer-generated log file from the modified item. Here, a student applied the VOTAT
strategy by varying the values of one variable (i.e., amount of water) and holding all other
variables constant. After conducting three trials, this student selected the second multiple-

choices option “ItemID 2” and answered the task correctly.

<?xml version="1.0"?>
- <contexts> UNIX epoch timestamp that can be converted into

<![CDATA[0]]> human readable time (April 28, 2015 8:38:11.995 AM)

</NumTrials1>
- <runnerDatal time="1430210292.0833">
<![CDATA[{"1":

- <NumTrials1 time="1430210291.9953"> 7

{"AirTemp":30,"Humid":40,"Time":45,"Water":150,"Sweat":1.6,"WaterLoss":2.3,"BodyTemp":39.7,"selected":false}, Inquiry
noyns

{"AirTemp":30,"Humid":40,"Time":45,"Water":300,"Sweat":1.2,"WaterLoss":1.8,"BodyTemp":39.5,"selected":false}, } strategy
ngn.

{"AirTemp":30,"Humid":40,"Time":45,"Water":450,"Sweat":1.0,"WaterLoss":1.6,"BodyTemp":39.3,"selected":false}, (VOTAT)

"4":null,"S":null,"6":null,"7":null}1]>
</runnerDatal>
- <ItemID-RunnerSaveStateQuestionitem2 time="1430210317.8379">
<![CDATA[{"rewrite.php":{"ItemID_1":"","ItemID_2":"1","ItemID_3":""}}]]> 4—{ The selected answer
</ItemID-RunnerSaveStateQuestionitem2>
</contexts>

Figure 4.1. An example of the computer-generated log file.

In assessing students’ inquiry strategy, the theory-driven performance indicators
approach is beneficial for providing a direct connection between students’ behavioral patterns
and theoretically grounded indicators of the strategy (LaMar et al., 2017). This strong
connection contributes to allowing students’ behavioral patterns and interactions to be easily
interpreted using the underlying theoretical indicators of the VOTAT and interactive strategy

that were developed within the framework of scientific reasoning and inquiry.

4.4 Research credibility and ethical considerations

4.4.1 Research credibility

Research credibility refers to the “the ability of a research process to generate findings
that elicit belief and trust” (O'Leary, 2007, p. 228). According to Geoff and Geoff (2004),
research credibility addresses two main questions: (a) would we get similar results if the study

were repeated? and (b) if the results were similar, would they be right? While the first question
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addresses the reliability of the findings, the second question deals with the more challenging
issue of the validity of the inferences drawn from the findings.

Reliability

In general, the term reliability relates to “dependability, consistency and replicability
over time, over instruments and over groups of respondents” (Cohen, Manion, & Morrison,
2018, p. 269). In the following, I discuss different types of reliability that are pertinent for this
PhD project, namely, internal consistency, transparency, and reproducibility.

Reliability as internal consistency refers to the degree to which a set of items measure
the same underlying construct (Creswell & Creswell, 2018). As an alternative to the
traditional approach, this PhD project employed a latent variable method in which several
items were used to construct a latent variable under investigation, such as inquiry teaching,
teacher self-efficacy, and student SES. As such, the item correlations from each scale could
be interpreted as internal consistency (coefficient omega, McDonald, 1999). The findings
sections of the empirical articles present further information about the omega coefficient from
each construct in this project. These coefficients were generally high, which supports that the

applied constructs are internally consistent.

Reliability as transparency and reproducibility relates to the aim of ensuring scientific
processes and findings are transparent and accessible to other people (Cohen et al., 2018;
Miguel et al., 2014). Data from ILSAs are publicly available; specifically, TIMSS data can
be accessed on the International Association for the Evaluation of Educational Achievement
(IEA) database?, while PISA data on the OECD website®. IEA also offers IDB Analyzer
software, and OECD provides PISA Data Explorer for simple analysis of TIMSS and PISA
data, respectively. The latent variable approach employed in this PhD project is not yet
implemented in these software programs. Thus, in embracing the values of scientific
openness, researchers who are interested in conducting similar methods or replicating the
studies can access the SPSS files and Mplus syntax pertinent for the analysis in this project at
the Open Science Framework®. Although most data analyzed in this project are available for
public use, the actual tasks and student log files used for Article 3: Log File cannot be

presented due to the OECD’s regulations on item confidentiality.

2 https://timssandpirls.bc.edu/timss2015/international -database/
3 http://www.oecd.org/pisa/data/2015database/
4 https://ost.ioltcza8
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Validity

The term validity refers to “the appropriateness, correctness, meaningfulness, and
usefulness of the specific inferences researchers make based on the data they collect”
(Fraenkel, Wallen, & Hyun, 2011, p. 148). As a property of inferences, validity does not
depend on what kind of data, designs, and methods are used as a basis for the inferences, but
rather on the extent to which the inferences and arguments derived from the results of these
designs and methods are well-founded (Kleven, 2008; Shadish, Cook, & Campbell, 2002).
Despite wide agreement regarding its importance for research credibility, considerable
controversy surrounding the interpretation of validity remains (Frey, 2018). This section
focuses on giving an account of validity framework drawing from the work of Shadish et al.
(2002), who defined validity as “the approximate truth of an inference” (p. 34), involving the
classification of construct validity, statistical conclusion validity, internal validity, and
external validity. The significance of different types of validity depends on what kinds of
inferences are drawn from the findings (Kleven, 2008).

Construct validity refers to how well a theoretical construct is transformed or
translated into the operational definition and measurement of the construct (Shadish et al.,
2002). To promote construct validity, each empirical article provides a clear interpretation of
the constructs of interest and the theoretical frameworks that support them. Based on these
interpretations, we selected a set of indicators that matched those constructs from TIMSS and
PISA studies. We then performed CFA to examine the quality of the correspondence between
the observable indicators and the theoretical constructs. In Article 1: Curvilinear, we
acknowledged the various interpretations of inquiry teaching across the literature and chose
to focus on open inquiry related to scientific investigations. We selected several indicators
that reflected this construct and employed CFA to establish empirical evidence. The
constructs of interest in Article 2: Teacher Beliefs were teachers’ self-efficacy in science
teaching, perceived time constraints, and the implementation of CASs. We conducted an
exhaustive examination to establish the measurement models of all constructs, which included
taking both explanatory and confirmatory approaches, checking the construct
multidimensionality, testing whether the final model held for different grade levels, and
investigating the measurement invariance. The validation of these constructs is important for

confirming that they reflect the intended theoretical constructs.

Statistical conclusion validity is the degree to which inferences about the relationships
or differences among variables drawn from the analysis are a reasonable reflection of the real

world (Shadish et al., 2002). Any inappropriate use of statistics—such as violating the
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assumptions underlying statistical tests—would be a threat to the statistical conclusion
validity as the research inferences would be based on flawed findings about the effect of the
independent variable on the dependent variable (Ary, Jacobs, Irvine, & Walker, 2018). The
empirical articles examine important covariations related to the inquiry as an instructional
approach and outcome. In Article 1: Curvilinear, we explored the relationships between
inquiry teaching and student achievement. Instead of accepting the assumption of linearity
between the variables as commonly used in previous studies, we evaluated a series of linear
and non-linear models to test this assumption and found that curvilinear relationships fitted
the data better. In Article 2: Teacher Beliefs, we examined the relationships between teachers’
beliefs and their implementation of CASs. Rather than assuming the relationships were equal
across grade levels, we employed structural invariance testing to investigate it. Because the
results showed that structural invariance was not attained for all the relationships and provided
evidence for significant differences in the structural relations across grade levels, we then
performed the Wald test of parameter constraints to identify where exactly these differences
lay by comparing the strengths of relations between pairs of grade levels. In Article 3: Log
File, we identified profiles of students’ inquiry performance using LCA. The LCA model
assumes local independence where all the shared variance among the observed indicators is
fully explained by the latent class membership; thus, no associations exist between the
indicators (Nylund-Gibson & Choi, 2018). To test this assumption, we conducted a series of
LCA models with increasing numbers of latent classes for each type of model assumption
(i.e., class-invariant diagonal, class-varying diagonal, class-invariant unrestricted, and class-
varying unrestricted). The findings showed that the assumption of local independence that
constrained variance and covariance for each latent class was violated. Instead, a class-
varying unrestricted model, which allows correlations between the continuous indicators (i.e.,
number of actions, number of trials, and response time), consistently showed a better fit
compared to the other class specifications. In general, we checked the assumptions underlying
statistical tests employed in the analyses to ensure that valid inferences could be drawn.
Whenever a statistical assumption was violated, we specified a more appropriate model that
accounted for this violation in the analyses.

Internal validity signifies whether causal inferences can be drawn from the covariation
between predictor and outcome variables (Shadish et al., 2002). Given the observational and
cross-sectional nature of TIMSS and PISA data, the optimal conditions for making strong
causal claims are rarely met (Rutkowski & Delandshere, 2016). Thus, although empirical

findings from this PhD project point to some relationships between variables, the directions
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of these relationships cannot be established. For instance, Article 2: Teacher Beliefs
demonstrates strong relationships between teachers’ self-efficacy in science teaching and their
implementation of inquiry-based CASs. These results could be interpreted as high self-
efficacy causing teachers to implement more inquiry or as more inquiry implementation
leading to higher self-efficacy. To avoid biased and misleading interpretations from empirical
studies, it is crucial to remind readers about the potential directions of relationships. As such,
each empirical article discusses the limitations of cause-and-effect relationships separately.

External validity deals with the extent to which findings of a study can be generalized
to other contexts outside the study (Shadish et al., 2002). In this PhD project, the degree of
generalizability and transferability varies to some extent across the articles and should be
addressed separately. The findings from the Curvilinear article could be generalized across
the population of ninth-grade science classrooms in Norway. This study utilized data from
students and their science teachers and assigned appropriate sampling weight to establish such
a generalization. Article 2: Teacher Beliefs examined only data from science teachers across
Grades 4, 5, 8, and 9 to explain the variation of CASs in the classrooms. Since TIMSS uses a
two-stage stratified sampling design to select intact classrooms of students rather than
teachers within the participating schools, the inferences derived from the findings cannot be
fully generalized across the Norwegian population of science teachers in Grades 4, 5, 8, and
9. Article 3: Log File examined inquiry as an instructional outcome focusing on two scientific
reasoning skills: coordinating the effects of multiple variables and coordinating theory and
evidence. The profiles of students’ inquiry performance resulting from this study could, to a
certain extent, be generalized across the population of 15-year-old students in Norway. In
short, even though not every study in this PhD project could utilize the full potential of
generalizability that comes with the use of TIMSS and PISA data, this study helps fills the
research gaps in investigating inquiry as instructional approach and outcome that I identified

in the systematic review, particularly in the Norwegian context.

4.4.2 Ethical considerations

This research project used data from TIMSS and PISA studies. Since these data are
anonymous and publicly available, consent forms and approval from the Norwegian Centre
for Research Data (NSD) were not required. Nevertheless, certain ethical issues and
challenges might arise when discussing the interpretations and implications of the findings

from these data.
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First, stratification design and generalizability can lead to a potential ethical issue,
especially for Article 1: Curvilinear. Since ILSA studies aim to make inferences regarding the
general population, it is necessary to construct an optimal sample that represents the
characteristics of the target population. These studies apply a stratified selection to determine
the proportional inclusion of specific groups that meet national interests (Martin, Mullis, &
Hooper, 2016). For example, the sample for the Norwegian TIMSS study are stratified based
on the official written language (i.e., Bokmal and Nynorsk) and municipality size (i.e., small,
medium, large) to create a balanced representation of the population. Ethical issues might
arise if the choice of stratification variables does not reflect various groups in the population.
Other demographic variables in the Norwegian population might be equally or more relevant
compared to language and municipality size, such as socio-economic background,
immigration status, or minority group (e.g., Sami). Although ILSA studies are low stakes for
the participants, the results from this and other similar studies could have a large impact on
policy decisions at the country level. Hence, it is important to be aware of the possibility that
the sample in ILSA data might not well represent various subgroups in the population and

that the educational policies derived from its findings might serve only the majority groups.

A second concern is related to the confidentiality and sensitivity of ILSA data. When
schools and classrooms are sampled to be selected in ILSA studies, participants can be
identified indirectly by a limited number of researchers working within a national project
team. However, this information is used only for the sampling and administration purposes
within a very short period of time. During the data collection, this information is coded and
cannot be linked to identify schools, classrooms, or individuals. With respect to data
sensitivity, participants are asked about information that can be viewed as sensitive. For
instance, students might feel uncomfortable with answering questions related to their socio-
economic backgrounds (e.g., home resources, parents’ occupation and education) or judging
the instructional quality of their teachers. Teachers may also hesitate to assess school
contribution or parents’ involvement for student academic success. Although participants’
confidentiality is protected during the process of data collection and the sensitivity issues are
not necessarily harmful for participants, it is imperative to be transparent about these potential
ethical concerns.

Third, in accordance with the § 2-4 Regulations for the Education Act authorized in
2013, ILSA studies are viewed as part of the Norwegian government-sanctioned assessment.
These regulations imply that the selected schools and students shall participate in the studies

to guarantee a high participation rate. As a result, collecting informed consent from parents
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as required by NSD was no longer obligatory. However, this act seems to undermine the
ethical principle of voluntary participation outlined in the Guidelines for Research Ethics in
the Social Sciences, Humanities, Law and Theology (The National Committee for Research
Ethics in the Social Sciences and the Humanities [NESH], 2016). These guidelines also state
that “minors who have turned 15 can consent to researchers collecting and using their personal
data” (NESH, 2016, p. 21). Nevertheless, 15-year-old students who would have the
appropriate age and maturity for granting consent to participate in PISA were never given
such an opportunity.

Fourth, the use of students’ process data for Article 3: Log File needs to be considered.
Log-file data were used to analyze students’ test-taking behaviors (e.g., student engagement,
problem-solving strategies) during the assessment to make inferences about their inquiry
performance. According to the NESH guidelines (2016), participants must be given clear
information on “the purpose of the research” and “the intended use of the results” (p. 13).
Nevertheless, this guideline was not pertinent for the students who participated in PISA 2015.
They had no knowledge that their actions in the CBA were traced, stored, and used for future
research purposes. Clearly, further work is needed in relation to the ethical regulation and
protection of students’ log-file data from the ILSA studies. I further discuss these concerns in

the last chapter.
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5 Summary of the articles

The thesis shall be an independent, scientific work ...
— Regulations for the degree of PhD at the University of Oslo

Alone we can do so little; together we can do so much.
— Helen Keller

The overarching aim of the PhD project was to investigate the theoretical,
methodological, and empirical aspects of inquiry as an instructional approach (means) and
the assessment of inquiry as an instructional outcome (ends) using TIMSS and PISA 2015
studies. This aim has been collectively addressed in four separate articles that | wrote together
with other researchers. This chapter presents a brief summary of each article.

5.1 Article 1: Curvilinear

Teig, N., Scherer, R., & Nilsen, T. (2018). More isn't always better: The curvilinear
relationship between inquiry-based teaching and student achievement in science.
Learning and Instruction, 56, 20-29.
http://doi.org/10.1016/j.learninstruc.2018.02.006

Article 1 investigated scientific inquiry as an instructional approach and outcome in
science by exploring the relationship between inquiry-based science teaching and student
achievement in science. This article further examined the empirical and methodological

perspectives of inquiry-based science teaching.

In previous studies on teaching effectiveness, researchers have assumed a linear
positive relationship between inquiry-based teaching and student achievement in science
(Furtak et al., 2012; Jiang & McComas, 2015; Schroeder, Scott, Tolson, Huang, & Lee, 2007).
However, this assumption may be questionable as recent evidence based on ILSAs on the
effectiveness of inquiry-based teaching has yielded conflicting findings (e.g., Cairns &
Areepattamannil, 2017; Jerrim et al., 2019). To test the linearity assumption, Article 1
investigated the association between inquiry-based teaching and achievement at the classroom

level by taking into account the possible existence of nonlinear relations.
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In this study, we drew on data from the Norwegian TIMSS 2015 with a representative
sample of 4,697 ninth-grade students to address the following research questions:
1. How is inquiry-based science teaching related to student achievement?
2. Does the relationship between inquiry and achievement remain after controlling for
students’ SES?

3. Is the relationship between inquiry and achievement moderated by students’ SES?

The findings showed that curvilinear rather than linear relationships existed between
inquiry-based teaching and student achievement in science. The increasing use of inquiry
instruction was correlated with higher achievement until it reached an optimum value; then,
this association decreased as the use of the strategy increased. We found that, when there was
a very high frequency of inquiry activities, the relationship between inquiry and achievement
became negative. These findings suggested the importance of incorporating a relevant type of
relationship and level of analysis in examining teaching effectiveness.

In line with previous studies, it is evident that classroom SES predicts science
achievement. Students in classes with a higher SES tend to have better achievement scores
compared to those in a lower classroom SES. Despite these findings, we uncovered no
evidence that students from high- and low-SES classrooms benefit differently from inquiry-
based science teaching. Further analyses indicated that the strength of the associations
between inquiry-based science teaching and achievement was not affected by classroom SES,

neither for linear nor curvilinear models.

5.2 Article 2: Teacher Beliefs

Teig, N., Scherer, R., & Nilsen, T. (2019). I know I can, but do I have the time? The role of
teachers’ self-efficacy and perceived time constraints in implementing cognitive-
activation strategies in science. Frontiers in Psychology, 10.
http://doi.org/10.3389/fpsyg.2019.01697

Article 2 examined inquiry as an instructional approach by focusing on the role of
teacher beliefs for the enactment of CASs in science classrooms. More specifically, this article
explored the empirical and theoretical perspectives of inquiry-based science teaching in

relation to the conceptual framework of CASs.
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Considerable research has demonstrated that teachers’ self-efficacy plays a major role
in implementing instructional practice. Only a few studies, however, have examined the
interplay between teachers’ self-efficacy and the perceived time constraints in explaining the
variation in their implementation of CASs, especially in science classrooms. Thus, Article 2
explored the interplay between teacher self-efficacy in science teaching and the perceived
teaching challenges related to time constraints as variables that may explain variation in the
implementation of CASs. Due to the complexity of the CAS construct, it is necessary to
distinguish between the generic and specific aspects of CASs and provide empirical evidence
for the relevance of this distinction. Using Norwegian TIMSS 2015 data from science teachers

in Grades 4, 5, 8, and 9, this study addressed the following research questions:

1. To what extent do teacher self-efficacy and perceived time constraints matter for their
implementation of general and inquiry-based CASs?
2. Do these relationships vary across grade levels?

The results showed that teacher beliefs explained 14% and 20% of the variations in
the implementation of general and inquiry-based CASs, respectively. Highly self-efficacious
teachers reported more frequent implementation of both general and inquiry-based CASs,
whereas those who perceived strong time constraints reported a less frequent use of inquiry-
based CASs. Primary teachers (Grades 4 and 5) generally reported lower self-efficacy and
perceived time constraint as well as lower implementation of inquiry-based CASs compared

to secondary teachers (Grades 8 and 9), whereas the opposite was true for general CASs.

The results from the multigroup SEM indicated that the significance and strength of
the relations between teacher beliefs and CASs varied across grade levels. Specifically, the
links between teacher self-efficacy and general CASs were weaker for primary teachers
compared to secondary teachers, although we found no clear pattern between teacher self-
efficacy and inquiry-based CASs. Even though teachers’ perceived time constraints appeared
to be correlated with less implementation of general and inquiry-based CASs across grades,
a significant relationship existed only between teachers’ perceptions of time constraint and
their use of inquiry in Grade 9. This study adds to the existing research by comparing the
relations between teacher beliefs and their enactment of CASs in primary and secondary

education, as research in this area is relatively scarce.
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5.3 Article 3: Log File

Teig, N., Scherer, R., & Kjernsli, M. (2019). Identifying patterns of students’ performance
on simulated inquiry tasks using PISA 2015 log-file data. Manuscript submitted for
publication.

Article 3 examined inquiry as an instructional outcome from a micro approach by
focusing on students’ scientific inquiry skills. The main aim of this study was to identify
hidden profiles of students’ inquiry performance on computer-simulated tasks (referred to as
Items 1 and 2) that require the skills to coordinate the effects of multiple variables and to

coordinate theory with evidence.

This study examined students’ performance using log-file data derived from the PISA
2015 CBA of scientific literacy. These process data provided insights into students’ inquiry
processes by making both their actions during the assessment and the accuracy of their
responses visible. This article demonstrated how log-file data can be explored to further
understand the characteristics of students’ inquiry performance beyond their correct and
incorrect answers. More specifically, this study focused on detecting patterns of students’
interactions with computer-based inquiry tasks to determine whether unique characteristics
of these interactions emerge as distinct profiles of inquiry performance. We examined log-
file data, science achievement, and background questionnaire responses from 1,222

Norwegian students to answer the following research questions:

1. Which profiles of students’ inquiry performance on Items 1 and 2 exist?
2. To what extent do students’ background characteristics, attitudes, and science
achievement differentiate their profiles on Items 1 and 2?

3. How are the profile memberships on Items 1 and 2 related?

The analyses revealed the existence of three distinct profiles of students’ inquiry
performance, which we labelled as strategic, emergent, and disengaged based on their
exploration behavior, inquiry strategy, time-on-task, and item accuracy. Although the findings
indicated three levels of inquiry performance on Items 1 and 2, the characteristics of these
profiles were not identical. For instance, strategic students were those who had the highest
probability of applying a relevant inquiry strategy using the principles of isolated variation
and solving the item correctly for both items. On Item 1, strategic students conducted an
average number of trials and took an average amount of time to answer the item, whereas on

Item 2, strategic students performed the most trials and had the longest time-on-task. Further
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analyses suggested that these profiles also varied with respect to students’ background
characteristics (i.e., gender, SES, language at home), attitudinal constructs (i.e., enjoyment in
science, self-efficacy, test anxiety), and their scientific literacy achievement. In addition, the
assignment of students to the profiles on Items 1 and 2 was significantly related; specifically,
those who were assigned to a particular profile on Item 1 were likely to be assigned to a

similar profile on Item 2.

5.4 Article 4: Assessment

Teig, N., & Scherer, R. (2016). Bringing formal and informal reasoning together—A new
era of assessment? Frontiers in Psychology, 7.
http://doi.org/10.3389/fpsyg.2016.01097

Article 4 explored inquiry as an instructional outcome from a macro approach by
taking into account a range of formal and informal reasoning skills students need to participate
in inquiry activities. This article provided a short overview on utilizing the potentials of CBAs
to assess students’ scientific reasoning. The overview was published as an opinion paper. This
article introduced the relationships between formal and informal reasoning and the
importance of assessing both types of scientific reasoning skills in science assessment. It
further discussed the opportunities CBAs can offer in assessing the complexities of both skills.
We found the following: (a) CBAs can provide a broad range of data, which allow for the
assessment of students’ individual reasoning skills as well as their collaborative performance;
(b) the interactivity feature of CBAs allows students to engage in a dynamic, interactive, and
stimulating assessment environment; and (c) CBAs can offer students customized and instant

feedback to support them during the assessment.
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6 Discussion and implication

The important thing in science is not so much to obtain new facts
as to discover new ways of thinking about them.

— Sir William Lawrence Bragg

While the findings of each study are conferred separately in each of the four articles,
in this chapter, | discuss the findings in light of the overarching aim of this PhD project. | start
by discussing how this thesis collectively addresses the research gaps that were identified in
the configurative review with respect to the three strands of inquiry research presented in
Chapter 2, by highlighting the articles’ theoretical, empirical, and/or methodological
contributions (6.1). Next, | point to relevant implications of this study for the field of science
education, particularly in the Norwegian context (6.2), as well as the implications for
assessing inquiry as an instructional approach and outcome in ILSA (6.3). Finally, I discuss
the strengths and limitations of using TIMSS and PISA data to investigate inquiry (6.4),

followed by a brief concluding remark (6.5).

6.1 Addressing the research gaps identified in the

configurative review

6.1.1 Inquiry as an instructional approach and outcome

Empirical and methodological contributions (Article 1: Curvilinear)

This thesis offers empirical and methodological contributions in examining the
perspectives of inquiry as an instructional approach and outcome. Specifically, Article 1 helps
explain the mixed findings in the current literature about the relationship between inquiry as
an instructional approach and science achievement as an instructional outcome. This article
provides empirical evidence that the inquiry—achievement relationship can take the shape of
an inverted U-curve rather than a straight line, as often assumed. The fading effects of inquiry
on achievement, especially with high-frequency inquiry activities, challenge the assumption
of linearity that “more (inquiry) is always better (or worse)”” and contribute to explaining some
of the conflicting evidence found in previous research. The second empirical contribution of
this article is related to students’ socio-economic backgrounds. Although classroom SES was

related to science achievement, we found no evidence that students from high- and low-SES
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classrooms benefit differently from inquiry teaching. Inquiry practice seemed to be beneficial
for student achievement regardless the level of classroom SES. This article contributes to the
growing body of evidence supporting the advocacy of enacting inquiry-based teaching in
science classrooms, including those with diverse backgrounds (e.g., Blanchard et al., 2010; J.
C. Brown, 2017; Estrella et al., 2018).

Article 1 promotes methodological awareness on the importance of considering the
level of analysis (i.e., classroom level) and curvilinear models in examining teaching
effectiveness, especially for studies that utilize ILSA data. For instance, PISA 2015 Report
showed an overall pattern of negative relationships between inquiry-based teaching practices
and science performance across OECD countries (OECD, 2016b, p. 73). These findings
should be interpreted with caution as they do not necessarily suggest that inquiry activities
should be disregarded in school science. As an instructional approach, inquiry operates at the
classroom level rather than the school level; thus, this level of analysis should be integrated
into the methodological approach in analyzing the effectiveness of inquiry instruction. This
distinction presents a challenge for ILSA studies like PISA, which primarily focus on the
student, school, and country levels rather than the classroom or teacher levels. Furthermore,
since ILSA studies measure the frequency dimension of instructional quality as indicated by
the extent of time spent on certain teaching activities per lesson, this article stresses the
necessity of testing curvilinear models when examining the relationships between teaching
practices and learning outcomes. Against this background, I argue that the type of relationship
and the appropriate level of analysis inherent in the ILSA data could have masked important

differences in the inquiry—achievement relationships found in the configurative review.

6.1.2 Inquiry as an instructional approach

Empirical, theoretical, and methodological contributions (Article 2: Teacher Beliefs)

Article 2 addresses the research gaps in comparing inquiry as an instructional
approach across grades. It presents empirical findings on the significance of teachers’ self-
efficacy in science teaching and their perceived time constraints in explaining opportunities
for students to engage in cognitively challenging learning activities in Grades 4, 5, 8, and 9.
TIMSS 2015 also reported that the time Norwegian classrooms devoted to science instruction
was considerably lower than in other countries (Martin, Mullis, Foy, et al., 2016). However,
since the measure of time constraints was based on teachers’ perceptions, we cannot exclude
the possibility that teachers might have enough time to implement CASs, but their

psychological state perceives otherwise. These inconsistencies could be attributed to the
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pressure and struggles teachers experience in providing effective inquiry teaching (Crawford,
2007; Newman et al., 2004). Overall, this article contributes to the current discussion on the
importance of developing teachers’ self-efficacy through professional development and
teacher education and allocating more time for science instruction to foster the enactment of
CASs (e.g., Banilower et al., 2018; Lotter et al., 2018; Menon & Sadler, 2018; Nilsen &
Frgyland, 2016; Van Roolij, Fokkens-Bruinsma, & Goedhart, 2019).

Article 2 contributes to enhancing the theoretical understanding of challenging
instruction by providing empirical evidence on the distinction between general and specific
aspects of CASs in science teaching. While general CASs typically pertain to activities
common in many disciplines, such as activating students’ prior knowledge and linking the
content to students’ everyday experiences (Baumert et al., 2010; Klieme et al., 2009), inquiry-
based CASs are unique to science as they typically include activities that reflect cognitive
processes used by scientists during scientific practices (Ronnebeck et al., 2016; Stender,
Schwichow, Zimmerman, & Hartig, 2018). As the general and specific aspects of CASs
complement each other, understanding the relations between these aspects is crucial, such as
for identifying teacher challenges to implement both practices in science classrooms and the
types of knowledge that should be emphasized in teacher training and education to support

the implementation of CASs.

In terms of methodological relevance, this article illustrates a systematic analytical
approach for inspecting measurement and structural/relational invariance to make a valid
comparison across groups (i.e., teachers in Grades 4, 5, 8, and 9). This example is of particular
significance because most studies included in the configurative review did not consider this
approach (see the summary in Appendix E), which could lead to biased estimates and
inaccurate interpretations (Sass & Schmitt, 2013). For instance, some studies compared
teachers’ responses regarding inquiry instruction across countries without providing
supporting evidence that they perceived the underlying construct of inquiry similarly.
Researchers have emphasized the importance of investigating measurement invariance before
allowing a comparison across groups (e.g., Greiff & Scherer, 2018; Putnick & Bornstein,
2016). If at least metric invariance was obtained (i.e., teachers interpreted the constructs
similarly across groups), differential relations of the constructs could be examined. To ensure
that these differential relations can be sustained, the invariance testing must yield to a
significant variation in the structural coefficients across the group samples. In Article 2, we
provided in great detail the evidence for measurement and structural invariance involving a

sequence of model comparisons with increasingly stringent models to support the comparison
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across grade levels. This article contributes to increasing methodological awareness of
presenting supporting evidence that ensure valid comparison across groups.

6.1.3 Inquiry as an instructional outcome

As shown in the configurative review, research utilizing TIMSS and PISA data to
examine inquiry as an instructional outcome is scarce. The outcome variable was mostly
represented by overall TIMSS or PISA science achievement rather than separate scores
specific to scientific inquiry. Hence, Article 3: Log File conceptualizes inquiry from a micro
approach by targeting the skills to coordinate the effect of multiple variables and coordinate
theory with evidence, whereas Article 4: Assessment views inquiry from a macro approach,

emphasizing formal and informal reasoning skills implicated in inquiry practice.

Empirical and methodological contributions (Article 3: Log File)

Overall, Article 3 offers a glimpse into potential future research above and beyond the
field of science education by taking advantage of the wealth of information from ILSAs. More
specifically, this article contributes to understanding students’ interactions with complex
simulated inquiry tasks and showcases how log-file data can aid this understanding in several
ways. First, it identifies three distinct profiles of students’ inquiry performance, namely,
strategic, emergent, and disengaged profiles. The existence of these profiles suggests that
overall achievement on inquiry tasks does not necessarily provide a clear picture of what
students can accomplish and the challenges they encounter in solving the tasks effectively.
Second, the article demonstrates significant differences in students’ demographic variables,
attitudinal constructs, and science achievement across the profiles. These differences could
offer insights into the development of interactive simulations that provide adaptive and real-
time feedback based on students’ profile membership. For instance, students in the disengaged
profile would require more motivation-related feedback compared to other profiles. Third, it
contributes to the growing body of research that aims to identify specific challenges students
encounter in inquiry activities (e.g., Kuhn, Arvidsson, Lesperance, & Corprew, 2017; Stender
et al., 2018; Zimmerman, 2007). These findings highlight the need for explicit instructions
that enhance scientific reasoning skills as their applications in inquiry practice continue to be
a challenge for many students. This article proposes that students should be provided with
plenty of opportunities to investigate multivariable phenomena and use evidence to make
sense of these phenomena.

The methodological contribution of Article 3 is related to the use of process data based

on log files in assessing students’ inquiry performance. Since no study identified in the
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configurative review has taken advantage of such data, this article showcases how log-file
data from PISA 2015 can be analyzed to investigate students’ strategies in solving inquiry
tasks. In addition, it shows how multiple sources of PISA data (i.e., log files, science
assessment, and questionnaire data) can be integrated to provide a detailed picture of student

inquiry performance and factors that can explain variation in the performance.

Theoretical contribution (Article 4: Assessment)

Very few studies found in the review have made good use of the digital shift toward
computer-based platforms in ILSA studies for exploring the differences in students’ science
performance, especially for scientific inquiry as an instructional outcome (see Appendix E).
In this respect, the theoretical relevance of Article 4 is reflected in the attempts to review the
potential of CBAs in assessing scientific reasoning skills relevant for inquiry practice. This
article provides some theoretical backings that support the necessity to assess both formal and
informal reasoning in science classrooms. It further argues that these complex skills can be
better assessed using CBAs compared to paper-and-pencil tests by highlighting the following
features: individual reasoning and collaborative performance, interactivity, and feedback.
Although not all features are currently implemented in the ILSA studies, this article offers
some insights into potential research questions and approaches related to the assessment of

inquiry as an instructional outcome, which can be addressed using the data from these studies.

6.2 Implications for science education in Norway

The Norwegian science curriculum is currently being revised and is planned to be
implemented in fall 2020. The draft for the revised science curriculum for primary and lower
secondary schools consist of the following: (a) subject relevance; (b) core subject elements:
scientific practices and ways of thinking, technology, energy and matter, earth and life on
earth, and body and health; (c) subject values and principles; (d) interdisciplinary themes of
public health and life management, sustainable development, and democracy and citizenship;
(e) basic skills: reading, writing, numeracy, digital skills, and oral skills; and (f) specific
competence goals and assessment after Grades 2, 4, 7, and 10.

This study can help inform the ongoing curriculum reform in several ways. First, this
thesis stresses the important role of assessing inquiry as an instructional outcome in school
science. In the draft for the current science reform (Ministry of Education and Research,
2018a), inquiry continues to have a central place in the curriculum under the core element of

“scientific practices and ways of thinking (naturvitenskapelige praksiser og tenkemater).” It
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describes the modes of expression, methods, and ways of thinking in science that lay the
groundwork for other core subject elements. Here, I suggest that “scientific practices and
ways of thinking” as a core element of the science curriculum should clearly represent the
distinction between inquiry as a means to learn science and an end or learning outcome
students need to understand and be able to do. Although the relevance of inquiry as an
instructional approach for understanding conceptual knowledge is evident in this draft, the
latter goal is somewhat vague. It certainly is a misconception to assume that engaging students
in inquiry practice would ultimately lead to the attainment of inquiry as an end, more
specifically students’ development of procedural and epistemic knowledge of inquiry (e.g., J.
Lederman et al., 2019; Schalk, Edelsbrunner, Deiglmayr, Schumacher, & Stern, 2019). As
partly shown by this study, there is no guarantee that students who are proficient in applying
the VOTAT strategy in a univariable experiment would be able to transfer this strategy to a
multivariable situation (procedural) and explain why the strategy is essential for establishing
scientific knowledge (epistemic). Thus, the competence goals related to inquiry as an
instructional outcome should be outlined explicitly in the science curriculum, leaving no room

for misinterpretation.

In this study, | argue that students should be given more opportunities to engage in
scientific investigation and argumentation, particularly by exploring multivariable
phenomena and using evidence to make sense of these phenomena. Even though the concept
of multivariable reasoning is essential for understanding real-world phenomena and for
students’ development of scientific thinking (Kuhn, Ramsey, & Arvidsson, 2015), it was not
explicitly addressed as a competence goal in the 2006 science curriculum or the draft for the
current reform. In contrast, references to scientific argumentation exist in the common
guidelines of both policy documents. Competence goals related to argumentation listed in the
draft for the new reform seem to be better emphasized compared to the previous curriculum
(S-TEAM report, 2010; Ministry of Education and Research, 2006, 2018a). However, this
emphasis could be further strengthened by referring to explicit argumentation competence,
such as the ability “to construct an argument with evidence” or “to critique competing
arguments”, especially for the competence goals in Grades 1-10. The ability to reason and
argue—aimed at elaborating student understanding or persuading others—needs be clearly
targeted in the curriculum beyond general purposes such as “to discuss” or “to talk about”

that can lead to various assumptions of what lies behind each competence goal.

Second, TIMSS and PISA studies allow individual countries to employ national option

instruments that can be used to evaluate the enactment of curriculum reform over time. The

56



national option can include items that measure the extent of teacher implementation and
assessment of inquiry that specifically align with the new curriculum. For example, teachers
or students may be asked about the frequency of inquiry activities that integrate specific parts
of the curriculum, such as the basic skills (i.e., reading, writing, numeracy, digital skills, and
oral skills) and the interdisciplinary themes of sustainable development, public health and life
management, democracy, and citizenship in the subject.

Third, providing appropriate teacher support is vital for the implementation of the
reform. Professional development and teacher training should consider the key role of
teachers’ self-efficacy in science teaching in order to support teachers’ efforts in aligning their
practices with the new reform. For instance, pre- or in-service teachers could be given
opportunities to experience success in strengthening their science content with cognitively
challenging lessons emphasized in the reform and to reflect on those experiences so they can
make explicit connections with their own teaching. In addition, given that students encounter
various challenges in solving inquiry problems, teachers need to be supported with teaching
and assessment resources. As highlighted in this study, insufficient equipment and materials
for science activities might explain why primary teachers resort to a more frequent use of
general rather than inquiry-based CASs. Providing teachers with innovative inquiry
assessment formats is also beneficial to identifying what competences students have already
accomplished and the difficulties they encounter in attempting to accomplish the remaining

competence goals.

Fourth, changes in science instructional time have not yet been considered in the
current reform. This study demonstrates that teachers’ perceived time constraints play a vital
role in explaining their decision to implement inquiry-based CASs, especially in Grade 9.
Norwegian teachers spent around 87 and 81 hours per year on science instruction in Grades 8
and 9, respectively. These instructional times are about 40% lower than the international
average of 144 hours (TIMSS 2015 Report; Martin, Mullis, Foy, et al., 2016). If teachers are
to enact the new curriculum that emphasizes deep learning through complex and authentic
inquiry exploration, it is imperative that they also be provided with adequate time to design
and elaborate well-planned lessons to provide high-quality science teaching for all students.

Taken together, this study contributes to strengthen science education research in the
Norwegian context. Previous research projects investigating inquiry in this context mostly
focused on qualitative classroom studies, such as StudentResearch and Budding Science and
Literacy project. From this perspective, this study adds to the existing research by examining
the dual role of inquiry as an instructional approach and outcome using ILSA data. Since these
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data were derived from representative samples of Norwegian students, the findings from this
study could offer the potential of generalizability, which was very limited from the previous

research in the Norwegian context.

6.3 Implications for international large-scale assessments

Assessing inquiry as an instructional approach

Since the conceptualization and implementation of inquiry in science classrooms vary
according to the type and range of activities students are involved in and the extent of teacher
guidance (e.g., Furtak et al., 2012; Ronnebeck et al., 2016; VVorholzer & Von Aufschnaiter,
2019), the assessment of this construct in ILSA studies should also reflect both aspects. While
TIMSS mostly asks teachers about their perceptions of inquiry-related investigations, PISA
assesses students’ perceptions about a more diverse range of activities related to not only
experimentation but also critique and argumentation. In assessing inquiry as an instructional
approach, both studies could benefit from adding more items that represent various types and
ranges of inquiry activities in the classrooms. Examples include items that are related to
identifying research questions (e.g., “determine whether a question is scientific” or “identify
scientific questions that can be investigated”), using evidence (e.g., “determine what kinds of
data are needed to answer research questions,” “compare data from multiple trials to identify
a pattern,” or “use multiple sources of evidence to develop an explanation™), critique and
argumentation (e.g., “evaluate the credibility of scientific information,” “identify the strengths
and limitations of competing arguments,” or “distinguish between arguments that are based
on scientific evidence and other considerations™), and nature of science (e.g., “discuss ways
to ensure the reliability of the data generated from an experiment”). Some of these suggested
items have been validated by the National Survey of Science and Mathematics Education
(NSSME+ study; Banilower et al., 2018) and could be considered to be included in ILSAs.

In addition, the existing TIMSS and PISA assessments of inquiry as an instructional
approach could be further improved by incorporating measures of teacher guidance. For
example, TIMSS asked teachers about how often their students “design or plan experiments
or investigations.” This item could be revised into “design or plan experiments or
investigations to answer students’ questions.” This modified item would reflect a high degree
of student independence as the source of the questions being investigated would be open to
the students. Nevertheless, not all existing items in the TIMSS or the PISA study could be

easily altered to include the extent of teacher guidance in the instruction. It remains
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challenging to specify guidance explicitly due to the manifold nature of this construct, in
which its implementations in inquiry activities varies depending on (a) the degree of
autonomy students have for individual decisions in each activity, (b) the degree of conceptual
information students receive to help them perform a particular inquiry activity, and (c) the
cognitive domain addressed by guidance in applying procedural and/or content-specific
knowledge (Vorholzer & Von Aufschnaiter, 2019).

Assessing inquiry as an instructional outcome

Conceptual implications. ILSAs could make the most of log-file data to improve the
assessment of complex process-oriented constructs like inquiry. These data provide a wealth
of empirical information about students’ actions and decision-making processes in solving
inquiry tasks. As shown in this study and others (e.g., Gobert, Sao Pedro, Baker, Toto, &
Montalvo, 2012; Ketelhut, Nelson, Clarke, & Dede, 2010; Scalise & Clarke-Midura, 2018),
the analysis of process data based on logged interactions offers a broad description of
students’ inquiry performance beyond simple correct or incorrect responses. The integration
of process data into the framework of science assessment could lead to comprehensive,
reliable, and valid inferences of student inquiry competence (Quellmalz et al., 2010; Scalise
& Clarke-Midura, 2018; Zapata-Rivera, Liu, Chen, Hao, & von Davier, 2017). In doing so,
the assessment of inquiry must be developed to properly capture students’ interactions with
inquiry tasks, such as their patterns of actions, sequences, and strategic behavior, as
observable evidence for the inquiry process. Both theoretical and empirical evidence are
needed to ensure that the reasoning from the process indicators (e.g., sequence of actions,
number of trials) to the specific latent process (e.g., multivariable reasoning) is justifiable
(Goldhammer & Zehner, 2017).

The use of log-file data also offers the potential for identifying and encouraging
student engagement in the assessment. Since ILSA studies are considered low stakes and have
no consequences for individual students, many have suggested that students’ lack of
motivation could lead to underestimating their performance (e.g., Holliday & Holliday, 2003;
Sjeberg, 2014). As demonstrated in this study, students in the disengaged profile had a low
science performance. The variability in students’ test-taking engagement could pose a serious
challenge related to construct-irrelevant variance that might affect the validity of the
inferences based on their performance scores (Braun, Kirsch, & Yamamoto, 2011;
Goldhammer, Martens, Christoph, & Liidtke, 2016). Students’ sequence of actions in the log-

file data could be designed to identify disengaged behavior, such as rapid-guessing responses
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or skipping items, and to send an automated warning message directly to the computer screens
of disengaged students. These messages could be designed to notify students about their
disengagement and encourage them to put more effort into the assessment. Similar effort-
monitoring schemes implemented in CBAs have proven to be effective in increasing test-
taker effort during the assessment and to generate more valid performance scores compared
to conventional tests (e.g., Wise, Bhola, & Yang, 2006; Wise, Kuhfeld, & Soland, 2019).

Ethical implications. It is of paramount importance to establish ethical standards and
regulations that specifically focus on utilizing process data derived from student assessment,
as a recent systematic review of literature showed that such guidelines were practically
nonexistent (Murchan & Siddiq, 2019). These guidelines are vital to ensure that ethical issues
are addressed appropriately in ILSA studies and to avoid a public sense of mistrust with
respect to log-file analyses (Murchan & Siddig, 2019). As discussed in Chapter 4, it is
mandatory for the selected Norwegian students to participate in ILSAs, yet these students had
no knowledge that their behaviors during the assessment were tracked, stored, and utilized for
future research. These logged interactions can be integrated with other sources of data, such
as the main assessment and questionnaire, which can provide more personal information
about an individual’s background and family. The ethical use of process data in ILSA studies
should be further clarified by taking into account the participants’ right to transparency,
privacy, and data protection. For instance, the information letter about TIMSS and PISA
studies sent to the students and their parents/guardians could be updated to make such

information more transparent and accessible.

Technical implications. The huge volume of log-file data generated from students’
interactions with computers that are currently available from ILSAs are very complex and
require an exhaustive and time-consuming data cleaning process before any analysis can be
performed. Establishing a “standardized” data structure, variable, and coding of the log files
across ILSAs could reduce the complexity in understanding the nature of these data. In
addition, it could be worthwhile to build a standard management software to facilitate the
analysis of log-file data for further research purposes. For instance, the OECD provides the
Programme for the International Assessment of Adult Competencies (PIAAC)
LogDataAnalyzer, which supports the extraction, cleaning, and visualization of log files to
better understand a range of issues related to test-taking behaviors, strategies, and processes
in solving the test items. This kind of tool is of potential relevance for facilitating data analysis

while protecting participants’ privacy and the confidentiality of the test questions.
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6.4 Strengths and limitations of using TIMSS and PISA
studies to investigate inquiry

TIMSS and PISA offer several advantages in examining inquiry in science education.
First, items that are used to measure inquiry as an instructional approach and inquiry as an
instructional outcome are of high quality. They were developed by international experts in the
form of the PISA Questionnaire Expert Group (QEG) or the TIMSS Questionnaire Item
Review Committee (QIRC) before being reviewed and agreed upon by advisory groups
(PISA) as well as country representatives (PISA and TIMSS). These items also went through
multiple stages of field trials, design, preparation, implementation, and evaluation in order to
ensure the quality of the instruments for the main assessments (Martin, Mullis, & Foy, 2015;
OECD, 2017). Although it remains a difficult task to provide an inquiry measure that is fully
invariant across all participating countries, results from ILSAs offer a potential for
generalizability to a specific target of population within a country or a group of similar
countries. Second, TIMSS and PISA provide rich information at the student, teacher, school,
and country levels that could be further examined to investigate various aspects of inquiry,
such as identifying relevant variables at the classroom and school level that are related to the
enactment and challenges of various inquiry activities. PISA data could also be linked to other
studies (e.g., TALIS 2018) that offer qualitative perspectives on science teaching and learning
activities. Third, the digital shift toward computer-based platforms in TIMSS and PISA
presents an opportunity to assess a wide range of scientific inquiry. The core potential of this
shift lies in the provision of complex and interactive inquiry tasks, which contributes to
creating a more valid and reliable assessment of inquiry. Furthermore, the availability of
process data as a by-product of the shift allows for a more comprehensive examination of
students’ inquiry performance beyond simple correct/incorrect responses to the tasks, such as
including a narrative about their strategic behavior, sequences, and patterns of actions. Taken
together, TIMSS and PISA studies present great potential for further research regarding not
only inquiry but also other important topics in science education.

As the empirical articles of this thesis center on the secondary analysis of TIMSS and
PISA data, several limitations need to be considered that point to opportunities for further
research. First, given the cross-sectional nature of these data, no inferences about causality of
the findings can be drawn. Nevertheless, although this study is explanatory in nature, the

findings could stimulate experimental or longitudinal investigations to further understand the

61



causal relationships among the constructs. Second, the items used to measure inquiry as an
instructional approach might be considered a crude diagnostic of teachers’ implementation of
inquiry. The items do not explicitly address teacher guidance and may not reflect real
classroom applications. In the TIMSS study, the measure of inquiry as an instructional
approach is built upon teachers’ self-reports rather than student reports and limited to the
activities related to scientific experiments. Even though PISA assessed students’ perceptions
about a broader range of inquiry activities, these perceptions were framed at the school instead
of classroom level and suffer from methodological challenges associated with the
investigation of classroom-level processes. Hence, the choice to include teacher perceptions
from the TIMSS study was the most justifiable. Furthermore, the use of self-report measures
to assess inquiry as an instructional approach can be susceptible to social desirability bias, a
tendency for teachers or students to answer the questionnaire in a way that will be perceived
favorably by others (Muijs, 2006). Thus, adding further sources of information about the
actual implementation of inquiry in science classrooms, such as through video observations
and classroom discourse, could enhance the reliability and validity of the findings (Wagner
et al., 2016).

6.5 Concluding remarks

In 2015, both TIMSS and PISA studies were implemented across a large number of
participating countries around the world. That year marked 20 years of Norway’s participation
in the ILSA studies and was also the starting point of my PhD project. Since that time, a
considerable amount of literature has employed data from these studies to advance research
in science education. As revealed by the configurative review, however, several research gaps
existed with respect to the perspectives of inquiry as an instructional approach and outcome
in science. Through the lenses of science education and ILSA studies, | have attempted to
bridge these gaps by applying the CIPO model in my PhD study. | have argued that, in order
to examine inquiry in a comprehensive context, researchers should consider the relationships
of data gathered from various sources, namely, the input, process, and output of inquiry.
Overall, this PhD study has emphasized the important distinction and role of inquiry as a
means and an end by addressing the theoretical, methodological, and empirical perspectives
in investigating the implementation of inquiry as an instructional approach and the assessment

of inquiry as an instructional outcome.
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Appendices

Appendix A. The configurative review process
1. Search procedures

This configurative review aims to identify empirical studies that examined inquiry as
an instructional approach and outcome in science using TIMSS or PISA data in order to
characterize thematic research patterns across these studies. The search in the ERIC and
PsycINFO databases was not restricted to a specific time range, but the language of
publication was restricted to English.

2. Eligibility criteria

The following first-order criteria for including the studies to the review process were
set beforehand:
1. The study conducted a secondary analysis of TIMSS or PISA data.
2. The articles are concerned with inquiry science.
3. The study is not part of an international/national report (e.g., OECD or IEA
publications or national report on the findings of TIMSS or PISA studies.

3. Search and screening process

As shown in Figure A.1 in the introductory chapter, the initial search identified
through the databases resulted in 98 studies. Additional studies were also identified through
reference search (i.e., snowball method and screening the journals in the area of science
education: International Journal of Science Education, International Journal of Science and
Mathematics Education, Science Education, Journal of Research in Science Teaching,
Research in Science Education, and journals in the area of assessment: Applied
Measurement in Education, Assessment in Education and Educational Assessment, and
Large Scale Assessment. Both search processes yielded altogether 149 studies which were
screened by scanning the titles and the abstracts. The relevant studies were included
following the eligibility criteria, and the duplicates were removed. One article was also
excluded from the review as it was a summary of a dissertation that was already included in
the review. Finally, a total of 42 studies were selected for further review. A summary of the

research process is presented on Figure Al.
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Figure Al. A flowchart of study selection in the review process.
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Appendix C. General characteristic of the studies included in the

configurative review

Type of Publication
40 37
35
30
25
20

15

Number of publication

10

1

Journal articles Dissertation Working paper

Figure F1. The number of different types of publications included in the review

Year of Publication

Number of publication

1

0
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Figure F2. The number of publications across years included in the review
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Inquiry Category
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Number of publication
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Inquiry as an instructional Inquiry as an instructional Inquiry as an instructional
approach outcome approach and outcome

Figure F3. The number of publications for the different types of inquiry category.
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Figure F4. The number of publications for the different types of assessment and assessment
cycles.
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TIMSS Grade Comparison
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Figure F5. The number of publications using TIMSS study across cycles and grades.
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Figure F6. The number of publications using data from a single and multiple countries.



Appendix D. TIMSS 2015 context questionnaires about teaching and

learning activities in science classrooms
About teaching the TIMSS class (section 15):

How often do you do the following in teaching this class? (Every or almost every lesson,
about half the lessons, some lessons, never)

1. Relate the lesson to students’ daily lives

Ask students to explain their answers

Ask students to complete challenging exercises that require them to go beyond the
instruction

Encourage classroom discussions among students

Link new content to students’ prior knowledge

Ask students to decide their own problem solving procedures

Encourage students to express their ideas in class

wmn

No ok

Teaching science to the TIMSS class (section 19):

In teaching science to the students in this class, how often do you ask them to do the

following? (Every or almost every lesson, about half the lessons, some lessons, never)

Listen to me explain new science content

Observe natural phenomena and describe what they see
Watch me demonstrate an experiment or investigation
Design or plan experiments or investigations

Conduct experiments or investigations

Present data from experiments or investigations

Interpret data from experiments or investigations

Use evidence from experiments or investigations to support conclusions
Read their textbooks or other resource materials

10. Have students memorize facts and principles

11. Use scientific formulas and laws to solve routine problems
12. Do field work outside of class

13. Take a written test or quiz

14. Work in mixed ability groups

15. Work in same ability groups

CoNoRr~LWNE
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Appendix E. TIMSS and PISA 2015 released science items

TIMSS 2015 Grade 8 (paper-based assessment)

ID: S062103A |

Science Grade 8

Block_Seq: S02_04

Sara is studying how the rate of photosynthesis in plants is affected by the
intensity of sunlight on the plants.

She grows plants in a clear glass container. Outside air is pulled through the
container by a small pump. Gas analyzers measure the amount of carbon
dioxide and oxygen in the air before it enters and after it leaves the container.

= o—
Z00rrrrrrerrrey light source

glass
container
—c ([ (I
airin air out
gas gas pump
analyzer analyzer

A. When a light is shining on the plants, how will the amounts of carbon
dioxide and oxygen in the air leaving the container compare to the
amounts of carbon dioxide and oxygen entering the container?

Amount of carbon Amount of
dioxide leaving the oxygen leaving the
chamber chamber

® higher and higher

higher and lower

© lower and higher

© lower and lower

ID: S062103B | Science Grade 8

I

Content Domain

Biology

Topic Area

Cells and Their Functions

Cognitive Domain

Reasoning

Maximum Points

Block_Seq: S02_04

Sara conducted a test using a low-intensity light source. She then conducted a
second test using the same equipment with a high-intensity light source.

B. Sara wants to compare gas analyzer data from both tests.

Write two factors that could affect the rate of photosynthesis that Sara will
have to make sure she keeps the same in both tests.

1.

Content Domain
Biology

Topic Area
Cells and Their Functions

Cognitive Domain
Reasoning

Maximum Points
2

Key
See scoring guide
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PISA 2015 (computer-based assessment)

PISA 2015

Running in Hot Weather
Question 4/5

» How to Run the Simulation | -
H Dehydration

Run the simuiation to collect data based on the
information below. Click on a choice, select data in the
table, and then type an explanation to answer the
question.

Based on the simulation, when the air humidity is 40%,
what is the highest air temperature at which a person can

; . 20 25 30 35 40
run for one hour without getting heat stroke? Air Temperature (°C) -
©20°C Air Humidity (%) 2 40 90

O 25°C
© 30°C
© 35°C
© 40°C

Drinking Water @ Yes ONo

Air
Temperature | Humidity | Drinking | Sweat Volume |Water Loss Body

¢ Select two rows of data in the table to support your (°C) (%) Water (Litres) (%) [ Temperature (°C)

answer.

Explain how this data supports your answer.

Students are asked to use the simulation to identify the highest temperature at which a
person can run without getting heat stroke when the humidity is 40%. The correct response
is 35°C and students must select the following two rows of data to support their response:
35°C air temperature 40% humidity and 40°C air temperature 40% humidity. They must
further explain how the selected rows of data support their answer by indicating that at 40%

humidity moving the air temperature up from 35°C to 40°C causes heat stroke.

Item Number CS623Q05

Competency Evaluate and Design Scientific Enquiry
Knowledge — System Procedural

Context Personal — Health and Disease
Cognitive Demand Medium

Item Format Open Response — Human Coded
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Appendix F. The integrative phases of inquiry as an instructional

approach in the Curvilinear and Teacher Beliefs articles

A simplified inquiry-based learning framework from Pedaste et al. (2015)

DISCUSSION

H[ Communication ]

Z
=)
=
N
—
g Questioning/
E Hypothesis Generation
=
z
Qo
Q
r4 : .
=) Exploration Conducting
E (Planning/Designing) Experimentation
Qo
= z
E Data Interpretation ]
N
z J’
=
7] Justifying
= ;
d Conclusion
Z
Q
Q
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Part 11

The Articles
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Article 1

Teig, N., Scherer, R., & Nilsen, T. (2018). More isn't always better: The
curvilinear relationship between inquiry-based teaching and student
achievement in science. Learning and Instruction, 56, 20-29.
http://doi.org/10.1016/j.learninstruc.2018.02.006

[ CONTEXT: |
L INQUIRY |

‘ INPUT PROCESS OUTPUT

i

1

1

1

i

1

1

1

1

1

:

1

. - 1
Student Teacher instructional approach instructional outcome !
Background :
1

:

1

1

1

1

1

:

1

1

science
achievement

—
% Background theoretical J empirical methodological
Attitudes

Beliefs
Article 1:
Curvilinear

scientific
inquiry skills

The article is not available at DUO due to publisher restrictions. The published version is available at
https://doi.org/10.1016/j.learninstruc.2018.02.006
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Typewritten Text
The article is not available at DUO due to publisher restrictions. The published version is available at 
https://doi.org/10.1016/j.learninstruc.2018.02.006 


Article 2

Teig, N., Scherer, R., & Nilsen, T. (2019). | know I can, but do | have the time?
The role of teachers’ self-efficacy and perceived time constraints in
implementing cognitive-activation strategies in science. Frontiers in
Psychology, 10. http://doi.org/10.3389/fpsyg.2019.01697

| CONTEXT: \
| INQUIRY \

} ,

-
INPUT PROCESS OUTPUT ‘
:\
' . . . . .
Student Teacher instructional approach [ instructional outcome ]
Ba(ikground Ba(fkground theoretical I empirical methodological science }t scientific ]
Attitudes Beliefs

L achievement inquiry skills

)

Article 2:

Teacher beliefs
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| Know | Can, but Do | Have the
Time? The Role of Teachers’
Self-Efficacy and Perceived Time
Constraints in Implementing
Cognitive-Activation Strategies in
Science

Nani Teig*, Ronny Scherer and Trude Nilsen

Department of Teacher Education and School Research, Faculty of Educational Sciences, University of Oslo, Oslo, Norway

Considerable research has demonstrated that teachers’ self-efficacy plays a major role
in implementing instructional practices. Only few studies, however, have examined the
interplay between how teachers’ self-efficacy and the challenges that lie outside their
influence are related to their implementation of cognitive-activation strategies (CASs),
especially in science classrooms. Using the Trends in Mathematics and Science Study
2015 data from science teachers in Grades 4, 5, 8, and 9, we explored the extent to
which teachers’ self-efficacy in science teaching and the perceived time constraints
explained variations in the enactment of general and inquiry-based CAS. Findings
from the overall sample showed that highly self-efficacious teachers reported more
frequent implementation of both general and inquiry-based CAS, whereas those who
perceived strong time constraints reported a less frequent use of inquiry-based CAS.
These relationships also existed across grade levels, except on the relations between
perceived time constraint and inquiry-based CAS, which was only significant for the
science teachers in Grade 9. We discuss these findings in light of variations in the
core competencies of science curriculum, teachers’ competences, and the resources
for science activities between primary and secondary education. We also point to the
theoretical implications of this study for enhancing the conceptual understanding of
generic and specific aspects of CAS and the practical implications for teacher education,
professional development, and educational policy.

Keywords: cognitive activation, inquiry-based teaching, perceived time constraints, science education, science
teaching, teacher self-efficacy, Trends in Mathematics and Science Study

INTRODUCTION

Challenging instruction has a key role for stimulating student learning. For this to happen, teachers
need to provide students with cognitively activating learning opportunities that engage them
in meaningful and higher-order thinking (Baumert et al., 2010). Cognitive-activation strategies
(CASs) refer to challenging instructional approaches and learning tasks that stimulate students’
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cognitive functioning and processing (Klieme et al, 2009;
Lipowsky et al., 2009; Depaepe and Konig, 2018). CASs provide
students with opportunities to foster an in-depth understanding
of content through working on complex tasks, for example,
by activating students’ prior knowledge, posing stimulating
questions, and encouraging thoughtful discourse (for a review,
see Seidel and Shavelson, 2007). Although prior research has
shown that the enactment of CAS varies between teachers (Ryan
etal., 2015; Kuinsting et al., 2016; Dorfner et al., 2017), few studies
have examined the extent to which teacher beliefs can explain
this variation, and even fewer studies have investigated it across
grade levels, especially in science teaching. By focusing on two
distinct aspects of teacher beliefs — self-efficacy and perceived
time constraints — the current study aims to explain the variation
in teachers’ implementation of CAS in science classrooms.

Research on science teaching almost exclusively focuses on
supporting teachers to engage students in inquiry practices, such
as formulating research questions, designing and conducting
investigations, and analyzing and interpreting data (Blanchard
etal.,, 2010; Minner et al., 2010) — activities that can be considered
cognitively activating. As subject-specific practices, inquiry-based
CAS are typically enacted for learning about science contents and
the nature of science in more depth through first-hand experience
in scientific investigations (Ronnebeck et al, 2016). Next to
these practices, more general CAS go beyond inquiry-based
teaching and comprise generic strategies aimed at fostering
the development of conceptual knowledge through a range of
practices, such as stimulating scientific discourse and questioning
or linking new content to students’ prior knowledge (Klieme
et al., 2009). Although general and specific aspects of CAS are
both aimed at stimulating students’ cognitive engagement, the
focus of their implementations in the classrooms can be different.
Teachers who activate students cognitively would consider both
types of CAS in their lessons - in fact, the competence to bring
together general and domain-specific instructional approaches
successfully is an important indicator of teacher quality (e.g.,
Shulman, 1986; Kulgemeyer and Riese, 2018).

Despite some evidence demonstrating the benefits of general
CAS (e.g., Kane and Staiger, 2012; Mikeska et al.,, 2017) and
inquiry-based CAS (e.g., Minner et al., 2010; Teig et al., 2018)
for student learning, many teachers have not embraced the use
of these strategies in their classrooms [see the international
reports of Trends in Mathematics and Science Study (TIMSS)
2015 from Martin et al., 2016a and Programme for International
Student Assessment (PISA) 2015 from OECD, 2016]. Teachers
often feel a lack of confidence in enacting CAS in their practice
(Murphy et al.,, 2007). These student-centered approaches are
also demanding for teachers as they tend to be more time-
consuming (Murphy et al., 2007; Powell-Moman and Brown-
Schild, 2011; Smolleck and Mongan, 2011; Wang, 2011; Chen
and Wei, 2015). Although previous research has indicated
that teachers who feel confident in their teaching abilities
are more likely to develop challenging lessons (Holzberger
et al., 2014; Depaepe and Konig, 2018), it has not yet become
clear how both teachers’ self-efficacy and the perceived time
constraints are related to the implementation of CAS. Teachers
who have low self-efficacy may perceive time constraints as

a strong challenge, which hinders their application of CAS
compared to those with high self-efficacy. However, these
relationships may also vary between teachers in primary and
lower secondary schools (henceforth referred to as secondary
schools) due to the different instructional demands, curricula,
and facilitating conditions.

Consequently, the present study focuses on investigating
the extent to which teachers’ self-efficacy and perceived time
constraints matter for the implementation of general and
inquiry-based CAS in science across grade levels. The results
could offer important insights into the role of teachers’ beliefs
about their abilities and the facilitating conditions that support
the use of engaging and cognitively challenging teaching
strategies. These insights could have direct implications for
teacher education and professional development as well as
educational policy, as they reveal two potential aspects teachers
may need to be supported with.

General and Inquiry-Based
Cognitive-Activation Strategies

Recently, researchers have emphasized the importance of
investigating generic and subject-specific aspects of CAS for
student learning and educational outcomes simultaneously
(e.g., Mikeska et al., 2017; Charalambous and Praetorius,
2018). Despite this emphasis, CAS has been operationalized
differently across studies, and the distinction between generic
and subject-specific aspects still require conceptual and empirical
support (Schlesinger and Jentsch, 2016). For instance, focusing
on mathematics instruction, some researchers emphasized
aspects such as activating prior knowledge and working on
challenging tasks as key elements of CAS (Klieme et al., 2009;
Baumert et al., 2010), while others focused on engaging students
in thoughtful discourse or using instructional scaffolding (e.g.,
Kane and Staiger, 2012; Pianta et al., 2012; Schoenfeld,
2013). Although these aspects are situated within mathematics
instruction, they are also relevant in other subjects including
science (Schlesinger and Jentsch, 2016). As such, despite their
dependence on subject-specific knowledge and contents, they
may therefore be considered general CAS.

At the same time, as a subject-specific instruction,
inquiry-based teaching that represents scientific practices lies at
the heart of science teaching and has long been advocated by
science education communities (e.g., American Association for
the Advancement of Science, 1994; Rocard et al., 2007). Learning
science through investigation places a strong emphasis on
students’ active learning and their responsibility for constructing
their own knowledge (Ronnebeck et al., 2016; Kaiser et al., 2018).
Such activities are particularly unique to science teaching, as they
are not typically used in other subject domains. Inquiry practice
activates cognitive processing and fosters students’ reasoning
and thinking skills. In the current study, such instructional
approaches are considered to be subject-specific CAS and
referred to as inquiry-based CAS. By applying the framework of
inquiry-based learning from Pedaste et al. (2015) and Ronnebeck
et al. (2016), inquiry is simplified as the practice in which
students design or plan experiments, conduct experiments to

Frontiers in Psychology | www.frontiersin.org

August 2019 | Volume 10 | Article 1697


https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

fpsyg-10-01697

July 31,2019 Time: 20:4 #3

Teig et al.

Teacher Beliefs and Cognitive-Activation Strategies

collect evidence, interpret the evidence from the experiments,
use the evidence to justify conclusions, and communicate the
results of the experiments (Supplementary Figure S1).

Although a conceptual overlap seems to exist between general
and subject-specific CAS, knowledge about their commonalities,
differences, and the extent to which they are related is limited
(Schlesinger and Jentsch, 2016). This is surprising because the
conceptualization of teaching practices as both domain-general
and domain-specific directly informs both teacher education and
professional development (e.g., Loewenberg Ball and Forzani,
2009; Barrera-Pedemonte, 2016).

Self-Efficacy in Science Teaching

Self-efficacy is an important teacher characteristic that is closely
connected to instructional quality and successful student learning
(Holzberger et al., 2014; Schiefele and Schaffner, 2015). Teacher
self-efficacy refers to the teachers’ beliefs in their abilities to
successfully enact critical instructional tasks in a particular
context (Tschannen-Moran et al, 1998). According to this
definition, teacher self-efficacy is a result of the interaction
between the evaluation of factors that contribute to teaching
difficulties and individual perceptions of teaching abilities.
Self-efficacy beliefs are considered multifaceted constructs that
differ across contexts and that comprises multiple sources
(Bandura, 1977; Tschannen-Moran et al., 1998). In the context of
our study, we focus on teacher self-efficacy in science teaching,
that is, teachers’ judgments of their capabilities to implement
instructional strategies in science that can influence student
learning positively (Riggs and Enochs, 1990; Palmer, 2006;
Cakiroglu et al., 2012).

A mounting body of evidence demonstrates the relevance of
teachers’ self-efficacy to their instructional behaviors (see review
by Mansour, 2009; Zee and Koomen, 2016). In particular, teachers
with a high sense of self-efficacy are more likely to develop
challenging lessons, provide more autonomy for student learning
(Tschannen-Moran et al., 1998; Sandholtz and Ringstaff, 2014),
experiment with new instructional strategies, and try different
teaching materials compared to teachers with lower self-efficacy
(McKinnon and Lamberts, 2014). They also show greater
commitment to improving their teaching and are more persistent
in working with challenging students (Tschannen-Moran et al,,
1998; Sandholtz and Ringstaff, 2014). Recent studies have also
revealed positive and significant relationships between teacher
self-efficacy and all three dimensions of instructional quality:
classroom management, supportive climate, and cognitive
activation (e.g., Kinsting et al,, 2016; Depaepe and Konig,
2018). These relations suggest that highly self-efficacious teachers
manage classrooms well, establish a supportive classroom
climate, and activate students cognitively. Overall, these relations
suggest a link between teachers’ self-beliefs and their performance
during instruction (see also Vieluf et al, 2013; Zee et al,
2016; Daniels et al, 2017). However, teachers use of CAS
showed the weakest link to teacher self-efficacy among the
instructional quality dimensions. Kiinsting et al. (2016) explained
that this finding resulted from a lack of alignment between the
self-efficacy and instructional quality measures. More specifically,
they argued that the scale used to capture teacher self-efficacy was

somewhat less relevant for CAS compared to other dimensions of
instructional quality. In the current study, we consequently use a
teacher self-efficacy measure that focuses on the CAS aspect of
science instruction rather than general science instruction - the
latter would also include other aspects, such as teacher support
and classroom management. This alignment could enhance a
conceptual relevance between the self-efficacy measure and the
measure of CAS as teaching practices.

Prior research also indicated differences in teachers’
self-efficacy across academic levels (e.g., Martin et al., 2012;
OECD, 2014; Ryan et al., 2015). According to TIMSS 2015,
primary school teachers seemed to have lower self-efficacy
in science teaching compared to teachers in secondary
schools (Martin et al., 2012). On average, across the TIMSS
participating countries, only 59% of fourth-grade students had
teachers who were confident in teaching science compared
to 73% of eighth-grade students. Most teachers reported
low self-efficacy in providing challenging tasks for capable
students; the fourth-grade teachers felt particularly the least
confident in explaining science concepts or principles by
conducting science experiments, whereas the eighth-grade
teachers were least confident in adapting their teaching to
engage student interests. Other studies, such as the ones
conducted by Holroyd and Harlen (1996) and Murphy et al.
(2007), also highlighted the continuous trend for the lack
of primary school teachers’ confidence in science teaching
over the past decades. Previous research identified teachers’
mastery experience as a critical source of their self-efficacy,
especially for in-service primary science teachers (e.g., Palmer,
2006, 2011). Teachers’ perceived success in cognitive mastery
(understanding science or pedagogical concepts) and enactive
mastery (performing science teaching) was important aspects
that contribute to fostering teacher self-efficacy from both
short- and long-term perspectives (Palmer, 2011; McKinnon
and Lamberts, 2014; Menon and Sadler, 2016). Since primary
school teachers seem to have few opportunities for enhancing
their mastery experience (Palmer, 2011; Martin et al., 2012),
they might feel less confident to engage their student with
cognitively challenging science lessons, compared to teachers in
secondary schools.

Although teacher self-efficacy has been shown to predict the
implementation of CAS (e.g., Holzberger et al., 2014; Kiinsting
et al., 2016), the extent to which teacher self-efficacy is related
to both general and subject-specific CAS, particularly in science
teaching, is largely unknown. In addition, we know little about
the potential differences in these relationships as a function of
grade level between primary and secondary schools. A more
comprehensive understanding of how these relations may be
similar or differ across academic levels would be important
in developing relevant curricula and interventions in teacher
training and professional development to better support teachers
in enacting CAS. Knowledge about possible differences in
the abovementioned relations may also help teacher educators
to promote the development of teachers’ adaptive teaching
expertise — an expertise that helps them adjust instructional
practices to students’ backgrounds, competences, and needs
(Soslau, 2012).
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Perceived Time Constraints

Time plays an important role in understanding teachers
pedagogical decisions. Teachers who perceive less pressure at
work are more likely to be self-determined toward teaching
and implement student-directed instruction that gives students
greater freedom to learn (Pelletier et al., 2002). Given the
complexity of cognitively activating instruction, the time
allocated for its implementation is critical. Empirical studies
have identified teachers’ perceived time constraints as obstacles
that hindered their decision to enact CAS (e.g., Newman
et al., 2004; Murphy et al., 2007; Wang, 2011; Chichekian and
Shore, 2016). A recent study by Hofer et al. (2018), which
was designed to enhance students’ conceptual understanding
of physics with the use of CAS, highlighted the necessity of
devoting adequate time to actively involve students in the process
of knowledge construction. Drawing from Ajzen’s Theory of
Planned Behavior - a theory that describes the links between a
person’s beliefs about him- or herself, the external conditions that
may facilitate certain behavior, the usefulness of this behavior, and
the ease of this behavior (Ajzen, 1991) — we argue that perceived
time constraints represent facilitating conditions that may
directly or indirectly determine teachers’ intentions to implement
CAS and their actual use of CAS in science classrooms.

Teachers’ perceptions of the time constraints might relate
differently to general and inquiry-based CAS. Depending on
the content being taught, learning activities that include general
CAS - such as dialogic classroom interaction - might require
less time compared to inquiry-based CAS, which entails several
learning phases that build on each other in a systematic way.
Along this line, we explore whether and to what extent the
perceived time constraints are related to the implementation of
general and inquiry-based CAS.

The Present Study

Taking advantage of a large, high-quality dataset from TIMSS
2015, we investigate the interplay between teacher self-efficacy
in science teaching and the perceived teaching challenges related
to time constraints as variables that may explain variation in
the implementation of CAS. First, due to the complexity of
CAS, distinguishing between the generic and specific aspects
of CAS and providing empirical evidence on the relevance
of this distinction were critical steps in the present study to
develop a more comprehensive understanding of CAS. Attending
to the generic as well as subject-specific CAS is crucial to
better understand the complex process of teachers’ instructional
decision-making that results in more effective science teaching
(Charalambous and Kyriakides, 2017; Mikeska et al., 2017).
Second, we examine the relationships of teachers’ perceptions
of self-efficacy and time constraints with their use of general
and inquiry-based CAS in science. Although recent evidence has
demonstrated the reverse effects between teachers’ self-efficacy
and classroom practices (e.g., Holzberger et al., 2013), and it
seems plausible to suggest that the association between teachers’
perceived time constraints and their instructions might be
reciprocal, it is not the scope of this study to determine the
direction of causality. The present study focuses on teachers’

perceptions of their self-efficacy and the time constraints in
teaching - the latter represents the challenges to teaching that
lie outside of teachers’ influence - to explain the variation in
the enactment of general and inquiry-based CAS in science
classrooms. These different beliefs could play a significant role
on the amount of effort that goes into teaching and on the
pedagogical choice to implement CAS.

Third, given the possible differences between primary and
secondary schools, we compare the relations of teacher beliefs
and CAS across Grades 4, 5, 8, and 9. These relations may further
vary across countries (Blomeke et al., 2016), and this is one
of the first studies to examine such variations in a Norwegian
context. The Norwegian compulsory education system consists
of primary school (Grades 1-7) and secondary school (Grades
8-10). A transition also occurs between lower primary school
(Grades 1-4) and upper primary school (Grades 5-7), which
covers a shift toward more complex learning goals, specialized
textbooks, and, in some places, a change of school. An important
difference also exists between Grades 8 and 9. In Norway,
students start to receive grades in secondary schools - hence,
teachers’ instructional practice in Grade 8 emphasizes easing the
transition process from primary to secondary school, gradually
introducing performance assessments. Moreover, investigating
the differences in relationships between teachers’ beliefs and their
use of CAS across grades is part of a robustness check of the
findings that accounts for the various transitions associated with
the Norwegian school context.

The effectiveness of CAS implementation depends on
several components, including the teacher, the students within
the classroom, the necessary teaching resources, and their
interactions. Going beyond the existing research, this study
provides insights into the generic and specific aspects of CAS, as
well as the roles of teachers™ self-beliefs and the perceived time
constraints for engaging students in CAS across grade levels.

MATERIALS AND METHODS

Sample and Procedure

The data were derived from the TIMSS study, an international
large-scale survey that compares trends in mathematics and
science performance in participating countries every fourth year
(Martin et al., 2016a). TIMSS uses a two-stage stratified cluster
design in choosing participants within a country - first, schools
are sampled and then intact classrooms of students are selected
randomly within the participating schools (see Martin et al,
2016b for further details). Additionally, TIMSS collects data
from teachers, school leaders, students, and parents, focusing on
contextual variables related to student learning.

The current study utilized science teacher data from the
Norwegian TIMSS conducted in 2015. In this cycle, Norway
changed the target population of students from Grades 4 and 8
to Grades 5 and 9 to improve the comparability to other Nordic
countries (Bergem et al., 2016a; Kavli, 2018). Specifically, whereas
Norwegian children start school at the age of 6 years, Swedish,
Danish, and Finish children start school at the age of 7 years.
As a consequence, TIMSS 2015 included not only the samples of
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fourth and eighth graders (i.e., benchmark samples), but also the
samples of fifth and ninth graders. Using the Norwegian TIMSS
2015 data allowed not only for sampling across grade levels in
primary and secondary schools but also for testing the robustness
of the findings across grade levels.

The sample consisted of N = 804 science teachers (62.9%
female; 74.9% under the age of 50 years; teaching experience:
M =13.1, SD = 10.1 years). Detailed teacher characteristics are
shown in Table 1. Note that teachers implement an integrated
science curriculum in primary and lower secondary schools.

Measures

CAS in Science Teaching

In TIMSS 2015, teachers were asked about their perceptions
of the frequency of various activities in their classrooms. They
indicated the frequency with which 22 teaching and learning
activities occurred in their science lessons using a four-point

TABLE 1 | Percentages of teacher characteristics across grade levels.

Variables Grade
4 5 8 9
N teachers/classrooms 198 187 213 211
Gender
Male 21.8 30.9 45.4 47.4
Female 78.2 69.1 54.6 52.6
Years of teaching experience
<10 years 38.2 41.0 45.9 44.8
10-19 years 33.6 34.9 35.7 34.6
20-30 years 18.2 12.7 10.7 8.7
>30 years 10.0 1.4 7.7 11.9
Level of formal education
Upper secondary 0.6 0.6
Post-secondary 0.7 1.2
Short-cycle tertiary 9.5 6.0 2.6 5.2
Bachelor or equivalent 82.7 84.3 70.9 68.0
Master or equivalent 6.3 7.8 26.0 25.8
Doctor or equivalent 0.50 1.00
Major area of education®
Primary education 83.4 86.7
Secondary education 9.5 8.6
Primary/secondary education:
Specialization in mathematics 27.7 31.1
Specialization in science 28.3 37.0
Mathematics 26.2 34.1 58.7 53.9
Science: 26.6 36.6
Biology 36.9 31.1
Physics 12.8 14.0
Chemistry 30.9 21.8
Earth science 5.7 6.7
General education 63.1 62.2
Mathematics education 16.5 17.2
Science education 25.8 251

@Teachers are allowed to choose more than one option for their major
area of education.

Likert scale (from 0 = never to 3 = every or almost every lesson).
Of these 22 items, we chose 11 items that were related to
CAS in science teaching: six items representing general CAS
(e.g., asking students to complete challenging exercises that
require them to go beyond the instruction) and five items
representing inquiry-based CAS (e.g., designing or planning
experiments or investigations).

Self-Efficacy in Science Teaching

Teachers were asked to rate their confidence in performing 10
science teaching tasks related to CAS on a four-point Likert scale
(from 0 = low to 3 = very high). The items referred to the degree
to which they believed they could do these tasks (e.g., developing
students’ higher-order thinking skills).

Perceived Time Constraints

Teachers were asked to indicate their level of agreement with
six different statements that reflect teaching challenges related to
time constraints (e.g., I need more time to prepare for class) using
a four-point Likert scale that ranged from 0 (disagree a lot) to 3
(agree a lot).

For further details on item wordings and labels as well as
descriptive statistics of all the measures from the total sample and
each grade sample, please refer to Supplementary Table S1. The
complete teacher questionnaires and detailed information about
the scaling and validation process of the scales across countries
and grade levels are available at the TIMSS 2015 website'. The
items for general and inquiry-based CAS can be found at sections
G14 and S3 (Grades 4 and 5) and sections 14 and 18 (Grades 8
and 9), the items for teacher self-efficacy in science teaching are
available at section S2 (Grades 4 and 5) and section 17 (Grades
8 and 9), whereas the items for teachers perception of time
constraints are presented in section G11 (Grades 4 and 5) and
section 11 (Grades 8 and 9).

Data Analysis

The teacher data were imported from TIMSS international
database’, prepared using the IDB Analyzer Version 4.0, and
further analyzed with the statistical software Mplus 7.4 (Muthén
and Muthén, 1998-2018). The rate of missing data ranged
from 9.7% to 15.8% at the level of item responses, and the
full information maximum-likelihood estimation was used to
handle the missingness (Enders, 2010). To correct standard
errors in the presence of missing data and possible deviations
from normality, the robust maximum-likelihood estimator was
used. All model comparisons involving chi-square statistics are
therefore corrected according to Satorra and Bentler (2010)
procedure. Furthermore, we used the TYPE = COMPLEX option
to take into account the nesting of the teacher data in schools
(Muthén and Muthén, 1998-2018).

The data analysis focused on (a) establishing measurement
models to represent general and specific CAS in science
teaching, teacher self-efficacy, and perceived time constraints;
(b) examining the relations among these constructs for the

Uhttps://timssandpirls.bc.edu/timss2015/questionnaires/index.html
Zhttps://timssandpirls.bc.edu/timss2015/international- database/
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full sample; and (c) examining the relations among these
constructs across grade levels. To accomplish (a), we performed
explanatory factor analysis (EFA) and confirmatory factor
analysis (CFA). For each construct, we employed EFA to examine
the items that were related to the construct and inspected
their underlying dimensions. Next, we conducted CFA to verify
the underlying dimensions of the construct and, ultimately,
obtain information about the model fit to the data. For each
construct, we specified a measurement model that reflected
our theoretical assumptions on the constructs, first for the
total sample and then for the samples of students in Grades
4, 5, 8, and 9. The second step was taken to ensure that
each measurement model formed an appropriate baseline and
construct representation in each grade. We evaluated the model
fit using common goodness-of-fit indices and their guidelines
for an acceptable fit [root mean square error of approximation
(RMSEA) < 0.08, comparative fit index (CFI) > 0.95, Tucker-
Lewis index (TLI) > 0.95, and standardized root mean square
residual (SRMR) < 0.10; Marsh et al., 2005]. Notice that these
guidelines do not represent “golden rules” as they depend on
the specific features of the measurement models, such as the
number of factors, the type of factor structure, and the sample
size (Marsh et al., 2004).

Based on the measurement models established in the previous
steps, we performed structural equation modeling to examine
the relations among the latent variables, both for the full sample
and for the sample across grades. Further, we controlled for
teachers’ gender, years of teaching experience, and educational
level as these variables have shown to be significantly related to
teachers’ self-efficacy (e.g., Klassen and Chiu, 2010; Tuchman
and Isaacs, 2011) by adding them as covariates of teachers’
self-efficacy construct. For the full sample, we began with
specifying the relations between teacher self-efficacy and CAS
in science teaching and then added perceived time constraints
to the structural model. Prior to investigating the differential
relations of the constructs between grades, it was essential
to assess the invariance of the measurement models across
grade levels by applying multi-group CFA to accomplish
this (Sass and Schmitt, 2013; Greiff and Scherer, 2018). We
started with the model that assumed the same factor structure
across grade levels, yet without equality constraints of the
model parameters (configural invariance) and then constrained
the factor loadings (metric invariance) to be equal across
grades. If at least metric invariance was obtained (i.e., teachers
interpreted the constructs similarly across grade levels), we
tested whether the relations between the constructs were
equal across grades (structural or relational invariance). For
comparing the freely estimated with the constrained models
in the measurement and structural invariance testing, we used
the Satorra-Bentler corrected chi-square difference test (SB-x2,
Satorra and Bentler, 2010) and/or the differences in fit indices
(ACFI > —0.01, ARMSEA > 0.014, and ASRMR > 0.015 as
evidence of non-invariance; Chen, 2007). Under the condition
of unequal structural relations across grades, we further
performed the Wald test of parameter constraints to test the
specific differences in the relations between pairs of grade
levels (Brown, 2015).

RESULTS

In the following section, we first present the results of the
preliminary analyses that were aimed at establishing appropriate
measurement models for each construct. Next, we present
the overall findings on the relations among the constructs
for the total sample and more detailed results on how these
relations may vary across grade levels. These findings are
supplemented by the results of measurement and structural
invariance testing.

Preliminary Analyses

Descriptive Statistics and Correlations

In Table 2, we summarized the score means, standard deviations,
and correlations among the constructs for the full sample and
for each grade level. In general, the means were relatively
high, and the magnitude of correlations was low to moderate.
With respect to the full sample, the correlations between
teachers’ self-efficacy and their implementations of general
and inquiry-based CAS were positive, yet negative between
the perceived time constraints and inquiry-based CAS. We
found similar relations for each grade level, except for Grade
8, in which the negative correlation between the perceived
time constraints and inquiry-based CAS was not significant.
Hence, high self-efficacious teachers reported a more frequent
implementation of CAS, whereas teachers who perceived
stronger time constraints used less CAS in their instructions.
In addition, the correlations between general and inquiry-based
CAS were low (rs = 0.32-0.52), pointing to the distinction
between these two aspects of CAS.

Measurement Models

As noted earlier, the conceptualization of CAS as a key dimension
of teaching quality varies across studies. CAS can contain both
generic features of instruction that are similar across subjects
and domain-specific teaching strategies (Schlesinger and Jentsch,
2016). To test this assumption, we applied EFA with a geomin
rotation to the 11 CAS items. The list of eigenvalues favored a
two-factor model of CAS and provided an interpretable pattern
of factor loadings. Specifically, the first factor was indicated by
the items representing general CAS, whereas the second factor
was indicated by the inquiry-related CAS items (Table 3). The
resultant factor correlation was moderate with » = 0.38. The
screeplot of eigenvalues along with the reference values of the
Empirical Kaiser Criterion (EKC; Braeken and van Assen, 2017)
is presented in Supplementary Figure S2.

Using CFA, we further verified the EFA results by evaluating
whether a two-factor model represented the data better than
a one-factor model of CAS - the former contained two
correlated factors of CAS (i.e, general and inquiry-based
CAS). We conducted this model comparison both for the full
sample and for each grade level. For the total sample, the
scale reliability of the one-factor CAS model was acceptable
(w =0.79), yet the model indicated a poor fit, SB-y%(44) = 652.8,
p < 0.001, RMSEA = 0.141, CFI = 0.678, TLI = 0.597,
SRMR = 0.111 (Figure 1A). In contrast, the two-factor CAS
model resulted in a reasonable fit [SB-x?(43) = 197.3, p < 0.001,
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TABLE 2 | Mean scores, standard deviations, and correlations matrices for the constructs.

Constructs M SD 1. 2. 3. 4,

Full sample (N = 804 teachers)

1. Self-efficacy 1.83 0.69 1.00 - - -

2. Time constraints 1.99 0.85 —-0.11* 1.00 - -

3. General CAS 1.86 0.74 0.37*** —0.05 1.00 -

4. Inquiry-based CAS 1.16 0.53 0.39%* —0.15** 0.39*** 1.00

Grade 4 (N = 193 teachers)

1. Self-efficacy 1.74 0.67 1.00 — — -

2. Time constraints 2.01 0.84 -0.13 1.00 - -

3. General CAS 1.86 0.74 0.24** —-0.13 1.00 -

4. Inquiry-based CAS 0.99 0.46 0.23** —0.18** 0.32** 1.00

Grade 5 (N = 187 teachers)

1. Self-efficacy 1.75 0.72 1.00 — — -

2. Time constraints 1.96 0.88 —0.16 1.00 - -

3. General CAS 1.89 0.75 0.30** 0.15 1.00 -

4. Inquiry-based CAS 1.16 0.51 0.57*** 0.01* 0.39%** 1.00

Grade 8 (N = 213 teachers)

1. Self-efficacy 1.91 0.68 1.00 — — -

2. Time constraints 2.02 0.82 0.01 1.00 - -

3. General CAS 1.83 0.73 0.54%** —0.10 1.00 -

4. Inquiry-based CAS 1.22 0.53 0.47*** —0.08 0.48*** 1.00

Grade 9 (N = 211 teachers)

1. Self-efficacy 1.91 0.67 1.00 — — -

2. Time constraints 1.97 0.86 -0.17 1.00 - -

3. General CAS 1.82 0.72 0.48*** —-0.13 1.00 -

4. Inquiry-based CAS 1.24 0.54 0.40%** —0.17** 0.52%** 1.00

*p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 3 | The results of exploratory factor analysis for CAS.

Item label Item wording Eigenvalue Factor loadings
General Inquiry-based

CAS CAS

Live Relate the lesson to students’ daily lives 3.833 0.417

Chal Ask students to complete challenging exercises that require them to go beyond the instruction 1.876 0.476

Disc Encourage classroom discussions among students 0.9083 0.641

Link Link new content to students’ prior knowledge 0.834 0.539

Prob Ask students to decide their own problem-solving procedures 0.702 0.648

Idea Encourage students to express their ideas in class 0.614 0.634

Expl Design or plan experiments or investigations 0.585 0.617

Expr Conduct experiments or investigations 0.521 0.728

Data Interpret data from experiments or investigations 0.497 0.808

Com Present data from experiments or investigations 0.373 0.832

Con Use evidence from experiments or investigations to support conclusions 0.260 0.563

Factor loadings less than £0.20 were excluded.

RMSEA = 0.072, CFI = 0.918, TLI = 0.895, SRMR = 0.043]
with acceptable scale reliabilities of w = 0.76 and w = 0.78
and sufficiently high factor loadings that ranged from 0.45
to 0.65 and 0.62 to 0.82 for general and inquiry-based CAS,
respectively (Figure 1B). The factor correlation between general
and inquiry-based CAS was low, p = 0.40, p < 0.001. The
chi-square difference test that compared the two competing

models (Figures 1A,B) suggested a significantly better fit for
the two-factor CAS model, ASB-x2(1, N = 692) = 499.0,
p < 0.001. Finally, due to the conceptual and methodological
reasons (i.e., some learning activities are intertwined, such
as interpreting and presenting data from experiments, and
the suggestions from the modification indices to improve the
model fit), we added three correlations among item residuals
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FIGURE 1 | Comparison between (A) the one-factor model of CAS, (B) the two-factor model of CAS, and (C) the two-factor model of CAS with correlated factors
for the total sample. Latent variables: CAS, cognitive-activation strategies; GEN, general CAS; INQ, inquiry-based CAS. Please refer to Supplementary Table S1 for
further details of the item labels and wordings as well as the descriptive statistics of these measures.

that led to the refined two-factor model of CAS presented in TLI = 0.967, SRMR = 0.036] and outperformed the two-factor
Figure 1C. This final model of CAS indicated an excellent fit model without residual correlations, ASB-x?(3, N = 692) = 129.3,
[SB-x2(40) = 85.2, p < 0.001, RMSEA = 0.040, CFI = 0.976, p < 0.001. We therefore accepted the two-factor model with
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residual correlations as the measurement model of CAS for
the total sample.

To test whether the measurement model of CAS holds for
the different grade levels, we conducted the same analyses for
the data from each grade and found that the results pointed
into the same direction as those obtained from the total sample.
In Table 4, we provide detailed results of the fit indices and
difference tests for model comparisons. In general, the chi-square
difference tests suggested that the two-factor model of CAS with
residual correlations had a better fit than the one-factor model
for each grade level. For these reasons, we used the two-factor
model with residual correlations as the baseline measurement
model of CAS for further analyses. This model formed the
basis for examining how different aspects of CAS were related
to teachers’ self-efficacy and the perceived time constraints in
science teaching.

Using the same steps of analysis, we investigated the
measurement models of teacher self-efficacy and perceived time
constraint, both for the total sample and for the grade-specific
samples (Supplementary Figure S3). For teacher self-efficacy,
a one-factor CFA model showed an acceptable fit to the
data of the total sample [SB-x%(33) = 155.7, p < 0.001,
RMSEA = 0.074, CFI = 0.960, TLI = 0.945, SRMR = 0.031]
and a satisfactory scale reliability of w = 0.92 with high
factor loadings that ranged from 0.71 to 0.77. For teachers’
perceived time constraints, the one-factor model of CFA
resulted in a good model fit [SB-x%(8) = 24.6, p < 0.001,

RMSEA = 0.054, CFI = 0.979, TLI = 0.960, SRMR = 0.026],
the scale reliability was acceptable (w = 0.82), and the factor
loadings ranged from 0.53 to 0.79. These models could
be retained for the grade-specific samples (Supplementary
Table S2). Along with the two-factor model representing
CAS, the one-factor models representing teacher self-efficacy
and the perceived time constraints formed the basis for all
subsequent analyses.

Relations Among Latent Variables for the
Full Sample

We combined the measurement models of CAS, teacher
self-efficacy in science teaching, and the perceived time
constraints to examine their structural relations. The
combined model exhibited an acceptable fit to the data,
SB—X2(312) =611.2, p < 0.001, RMSEA = 0.036, CFI = 0.955,
TLI = 0.950, SRMR = 0.038. As shown in Figure 2, the
model explained 14% of the variance in general CAS
and 20% of the variance in inquiry-based CAS. Teachers’
self-efficacy was positively related to both general and
inquiry-based CAS. Likewise, their perceptions about time
constraints were negatively related to inquiry-based CAS,
although they were not significantly related to general CAS.
Furthermore, the associations remained after controlling for
teachers’ gender, their years of teaching experience, and their
educational level.

TABLE 4 | Model fit statistics for the measurement models of CAS.

Model LL SCF Npar RMSEA CFI TLI SRMR Model comparisons® ASB-y?2 (Adf)
M1 vs. M2 M2 vs. M3

Full sample

M1: One-factor model —6421.3 1.39 33 0.141 0.678 0.597 0.111

M2: Two-factor model —-6171.8 1.34 34 0.072 0.918 0.895 0.043 499.0 (1)***

M3: Two-factor model with residuals —6107.2 1.35 37 0.040 0.976 0.967 0.036 129.3 (3)***

Grade 4

M1: One-factor model —1442.6 1.43 33 0.149 0.632 0.539 0.124

M2: Two-factor model —1380.9 1.46 34 0.085 0.884 0.852 0.064 123.4 (1)***

M3: Two-factor model with residuals —1359.4 1.49 37 0.050 0.963 0.949 0.058 43.0 (3)***

Grade 5

M1: One-factor model —1412.3 1.29 33 0.126 0.736 0.670 0.120

M2: Two-factor model —1355.6 1.30 34 0.052 0.956 0.944 0.058 118.3 (1)***

M3: Two-factor model with residuals —1344.9 1.29 37 0.024 0.991 0.987 0.056 21.4 (3)***

Grade 8

M1: One-factor model —1733.5 1.21 33 0.136 0.703 0.629 0.100

M2: Two-factor model —1677.5 117 34 0.071 0.922 0.900 0.055 112.0 (1)***

M3: Two-factor model with residuals —1665.5 117 37 0.053 0.959 0.944 0.052 241 (3)***

Grade 9

M1: One-factor model —1699.9 1.29 33 0.140 0.710 0.638 0.101

M2: Two-factor model —1643.8 1.25 34 0.080 0.907 0.882 0.056 112.3 (1)***

M3: Two-factor model with residuals —1619.9 1.22 37 0.039 0.980 0.972 0.043 47.7 (3)F**

LL, log-likelihood value;, SCF, scaling correction factor; Npar, number of parameters; RMSEA, root mean square error of approximation; CFl, comparative fit index; TLI,
Tucker-Lewis index; SRMR, standardized root mean square residual; SB-y?, Satorra—Bentler corrected chi-square statistic; df, degrees of freedom. @The difference
test for model comparisons is based on Satorra-Bentler chi-square difference test, which produced corrected 4 XZ statistics when MLR is used as the maximum

likelihood estimator. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2 | Structural equation model representing the relations among the
latent variables for the total samples. Latent variables: TSE, teacher
self-efficacy in science teaching; TIME, teachers’ perception of time
constraints; GEN, general CAS; INQ, inquiry-based CAS. *p < 0.05,

**p < 0.01, ***p < 0.001.

Relations Among Latent Variables

Across Grades

Measurement Invariance Testing

We further investigated whether the measurement models were
invariant across grade levels. This analytical step forms the
prerequisite for comparing relations among variables across
groups (e.g., Brown, 2015). As presented in Table 5, SB-x? tests
were insignificant for all the constructs. Moreover, the results
showed that all constructs exhibited values below the suggested
criteria for all changes in fit indices (Chen, 2007), except for
the construct of perceived time constraints that had ACFI of
—0.025. Nevertheless, Chen (2007) has also suggested that these
criteria should be implemented with caution as measurement
invariance testing is a very complex issue that could be affected
by various factors, such as sample size, model complexity, and
pattern of invariance. The suggested criteria for change in
fit indices were investigated under limited conditions, and a
number of factors could influence the magnitude of changes.
For instance, the present study took into account the fact that

teachers were clustered within schools, which was not considered
in Chen’s simulation study (2007). From this perspective, the
analyses confirmed metric invariance across grades; constraining
factor loadings of the corresponding indicators to be equal
across grades led to an insignificant decrease in the model fit
indices. Attaining metric invariance for all the constructs under
investigation is critical for making valid comparison as these
results implied that these constructs have the same conceptual
interpretation for the teachers across grades. Since full scalar
invariance was not achieved, the comparison in mean differences
of the constructs was restricted to the item level rather than
the latent means.

Structural Relations

To examine the relationship differences due to grade levels,
we established a multi-group model that combined all latent
constructs under the assumption of metric invariance (Figure 3).
This showed an acceptable fit to the data, SB-x2(1317) = 1677.7,
p < 0.001, RMSEA = 0.039, CFI = 0.947, TLI = 0.944,
SRMR = 0.062. The explained variance across grades ranged
between 7 and 31% for general CAS and between 8 and 33%
for inquiry-based CAS. This model revealed that teacher
self-efficacy in science teaching was positively related to
both general and inquiry-based CAS, whereas teachers’
perceptions of time constraints were not associated with
general CAS. We also found negative relations between the
perceived time constraints and inquiry-based CAS, although
this latter relation was only significant in Grade 9. These
relations remained after controlling for teachers’ gender, their
years of teaching experience, and their educational level for
every grade level.

Although the signs of the relationships were similar across
grades, their strengths varied to some extent. The relationships
between teacher self-efficacy and general CAS were the strongest
in Grade 8 (B = 0.54, SE = 0.07, p < 0.001) whereas the
relationships between teachers’ self-efficacy and inquiry-based
CAS had the largest path coefficient in Grade 5 (B = 0.59,
SE =0.08, p < 0.001).

TABLE 5 | Fit indices and model comparisons of measurement invariance testing with grade levels as the grouping variable.

Model LL SCF Npar RMSEA CFI SRMR ARMSEA ACFI ASRMR Model
comparisons?
ASB-x2 (Adf)
Self-efficacy
Configural invariance —5187.1 1.02 128 0.075 0.959 0.040
Metric invariance —5196.7 1.08 101 0.070 0.957 0.054 —0.005 —0.002 0.014 24.0 (27)
Time constraints
Configural invariance —4849.6 1.09 76 0.047 0.984 0.034
Metric invariance —4851.9 1.12 61 0.022 0.995 0.042 —0.025 0.011 0.008 4.6 (15)
CAS: General and inquiry
Configural invariance —5989.71 1.31 148 0.043 0.973 0.052
Metric invariance —6001.68 1.33 121 0.036 0.977 0.063 —0.007 0.004 0.011 20.5 (27)

LL, log-likelihood value; SCF, scaling correction factor; Npar, number of parameters; RMSEA, root mean square error of approximation; CFl, comparative fit index; SRMR,
standardized root mean square residual; SB-y?, Satorra-Bentler corrected chi-square statistic; df, degrees of freedom. @The difference test for model comparisons
is based on Satorra-Bentler chi-square difference test, which produced corrected A XZ statistics when MLR is used as the maximum-likelihood estimator. *p < 0.05,

*p < 0.01, **p < 0.001.
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FIGURE 3 | Multigroup structural equation model representing the relations among the latent variables across (A) Grade 4, (B) Grade 5, (C) Grade 8, and (D)
Grade 9. Latent variables: TSE, teacher self-efficacy in science teaching; TIME, teachers’ perception of time constraints; GEN, general CAS; INQ, inquiry-based
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Structural Invariance Testing

To further test whether the structural coefficients varied
significantly across grade levels, we constrained the relations
between the latent variables to be equal across grades
and compared the constrained models with the baseline
model that freely estimated these relations. As shown in
Table 6, the structural relations among the constructs were
significantly different across grade levels, except for the relations
between the perceived time constraints and general CAS. As
structural invariance was not attained for all the relationships,
this provided evidence for significant differences in the
structural relations.

Similar to the overall F-test in an ANOVA, this structural
invariance testing procedure, however, only provides information
about the existence of significance difference, yet not about where
exactly these differences lie. Hence, to examine in which grade
levels the differences in relations were statistically significant,
we compared their strengths relative to one another using Wald
tests (Table 7). For the relations between teacher self-efficacy and
general CAS, the findings showed a significant difference between
Grades 4 and 8 as well as between Grades 5 and 8, whereas for the
relationships between teachers’ self-efficacy and inquiry-based
CAS, the difference occurred between Grades 4 and 5 as well as
between Grades 4 and 8.

TABLE 6 | Fit indices and model comparisons of structural invariance testing with grade levels as the grouping variable.

Multi-group model (across grades) LL SCF Npar RMSEA CFI SRMR ARMSEA ACFI ASRMR Model
comparisons?
ASB-x2 (Adf)

Freely estimated —15,958.8 1.16 303 0.040 0.946 0.062

Constrained the relations TSE — GEN —15,968.8 1.16 300 0.040 0.945 0.066 0.000 00.001 —0.004 10.0 @)*

Constrained the relations TSE — INQ —15,964.7 1.16 300 0.040 0.945 0.068 0.000 00.001 —0.006 11.8 (9)*

Constrained the relations TIME — GEN —15,962.4 1.16 300 0.040 0.945 0.064 0.000 00.001 —0.002 7.2 (3)

Constrained the relations TIME — INQ —15,968.5 1.16 300 0.040 0.945 0.065 0.000 00.001 —0.003 9.5 (9)*

TSE, teacher self-efficacy in science teaching;, GEN, general CAS; INQ, inquiry-based CAS; TIME, teachers’ perception of time constraints; LL, log-likelihood value; SCF,
scaling correction factor; Npar, number of parameters; RMSEA, root mean square error of approximation; CFl, comparative fit index; SRMR, standardized root mean
square residual; SB-y?, Satorra-Bentler corrected chi-square statistic; df, degrees of freedom. @The difference test for model comparisons is based on Satorra-Bentler
chi-square test, which produced corrected 4 ;(2 statistics when MLR is used as the maximum-likelihood estimator. All models with constraints were compared against
the freely estimated model. *p < 0.05, **p < 0.01, ***p < 0.001.

Frontiers in Psychology | www.frontiersin.org 11 August 2019 | Volume 10 | Article 1697


https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

fpsyg-10-01697

July 31,2019 Time: 20:4 #12

Teig et al.

Teacher Beliefs and Cognitive-Activation Strategies

TABLE 7 | Differences in relations across grades.

Relations Grade comparisons Wald y?2 (df)

4vs.5 4vs.8 4vs.9 b5vs.8 5vs.9 8vs.9
TSE — GEN  0.29 (1) 553 (1) 38.33(1) 4.05(1) 1.69(1) 0.35(1)
TSE - INQ 613 (1)** 4.29(1)* 235(1) 0.13(1) 0.99 (1) 0.27(1)

TSE, teacher self-efficacy in science teaching;, GEN, general CAS; INQ, inquiry-
based CAS. *p < 0.05, **p < 0.01, ***p < 0.001.

Taken together, the results suggested that (a) teachers who
perceived themselves as more competent in science teaching
reported a more frequent implementation of both general and
inquiry-based CAS, for the overall sample and the sample
across grade levels, and (b) teachers who perceived stronger
time constraints in their classrooms enacted inquiry-based
CAS less frequently, for the overall sample and for the
subsample in Grade 9.

DISCUSSION

The goal of this study was to explore the relations among
teachers’ self-efficacy in science teaching, the perceived time
constraints, and the implementation of CAS in their classrooms.
Our investigation extends previous research in two ways: First,
it develops a deeper conceptual understanding of CAS by
presenting empirical evidence for the distinction between generic
and specific aspects of CAS. Second, it provides insights into
the important roles of teachers’ self-efficacy and perceived time
constraints for the enactment of CAS with data from Grades
4, 5, 8, and 9. The cross-grade comparisons further contribute
to elucidating the differences between primary and secondary
science teachers.

Exploring General and Inquiry-Based
CAS

The findings from our study showed that a two-factor model
of CAS, distinguishing between general and inquiry-based CAS,
was preferred against a one-factor model of CAS. The low
correlation between both aspects of CAS suggests that they
are distinct but related science teaching practices. From a
theoretical perspective, general and inquiry-based CAS share
similar features, and they are both aimed at engaging students
in cognitively challenging learning activities. While general CAS
typically pertain to activities common for many disciplines, such
as activating students’ prior knowledge and linking the content
to students’ everyday experience (Klieme et al., 2009; Baumert
et al., 2010), inquiry-based CAS are unique to science as they
typically include activities that reflect cognitive processes used
by scientists during scientific practices (Ronnebeck et al., 2016).
Although general CAS are crucial for enhancing student learning,
its implementation alone is not sufficient for quality science
instruction and should be complemented with opportunities
to construct knowledge and foster scientific habits of mind
through exploration and investigation (Windschitl et al., 2012;
McNew-Birren and van den Kieboom, 2017). As both generic

and specific CAS complement each another, understanding the
relations between them is crucial to capturing how and the extent
to which teachers engage in such practices, as well as what types
of knowledge should be emphasized in teacher training and
education to support CAS implementation. From an empirical
perspective, the distinction between general and specific aspects
of CAS provides greater understanding of the extent to which
their implementations can be related to other constructs. For
example, in the current study, teachers’ frequent use of general
and inquiry-based CAS could be explained by their self-efficacy
or perceived time constraints. Given the theoretical and empirical
considerations above, our findings provide further insights into
the different types of practices that can maximize students’
cognitive engagement.

The Role of Teacher Self-Efficacy and
Perceived Time Constraints

Findings from the overall sample indicated that teachers’ sense
of efficacy and perceived time constraints are instrumental for
the enactment of CAS. In particular, the relationships between
CAS and teacher self-efficacy were approximately four times
stronger than the relationship between CAS and perceived time
constraints. This study expanded previous knowledge about
teacher self-efficacy by exploring its separate relations with
general and inquiry-based CAS (B = 0.37 and B = 0.42). We
found that the magnitude of these relationships was generally
higher compared to previous studies (Holzberger et al., 2013,
2014; Kiinsting et al.,, 2016). This could be attributed to the
measure of teacher self-efficacy focusing on specific tasks in
science teaching and the measure of separate aspects of CAS
enhancing the conceptual alignment among the constructs under
investigation. As Bandura (2006) suggested, a greater alignment
between the teaching practices presented in the self-efficacy scale
with those presented in the frequency of occurrence scale could
strengthen the link between self-beliefs and teaching practices,
ultimately resulting in larger correlations.

Teachers who felt low self-confidence in teaching science
reported less frequent use of general and inquiry-based CAS. This
association may reflect teachers’ inadequate science knowledge
and beliefs about CAS that hinder them from using such
approaches and lead them to favor low-risk instructions such
as lecture-driven lessons (Murphy et al., 2007). For instance,
enacting inquiry-based science teaching requires teachers to
have strong subject matter and pedagogical content knowledge
as well as positive attitudes about the role of inquiry in
order to guide students in their investigations (Crawford,
2007; Buczynski and Hansen, 2010; Chichekian and Shore,
2016). As these issues may affect teacher self-efficacy and the
enactment of CAS, they should be addressed appropriately during
teacher training and professional development (Crawford, 2007;
Sandholtz and Ringstaff, 2014; Menon and Sadler, 2016). For
example, pre- or in-service teachers could be given opportunities
to experience success in strengthening their science content
with CAS and to reflect on those experiences in order to make
explicit connections with their own teaching. In other words,
fostering mastery experiences — both cognitive and enactive
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mastery experience in the context of CAS - may strengthen
teachers’ self-efficacy (e.g., Palmer, 2011; Menon and Sadler, 20165
Pfitzner-Eden, 2016) and, ultimately, their implementation of
CAS in classrooms.

In addition to low self-efficacy, teachers who perceived time
constraints as a strong obstacle in their classrooms reported
a less frequent use of inquiry-based CAS. Nevertheless, no
significant link was found between perceived time constraints
and general CAS implementation. This result is of particular
relevance as it could contribute to the recent policy discussion
about allocating more instructional time in science (Blank, 2013;
Banilower et al., 2018; Yesil Dagli, 2018), especially for engaging
students in scientific inquiry. Recent comparative surveys on
instructional time spent on science showed that Norwegian
classrooms devoted considerably fewer hours compared to
other countries (TIMSS 2015 Report; Martin et al., 2016a).
Compared to international averages, teachers spent 29% less
time on science teaching per year in Grades 4 and 5 and
47% less time in Grades 8 and 9 (Nilsen and Froyland,
2016). In comparison with general CAS, engaging students
in complex and authentic inquiry learning is time-consuming
in nature, and lack of time has been a common area of
concern for many teachers (Murphy et al., 2007; Smolleck and
Mongan, 2011; Chichekian and Shore, 2016). Previous studies
have demonstrated the effectiveness of inquiry activities as
a basis for quality teaching to enhance science achievement
(e.g., Furtak et al, 2012; Lazonder and Harmsen, 2016).
Inquiry instruction has also been shown to have greater
impacts on science learning for students with non-mainstream
backgrounds compared to direct instruction (Estrella et al., 2018).
If teachers are to enact inquiry approaches, it is imperative
that they also be provided with adequate time to design and
elaborate well-thought lessons to provide high-quality science
teaching for all.

Differences Across Grade Levels

Our findings demonstrated that, at the item level, primary
teachers reported lower self-efficacy as well as a less frequent
implementation of inquiry-based CAS, compared to secondary
teachers; the opposite was true for general CAS (Supplementary
Table S1). As presented in Table 1, secondary teachers
tended to have higher educational qualifications and science
specialization. Using the same data for teachers in Grade 9,
Kaarstein et al. (2016) found that Norwegian teachers who
took at least 60 credits in science courses, regardless their
subject areas, showed better instructional quality than others.
Poor teacher knowledge and science teaching experiences
have also been linked to primary teachers’ low confidence
in teaching science and reluctance to enact challenging
teaching approaches (Murphy et al, 2007; Powell-Moman
and Brown-Schild, 2011; Menon and Sadler, 2016). Lack
of resources is another major challenge for inquiry-based
pedagogy in primary schools (Murphy et al.,, 2007; Buczynski
and Hansen, 2010; Chichekian and Shore, 2016). In our
sample, Norwegian primary schools reported considerably
lower access to sufficient equipment and materials for science
activities than did secondary schools (Martin et al., 2016a;

Nilsen and Froyland, 2016), which might explain why primary
teachers resorted to a more frequent use of general rather than
inquiry-based CAS.

The links between teacher self-efficacy and general CAS
were weaker for primary teachers compared to secondary
teachers (Figure 3 and Table 7). Even though, as classroom
teachers, primary teachers seem to have a better chance to
build a supportive classroom climate that is conducive for
the implementation of CAS compared to secondary teachers
(Ryan et al., 2015), this opportunity did not seem to
translate into stronger relations between teacher self-efficacy
and general CAS in primary schools. Teachers self-efficacy
in science teaching could be an indicator of their content-
based knowledge, which seems to be more important in
later grades (Goe, 2007; Nilsen et al, 2018). As the science
content in secondary schools is increasingly more complex
and specialized, this type of knowledge plays a stronger role
in determining teacher instructional practices (Goe, 2007;
Kind, 2009).

The strength of the relationships between teacher self-efficacy
and inquiry varied across grades, especially between Grades
4 and 5 as well as between Grades 4 and 8 (Figure 3 and
Table 7). These variations might relate to the particularly
high magnitude of correlation in Grade 5. This finding seems
unique to the Norwegian schools and could be attributed to the
transition in the curriculum cluster that divides learning goals
into Grades 2-4, 5-7, and 8-10 (Ministry of Education and
Research, 2006). In the latest Norwegian curriculum reform in
2006, inquiry-based teaching has been emphasized within the
core competencies of the Budding Researcher, which comprise
increasingly complex inquiry activities that span from primary
to secondary schools. For instance, the competencies for Grades
2-4 include to describe, illustrate, and converse about one’s
own observations from experiments and in nature, whereas in
Grades 5-7, they place more emphasis on using instruments
and systematized data, evaluating the results, and presenting
the data. As such, compared to Grade 4, the cluster of
learning goals for students in Grade 5 is more advanced, and
they require, to a certain extent, explicit inquiry instruction.
Although teacher self-efficacy in science teaching relates to the
implementation of inquiry-based CAS in both primary and
secondary classrooms, this belief seems to be more critical for
fifth-grade teachers. The levels of their confidence could indicate
the professional knowledge they have for understanding the
complex curricular goals and how to achieve them through
inquiry activities using limited instructional time and resources
in primary schools.

Even though the evidence of negative relationships between
teachers’ perceptions of time constraints and inquiry-based CAS
was found in the overall sample (Figure 2), these findings
could not be generalized across grade levels as the significant
relationships only existed for the science teachers in Grade 9
(Figure 3). Providing teachers with adequate time for conducting
inquiry is essential regardless of grade levels; however, it seems to
be particularly crucial for ninth-grade teachers in our data. This
might be due to the increasing pressure teachers experience to
prepare students for examination at the end of secondary school
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(Grade 10). Studies have shown that high-stakes testing presents
a distinctive impact on teacher efforts to reform their practices
toward inquiry-oriented teaching (Crawford, 2007; Chichekian
and Shore, 2016). Even though prior research has demonstrated
the significance role of inquiry approaches in promoting
student achievement (e.g., Blanchard et al., 2010; Estrella et al,,
2018; Teig et al, 2018), the enactment of authentic inquiry
practice remains a challenge for many teachers in light of
accountability pressures.

Limitations and Future Directions

As this study presented a secondary analysis of TIMSS data,
several limitations need to be considered: First, although we
applied robust methods for analyzing the relations among
latent instead of manifest variables and validated the findings
across four grade levels, we cannot draw inferences about
cause-and-effect relationships given the cross-sectional nature
of the data. By taking a longitudinal perspective, future studies
could establish whether these associations are causal and further
investigate mediating variables that might affect the relationships
demonstrated in this study. Second, the data were based on
teachers’ self-reports rather than student reports or classroom
observations. Hence, our conclusions are established from the
teacher perspective on the constructs under investigation. Even
though TIMSS assessed students’ perceptions of science teaching,
these perceptions were neither completely aligned with those
obtained from teachers nor with the teacher self-efficacy measure.
Hence, within these limits of the TIMSS questionnaire design
and selection of measures, the choice for teacher perceptions - as
the perceptions of science teaching that were best-aligned with
the self-efficacy measure - was the most justifiable. Nevertheless,
we Dbelieve that adding further sources of information about
the actual implementation of CAS in science classrooms, such
as through video observations and classroom discourse, could
enhance the robustness of our findings. Finally, although it is
not necessarily a limitation of the present study, we acknowledge
that the effectiveness of inquiry instruction in improving
student achievement has been challenged. For example, a
recent study by Jerrim et al. (2019) demonstrated that the
high level of inquiry activities was not associated with science
performance. Mixed findings in the literatures could relate to
the ways both constructs were operationalized, measured, and
analyzed. Even though the current study did not investigate the
inquiry-achievement relationships, future studies could examine
whether teacher beliefs play an important role in moderating
the relationships.

CONCLUSION

This research provides important insights into teachers” beliefs
about themselves and the perceived time constraints in
explaining the opportunities for students to engage in cognitively
challenging learning activities. It enhances our understanding
about challenging instruction by providing empirical evidence
on the distinction between the general and specific aspects of

CAS. The analyses conducted in the current study covered
beyond the descriptive statistics and bivariate relations among
teacher constructs, as currently presented in TIMSS’ international
and national reports (e.g., Bergem et al., 2016b; Martin et al,,
2016a). For instance, it specifically evaluated the invariance of
teacher constructs, examined multivariate relations for testing
theory-driven models, and assessed whether these relations
varied across subgroups within a country sample in order to
enhance the robustness of the TIMSS reports. In particular,
findings from the overall sample revealed positive links between
teachers’ self-efficacy in science teaching and the implementation
of general and inquiry-based CAS as well as negative relationships
between teachers’ perception of time constraints and their
frequent use of inquiry-based CAS. These findings were robust
across Grades 4, 5, 8, and 9, except for the relations between
perceived time constraint and inquiry-based CAS, which was
only significant for the ninth-grade teachers. This study also
adds to the existing research by comparing the relations
between teachers” self-efficacy and their enactment of CAS in
primary and secondary education, as research in this area is
relatively scarce. Our study contributes to the current discussion
on promoting the importance of teachers’ beliefs about their
teaching competences to foster the enactment of CAS in
science classrooms. In addition, these results can stimulate
a productive conversation between policymakers and other
stakeholders about the possibility of allocating more time for
CAS that aimed for implementing inquiry-based instruction.
This dialogue must advance as reforms in science education
continue to embrace inquiry-based pedagogy as the core of
science curricula.
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INTRODUCTION

Scientific reasoning represents a set of skills students need to acquire in order to successfully
participate in scientific practices. Hence, educational research has focused on developing and
validating assessments of student learning that capture the two different components of the
construct, namely formal and informal reasoning. In this opinion paper, we explain why we believe
that it is time for a new era of scientific reasoning assessments that bring these components together,
and how computer-based assessments (CBAs) might accomplish this.

Reasoning is a mental process that enables people to construct new representations from existing
knowledge (Rips, 2004). It includes cognitive processing that is directed at finding solutions
to problems by drawing conclusions based on logical rules or rational procedures (Mayer and
Wittrock, 2006). When people reason, they attempt to go “beyond the information given” to
create a new representation that is assumed to be true (Bruner, 1957). The process of scientific
reasoning comprises formal and informal reasoning (Galotti, 1989; Kuhn, 1993). Formal reasoning
is characterized by rules of logic and mathematics, with fixed and unchanging premises (Perkins
et al,, 1991; Sadler, 2004). It encompasses the ability to formulate a problem, design scientific
investigations, evaluate experimental outcomes, and make causal inferences in order to form
and modify theories related to the phenomenon under investigation (Zimmerman, 2007). Formal
scientific reasoning can be applied not only within the context of science, but in almost every other
domain of society (Han, 2013). It can be used to make informed decisions regarding everyday life
problems (Amsterlaw, 2006); for example, individuals use proportional reasoning to decide the
fastest way to travel from one place to another.

In informal reasoning, students draw inferences from uncertain premises as they ponder
ill-structured, open-ended, and debatable problems without definitive solutions (Kuhn, 1991).
When students reason formally, they work with the given premises in belief mode, which concerns
arriving at true and warranted conclusions whereas informal reasoning is carried out in design
mode, which focuses on identifying relevant premises that can be used to establish a strong
argument (Bereiter and Scardamalia, 2006). Since a premise of informal reasoning is uncertain and
can be questioned, its conclusion can be withdrawn in the light of new evidence (Evans, 2005). This
process involves weighing the pros and cons of a particular decision (Voss et al., 1991). Learners
engage in informal reasoning when they deal with socio-scientific issues—controversial issues that
are influenced by social norms and conceptually related to science, such as whether or not to
consume genetically modified food or support government’s plan for a car-free city (Sadler and
Zeidler, 2005).

Both types of reasoning are used to manipulate existing information and share the same goal
of generating new knowledge. While formal reasoning is judged by whether or not conclusions
are valid, informal reasoning is assessed based on the quality of premises and their potential for
strengthening conclusions.
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The manipulation of existing information in formal and
informal reasoning processes can be described with dual-
process theories of reasoning (Evans, 2007; Glockner and
Witteman, 2010). According to these theories, there are two
distinct processing modes: Type 1 processes are autonomous
and intuitive processes that do not heavily rely on individuals’
working memory, whereas Type 2 processes involve using mental
simulation or thought experiments to support hypothetical
thinking and reflective processes that require working memory
(Evans and Stanovich, 2013). An individual’s first response to a
problem tends to be processed automatically and refers to their
past experiences and personal beliefs (i.e., Type 1 process: Evans,
2008). For example, when using formal reasoning to decide the
fastest way to travel from A to B, an individual’s first thought
might be to take a plane since it is commonly considered the
fastest means of transport. However, the individual might change
his or her mind after processing all necessary information, such
as the travel time to and from the airport.

Not every individual is able to progress after the first stage
and produce a rational decision. Those who are confined to Type
1 processes make intuitive decisions, whereas more experienced
individuals utilize Type 2 processes to construct a well-informed
choice (Wu and Tsai, 2011). In the example of using informal
reasoning to decide whether or not to support a government’s
plan for a car-free city, intuitive thought might lead individuals
to support the plan based on their experiences with pollution.
However, with the purpose of generating new representations,
only those who can (a) elaborate on their intuitive decision with
acceptable justifications; (b) address opposite arguments; and (c)
think about how the plan can be further improved are utilizing
Type 2 processes. In this regard, there is a strong connection
between formal and informal reasoning, in which both types of
reasoning share the common goal of generating new knowledge
by processing available information through the dual stages.

Activity in belief mode covers a broad range of scientific
practices in school science (Bereiter and Scardamalia, 2006).
Outside the classroom, however, students need to make decisions
regarding problems with uncertain premises by working in
design mode. Teachers should have ways to assess how students
improve on their existing ideas by searching beyond what they
already know rather than simply making sure their ideas align
with accepted theories. It is therefore important to build a
scientific reasoning assessment that incorporates both formal
and informal reasoning skills in order to better measure the
constructs underlying scientific reasoning. In the following,
we argue that these complex skills can be best assessed using
computer-based testing.

JOINT ASSESSMENT OF FORMAL AND
INFORMAL REASONING: WHAT CAN
COMPUTER-BASED TESTING OFFER?

The rapid advancement of computer technology has changed
the way scientific reasoning is assessed. Given that technology
can offer rich reasoning activities that can be modified to serve
different purposes, such as formative and summative assessment,

static forms of assessment (e.g., paper-and-pencil tests) have
been replaced by computer-based tests that contain dynamic
and highly interactive simulations. This shift has taken place
for a number of reasons: First, today’s technology can deliver
assessments that use multiple representations and various item
formats to measure complex skills that are not easily measured
in traditional paper-based testing (Quellmalz et al., 2013).
Assessment of complex skills such as multivariable reasoning, in
which learners disentangle the effects of independent variables
on dependent variables in order to test their hypotheses, can be
conducted efficiently with the use of simulations. They can run as
many experiments as needed to observe how the results changes
as the effects of change in input variables to test their hypotheses
(see Figurel). Second, CBAs can provide a broad range of
data beyond students’ mere performance on tasks. Additional
information is stored in log files, including data on response
times, the sequence of actions, and the specific strategies used to
deal with multiple variables (Greiff et al., 2016).

Against this backdrop, we argue that CBAs have the
potential to integrate approaches for assessing both formal and
informal reasoning—learning outcomes that are difficult or even
impossible to assess using conventional methods.

Individual Reasoning and Collaborative

Performance

To date, CBAs have been used to comprehensively measure
individual students’ formal reasoning skills (Kuo and Wu, 2013).
These assessments enable students to test their hypotheses in
environments that simulate the complexity of real experiments
(Greiff and Martin, 2014; Scherer, 2015). The immediate
feedback such environments provide based on students
manipulation of variables can be used to develop a mental model
that represents the relationship among variables. While the
benefits of using CBAs for the assessment of formal reasoning
skills are well-recognized, collaborative classroom discussions
during group work are considered to be the main sources
of information on students’ informal reasoning skills (Driver
et al., 2000). Like actual scientists, students work together to
solve an authentic task through debate and argumentation
(Andriessen et al., 2013). This discussion process can offer rich
information on students communication and collaboration
skills; yet, it remains difficult to measure each individual’s
ability and contribution. CBAs offer plenty of opportunities to
capture collaborative activities by keeping track of individuals’
contributions to the discussion and the sequence of arguments
(De Jong et al., 2012; Nihalani and Robinson, 2012). Hence,
combining the assessment of formal and informal reasoning and
delivering it using computer-based testing may enable us to not
only investigate students’ individual reasoning skills but also
their performance in group discussions.

Interactivity

Interactivity is a distinctive quality of CBA that allows
individual student to demonstrate formal reasoning skills by
interacting with a computer system (Kuo and Wu, 2013). A
student participates in scientific investigations while actively
exploring items that represent scientific phenomena (Quellmalz
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pisa2015 | B

Running in Hot Weather
Question 5/6

| » How to Run the Simulation

Run the simulation to collect data based on the
information below. Click on a choice, select data in the
table, and then type an explanation to answer the
question.

The simulation allows you to choose 20%, 40% or 60%
for air humidity.

Do you expect that it would be safe or unsafe to run
while drinking water with the air humidity at 50% and air
temperature of 40°C?

© Safe
© Unsafe

°C)
¢ Select two rows of data to support your answer. )

Air Temperature (°C)
Air Humidity (%)

Drinking Water

Air Temperature

=

20 25 30 35 40
L p—
20 40 60
Are—

® Yes O No

Sweat Volume
(Litres)

Water

Loss (%) | Temperature (°C)

Explain how this data supports your answer.

required to solve the item (OECD, 2013, p. 39).

FIGURE 1 | Screenshot of the PISA (Programme for International Student Assessment) field trial item, Running in Hot Weather. Multivariable reasoning is

et al,, 2012). During the task exploration phase, the student
conducts experiments and manipulates the virtual environment
in order to produce desirable outcomes. He or she engages
in inquiry practices such as observing the phenomena under
investigation, simulating interactive experiments by controlling
variables to test their hypotheses, generating and interpreting
evidence, and developing evidence-based knowledge. By using
interactive and dynamic items, CBAs can examine a student’s
ability to coordinate complex, primarily formal reasoning
skills.

To assess informal reasoning skills, interactive components
in CBAs engage students to explore and make use of relevant
information to support their arguments. When faced with a
problem related to a socio-scientific issue, students can seek
necessary information from a simulated website rather than using
data that is already provided in the argumentation task in order
to address contrasting positions and to construct a well-informed
decision. Hence, CBAs provide an opportunity to assess how well
students can select relevant information actively as well as their
informal reasoning skills.

In addition to allowing learners to demonstrate their scientific
reasoning skills, research has suggested that interactive features
could improve learners’ problem solving performance (e.g., Plass
etal., 2009; Scherer and Tiemann, 2012). Evans and Sabry (2003)
found that students who used an interactive system outperformed
those using a non-interactive system. Furthermore, Quellmalz
et al. (2012) showed that English Language Learners and
special needs students performed better with the use of
interactive, simulation-based science assessments. Interactivity is
therefore considered a highly important component of building
assessments of formal reasoning. Taken together, CBAs have
the potential to provide stimulating, interactive environments in
which students can perform both formal and informal reasoning.

Feedback

Another feature CBAs offer in testing formal and informal
reasoning skills is the ability to provide students with the
necessary feedback to help them take control of their own
learning. This didactic advantage can lead to better learning
outcomes when feedback is given in a timely fashion and tailored
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to individual needs (e.g., Lopez, 2009; van der Kleij et al., 2012).
Customized and instant feedback is essential for helping students
understand why their responses fail to solve specific formal
reasoning problems or why the information they used to support
their arguments is inadequate. Students can adapt and assess their
learning through gradually increasing feedback, from a brief to
a more detailed scaffold (Shute, 2008). Feedback can encourage
students to actively construct their own knowledge and improve
their learning.

CONCLUSION

On the basis of the strong conceptual connection between formal
and informal reasoning, we argue that it is necessary to bring both
components together for the assessment of scientific reasoning.
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