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Foreword

One of the most prevalent and dangerous misconceptions about education in the
twenty-first century is that because so much information is easily accessible “at the
tip of our fingers,” knowledge construction should no longer be viewed as a major
goal of schooling. Supporters of this view often maintain that current schools should
focus on teaching generic skills rather than content-specific knowledge. This book,
edited by Dori, Mevarech, and Baker (2017), contributes to refuting this misconcep-
tion. It is therefore highly significant that the three general, “big” constructs dis-
cussed throughout the book, namely, cognition, metacognition, and culture, are
addressed in a variety of content-rich frameworks and across all four components of
STEM education: science, technology, engineering, and mathematics. Although in
other educational contexts technology and engineering education had sometimes
been pushed aside in favor of science and mathematics education, in this book,
technology and engineering education take center stage, as they should, in current
STEM education.

More specifically, there are debates in the literature about whether and to what
extent cognitive and metacognitive skills are general, domain transcending, or con-
text bound (e.g., Perkins and Salomon 1989; Veenman 2011). According to a recent
review on metacognition in science education (Zohar and Barzilai 2013), the devel-
opment of learners’ conceptual understanding has long been a central focus of sci-
ence education research. However, previous reviews of metacognition in science
education have claimed the role of metacognition in developing learners’ under-
standing of specific science concepts has not been sufficiently studied in such con-
texts. Therefore, the role of metacognition in developing conceptual understanding
deserves increased attention from researchers and educators. In contrast, the data of
the more recent 2013 review showed that, in recent years, the potential contribution
of metacognition to the understanding of science content has become a central area
of research. Many of the reviewed studies addressed metacognition in rich scientific
subject-specific contexts. This trend firmly places metacognitive research in a cen-
tral junction of science education interest, namely, advancing deep understanding of
scientific concepts and reasoning skills. This trend also opens the door for new
research- and practice-oriented questions.
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One such important question pertains to the generality versus content specificity
of metacognition in STEM education. When designing STEM curriculum in an
integrated way, an issue that becomes central is determining the aspects of metacog-
nition that can and should be taught in general, across all four components of STEM
education, and the aspects that need to be tailored to each area separately. How can
we best use metacognition to deepen the understanding of specific concepts through-
out the STEM curricula? Finally, how can we use evidence from previous research
to support the adaptation to specific content areas?

The first step in answering these questions is to create an inventory of studies that
examine metacognitive learning and instruction in all STEM areas. At a later stage,
an analysis of many studies might form the foundation for devising integrated
STEM evidence-based guidelines for how to best apply metacognition across and
within areas of STEM education. While at this point there are many studies about
metacognition in mathematics and science education, similar research in technol-
ogy' education and engineering education is less developed. Although there are an
increasing number of studies about the application of metacognition in learning
technologies (e.g., Azevedo and Aleven 2013), the area of metacognition in engi-
neering education is in its infancy. The idea promoted in the book by Dori, Mevarech,
and Baker (2017) proposes to look at all four STEM subjects together with respect
to metacognition. The book begins to uncover the similarities among them in terms
of metacognitive instruction and is therefore a step in the right direction. The addi-
tion of culture is also significant.

Finally, the review of studies of metacognition in science education (Zohar and
Barzilai 2013) revealed that there are an insufficient number of studies of teachers’
(both preservice and in-service) knowledge and professional development regard-
ing metacognition. This research gap is a serious limitation in the ability to carry out
large-scale implementation of metacognitive instruction in authentic classrooms.
The book edited by Dori, Mevarech, and Baker attends to that research gap as seven
of the chapters address teachers or instructors, thereby contributing to the literature
in this important field.

Overall, the book constitutes an important landmark in discussing cognition,
metacognition, and culture in STEM education, adding significant value to the body
of literature on these fundamental subjects.

Besen Family Chair for Integrated Studies in Education Anat Zohar
The Seymour Fox School of Education

The Hebrew University of Jerusalem

Jerusalem, Israel

'As used throughout this book, technology, the T in STEM, is discussed here in the context of
educational technology.
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Preface

To my late parents, Moshe (Polack) and Risia (Dudman) Haisraeli,
whose history and passion for education made me who I am.

Education is the pinnacle of civilization activities. It is not just how we accept val-
ues, knowledge, and insights about the world we live in; education is by far the most
effective means to instill peace and harmony among people and peoples. Science
satisfies humans’ insatiable curiosity and drive to know more and understand better,
providing the underpinning for engineering and technology. If used correctly, fol-
lowing universal values of social justice and the right to pursue happiness for all,
science and technology are the foundations for humans’ welfare, health, and well-
being. Unfortunately, people have not always applied these values as torches of
progress. Throughout history, and especially in the twentieth century, there were
terrible deviations from using science and technology to benefit humans, leading to
a murderous regime that killed millions of innocents in the name of some false racist
theory. In the current century, religion often leads to similar arguments and out-
comes, though not yet at the same scale.

Education is the only single means through which it is possible to eradicate these
movements and encourage people and peoples to respect each other’s right to live
their lives the way they wish, exercising their cultures, so long as it does not infringe
on others’ lives. Moreover, only science, technology, engineering, and mathematics
(STEM) can stop the deterioration of our planet’s environment while increasing the
economic pie, so nobody has to fight over shrinking resources.

STEM education must evolve through research to gain better understanding of
how our brains process and assimilate new information and turn it to knowledge and
comprehension. Metacognition is a relatively new frontier in education in general
and in STEM education in particular. This book attempts to fuse cognition, meta-
cognition, and culture to enhance STEM education. As this book involves authors
from diverse backgrounds, different countries and continents, representing a pleth-
ora of cultures and approaches, it is my sincere hope that the book will make its
modest contribution to encourage dialogue among STEM educators and teachers.

ix
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I wish to thank my co-editors and the chapter authors for their contributions to
this book and their ongoing involvement. Thanks to Rea Lavi, my PhD student,
whose editorial help was indispensable. Last but not least, thanks to my dear family,
and especially to my husband, Dov Dori, for being there for me.

Faculty of Education in Science and Technology Yehudit Judy Dori
Technion

Haifa, Israel

The Samuel Neaman Institute for National

Policy Research

Haifa, Israel
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Chapter 1
Introduction

Yehudit Judy Dori, Zemira R. Mevarech, and Dale R. Baker

The fields of research on cognition, metacognition, and culture in learning and
teaching Science, Technology, Engineering, and Mathematics—STEM—have been
growing rapidly in recent years, attracting considerable interest among scholars and
educators. This book addresses the point where these three fields intersect. The
main purpose of this book is to identify, map, and analyze the research in cognition,
metacognition, and culture. We have aimed to identify and characterize commonali-
ties and differences in research pursuits and findings across each of the STEM areas,
pointing out and discussing discipline-dependent nuances. To this end, we have
solicited chapters from leading researchers in these areas and asked them to elabo-
rate on aspects pertaining to cognition, metacognition, and culture in their respec-
tive domains of STEM education expertise.

While there has been research on metacognition in science and mathematics edu-
cation, the studies related to metacognition and culture in engineering and technol-
ogy education is almost nonexistent. This book is thus likely the first one to tackle
the interaction between the domains of engineering and technology education on
the one hand and the metacognitive and cultural aspects on the other hand.

We are still at early stage of research on the intersection and interaction between
the four STEM domains, specifically their T and E components, and the three
themes: cognition, metacognition, and culture. This state of affairs raises questions

Y.J. Dori (P<)
Faculty of Education in Science and Technology, Technion, Haifa, Israel

The Samuel Neaman Institute for National Policy Research, Haifa, Israel
e-mail: yjdori@technion.ac.il

Z.R. Mevarech
David Yellin Academic College of Education, Bar-Ilan University, Jerusalem, Israel

D.R. Baker
MaryLou Fulton Teachers College, Educational Leadership and Innovation,
Arizona State University, Tempe, AZ, USA

© Springer International Publishing AG 2018 1
Y.J. Dori et al. (eds.), Cognition, Metacognition, and Culture in STEM

Education, Innovations in Science Education and Technology 24,
https://doi.org/10.1007/978-3-319-66659-4_1


mailto:yjdori@technion.ac.il

2 Y.J. Dori et al.

related to these themes across the fields of STEM education research, schools of
thoughts, and cultural boundaries. Hence, in this book, we review theoretical back-
ground and cutting-edge research on how various forms of cognitive and metacog-
nitive instruction in different cultures may enhance learning and thinking in STEM
classrooms. We expect that this approach will lay down the foundations needed for
a more formal attempt at defining and testing clear-cut definitions of the concepts
we investigate in this book.

Most of the authors in this book investigate high school and university stu-
dents—or both—in different countries, while a few investigate younger students.
The focus in this book is mostly on students’ learning, with an emphasis on cogni-
tion, metacognition, and culture in STEM. Nonetheless, there are chapters which
view these topics through a lens of teaching, making pedagogical content knowl-
edge another topic discussed in the book. Some authors review the existing litera-
ture, while others described their own framework or models, case studies, or
empirical studies, using qualitative or quantitative methods. The variety of author
nationalities and the cultures they investigated are testimonial of the multifaceted
nature and robustness of this book.

Table 1.1 specifies each chapter’s research population region, academic class,
educational focus, research type and tools, and domain of study. The book includes
four parts, one for each of the STEM domains: science education, technology edu-
cation, engineering education, and mathematics education. As the field of STEM is
fraught with ambiguous definitions for concepts used by various researchers, chap-
ter authors made an effort to provide a clear definition of the cognitive, metacogni-
tive, and cultural components addressed by them.

Collectively, the book is not just an account of the state of the art in research
about cognition, metacognition, and culture in the four STEM domains; it also pro-
vides a wide, integrating perspective on what researchers are investigating with
respect to these topics. To this end, Chap. 15 synthesizes the findings and views
expressed in the invited chapters, makes general observations and insights stem-
ming from analyzing the chapters, and suggests concrete future research directions
for each topic(s) presented in each of the 13 chapters of the book.

1.1 Overview of Chapters in the Four Book Parts

1.1.1 PartI: Science Education

In Chap. 2, Teacher Cognition of Engaging Children in Scientific Practices,
Crawford and Capps are concerned with defining the required teacher knowledge
for engaging children in scientific practices. The authors base their definition on
existing educational frameworks and on their own study. The study involved 30
elementary science teachers who took part in a professional development course.
They present qualitative findings concerning two of the teachers who took part in
this study. The authors provide the definition of pedagogical content knowledge of
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scientific practices (PCK-SP), which is affected by subject matter knowledge
(SMK), scientific practices, nature of science (NoS), and pedagogical knowledge.
They describe and analyze each teacher’s PCK-SP prior to and following the profes-
sional development course the teachers took part in.

In Chap. 3, Students’ Metacognition and Metacognitive Strategies in Science
Education, Avargil, Lavi, and Dori present literature review findings on empirical
research on metacognition with focus on science education. They divided the papers
they had reviewed into three categories: (a) metacognition-based pedagogical inter-
vention, (b) assessment tools for metacognition, and (c) metacognitive learning pro-
cesses. The authors have identified development of assessment tools and their
validation as the largest gap in research. Presenting the survey outcomes of the
assessment tools described in these papers, they derive key criteria for developing
and comparing such tools. Finally, the authors provide suggestions for educators
and researchers concerning assessment and nurture of metacognition in science
education.

In Chap. 4, Recinsidering Different Visions of Scientific Literacy and Science
Education based on the Concept of Bildung, Sjostrom and Eilks present three
humanistic approaches to scientific literacy (SL), termed visions. Each vision per-
tains to a different set of SL aspects and represents different perspectives on science
and society. The simplest vision, Vision I, pertains to SL as science knowledge or
“pipeline science”—what is required to know in order to do science. Vision II per-
tains to SL with respect to economic and everyday requirements or “science for
all”’—what is required to know in order to live with science, whether one is a scien-
tist or a nonscientist. Finally, Vision III, the most complex one, argued by the authors
as the one that the educational systems should teach. It pertains to SL as critical,
reflexive, and transformative or “science for transformation”—the kind of science
required in order to change society through scientific literacy. This vision highlights
the concept of Bildung, which, in this context, refers to the self-development of the
individual into a socio-critical being, who takes responsibility for the world around
him or her and transforms it through scientific knowledge and skills.

1.1.2 Part II: Technology Education

In Chap. 5, Designing for Collaborative Problem Solving in STEM Cyberlearning,
Crippen and Antonenko present their self-developed cyberlearning software for
scaffolding students’ collaborative process of solving authentic problems and for
developing their twenty-first century skills, dubbed ECLIPSE: Environment for
Collaborative Learning Integrating Problem Solving Experiences. The authors
applied a framework within ECLIPSE for scaffolding the problem-solving process,
named Define, Explore, Explain, Present, Evaluate, and Reflect (DEEPER), which
focuses not only on the planning and argumentation skills for problem solving but
also on stakeholder analysis, information discrimination, and solution communica-
tion. The authors review problem solving and critical learning, authenticity, and
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collaboration as parts of STEM education and propose cyberlearning as an aid to
problem solving. They argue that cyberlearning can transform scaffolding of stu-
dents, as it facilitates problem solving in STEM education by making it authentic
and situated in the real world.

In Chap. 6, Technology, Culture, and Young Science Teachers — a Promise
Unfulfilled and Proposals for Chnage, Yerrick, Radosta, and Greene describe teach-
ers who are digital natives, i.e., born into the digital age, as tending to use technol-
ogy for teaching in the same traditional ways as their non-digital native counterparts.
The authors argue that programs for supporting elementary school science teachers
in integrating digital learning into the classroom must address teachers’ knowledge
regarding (a) students’ and teachers’ understanding of scientific concepts, (b) peda-
gogical strategies for teaching science, and (c) the teachers’ own past as science
learners and the effect this had on their pedagogical approach. Based on these prin-
ciples, the authors developed and administered a graduate program for a group of
digital native elementary school science teachers. The program focused on inquiry
and reflection and used new technologies and technology-based teaching methods.
Using a sociocultural lens, they investigated teachers’ participation in and responses
to this program. The authors report that digital video was the most effective technol-
ogy for achieving the learning outcomes. Teachers considered it to be the most
important, while social networking and flipped classroom were the least effective.

In Chap. 7, Technology, Culture, and Values: Implications for Enactment of
Technological Tools in Precollege Science Classrooms, Waight and Abd-El-Khalick
discuss the impact of technology on the culture and values of precollege students in
technology-supported scientific inquiry environments. The authors present the role
of Nature of Technology (NoT) and associated culture and values of science teach-
ing and learning. Dimensions of NoT include notions of technological progression,
technology as part of systems, technological diffusion, technology as a “fix” for
social problems, and technology as expertise. They highlight how various factors at
different stages of technology adoption and implementation influence culture and
values and examine empirical investigations of the enactment of technology-
supported inquiry environments. Finally, the authors suggest investigating the inter-
action of technology with values, beliefs, knowledge, and skills of both teachers and
students.

1.1.3 Part III: Engineering Education

In Chap. 8, Technology, Culture, and Values: Implications for Enactment of
Technological Tools in Precollege Science Classrooms, Purzer, Moore, and
Dringenberg present their concept of engineering design cognition. The authors dis-
cuss the following different definitions of design: (a) design as ill-defined problem
solving, (b) design as a set of strategies, and (c) design as abductive reasoning, i.e.,
searching for a logical inference which is based on the simplest explanation. They
then continue to compare different processes of engineering design and provide a
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diagram that summarizes the common elements of these three design processes. The
authors also present a conceptual diagram of engineering design cognition as an
iterative interaction of knowledge acquisition with knowledge application, which
produces knowledge through trade-off decisions within a specific design context.
Finally, the authors provide explanations for and examples of how to teach, assess,
and carry out research within the engineering design cognition framework.

In Chap. 9, Metacognition and Meta-assessment in Engineering Education,
Wengrowicz, Dori, and Dori describe the implementation of peer assessment and
meta-assessment in two project-based learning engineering courses to foster stu-
dents’ higher-order thinking and metacognitive skills. The courses, taught at leading
technological institutes, were a large, undergraduate course in Israel and a small
graduate course in the USA. Benefits reported include diminishing the instructors’
assessment burden, releasing time to better mentor teams as they engage in concep-
tual modeling of systems, and fostering students’ higher-order thinking and meta-
cognitive skills by assessing the work of their peers. The authors suggested
implementing their pedagogical approach, method, and the set of assessment tools
for conducting further research on cognition and metacognition in large-scale PBL
engineering courses.

In Chap. 10, The Impact of Culture on Engineering and Engineering Education,
Carberry and Baker explore how culture shapes engineering and engineering educa-
tion. They review a variety of research studies worldwide that document the power-
ful influence of culture. They conclude that engineering has its own cultural norms,
but it is influenced by the wider Western culture that views engineering as a mascu-
line endeavor. They provide evidence for how culture influences experiences that
shape engineers’ understanding, identity, interest, and solutions to engineering
problems. In particular, they address the impact of culture on engineering education
and the need to present engineering as a field that supports society and improves the
lives of people all over the world. They encourage engineering educators to rethink
how they teach engineering and to prioritize cultural considerations when preparing
engineering students for real-world activities and educating engineers to solve
global problems.

In Chap. 11, Engineering Education in Higher Education in Europe, Corlu,
Svidt, Gnaur, Lavi, Borat, and Corlu discuss the historical development of engineer-
ing education in Europe, from the first industrial revolution to the present day, link-
ing engineering education to innovation in Europe. The authors outline the historical
development of the Anglo-American and Continental European engineering educa-
tion traditions. They proceed to describe in more depth the historical development
of engineering education in two European countries with Continental tradition:
Denmark and Turkey. Finally, the authors compare the engineering education sys-
tems in Denmark, Turkey, and the UK—an Anglo-American tradition country—
across several dimensions, including innovation scores of the European Commission,
prevalent teaching methods, and advantages and challenges of each system. The
authors explain the differences in innovation scores between the three countries and
suggest how policy makers, educators, and researchers can improve innovation in
engineering education.
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1.1.4 Part IV: Mathematics Education

In Chap. 12, Cognition, Metacognition, and Mathematics Literacy, Mevarech and
Fan define mathematics literacy based on the PISA and Chinese approaches. The
authors pose and respond to the question of what kinds of mathematical knowledge
are important for citizens in the modern world? Their mathematics literacy defini-
tion revolves around the use of mathematics in various contexts on top of using
algorithms and practicing the manipulation of numbers and symbols. The authors
provide examples of Complex, Unfamiliar and Non-routine (CUN) tasks that have
the potential to enhance mathematics learning. Exposing students to complex, unfa-
miliar, and nonroutine (CUN) tasks is necessary but not sufficient. Thus, the chapter
describes two metacognititve approaches that have the potential to promote mathe-
matics literacy: the IMPROVE method, which has been implemented and investi-
gated in Israel, and the Pentagon framework, which has been implemented in
Sigapore. IMPROVE includes introducing the new materials to the whole class by
modeling, metacognitive questioning in small groups, practicing the metacognitive
questioning and reviewing, obtaining mastery on lower and higher cognitive pro-
cesses, verification, and enrichment. The Pentagon framework fosters conceptual
understanding, skills proficiency, mathematical thinking and metacognitive pro-
cesses, and students’ attitudes.

In Chap. 13, Promoting Mathematics Teachers’ Pedagogical Metacognition — a
Theoretical-practical Model and Case Study, Kohen and Kramarski present a theo-
retical and practical model of pedagogical metacognition in teacher education,
called Cognition/Metacognition and Teaching instruction (Cog/Meta_T). They then
provide a case study of two preservice teachers, in which they apply this model in a
microteaching course embedded with Web-based learning and supported by reflec-
tive discussions using the Cog/Meta-T model. The case documents the impact of the
model in the microteaching course through videotaped 5-min teaching episodes of
the two mathematics teachers. Kohen and Kramarski’s line-by-line videotape analy-
sis of the teachers’ cognitive/metacognitive instructional strategies supports the
claim that the model can be an effective pedagogical tool in the preparation of math-
ematics teachers, as it stimulates students’ engagement in learning.

In Chap. 14, Mathematical Modeling and Culturally Relevant Pedagogy, Anhalt,
Staats, Cortez, and Civil provide a method to contextualize the teaching of mathemat-
ics. They propose a way to combine a knowledge-based approach with the strategies
of mathematical modeling. In order to make mathematics relevant to students’ lives,
these strategies include problem solving and sense making, developing problem-
solving tools, interpretation and validation of results, and model improvement. They
provide a charming example of how neighborhood fences and gates can serve as a
modeling activity to describe mathematical functions, connecting to culture and com-
munity. The authors demonstrate the impact of their approach with preservice teach-
ers by presenting and discussing their questions and concerns about teaching secondary
mathematics concepts and including culturally relevant aspects. Finally, they docu-
ment the preservice teachers’ difficulties in making critical conscious connections
between mathematics, relevance to culture, and students’ daily lives.
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In Chap. 15, the discussion chapter, we summarize these definitions, but we do
not attempt to fixate a specific one or provide an all-encompassing set of definitions
of the subjects this book focuses on. Our modest objective has been to frame the
subjects in context and expose readers to the interactions among the orthogonal
notions of STEM domains on the one hand and the aspects of cognition, metacogni-
tion, and culture on the other hand.

The chapters in this book lay out much of the groundwork needed to analyze and
map the research on cognition, metacognition, and culture in STEM education.
While the book discusses important aspects of these topics in four parts, some chap-
ters discuss how learners learn and others how teachers teach. This leaves room for
further research topics, which we present at the end of the discussion chapter.
Considering the width and depth of this book’s scope, and the wealth of newly
reported research in unchartered territory, it is our sincere hope that the book will be
instrumental in grounding and advancing the emerging field of research and practice
in cognition, metacognition, and culture in science, technology, engineering, and
mathematics education.



Chapter 2
Teacher Cognition of Engaging Children
in Scientific Practices

Barbara A. Crawford and Daniel K. Capps

2.1 Proposing a Framework of Teacher Cognition
of Engaging Children in Scientific Practices

In this chapter, we propose a framework of teacher cognition of engaging children
in scientific practices, formerly referred to as inquiry teaching consistent with recent
education reforms in the United States (US). We address the knowledge teachers
need to acquire in order to engage children of all ages in inquiry and scientific prac-
tices in the classroom. The historical basis of shifting from inquiry to that of scien-
tific practices in the US is described below. In developing this framework, we draw
on theoretical and empirical literature related to teachers’ knowledge bases and use
of scientific practices, and our own work with teachers. Instruction related to stu-
dents carrying out and thinking about scientific work, as translated into the class-
room, is complex and sophisticated (Crawford 2000). We need to know more about
what teachers understand, and what many do not understand, about scientific prac-
tices, inquiry-oriented pedagogy, and how to translate these ideas into the classroom
(Abell 2007; Crawford 2014; van Driel et al. 2014).

Classrooms that support students in learning through engaging in scientific prac-
tices promote critical thinking skills that empower these students to become lifelong
learners of science (Llewellyn 2005; NRC 2000, 2012). Understanding aspects of
teacher cognition related to scientific practices is important in light of recent educa-
tion reforms, as in the Next Generation Science Standards (NGSS Lead States 2013)
in the US, as well as reforms in countries around the world (e.g., Barnea et al. 2010;
Department for Education and Skills/Qualification and Curriculum Authority 2004;
Ministry of Education of Singapore 2007). New standards re-emphasize the goal of
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achieving scientific literacy in young people. In the US the NGSS advocate for
teachers integrating three dimensions, Scientific Practices (SP), Disciplinary Core
Ideas (DCI) and Crosscutting Concepts (CC) using a three-Dimensions (3-D) teach-
ing approach. Although these dimensions, by themselves, were part of earlier reform
movements (e.g., NRC 1996), the explicit call for the integration of the three is
novel. Achieving scientific literacy includes gaining critical, higher order thinking
skills (Zohar 2004) versus acquiring superficial knowledge of discrete science con-
cepts and terminology, and limited lower order thinking skills. We claim that teach-
ing SP in the classroom enhances higher-order thinking and contributes towards
developing scientific literacy in young people. Specifically, we are interested in
what teachers need to know in order to enact the kind of instruction we refer to as,
SP pedagogy; that engages young people in sophisticated scientific practices and in
developing higher order thinking. We draw on the empirical literature related to
teacher knowledge of reform-based pedagogy, and our own work with teachers, to
better understand what might constitute the cognition needed to engage students in
scientific practices in the classroom.

2.2 Teacher Cognition

Teacher cognition has been referred to as, “somewhat ambiguous, because research-
ers invoke the term to refer to different products, including teachers’ interactive
thoughts during instruction; thoughts during lesson planning; implicit beliefs about
students, classrooms, and learning; reflections about their own teaching perfor-
mance; automatized routines and activities that form their instructional repertoire;
and self-awareness of procedures they use to solve classroom problems” (Kagan
1992, p. 420). Teacher cognition has been defined simply as the knowledge struc-
tures for classroom teaching (Finley et al. 1992). Calderhead’s definition of cogni-
tion includes not only the knowledge, but the beliefs, and thinking of teachers
(Calderhead 1996). We view teacher cognition as encompassing more than simple
knowledge structures. Our view it is that teacher cognition related to scientific prac-
tices includes the explicit thought processes of teachers as they take into account
their own knowledge and experiences both teaching science and engaging in scien-
tific practices, combined with their experiences with and their views of science, and
their beliefs about how children learn and their self-awareness of analyzing their
teaching.

Although it is commonly agreed that knowledge and beliefs are central to teacher
cognition, Pajares (1992) pointed out that there is confusion between where these
two constructs intersect. A variety of words have been used to define knowledge and
beliefs including, but not limited to perspectives, teachers’ conceptions, personal
knowledge, practical knowledge, and personal practical knowledge. Due to the mul-
tiplicity of terms employed and the blending of beliefs and knowledge, it is difficult
to pinpoint where knowledge ends and beliefs begin, at times making the boundar-
ies quite arbitrary. Although we recognize the important role beliefs play in teacher
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cognition of scientific practices (e.g., see Crawford 2007 for a more thorough dis-
cussion on the matter), in this chapter we focus on the nature of the knowledge
teachers need to acquire in order to engage children in scientific practices. We
emphasize subject matter knowledge, knowledge of scientific practices, knowledge
of nature of science as particularly important aspects of teacher cognition related to
teaching science in this way. In the next section we review a variety of conceptions,
frameworks, and models of teacher knowledge discussed in the literature.

2.3 Theoretical Frameworks for a Knowledge Base
of Teaching

During the past several decades the knowledge base of teaching has been defined
and represented using various frameworks and models. Researchers have described
categories of teacher knowledge, including subject matter or content knowledge
(Grossman 1990; Shulman 1987), theoretical knowledge (Alexander 1984); craft
knowledge (Calderhead 1996; Fenstermacher 1994), personal practical knowledge
(Connelly et al. 1997; Connelly and Clandinin 1990; Tamir 1991), case knowledge
(Shulman 1986), and pedagogical content knowledge (Shulman 1986, 1987). Some
of these categories of knowledge, such as subject matter or content knowledge and
theoretical knowledge, can be seen as more formal knowledge of one’s discipline
including factual propositions, structural knowledge of one’s field, and knowledge
of how problems are solved in the discipline. Others of these are less formal and
more personal to the teacher and may begin to blur the line between knowledge and
beliefs. Although formal knowledge alone, does not constitute teacher cognition of
how to teach science by engaging children in scientific practices, our interest here is
to consider some of the more formal types of knowledge teachers need to acquire to
engage their students in scientific practices.

Lee Shulman’s seminal knowledge base for teaching model appeared in 1986
and 1987. The model involves various kinds of knowledge, including subject matter
knowledge (SMK), pedagogical knowledge (PK), and knowledge of one’s teaching
context. In his model Shulman theorized a form of specialized professional knowl-
edge he coined, pedagogical content knowledge (PCK). Using the construct of
PCK, the content knowledge of science concepts and principles that might be known
by a professional scientist does not necessarily include the integrated knowledge
necessary for teaching science. Pamela Grossman’s model of teacher knowledge
(1990) categorized knowledge as: (a) general pedagogical knowledge, (b) subject
matter knowledge, (c) pedagogical content knowledge, and (d) knowledge of con-
text. Later Cochran-Smith and Lytle (1999) described several types of teacher
knowledge related to teaching. Included in these were the more formal knowledge
for practice and the more practical knowledge in practice. Both the Grossman and
Cochran-Smith & Lytle models offer different insights into necessary and related
forms of teacher knowledge.
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In the recent Handbook of Research on Science Education Vol II, van Driel et al.
(2014) reviewed definitions and models of teacher knowledge and those published
in the last few years, with a focus on disciplinary-based teacher knowledge, such as
science teacher knowledge. For example, van Driel et al. highlighted the mathemati-
cal knowledge for teaching (MKT) model. In this model Deborah Ball and col-
leagues address specialized mathematical content knowledge (Ball et al. 2008). van
Driel and colleagues noted limited attention in the literature, as of their writing, to
specialized science knowledge for teaching. Consideration of the MKT model and
how it might apply to teaching science, may be useful in hypothesizing what knowl-
edge is needed to engage students in scientific practices, given this knowledge is
unique to the work of scientists.

In summary, decades ago Shulman addressed the question, what are the charac-
teristics of a professional knowledge base of teaching, with respect to reform-based
teaching (Shulman 1987)? We raise a similar question in this chapter. However, we
extend this question to what knowledge base is needed to teach science in the
twenty-first century? Specifically, what foundational knowledge is needed by teach-
ers to teach students about how to engage in scientific practices.

2.4 Science Inquiry/Practices as Related to Teaching Science

Classrooms that support students in learning through engaging in scientific prac-
tices promote critical thinking skills that empower these students to become lifelong
learners of science. As a brief historical background to the teaching of scientific
practices, the concept of inquiry has been advocated as an instructional approach of
science teaching for over hundred years (e.g. Dewey 1910). Yet, there exists much
confusion about what inquiry means in classrooms. Different definitions of teaching
science as inquiry appear in the literature (e.g., National Research Council 2007).
Further, confusion over the meaning of teaching science as inquiry appears to exist
in the minds of many teachers and researchers (Anderson 2007; Capps and Crawford
2013a; Crawford 2014; Wheeler 2000). For example, the first author vividly recalls
a personal experience at a science education conference, when Sandra Abell, a well-
known researcher in the US, called out the question, “Just what is it? Inquiry? What
are we all talking about?” In working towards a definition of inquiry in science
education, Anderson (2002) proposed three variations of inquiry: (1) scientific
inquiry (the various ways in which scientists study the natural world): (2) inquiry
learning (a process by which children acquire knowledge of science concepts and
learn about nature of science); and (3) inquiry teaching (broadly defined as the
pedagogy by which teachers engage students in inquiry. Unfortunately, some
researchers conflate these three meanings.

One of the most common misconceptions held by teachers is that inquiry equates
to using “hands-on” activities. For example, teachers may view students building a
DNA model from beads and pipe cleaners as inquiry. However, this is limited view
of inquiry. “Hands-on experience isimportant but does not guarantee meaningfulness”
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(AAAS 1993, p. 319), nor does it guarantee inquiry is taking place. Another mis-
conception is that inquiry can be devoid of science content. Just using what might
be called science process skills, with no testable question or connection with scien-
tific concepts and principles, does not count as teaching children inquiry. There is
also the issue of the amount of teacher direction versus student initiation. “The dual
issues of a) the amount of teacher direction, and b) the quality of the cognitive
activities, are important to consider when assessing the nature of an inquiry experi-
ence in a given classroom” (Crawford 2014).

In the US the Framework for K-12 Science Education (NRC 2012) and NGSS
(Lead States 2013) have replaced the use of the term inquiry, as articulated in previ-
ous reform documents, with eight, “Scientific and Engineering Practices”. In the
NGSS there is a renewed focus on the thinking processes of inquiry, the intellectual
work, associated with scientific work. We refer to teaching science as inquiry,
inquiry teaching, and engaging children in scientific practices to mean the follow-
ing, “Teaching science as inquiry involves engaging students in using critical think-
ing skills, that includes asking questions, designing and carrying out investigations,
interpreting data as evidence, creating arguments, building models, and communi-
cating findings, in the pursuit of deepening their understanding by using logic and
evidence about the natural world,” (Crawford 2014, p. 515). From this point forward
in the chapter, we will use the phrase engaging children in Scientific Practices, in
place of inquiry, with the added emphasis on the pursuit of deepening understanding
and use of logic and evidence about the natural world.

We believe teachers need to have a deep and integrated knowledge of founda-
tional science concepts and principles, scientific practices, nature of science (NOS),
and pedagogy, as well as take a metacognitive stance towards their teaching, in
order to expertly engage their students in scientific practices, which leads to use of
logic and critical thinking. In other words, we argue for an expanded view of teacher
cognition, including knowledge acquisition of core science concepts, of the nature
of scientific inquiry, of what science is, and what science is not, and of how one
translates these ideas into the teaching of children in K-12 classrooms. Although
explicit thought processes are a component of our view of cognition (see discussion
above), we believe it is important to emphasize teachers need to take a metacogni-
tive stance about their teaching and about science.

2.5 Teachers’ Subject Matter Knowledge and Knowledge
of Engaging Students in Scientific Practices

It is an old adage that ‘you cannot teach what you do not know’. At the very least
teachers need a certain depth of discipline-specific subject matter knowledge
(SMK), in order to engage children of any grade level in scientific practices. A com-
mon assumption is that teachers who know more, make better teachers. Over the
past several decades, studies have tested the assumption that teachers with more
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SMK are better teachers. Though it is not always the case, in general, studies sug-
gest a positive relationship between SMK and accomplished teaching practice
(Abell 2007). A handful of studies included findings related to teachers’ use of
reform-based teaching practices in their classrooms. Pioneering work in this area
used coursework as a proxy for SMK, comparing the number of science courses
teachers took in college to their reform-based teaching practice. These studies found
that teachers with more science coursework were more likely to engage their stu-
dents in science processes and student-conducted experiments (Dobey and Schafer
1984; Smith and Cooper 1967). More recently, studies have used other methods to
measure teacher SMK including concept maps (Hashweh 1987), card sorting tasks
(Carlsen 1993), observation and interviews (Capps and Crawford 2013a; Henze
et al. 2009), and SMK assessments (Usak et al. 2011). Findings from studies like
these suggest that teachers with greater SMK are less likely to stick to the script of
a lesson and are more responsive to student ideas during class discussion; whereas
teachers with less SMK tend to lean more heavily on instructional resources and
spend more time lecturing and less time on student ideas (Abell and Roth 1992;
Carlsen 1993; Lee 1995; Newton and Newton 2001). Thus, these studies provide
further evidence for the important role teacher SMK plays in engaging students in
more sophisticated instructional approaches like inquiry.

In addition to SMK teachers need knowledge of how scientists carry out their
work, including how to ask testable questions, design and carry out scientific inves-
tigations, analyze data, build models and develop arguments, maintain skepticism,
and communicate and justify conclusions. We will refer to this as knowledge of
Scientific Practices (SPK). We posit that teachers will also need to have knowledge
of Nature of Science (NOSK), and that NOSK is an important component of what
students need to know in order to deeply understand the nature of scientific knowl-
edge. Thus, teachers likely need more and perhaps different kinds of knowledge
than is traditionally learned in a standard set of science college courses in physics,
chemistry, biology, or earth sciences. It is this expanded content knowledge, and the
integration of knowledge of pedagogy and of classroom and school context that we
intend to explore. We will delve into the question, what kind of knowledge do teach-
ers need in order to engage their students in scientific practices and the use of logic
and evidence to understand science? Further, we will address implications for
teacher education and professional development (PD).

2.6 Model for Teacher Cognition for Engaging Students
in Scientific Practices

Our model for teacher cognition for engaging students in scientific practices is built
on over 5 years of work with teachers of fifth to ninth grade children (ages 10-15)
in the US involved in an authentic science professional development program. To
illustrate the necessary knowledge base that may serve to foster teaching science as
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inquiry we compare the knowledge of a research scientist to that of a seventh grade
science teacher. First, consider the knowledge of a research scientist holding a Ph.D.
in ecology who studies the impact of invasive plants on freshwater ecosystems in
Tanzania. This scientist, no doubt, has deep SMK. SMK is an important aspect of
teacher cognition related to engaging students in scientific practices. Although nec-
essary, SMK alone is not sufficient. This scientist also, presumably, has deep SPK
in that she understands what inquiry is and is able to competently design and carry
out research investigations. She may or may not have deep NOSK (see Schwartz
et al. 2004). What kind of PK does this research scientist have related to teaching
life science to grade 7 children (ages 12—13)? Of course, it is difficult to say, for
sure. However, if this research scientist has never stepped foot into a seventh grade
classroom as a teacher, it is safe to say, she would have limited knowledge of: the
developmental capabilities of these seventh graders, effective pedagogy, the curric-
ulum, cultural backgrounds, community aspects, or the performance indicators for
engaging children in Scientific Practices. Thus, it is likely this research scientist
may have limited ability to effectively engage these students in scientific practices
in the classroom.

Now, let’s consider the knowledge of a typical seventh grade teacher. In order to
teach science concepts and principles, naturally the teacher needs to have a certain
depth of SMK. Traditional teacher preparation programs will likely afford science
teachers with minimum subject matter competencies as demonstrated on standard-
ized teacher certification tests, and through taking required introductory science
courses in college. To engage children in scientific practices it is likely this teacher
needs to know about how scientists do their work [SPK]. There is some evidence
that many science teachers may not possess this kind of knowledge. For example, a
study by Capps et al. (2016) demonstrated that even highly-motivated science teach-
ers lacked an understanding of the practices of science, which would make it diffi-
cult to engage children in scientific practices in their classrooms. Further, many
teachers do not have knowledge of the way scientists work and think; what it means
to be a critical thinker, or of how scientists think about the world and develop their
explanations. This is not surprising given that very few teachers actually have expe-
rience engaging in the practice of science, either on their own or as part of a team.
Thus, SPK may be a limiting factor. There is also evidence that many teachers do
not possess adequate NOSK (Abd-El Khalick and BouJaoude 1997; Capps and
Crawford 2013a; Carey and Stauss 1970) without additional PD. However, unlike
the research scientist, this seventh grade teacher will likely be an expert in many
general strategies of teaching (PK), including knowing the developmental capabili-
ties of seventh students, effective pedagogy, knowledge of curriculum, cultural
backgrounds, and influence of school community. Yet, given her limitations in SPK
and perhaps, in SMK, it is likely this seventh grade teacher will have limited success
in effectively engaging students in scientific practices.

In summary, there are many types of knowledge teachers need to acquire to suc-
cessfully engage their students in scientific practices in the classroom. Teaching is
complex. Among these, SMK is just one type. We acknowledge that SMK is an
important aspect of teacher cognition to engage students in scientific practices (van
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Fig. 2.1 Model representing aspects of knowledge that comprise teacher cognition for engaging
students in scientific practices

Driel et al. 2014). Also important, however, are teachers’ conceptions or under-
standings of scientific practices and of the way scientists work and think (SPK),
knowledge of how scientific knowledge is constructed or nature of science (NOSK),
and PK. These types of knowledge must be developed together in order for teachers
to have some level of confidence in how to engage their students in a scientific
investigation, even when they do not know the answers themselves. All these kinds
of knowledge relate to teacher cognition for scientific practices (see Fig. 2.1). The
knowledge gained in the instructional practice of teaching about scientific practices
is a necessary component of a teacher’s ability to shape their SMK, SPK, NOSK,
based on the context of the classroom to the specific needs of the students and con-
tribute to a teacher’s beliefs and disposition. A mechanism for doing this is a teach-
er’s reflective or metacognitive stance towards teaching.

2.7 Reflection and Metacognition Related to Engaging
Students in Scientific Practices

Reflection and metacognition are both thinking processes. Yet, reflection and meta-
cognition differ in some ways. The act of reflecting includes making sense of an
event or phenomenon and in the case of teaching, trying to grasp the meaning of a
particular science teaching episode. Reflection on one’s teaching involves thinking
about a classroom event, an entire lesson or unit, or interactions and behaviors of
students. Reflection can span a range of thinking processes from the simple recall of
events of the lesson to systematic inquiry into the extent to which students learned
during the lesson and contemplating how to revise that lesson (Schon 1987).
Standard teacher education practice involves asking new teachers to reflect on their
teaching. For example, teacher candidates might respond to these questions: How
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did the lesson unfold? What happened during the lesson? What did the students do?
How many students participated in a discussion? What kinds of questions did you
as the teacher ask? What is your evidence your students learned? How might the
lesson be revised? Generally, novice teachers have fewer experiences and a lower
level of cognition of reform-based, sophisticated teaching methods then experi-
enced, highly qualified teachers. Therefore, reflection by novice teachers may begin
by dealing with superficial aspects of the lesson, such as how did the teacher per-
ceive herself in front of her students?

Metacognition is often defined as “thinking about one’s thoughts”. We base our
view of metacognition on that of Flavell’s 1979 model and interpretations and appli-
cations to education theory and practice (Flavell 1979; Hacker et al. 1998).
Metacognition is a deliberate, planful, and goal-oriented mental process, using
higher level thinking skills applied to one’s thoughts and experiences (Hacker et al.
1998). The thinking process is tied to a person’s own internal mental representations
of that reality. Metacognition is associated with how a teacher relates to her environ-
ment. Thus, taking a metacognitive stance involves thinking about one’s teaching, at
the same time as having an awareness of one’s self as an actor in his or her environ-
ment. We are referring here to the work of teaching science- in the sense of having
educational objectives, a philosophy that drives one’s teaching, and enactment of a
teaching plan. We suggest that a teacher who thinks about and reflects on her teach-
ing and takes a metacognitive stance by being aware of the complexities of the
classroom and her role as a teacher, is likely to achieve a higher ability to translate
inquiry/scientific practices into the classroom than a teacher who does not (see
Capps and Crawford 2013b).

2.8 Subject Matter Knowledge (SMK) Related to Teaching
Scientific Practices

In our own work, we recruited a group of 30, fifth to ninth grade teachers from dif-
ferent parts of the US to participate in an inquiry-based professional development
(PD) program. Prior to teachers’ participation in our PD, we obtained baseline data
of the nature of their teaching practices by observing their classroom lessons or by
viewing videotaped recordings of what teachers identified as their best inquiry-
based lessons. In analyzing these baseline lessons, we determined that the nature of
these lessons consisted mostly of teacher-led discussions, hands-on activities, or
confirmatory laboratories, even though many teachers believed they were using
inquiry-based approaches (Capps and Crawford 2013a). Only a handful of these
lessons were truly investigative in nature, allowing students to actively engage in
scientific practices. Although there was no single factor uniting the four teachers
who fostered more investigative environments in their classrooms, one commonal-
ity was that each of the teachers either scored at the ceiling, or reached the ceiling
of our SMK assessment by the end of the program. This was the case, even if earth
science was not the disciplinary area in which they were trained. For instance, one
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teacher had an undergraduate degree in geology and attained a master’s degree in
geology while he was teaching. In addition, this teacher actively sought out science
professional development and research opportunities throughout his career. Another
teacher had an engineering degree and regularly engaged in science-like activities in
his free time. Two teachers with less formal training in science (i.e., the equivalent
of a college minor) actively sought out professional development and research
opportunities throughout their careers (Capps and Crawford 2013a). Thus, findings
from our work concur with other studies that suggest that teacher SMK is important
in enacting sophisticated teaching approaches, like engaging students in scientific
practices that require a high amount of teacher involvement (i.e. Crawford 2000).

However, not all the teachers in our PD with strong SMK engaged their children
in scientific practices. This point is important. In other words, strong SMK may be
necessary, but not sufficient, to enable teachers to engage students in scientific prac-
tices. For example, one teacher, Kendra had a wealth of background experiences,
including majoring in science, undergraduate research experience, and work in a lab
prior to obtaining her teaching certification. Yet, we determined that Kendra did not
teach science in an investigative way (note: we will return to Kendra later on). This
suggests that although SMK is important, and even essential, it is likely not suffi-
cient by itself, to promote a teacher using an investigative approach.

2.9 Teachers’ Knowledge of Scientific Practices Related
to Engaging Children in the Classroom

Another type of knowledge, related to SMK, is a teacher’s knowledge of scientific
practices. Teachers’ knowledge of how scientists work and think, is rarely discussed
in the literature. Most studies that have done this have looked at how teachers’
knowledge align with inquiry/scientific practices as conceived in reform-based doc-
uments (e.g., Brown et al. 2006; Capps et al. 2016; Lotter et al. 2006). Similar to
SMK, it seems likely that teachers who have a better understanding of scientific
practices will likely have more success in engaging their students in scientific prac-
tices, than teachers who do not. At first, this statement may seem simplistic. In our
work we have explored the relationship between a teacher’s conception of scientific
practices and his or her use of scientific practices in a classroom (Capps and
Crawford 2013a). To gain an understanding of teachers’ conceptions of scientific
practices (SPK), we assessed teachers’ knowledge prior to experiencing our PD. We
asked teachers to describe scientific inquiry and inquiry-based instruction (related
to Scientific Practices), through writing and in interviews. We also conducted obser-
vations of some of their best, self-identified lessons to see if there was correspon-
dence between their knowledge and their teaching practice. We found that most of
these teachers held limited SPK when compared to NSES & INSES. Conceptions
included thinking of engaging children in scientific practices in a limited way, as
“hands-on and minds-on teaching”. A few teachers described science teaching in
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terms of scientific practices, such as using data as evidence to investigate a question.
We found teachers who did explain this kind of teaching in terms of scientific prac-
tices were more likely to engage their students in this type of instruction than those
who did not (Capps and Crawford 2013a). Thus, it appears that the ability to opera-
tionalize teaching Scientific Practices in a succinct form that still bears resemblance
to scientific practice, which we have referred to as one’s summary conception of
scientific practices, may be important to teaching science in this way (Capps and
Crawford 2013a; Capps et al. 2016). This is not the only kind of knowledge of sci-
entific practice of which we should be concerned, but we do think it is an important
part of teachers’ overall conception of this kind of sophisticated teaching.

A second aspect of teacher knowledge related to engaging children in scientific
practices is an understanding of how to carry out scientific investigations. There are
a variety of sources where teachers might learn about carrying out scientific inqui-
ries including Research Experiences for Teachers (RETs), Research Experiences
for Undergraduates (REUs), a college science or methods course, a website, or
through an informal connection with a scientist, just to name a few. These experi-
ences have the potential to enhance participants’ knowledge both of designing and
carrying out investigations, and possibly deepen their conceptual knowledge of sci-
entific practices (Blanchard et al. 2009; Crawford 2000; Hunter et al. 2006). It is
likely that the majority of teachers have not had the opportunity to participate in
these kinds of science research experiences, thus many teachers may not bring this
type of knowledge into the classroom.

2.10 Teachers’ Knowledge of NOS Related to Engaging
Children in Scientific Practices

An additional component of knowledge related to teaching scientific practices that
appears important is knowledge of NOS (NOSK). NOS refers to an understanding
of science as a way of knowing (Abd-El-Khalick et al. 1998). Empirical studies and
literature reviews suggest many teachers do not hold adequate NOSK (Abd-El
Khalick and BouJaoude 1997; Carey and Stauss 1970; Capps and Crawford 2013a;
Lederman 1992). In the literature there is speculation that NOSK arises from engag-
ing in inquiry and that NOSK is necessary for teachers to engage their students in
inquiry. The former is well described in the research literature in articles by
Lederman (1992, 1999), Schwartz et al. (2004), and others, while the latter is less
well described. Considering the latter, Rutherford (1964) argued, “Science teachers
must come to understand just how inquiry is in fact conducted in the sciences. Until
science teachers have acquired a rather thorough grounding in the history and phi-
losophy of the sciences they teach, this kind of understanding will elude them, in
which event not much progress toward the teaching of science as inquiry can be
expected” (p. 84). Here, Rutherford argued that inadequate views of NOS held by
teachers may prevent them from engaging students in inquiry (NRC 1996). We
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explored the relationship between teachers’ views of NOS and their use of scientific
practices in the classroom. In doing so, we found that teachers generally held lim-
ited conceptions of NOS, but teachers with more robust NOSK were more likely to
engage their students in scientific practices than teachers with less informed con-
ceptions of NOS (Capps and Crawford 2013a). This concurs with Rutherford’s
speculation that there is a relationship between teachers’ NOSK and their ability to
engage their students in scientific practice.

2.11 Pedagogical Knowledge Related to Engaging Children
in Scientific Practices

We will briefly address general pedagogical knowledge (PK) necessary for teaching
children about scientific practices and how to carry them out. Knowledge of how to
manage a classroom, from the organizing and preparing materials to the general
management of the classroom itself is essential and cannot be taken for granted.
Walking into a poorly managed classroom and seeing educational materials in dis-
array, students wandering around in the classroom or just messing around, and
being unproductive; or worse, seeing students carrying out unsafe practices, under-
scores the fact that teachers absolutely need adequate management skills to success-
fully engage children in scientific practices. A lack of classroom management skills
can lead to disaster and discouragement in new teachers trying out new lessons.
Different kinds of pedagogical knowledge including how to design science lessons
that flow well, how to elicit students’ prior knowledge, and various teaching strate-
gies, such as designing group work, are all equally important. Suffice it to say, we
assume teachers have a general grasp of pedagogical knowledge as a prerequisite to
engaging children in scientific practices and use of logic and evidence.

2.12 Research Related to Developing Our Model of Teacher
Cognition for Engaging Students in SP

In this section we present images from the field of our model of cognition related to
engagement of students in SP. Over the last several years we have been involved in
a research and development project aimed at supporting teachers in engaging stu-
dents in scientific practice and learning foundational evolution and geological con-
cepts. Through this project, we are invested in learning about how we can best
support teachers in learning how to carry out reform-based teaching. Embedded in
our work are theoretical underpinnings of how teachers acquire knowledge. These
theoretical constructs include the situated nature of knowledge and a community of
practice (CoP) [Wenger 1998]. We ask, how do teachers gain knowledge of scien-
tific inquiry and the use of logic and evidence? Further, how do teachers translate
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this knowledge into their classrooms? An assumption is that the knowledge required
to create this kind of investigative classroom is sophisticated, complex, and multi-
faceted. This explains, in part, why this kind of teaching is rare in classrooms.

We worked with a group of talented and motivated fifth to ninth grade teachers
in the US in the context of an authentic scientific investigation appropriate for class-
rooms. The Fossil Finders investigation centers on understanding how organisms in
a shallow Devonian sea might have changed in response to environmental changes.
As part of this investigation we designed curricular materials enriched with scien-
tific practices and we designed a series of PD summer institutes. During the PD
teachers worked through the curricular materials and participated in the actual pale-
ontological investigation as learners. Teachers later translated the curricular materi-
als and investigation into their classrooms. Teachers had the support of scientists
and education researchers both during the PD and later as they enacted Fossil
Finders in their classrooms. Throughout the 2-year PD we prompted each cohort of
teachers to formally reflect in writing or in conversation on their newly acquired
knowledge of science concepts, principles, and practices of paleontologists, in a
CoP environment (Lave and Wenger 1991; Wenger 1998).

In addition to designing curricular materials and carrying out PD experiences,
we conducted research on teacher knowledge and pedagogical practices related to
carrying out Fossil Finders in their classrooms. We observed that most, if not all,
teachers were excited to share their experiences with their students and enact new
lessons in their classrooms. Although they expressed positive feelings about trying
out the new instructional approach, more than a few teachers struggled. After the
summer institutes, teachers brought back samples to their classrooms of typical
Devonian fossils they had found in the field. Following the background lessons,
scientists shipped actual scientific samples to the classrooms, so that students could
carry out the scientific investigation. All the teachers conscientiously had their stu-
dents scrutinize the rock samples for fossils. Moreover, teachers went to great
lengths to have their students collect data, which included identifying the fossil taxa
found in the samples, and measuring and recording the sizes, fragmentation, and
color of rock. Further, the students shared classroom data with scientists using a
database on the projects website. Yet, only a handful of the teachers went deeper
into the investigation by having students analyze and make sense of the data they
collected (the Scientific Practices of Analyzing and Interpreting data). At first, we
were disappointed, as we perceived that many students lost out on what we consid-
ered the key learning outcome—students engaged in the kinds of thinking scientists
carry out, through carrying out Scientific Practices related to answering a scientific
question. In other words, students fell short of experiencing the full extent of what
science truly is. Upon reflection, we asked the question, “Why did some teachers
and not others involve their children in the more sophisticated aspects of Scientific
Practices?”

Over the course of the Fossil Finders project we gathered a great deal of data on
all the 30 teachers. Empirical data included pre and post-tests of knowledge of
geology and NOSK as well as SPK, and how to engage children in this kind of
learning. Further, we captured many videos of classroom lessons, both before teach-
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ers participated in Fossil Finders and as they translated Fossil Finders into their
classrooms following the PD. We also conducted interviews with most teachers,
asked them to write reflections about their experiences enacting the curriculum, and
collected teaching and learning artifacts. We purposively selected two of these
teachers and developed contrasting cases. Both teachers increased their knowledge
of inquiry and NOSK. Yet, these two teachers demonstrated different levels of
enactment of inquiry in their science classrooms.

One of these teachers, we will call Brit, represented a teacher who entered the
program having limited SMK, SPK, and NOSK. However, Brit demonstrated solid
PK. The other teacher, we will call Kendra, represented a teacher with a strong
SMK background, fairly robust knowledge of SP, and NOSK, and strong general
PK (see Capps and Crawford 2013b). To say these teachers were worlds apart in
their knowledge base for teaching science would be a misrepresentation. Both
teachers were effective teachers by general standards. However, following PD, only
Kendra was able to successfully engage her students in Scientific Practices, going
beyond the basic lesson script of the Fossil Finders program. Below we expand on
these cases and present an argument for the reasons why one teacher enacted this
kind of teaching and the other did not.

2.12.1 Brit: Before Participating in Fossil Finders

Brit taught sixth grade science in a public school in a suburban area in the Midwest
of the US. She had 5 years of teaching experience when we met her and was a well-
respected teacher in her school district. Brit’s curriculum coordinator noted that she
was “One of our best.” Brit was your typical upper elementary teacher in that she
was a generalist. She had taken only three college courses in science and little addi-
tional experience beyond the occasional district workshop.

When she began the Fossil Finders program Brit’s SMK, as measured on our
assessment, was lower than the group average. Yet, Brit was in the middle of the
pack for the upper elementary teachers (Capps and Crawford 2013b). Brit concep-
tualized inquiry/engaging children in scientific practices as, “students inquiring or
asking their own questions and then going about answering those questions.” In
describing what it might look like in her classroom Brit stated, “Students talking to
other students, working in groups, using computers, hands-on activities, and/or ask-
ing me questions.” Prior to her participation in the PD we visited her classroom. We
observed only limited aspects of engaging children in scientific practices in her les-
sons. We concluded Brit’s classroom practices aligned with her developing but lim-
ited conception of how to teach children about scientific practices, that is, using
hands-on activities and group work (Capps and Crawford 2013a).
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2.12.2 Kendra: Before Participating in Fossil Finders

Kendra had 6 years of experience teaching seventh grade in a public school. Kendra
taught science in a town adjacent to Brit’s school. Using the barometer of “No com-
plaining parents”, Kendra’s principal recommended Kendra as a very good science
teacher. Different from Brit, Kendra had a strong background in science, including
a Bachelor’s of Science degree and an Undergraduate Research Experience (URE).
Further, Kendra had spent time working in a lab after graduating from college. Even
though her disciplinary background was in biology, Kendra had a fairly strong back-
ground in earth science. Her measured score on the pre-assessment was among the
highest in the group. She scored near the ceiling. Kendra’s knowledge of SP and
NOS were also quite high compared with the rest of the Fossil Finders teachers.
Although Kendra affirmed she understood what it meant to teach SP and that she
used this kind of teaching in her classroom, in actuality, she described it as “hands-
on” activities following the 5E structure. This view of teaching SP was limited, in
that she made little mention of the importance of data driven lessons, involving
students in explanation construction and justification, aligned with NGSS standards
of engaging students in scientific practices. We visited Kendra’s classroom several
times prior to her involvement in the Fossil Finders PD. We confirmed Kendra’s
principal’s assessment that she was a very good science teacher. We affirmed that
Kendra had good PK related to generic teaching methods. However, our observa-
tions did not confirm that she engaged her students in scientific practices aligned
with critical thinking and use of data as evidence. Although she had expressed that
she believed she was teaching science in this way, in actuality she was not (Capps
and Crawford 2013a).

Modeling Brit and Kendra’s Cognition for Engaging Students in SP before Fossil
Finders. Prior to the Fossil Finders experience, Brit and Kendra’s professional back-
grounds were quite different from one another. Kendra clearly had a richer back-
ground in traditional science experiences. If we were to model the components of
knowledge that contributed to these two teachers’ respective cognitions for engag-
ing students in SP it might look something like Fig. 2.2. Kendra had greater resources
in terms of SMK, SP, and NOS upon which she could draw. Based on this, one
might presume Kendra would demonstrate greater levels of cognition than Brit.
Although their knowledge bases were different, both Brit and Kendra’s cognition
for how to teach their students about SP were what we considered to be inert. There
might be a variety of explanations for this situation. We posit that both teachers did
not have sufficient knowledge in one of more areas to activate teaching students
about scientific practices.
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2.12.3 Brit: After Participating in Fossil Finders

Brit’s experience during the Fossil Finders summer institute supported her growth
in SMK. Impressively, by the end of the institute, her SMK score more than doubled
on the assessment. In fact, her score increased to be on par with many of the middle
school teachers who had backgrounds in science. We observed gains in Brit’s
knowledge of inquiry and NOS, as well. In observing Brit teach the Fossil Finders
lessons in her classroom, we were struck by the emphasis she placed on teaching
NOS. The idea of NOS and the need to explicitly teach aspects of NOS to her stu-
dents was something new for her. In an interview she shared, “I guess you know
when we did it I thought well, yeah, but how much do I emphasize it [NOS] with my
students? Probably, not enough. You know we think that, okay, here is a scientist
and they said that, and case closed, let’s move on. So that’s really a key point to I
think emphasize with my students” (Capps and Crawford 2013b, p. 1966). We did
not however, see changes with respect to her use of scientific practices. Brit, like
many of the teachers dutifully followed the Fossil Finders lesson plans. Once she
reached the actual investigation, she and her students carefully counted and mea-
sured the fossils in the sample shipped to their classroom. Following procedures
Brit had students enter their data into their data sheets. Brit transferred the informa-
tion herself to the project’s database. After this, Brit and her students were done.
Brit wrapped up the investigation by telling them how well they had done and they
moved onto another unit.
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2.12.4 Kendra: After Participating in Fossil Finders

Though Kendra began the program with an initial higher level of knowledge,
Kendra’s experiences during the summer institute promoted added growth in her
SMK and SPK and NOSK. Similar to Brit, her new understandings of NOS
prompted reflection on her teaching. Kendra realized that prior to the PD, she was
not teaching her students about NOS, and she began to do so explicitly. When we
visited her classroom we observed that Kendra had hung up posters about NOS and
regularly referred to these in her teaching. A notable difference between Kendra and
Brit was that Kendra’s experience in Fossil Finders was directly translated into her
teaching practice. Kendra was able to contrast the Fossil Finders experience with
her former classroom teaching, and recognized that the two conceptions of engag-
ing studenrs in scientific practices were not congruent. This had a major impact on
her thinking, and we have evidence from her reflections on teaching. Reflecting on
her teaching before Fossil Finders she said, “I think I was doing a lot of hands-on
science teaching before, but didn’t necessarily have aspects of inquiry (Scientific
Practices)”. This recognition was something we heard her express both during the
summer institute and in subsequent interviews. Based on these data we believed
Kendra was poised to take on the challenging role of a teacher supporting children
in engaging in scientific practices. We anticipated we might see this enactment of
teaching scientific practices when we later visited her classroom.

Visiting Kendra’s classroom, it became clear that her new understanding of sci-
entific practices had definitely impacted her instruction. For example, she showed
us some labs she had already “tweaked” to make them more enhanced (i.e., she
made sure she began the lesson with an investigable question, had students grapple
with data, and provide some sort of conclusion). Although using strategies to engage
her students in scientific practices was new for her, she embraced this way of teach-
ing. Unlike many of her colleagues who ended the investigation when data were
entered into the database, Kendra took things a step further. As her students wrapped
up data collection and data entry, Kendra challenged them to use the data they col-
lected to answer the overarching question, “How do organisms respond to changes
in the environment?”” (Classroom observation, 11-18-09). Kendra informed her stu-
dents that they would be sharing their interpretations with scientists who would be
visiting the class virtually on Skype. Elaborating on this Kendra said, “Not only are
you going to look at the numbers, but you will need to bring information from sixth
grade, looking at basic needs of organisms, ecology, like predator-prey relation-
ships...to take a guess at what the circumstances might have been.. it could be food
it could be any number of things. To help you back up your answers, you will need
to choose two graphs and explain what they mean and explain a possible way the
environment might have changed” (Classroom observation, 11-18-09). She set up
the parameters of the investigation, but Kendra let students decide what they wanted
to do. Some worked with graphs made within the database, constraining the ques-
tions they could ask. Others opted to download the data and transform it, so they
could explore other questions. As students put their ideas together, Kendra provided
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logistical support and challenged students’ interpretations, much like the scientists
would do when the visited virtually.

Modeling Brit and Kendra’s Cognition of Engaging Students in SP after Fossil
Finders. Figure 2.3 compares the relative growth of Brit and Kendra’s cognition for
engaging students in SP prior to, and following their participation in Fossil Finders.
Dashed lines in the figure represent knowledge after the experience. As described
above, both teachers’ knowledge bases increased, even though Kendra’s knowledge
base was quite high to begin with. Another interesting comparison is that both Brit
and Kendra became more articulate about NOS and made explicit connection to
their teaching practices related to NOS. Although their measured levels of knowl-
edge of NOS were different, both teachers began to explicitly teach about NOS
following the PD. One difference was their use of scientific practices in the Fossil
Finders investigation (and at least for Kendra in other places in her teaching). For
Kendra something clicked. It was as if there was an “activation energy” or threshold
involved, and once that was reached, Kendra began to engage her students in the
practices of science. However, this was not the case for Brit. It is unclear if that

Brit

Cognition

#
-
-~ -
————

Fig. 2.3 Model representing aspects of knowledge that comprised Brit’s and Kendra’s cognition
for engaging students in scientific practice after participating in the Fossil Finders professional
development. Dashed lines represent growth in knowledge from pre-Fossil Finders levels
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threshold was the “amount” of knowledge or the ability to access the knowledge
through reflection. Our thinking is that both are likely important.

2.13 Summary and Conclusions

We have grappled with the question: What constitutes what teachers need to know
in order to engage children of all ages in scientific practices in the classroom? We
have drawn from previous scholars’ frameworks of teacher knowledge and pre-
sented cases from our own research and work with teachers. It is important to make
it clear that we have the greatest respect for all teachers who aim to change their
teaching, and endeavor to engage their students in higher order thinking through
carrying out scientific practices in the classroom, yet might struggle at first with
doing so. Teaching inquiry/scientific practices in today’s science classrooms is very
challenging and entails a sophisticated pedagogical approach (Crawford 2000,
2007). Teaching science in this way depends on the context, and requires a teacher
to orchestrate a dance between school-wide curricular standards, expectations of
parents and community, pressures from high stakes testing and teacher accountabil-
ity, often based on simple metrics, and perhaps, most importantly, students who may
resist taking ownership of their learning. It is also clear from previous research that
many misconceptions exist about what it means to engage children in scientific
practices as they carry out inquiries in the classroom. While teaching science,
important questions teachers should ask are: first — is there higher order thinking
going on? Second — who is doing the thinking — is it the teacher, the students, or —
ideally — both teachers and students? From our work with teachers we can make
several assertions about teachers’ cognition for how to engage children in scientific
practices.

First, it is quite obvious that acquiring robust knowledge of how to engage stu-
dents in SP is difficult. Political documents in science education (e.g., the Framework
and NGSS) emphasize performance expectations that students engage in eight prac-
tices of science, integrated with disciplinary core ideas and crosscutting concepts
using a 3D approach. As science teacher educators, we have witnessed our newest
teachers look through all the US reform documents, charts, and tables with wide
eyes and skepticism. Our prospective teachers’ first line of defense is, “my mentor
teacher says, we don’t have to teach in this way! Our school does not advocate it.”
As far as we know, there are relatively few science teachers who exemplify this high
standard of teaching.

One conclusion from the state of affairs is that engaging children in scientific
practices is not an easy way to teach science. Development of cognition for engag-
ing children in scientific practices is complex. Second, it is apparent that multiple
kinds of knowledge are needed (science concepts and principles, context, culture,
nature of science, scientific practices, pedagogy, assessment) and that these kinds of
knowledge need to be integrated, or to come together, synergistically. Third, in
order to develop cognition for engaging children in SP a teacher needs to deeply
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reflect on what science is, and what science is not, and on student learning. Further,
teachers need to take a metacognitive stance on their teaching. In our view taking a
metacognitive stance on one’s science teaching involves thinking in a more sophis-
ticated way about one’s teaching practice as compared with simple reflection, while
taking into consideration the role of the teacher and the particular context of their
teaching. The ability to take a metacognitive stance is dependent on one’s cognition
including knowledge and beliefs. Not only would a metacognitive teacher think
about how a lesson or unit unfolded, but this teacher would draw upon the knowl-
edge she acquired of children’s developmental abilities, current reforms, the context
of the school, combined with her array of teaching experiences accumulated during
the years with her mental awareness of pedagogical strategies to engage children in
scientific practices. Taking a metacognitive stance involves teachers asking ques-
tions such as: What should I be spending time on in my classroom (e.g., content OR
teaching students how to be scientists)? How does my current classroom practice
support students in learning how to be scientists? For teachers who do not have a
strong background in these areas (e.g., subject matter, scientific practice, NOS, etc.)
it is reasonable to expect difficulties in responding to children’s questions. Instead
of engaging their students in science teachers may end up directing students to mea-
sure and identify a bunch of fossils algorithmically, and never take the time to
engage children in making sense of the data. Kendra is an example of a teacher who
was poised to gain the necessary knowledge base, in regards to her SMK and knowl-
edge of scientific practices. However, there were initially gaps in her various kinds
of knowledge. She did not have a way to articulate what teaching through engaging
children in scientific practices actually means, related to her own pedagogical prac-
tice. Initially, Kendra did not explicitly reflect on her former teaching. To support
deep reflection, teachers need authentic science experiences and a way to think
about what engaging students in scientific practices looks like in real classrooms.
Rich images from the field are needed. For example, we have a plethora of research
articles and practitioner journal articles offering lesson plans, templates, steps,
examples, and even written scenarios designed to guide teachers in teaching in this
way. Yet, what does this kind of teaching really look like?

A fourth conclusion is that acquiring robust and enduring cognition of SP in the
classroom will require sustained and long-term support for teachers; certainly
beyond a one-hour workshop, or even a year-long PD. This need for long term and
sustained support is especially true given that many science educators must teach
outside of their area of expertise, often teaching multiple science disciplines.
Acquisition of knowledge of how to engage children in scientific inquiry is not a
general form of knowledge that can easily be transferred from one discipline to the
next. Instead, it is likely more nuanced and will take time and effort to develop. The
support should include development of a CoP involving many players contributing
towards learning how to teach in this way. Kendra acquired the threshold level of
knowledge of SMK, PK, SPK, and NOSK, through an intensive, resource-rich
2 year PD experience. Yet, as we discovered later, Kendra was teetering on the edge
of fully embracing the myriad roles of expert science teaching that engages students
in scientific practices. When we visited Kendra’s classroom later in the year, she
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confessed her curriculum coordinator had mandated a new approach to teaching
called “Mastery Learning”. This method involved direct teaching of concepts and
vocabulary, drill and practice. Her newly acquired knowledge was shaky and not
evident in her lessons later in the year. Newly acquired knowledge is fragile, and
before knowledge can be truly integrated as a part of one’s regular classroom peda-
gogical repertoire, the knowledge needs to be worked with to become part of a
teacher’s practice. Otherwise, a teacher might shift away from it, in favor of easier
and more familiar teaching strategies.

Our conclusions align with those of Crippen and Antonenko in Chap. 5 (this
book, 2018), in that the problem solving process in STEM education requires
authentic practices and development of collaborative skills at the cognitive and
metacognitive levels. Similarly, our conclusions about the need to situate teachers in
the kinds of learning in which they will engage their students aligns with conclu-
sions of Yerrick, Radosta, and Greene (Chap. 6 in this book, 2018). In Chap. 6
Yerrick and colleagues claim teachers need to engage in rich and meaningful learn-
ing experiences, and the importance of reflection as a regular practice for teachers.

In summary, we believe teachers need to acquire a deep and integrated knowl-
edge of foundational science concepts and principles, scientific practices, nature of
science, and pedagogy, as well as take a metacognitive stance towards their teach-
ing, in order to expertly engage their students in scientific practices, including
teaching the use of logic and evidence and development of critical thinking.

2.14 Recommendations

How can science educators help teachers develop expertise in robustly supporting
children in engaging in scientific practices, in higher-order thinking and the use of
logic and evidence, much like a scientist? We have several recommendations. (1)
We need to provide teachers (both prospective and practicing teachers) with rich,
integrated and authentic science experiences; in which to engage as learners. In
addition, we need to scaffold teachers in how to reflect on these experiences, through
which teachers can more fully develop their cognition for engaging students in SP.
(2). We need further research on identifying if there might be some threshold of
knowledge that needs to be acquired for teachers to begin to engage students in
scientific practices. Is there some minimal required level of understanding upon
which to build? Determining if such a threshold exists has implications for differen-
tiating the kind of PD experiences we might provide for various teachers, based on
their initial knowledge base. (3) We also need a valid means of assessing a teacher’s
cognition for how to engage students in SP, in order to track changes and progress.
(4). Finally, more research is needed on developing and testing a viable theoretical
model of the knowledge base of teaching SP. All of these recommendations, if suc-
cessfully carried out could contribute to better-designed and more effective teacher
education programs for prospective teachers and professional development experi-
ences for practicing teachers.
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Chapter 3
Students’ Metacognition and Metacognitive
Strategies in Science Education

Shirly Avargil, Rea Lavi, and Yehudit Judy Dori

3.1 Introduction

Scientific literacy depends, among other things, on cognitive and metacognitive
skills as well as on motivation (Herscovitz et al. 2012). Specifically, it is dependent
on cognitive and metacognitive abilities for locating, selecting, reading, monitoring,
and critiquing various information sources (Wang et al. 2014; Yore and Treagust
2006). For this reason, researchers argue that metacognition is a central feature in
life-long learning in general and science education in particular, and that metacog-
nitive engagement is key for developing deeper conceptual understanding of scien-
tific ideas (e.g., Anderson and Nashon 2007; Blank 2000; Choi et al. 2011;
Georghiades 2004a; Koch 2001; Nielsen et al. 2009; Wang et al. 2014).

Adaptive and life-long learning are gaining central importance, with the ability
to regulate and control one’s thinking, or ‘think about thinking’, being an essential
part of such learning (Chiu and Duit 2011; Choi et al. 2011). Therefore, in order to
effectively seize the opportunities and tackle the challenges of the twenty-first cen-
tury citizens need to have sufficient levels of scientific literacy and metacognitive
skills (Choi et al. 2011; Yore and Treagust 2006).

This chapter presents a critical review of studies in science education as part of
Science, Technology, Engineering, and Mathematics (STEM) education, focusing
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on metacognitive strategies, training, and assessment of students. This chapter
focuses on science education in the following scientific disciplines: biology, chem-
istry, earth science, environmental science, general science, and physics. Our review
was based on a search in three leading journals in science education, using the fol-
lowing key words: metacognition, metacognitive strategies, assessment and student
thinking, and science education. Next, we narrowed our search to publications from
the year 2000 and onwards. At the same time, we conducted the same search in the
National Research Council (NRC) archive, for documents related to students’ meta-
cognition and metacognitive strategies in science education. Finally, we selected
several chapters from the edited book Metacognition in science education: Trends
in current research (Zohar and Dori 2012), since it is, to the best of our knowledge,
the only book concerned with science education specifically. Although we are aware
that there are other books related to metacognition (e.g., Mevarech and Kramarski
2014), we were not able to include them in this review, since these books concerned
science education as a peripheral and not as a main topic.

The review presented herein was preceded by another review of research on
metacognition in science education (Zohar and Barzilay 2013). This previous
review was limited to one database (ERIC) and included only peer-reviewed journal
articles, while our review spanned multiple databases and also included published
book chapters. Another contribution of our review is that it includes papers on meta-
cognition in science education published after 2013 (e.g., Wagaba et al. 2016; Wang
and Chen 2014).

The first section of this chapter provides theoretical background and is concerned
with the definition(s), importance and assessment of metacognition in science edu-
cation. The second section provides information about the literature search of rele-
vant resources on metacognition that are included in the review. The next section
details the findings of the aforementioned literature search. The final section con-
tains a discussion on whether, to what extent, and in what ways have metacognition
and its assessment in science education been implemented, and what aspects of
metacognition and metacognition research in science education are still lacking.

3.2 Theoretical Background

This section contains a brief overview of research on metacognition, in education in
general and in science education in particular.

3.2.1 Definition of Metacognition

Numerous researchers have attempted to define metacognition (Sandi-Urena et al.
2011). If by cognition we mean the variety of learning skills students apply to com-
plete a task, then metacognition can be defined as awareness of, and reflection upon,
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one’s own cognitive process (Flavell 1976, 1981). Flavell (1979) described meta-
cognition in more detail as (a) knowledge about peoples’ cognition, (b) knowledge
about cognitive tasks, (c) knowledge about strategies applied to the solution of dif-
ferent tasks, and (d) skills for monitoring one’s cognitive activities. According to
him, metacognition refers to the awareness of cognitive processes and the self-
regulation and management of those processes in relation to the learning task,
including conscious selection of strategies and matching the suitable strategy to task
demands. Other researchers (Brown 1987; Veenman et al. 2006) made similar dis-
tinctions between knowledge of cognitive activities and regulation of such activities
as two components of metacognition.

Jacobs and Paris (1987) noted that researchers have generally circumnavigated
the problem of defining metacognition by referring to two broad classes of metacog-
nition: knowledge about cognition, which includes declarative (‘about’) knowledge,
procedural (‘how to’) knowledge, and conditional (‘why’ and ‘when’) knowledge,
and regulation of cognition, which includes planning, evaluating, and monitoring.
Their description will be used throughout this work when referring to elements or
components of metacognition and these two terms are used interchangeably
throughout the chapter. According to Brown (1978), knowledge of cognition is rela-
tively stable, often can be stated, can be fallible and is age dependent, while regula-
tion of cognition is relatively unstable and age independent.

Students’ thoughts about their own capability influence cognitive performance,
improve self-evaluation, and regulate their learning (Bandura 2000; Bouffard-
Bouchard 1990; Jacobs and Paris 1987). Schraw and Moshman (1995) defined
declarative knowledge as “knowledge about oneself as a learner and about which
factors influence one’s performance” (p. 352), clarifying that it is part of the knowl-
edge of cognition. They described good learners as ones who have more knowledge
about their own memory and are more likely to use what they know than poor learn-
ers. According to Schraw and Dennison (1994), knowledge of cognition is part of
metacognitive knowledge, and it consists of declarative knowledge, procedural
knowledge, and conditional knowledge. They defined declarative knowledge as
knowledge of one’s skills and abilities as a learner, procedural knowledge as knowl-
edge of how to use different strategies, and conditional knowledge as knowledge of
when and why to use the different strategies. They also defined regulation of cogni-
tion as the ability to plan learning strategies (e.g., goal setting), to manage informa-
tion (e.g., strategies for processing information), to monitor, to identify mistakes,
and to evaluate the learning (e.g., assessing the learning strategies, correcting per-
formance errors and analyzing performance).

Bandura’s (1997) social-cognitive learning theory as applied to school learning
eventually led to the development of self-regulated learning theory, which stipulates
that learning is governed by interacting cognitive, metacognitive, and motivational
components.

According to Veenman (2011), reappearing major problems with metacognition
research is its fuzzy definition, which is not only due to proliferation of terminolo-
gies, but also disagreement about the ingredients of metacognition and their
interrelationships.
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3.2.2 Metacognition in General Education and in Science
Education

Ackerman and Goldsmith (2011) claimed that students’ perception of their perfor-
mance influences their ability to monitor the learning process. Thus, when there is
no time limitation, a high perception of performance reflects positively on the actual
performance. Researchers have found that when students’ metacognition was
improved, it was possible to also improve their learning outcomes (Thomas and
McRobbie 2001).

Metacognition may enhance students’ ability for contextual use of scientific con-
ceptions, improve science reading comprehension and the ability to monitor the
reading of popular scientific press (Georghiades 2004a; Michalsky 2013; Norris and
Phillips 2012; Wang and Chen 2014; Wang et al. 2014). In disciplinary science learn-
ing in particular, studies have shown that in physics, for example: students who use
metacognition are more likely to (a) develop conceptual understanding, (b) go
through a process of knowledge construction and meaningful understanding
(Anderson and Nashon 2007; Nielsen et al. 2009), (c) comprehend physics texts bet-
ter (Koch 2001), and (d) have higher motivation and accurate views of what it means
to understand physics (Taasoobshirazi and Farley 2013; Thomas 2013). Similar find-
ings have been reported in chemistry and biology education research. In chemistry, a
metacognition intervention that included reflection on the learning process and
reduction of poor learning strategies (e.g., memorization) benefited students’ stan-
dardized achievements (Thomas and McRobbie 2001). When Herscovitz et al.
(2012) exposed high school chemistry students to metacognitive tools and strategies
involving question posing skills, students were able to pose more complex questions,
indicating that they developed a sophisticated understanding of concepts and pro-
cesses. In biology education, awareness of the learning process and a stronger ability
to monitor, regulate and control the learning contributed to meaningful understand-
ing of various biology concepts like genetics and ecosystems and were found to
improve scientific inquiry skills (Eilam and Reiter 2014; Martin et al. 2000; Zion
et al. 2005). Several research based documents published by the NRC (2000; 2007),
stated that it is critical for learners in general and students who study science in par-
ticular to develop their ability to think in a metacognitive way. In summary, research-
ers argue that metacognition is essential for science education. One of the questions
that are of importance considers how instructional methods and assessments were
used in the past 15 years to improve students’ learning in this aspect.

Since it is an internal process rather than an overt behavior, metacognition is
inherently difficult to measure, and individuals themselves are often unaware of
their own metacognitive process (Desoete 2008; Georghiades 2004a). This has
naturally led to difficulties with identifying and assessing metacognition and its
related processes. However, if one considers metacognition to be an understanding
of knowledge, then one can detect it in the learner in an indirect manner, either
through effective use of this understanding, as witnessed by the learner’s behavior,
or by asking the learner to provide an overt description of it (Georghiades 2004a;
NRC 2000).
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In order to make assessment more effective, researchers have made various sug-
gestions for carrying out assessment of metacognition in science education: (a)
employ multiple methods of assessment and collect data from the same subjects by
different means (Georghiades 2004a); (b) carry out assessment of the same learner
across different times; (c) carry out assessment concurrently with the task rather
than retroactively or prospectively, as it may be more effective (Cooper et al. 2008);
(d) carry out assessment using real-life problems, questions and statements rather
than abstract or textbook problems (Choi et al. 2011); and (e) any self-report sought
from students regarding their learning processes should relate specifically to their
science learning (Thomas et al. 2008).

With respect to assessment of metacognition in children, Garner and Alexander
(1989) proposed three ways for carrying this out: (a) asking children directly about
their metacognition; (b) having children think aloud while performing a task; and
(c) asking children to teach a younger child a good solution to a problem. However,
this assessment has several limitations: (a) children lack verbal fluency; (b) adult-
child use of language is highly varied; (c) young children find discussing general
cognitive events difficult; and (d) children have a tendency for describing specific
just-experienced events.

3.3 Literature Search Procedure

Next we describe how we conducted the literature search, searching for studies that
focus on metacognition use and assessment of students’ learning outcomes in sci-
ence education studies.

Our literature search concerned metacognition, assessment, and science educa-
tion as archived in the three leading journals: Journal of Research in Science
Teaching, Science Education, and International Journal of Science Education. We
also searched documents published by organizations such as the NRC. We focused
our search on studies that included K-12 students as well as at the college level.
Finally, we also relied on the book Metacognition in Science education (Zohar and
Dori 2012), since it is directly related to the topic of this chapter. Research on sci-
ence teachers’ metacognition and meta-strategic knowledge (Eldar et al. 2012;
Zohar 2006, 2012) is beyond the scope of the current chapter.

We chose to focus on these three journals since they have the highest impact fac-
tor in research concerned with science education in the last 15 years. When search-
ing within a specific journal, we used the words ‘metacognition and assessment’ in
order to reduce the number of papers found and find the most relevant articles for
our purpose. Search in the Journal of Research in Science Teaching revealed 104
papers, in Science Education 115 papers, and in the International Journal of Science
Education 109 articles.

Our review included papers in the context of science education, with metacogni-
tion as a primary focus. We excluded papers in which the primary focus was on
metacognition in other STEM domains (e.g., mathematics or technology) or papers
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in which metacognition was of secondary focus, even if their primary focus was on
related topics such as self-regulated learning (e.g., Azevedo 2010; Greene and
Azevedo 2009; Dignath and Buttner 2008). Another criterion for selection was that
we chose papers from the last 15 years and those which include students, rather than
teachers, as the subject of the investigation. The sites were last accessed in January
2015. Following the above process of selection, we were left with 23 papers from
the three journals and with six chapters that fulfilled the above criteria. We refer to
these articles as representative of the research on students’ metacognition in science
education.

The next section describes these papers and chapters, providing comprehensive
description and characterization of students’ metacognition assessment in science
education.

3.4 Literature Search Findings

This section provides an overview of studies concerning metacognition in science
education. Most studies of metacognition in science education contain an expecta-
tion of improving the outcomes of learning through practice of metacognition
(Georghiades 2004a). Accordingly, the vast majority of the studies summarized
herein are intervening studies, where metacognition-based pedagogical intervention
was implemented on one or more groups of students. Each paper was analyzed and
classified for its type: empirical research, theory, position, or review and critique. In
empirical studies we also characterized the papers by classifying them to either
describing a tool developed for assessing metacognition, describing an existing state
or describing a pedagogical intervention. We classified these papers into three differ-
ent categories: (a) research on assessment tools for metacognition — studies con-
cerned exclusively with developing a method or tool for assessment of metacognition;
(b) research on metacognitive learning processes — studies for which the researcher
or researchers probed into students’ metacognitive processes in order to procure
information about these processes, without an explicit aim to improve learning out-
comes; and (c) research on metacognition-based pedagogical intervention — studies
with explicit research objective(s) to change students’ metacognitive processes
through training or pedagogical intervention, in order to improve learning outcomes.
Furthermore, we examined in each paper the population description, the tools that
were used and the metacognition components that were under investigation.

3.4.1 Review and Theoretical Papers

Our classification of papers into empirical and non-empirical revealed that from the
23 papers and six chapters chosen for this chapter, only two were reviews and one
was theoretical. In the first review, the author discussed the literature on
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metacognition spanning the past three decades and identified the different defini-
tions of the term and diverse origins of metacognitive processes (Georghiades
2004a). One of the concluding remark of Georghiades’ review was that more
research is needed in order to enhance understanding of metacognition and its
aspects, specifically in science education. The author raised the questions of how
metacognition can be identified, whether it can be taught, and if so, how. He also
argued that research in metacognition pertaining to science education is in its
infancy. Since this claim was made more than 10 years ago, in this chapter we
review the representative studies that were conducted in the last 15 years as pub-
lished in the leading journals of science education and the edited book (Zohar and
Dori 2012). Veenman (2012) in the book Metacognition is Science Education
(Zohar and Dori 2012) provided a review that emphasized the difficulty in establish-
ing a consensus regarding metacognition investigation. Nevertheless, he provided a
clear and concise review of many of the main approaches that appear in the litera-
ture regarding metacognition in general. At the end of his chapter, Veenman showed
how metacognitive skills were integrated in science education, specifically in (a)
scientific reading (in contrast to general reading skills), (b) science problem-solv-
ing, (c) scientific inquiry, and (d) scientific writing.

The paper which we classified as theoretical and non-empirical presented a
framework for scientific literacy for South Korea that included five dimensions, one
of which was metacognition (Choi et al. 2011). The authors’ aim was to fill a gap
they perceived to exist in present frameworks for scientific literacy, which was prin-
cipally a lack of emphasis on (a) metacognition, (b) problem-solving skills for real-
life (rather than conceptual or textbook) problems, and (c) global context for
scientific issues. The authors based their proposal on a literature review and an
online survey administered to 222 secondary school science teachers, 126 from the
US and 96 from South Korea. This framework was subsequently reviewed by a team
of five science educators from the US and Australia. The proposed framework con-
tains five dimensions, the central one being (a) metacognition and self-direction and
the rest being (b) content knowledge, (c) habits of mind, (d) character and values,
and (e) science as human endeavor. The authors of this framework considered meta-
cognition and self-direction to tie together the other four dimensions through the
learner’s reflection and management of cognition and learning. They considered the
dimension of metacognition to include three elements, namely (a) self-directed
planning (b) self-directed monitoring, and (c) self-directed evaluating. This pro-
posed framework is another example of educators in science education calling for
metacognition to be an integral part of science education. However, the fact that
only a few reviews and theoretical papers were written in the context of metacogni-
tion in leading journals of science education and the book emphasizes the need to
pay more attention to this issue. In the next section, we go beyond the categorization
that Veenman (2012) had suggested and classify the empirical papers that investi-
gate students’ metacognition in science education into the three categories noted
above and elaborated next.
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3.4.2 Empirical Papers

We divided the empirical papers into three categories: (a) research on assessment
tools for metacognition, (b) research on metacognitive learning processes, and (c)
research on metacognition-based pedagogical intervention (details to follow on next
page). Table 3.1 describes our categorization as well as the investigated population
in each paper.

As can be seen in Table 3.1, we classified most papers as belonging to category
(c), while only a couple of papers described the development of tools to specifically
assess metacognition in science education.

This is not to say that there are no tools that assess metacognition in general, but
rather that there is a need to develop or adjust specific tools to enhance the develop-
ment and assessment of science students’ metacognition. Moreover, each science
discipline has its own discipline-based features. As described in Discipline-Based
Education Research (DBER): Understanding and Improving Learning in
Undergraduate Science and Engineering (NRC 2012b): “Metacognition is a neces-
sary skill for meaningful learning and thus merits continued study in the context of
DBER. Further research could clarify which metacognitive skills are useful to sci-
ence and engineering because the skills may not be the same for each discipline,
additional DBER could examine these similarities and differences” (p. 157).
Additional examples exist for developing discipline-based assessment tools for
metacognition (e.g., Cooper et al. 2008, to improve problem-solving skills), how-
ever, more validated tools are needed to address different discipline-based metacog-
nition science skills. Thus, there is a need to examine and further investigate
discipline-based assessment tool for metacognition. Furthermore, metacognition
should be emphasized through K-12 and college level science education. As can be
seen from Table 3.1, research is needed in all levels of education, but more research
is needed for investigating metacognition in science education in kindergarten and
at the early stages of elementary school and higher education levels. Next, we
describe in more detail the papers in each category presented in Table 3.1, including
what metacognition components were addressed and what scientific skills were pro-
moted in each study.

3.4.2.1 Assessment Tools for Metacognition

Papers describing quantitative assessment tools for investigating students’ metacog-
nition (category « in Table 3.1) seem to be rare. Taasoobshirazi and Farley (2013)
claimed that the majority of research on metacognition in this field has involved
interviews or other qualitative methods and there is a need “to develop a valid, reli-
able, objective, and convenient tool that researchers and instructors can use to assess
students’ metacognition for solving physics problems” (p. 448). The Physics
Metacognition Inventory (PMCI) self-reporting instrument included separate items
for assessing declarative, procedural, and conditional knowledge — elements of



Table 3.1 Categorization of the empirical papers and chapters

Category and # of Domain(s)/
articles Author(s) and year discipline(s) N students | Population
(a) Assessment Taasoobshirazi and | Physics 505 Post-secondary
tools for Farley (2013) school
metacognition
2 papers Thomas et al. (2008) | General science 465 Middle and high
school
(b) Metacognitive | Anderson and Physics 50 + 14 High school
learning processes | Nashon (2007)* and
8 papers Nielsen et al. (2009)
Martin et al. (2000) | Biology 71 Post-secondary
school
Norris and Phillips Biology, chemistry, |91 High school and
(2012) and physics post-secondary
school
Schraw et al. (2012) | Environmental 134 Elementary
science school
Shin et al. (2003) Physics 124 Middle school
Wang and Chen Biology, Earth 556 Elementary
(2014)* and Wang science, and school and
et al. (2014) physics middle school
(c) Ben-David and Biology 119 Middle school
Metacognition- Zohar (2009)
based pedagogical
intervention
16 papers Blank (2000) Biology 92 Middle school
Chiu and Linn 2012° | Chemistry 173 + 249 | High school
Conner and Biology and 16 High school
Gunstone (2004) environmental
science
Georghiades Physics 60 Elementary
(2004b) school
Grotzer and Physics 182 Middle school
Mittlefehldt (2012)
Hand et al. (2004) Biology 93 Middle school
Herscovitz et al. Chemistry 700 + 400 | High school
(2012)°
Koch (2001) Physics 64 Post-secondary
school
Michalsky (2013) Biology 198 High school
Sandi-Urena et al. Chemistry Approx. Post-secondary
(2011) 1000 school
Thomas (2013) Physics 29 High school
Thomas and Chemistry 24 High school
McRobbie (2001)
Wang (2015) Biology 173 Middle school
Ward and Wandersee | General science 17 Middle school
(2002)
Zion et al. (2005) Biology 407 High school

“Different aspects of the same scientific domain and investigated population

"Two studies
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knowledge of cognition, and separate items for monitoring, evaluation, debugging,
and information management — elements of regulation of cognition, where the last
two seem to replace the more commonly used ‘planning’ element. In addition to
PMCI scores, the authors also collected the undergraduate students’ physics course
grades.

The students’ total scores on the PMCI were found to be reliable and valid, relat-
ing to students’ course grade and physics motivation. Men outperformed women in
PMCI scores in (a) knowledge of cognition, while women outperformed men in (b)
information management and (c) debugging. Taasoobshirazi and Farley (2013) con-
cluded that men are more likely to understand their own problem-solving strengths
and weaknesses, how to apply strategies, and when and why to apply them, while
women were more likely to integrate free-body diagrams into their problem-solving
and seek help when having difficulty with problem-solving. The authors suggested
this tool can be used, with minor adjustments, in other disciplines. This tool could
be valuable for assessing metacognition in physics education, however, it needs to
be validated for use in other disciplines as well as other levels of education, like
secondary and even more so elementary science education. As the authors acknowl-
edge, there is also a need to investigate how the various components of metacogni-
tion interact with and impact problem-solving to be able to ascertain the relative
contributions of each of these components to problem-solving success.

Thomas et al. (2008) sought to broadly assess aspects of science students’ meta-
cognition, self-efficacy and learning processes. The Self-Efficacy Metacognition
Learning Inventory-Science (SEMLI-S) is a self-reporting instrument concerned
with general science originally written in English and translated into Chinese. The
final tool included several sub-scales, including (a) monitoring, evaluation, and
planning, (b) science learning self-efficacy, (c) learning risks awareness, and (d)
control of concentration. The tool can be used to collect students’ pre and post data
for investigating whether an intervention enhances metacognition.

These two tools, PMCI and SEMLI-S, found in our representative sample of
articles on the topic of assessing science students’ metacognition, represent a quan-
titative way to assess metacognition. Another example of a tool specifically designed
for the field of science education is a multi-method assessment of metacognitive
skillfulness in college chemistry problem-solving (Cooper et al. 2008) and meta-
cognition in scientific reading, which was published in a paper prior to the 15-year
time window of our review (Yore et al. 1998). In summary, there is a need to develop
tools that specifically assess metacognition in relation to the context of science
learning. As also noted by Thomas et al. (2008): “Most existing empirical self-
report instruments that explore students’ learning and metacognition ... do not
account for the classroom context or help students locate their self-report in relation
to the learning of specific subjects such as science” (p. 1703). We stress this idea and
suggest that tools should be discipline-based as well as scientific-practice based.
Developing metacognitive skills for the scientific practice of developing and using
models (NRC 2012a) might be different than the knowledge and regulation of cog-
nition for the scientific practice of obtaining, evaluating, and communicating infor-
mation. Another aspect that should be considered is the educational level for which



3 Students’ Metacognition and Metacognitive Strategies in Science Education 43

these assessment tools are constructed. Furthermore, researchers should emphasize
the different components of metacognition they assessed rather than general meta-
cognitive skills.

3.4.2.2 Metacognitive Learning Process

Research on assessing students’ metacognition learning processes in different sci-
ence education domains and settings (category b in Table 3.1) and their connections
to other scientific abilities includes various metacognition components and assess-
ment tools. In most of the studies we found, researchers used both quantitative as
well as qualitative tools to assess metacognition. Wang et al. (2014) sought to mea-
sure the level of science reading comprehension and metacognition of Taiwanese
students from fourth to eighth grades and compare them to those of Canadian coun-
terparts. They used the Reading Comprehension of Science Test (RCST), including
items from biology, physics, and Earth science domains. The metacognition compo-
nents that were assessed in this study, while the authors measured science reading
comprehension, were knowledge of cognition, namely declarative, procedural, and
conditional knowledge. Wang et al. (2014) found no growth in either group on sci-
ence reading in middle school. However, they reported that higher metacognition
level correlated with better science reading comprehension. The authors suggested
that metacognitive skills may not transfer across domains without providing
discipline-specific training and that science reading requires understanding of sci-
ence related features in the text like evidence-based claims and counter-claims and
evidence-based arguments. Thus, they claimed, science teachers may need to shift
their teaching toward reading science materials with the intention of raising stu-
dents’ metacognitive reading awareness. Similar findings were reported in Wang
and Chen (2014): in this study, the authors also concluded that prior science knowl-
edge affects science reading completion and is mediated by metacognitive aware-
ness, defined by the authors as “declarative, procedural, and conditional knowledge
about reading” (Wang and Chen 2014, p. 176). Both studies focused on scientific
reading in general and on middle school students. Research on scientific reading
was also been conducted by Norris and Phillips (2012): in their chapter, they
described research they conducted with high school and undergraduate students.
They investigated students’ metacognitive judgments on popular science texts, spe-
cifically judgments about the difficulty of the text and about the effect of students’
prior beliefs on what they had read. Students systematically overestimated the
degree of certainty in their report: while they were able to identify observation and
method statements, they were generally unsuccessful in interpreting the role of
statements in the text’s reasoning. Students confused evidence statements as conclu-
sions, and underestimated dramatically the demands of the text and the cognitive
difficulty they had experienced with the interpretative tasks. Thus, Student perfor-
mance on the reading tasks were reported to have only a very weak correlation with
their perceived difficulty in reading the texts. Norris and Phillips (2012)
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recommended a view of reading which emphasizes strategies for interpreting scien-
tific text over the simple view of reading as word recognition and information
location.

Anderson and Nashon (2007) and Nielsen et al. (2009) conducted respective
studies in physics education in the context of experiencing physics kinematics
problem-solving while visiting an amusement park. Anderson and Nashon (2007)
sought to identify the metacognitive characteristics evident in individuals and
groups who participated in an amusement park physics program, and explore how
these characteristics were involved in knowledge construction. The study was based
on four groups with three or four high school students in each of them. The authors
developed and administered the Metacognition Baseline Questionnaire (MBQ) to
these high school students. Students were given novel kinematics problems con-
cerning various cycles to try and solve. Assigning students into groups encouraged
them to verbalize their thinking in order to present and discuss their ideas. Qualitative
data was collected in order to probe deeper into students’ metacognitive processes.
The authors showed that the key dimensions of awareness, monitoring, and evalua-
tion are critical to the resilience and sustainability of individual capacity to engage
in meaningful learning. Thus, developing these capacities can contribute to empower
students’ meaningful understanding. Nielsen et al. (2009) also investigated high
school students’ metacognition in the context of an amusement park. The authors
argued that as a result of the various learning activities undertaken by the participat-
ing students, they were able to develop deeper understanding of the kinematic con-
cepts they encountered, enriching their prior conceptions. Individual combinations
of metacognitive dimensions as represented by the obtained MBQ profiles seemed
to dictate the student’s approach to work within the group and as individual learner.
The authors’ approach regarded the qualitative assessment as an intervention tool
intended to improve learning outcomes rather than as a tool for assessment of meta-
cognition. They concluded that the problem-solving activities in the field and in-
class activities enabled the students to develop further understanding of the
kinematics concepts, enriching their prior comprehension, and allowed them to
learn about themselves as learners. They suggested that if teachers had the option to
receive students’ individual metacognitive profiles, they could potentially utilize
this information to improve learning in terms of group configuration and problems
development for various classroom activities. Also in the domain of physics, Shin
et al. (2003) examined aspects that predict success in solving ill-structured prob-
lems by ninth grade science students within the domain of scientific inquiry in
astronomy. They evaluated the aspects of metacognition by an instrument called
How Do You Solve Problems? The instrument included metacognitive statements
related to reflection, planning and monitoring, problem-solving strategies, and
information-selection. The authors found that knowledge of cognition, including
information-selection and problem-solving strategies, was not a significant predic-
tor in students’ success to solve ill-structured problems. However, regulation of
cognition, including planning and monitoring skills, did predict problem-solving
level in unfamiliar contexts. They summarized that solving ill-structured problems
requires that students not only have the necessary knowledge but also regulate their
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cognition, which includes (a) modifications of plans, (b) reevaluation of goals, and
(c) monitoring one’s own efforts. They also concluded that if the problem is not
structurally complicated enough, the students may not use their regulation of cogni-
tion abilities even though they possess them.

Martin et al. (2000) investigated, among other things, differences in the metacog-
nitive reflections of students employing diverse learning strategies. They audio-
recorded clinical interviews with students of marine biology in post-secondary
education. The authors aimed at probing metacognitive knowledge and relate this
knowledge to students’ predominant learning modes. They argued that many stu-
dents lack the fundamental learning skills and metacognitive abilities essential for
success in the ‘information age’ and that students are often unaware of the limita-
tions posed by their learning style. They recommended conducting large-scale stud-
ies to demonstrate the promise of these approaches in a variety of science disciplines
and ages. Schraw et al. (2012) investigated the relationship between self-reported
metacognition, attitudes about an outdoor learning program, and field-based learn-
ing in an environmental education program. Their main research question concerned
whether knowledge and regulation of cognition scores were related to attitudes and
learning before and after completing a half-day field-based science curriculum.
Students’ attitudes and knowledge relating to the intervention were assessed before
and after the intervention. Schraw and colleagues made use of the Junior
Metacognitive Awareness Inventory (Jr. MAI), created by Sperling et al. (2002), to
assess metacognition. The Jr. MAI was based on Schraw and Dennison’s (1994)
MALI, which was also used to assess metacognitive awareness. The Jr. MAI was
intended for students in third through eighth grades and was used specifically to
assess incoming metacognitive knowledge or changes in knowledge after an inter-
vention to improve metacognitive skills. Schraw and colleagues removed some of
the MAI’s items due to irrelevance to younger populations and modified others by
rewording of certain phrases to make them simpler or in order to provide a more
familiar context.

Schraw and colleagues found two factors, knowledge and regulation of cogni-
tion, accounted together for 35% of variance, and reported that knowledge of cogni-
tion and regulation of cognition factors were moderately correlated. Knowledge of
cognition correlated with attitudes and post-intervention knowledge scores.
However, regulation of cognition scores did not correlate with these measures at the
fourth grade level. The authors concluded that the Jr. MAI can serve to assess the
knowledge and regulation of cognition in a valid and reliable manner and that meta-
cognitive knowledge is related positively to increased learning and attitude change.
Schraw and his colleagues suggested that future research should compare the role of
metacognitive knowledge inside and outside the classroom. Lastly, the authors out-
lined several instructional strategies to promote metacognitive awareness, such as
helping students to develop and refine their metacognitive knowledge and regula-
tory skills, and promoting metacognitive knowledge and regulation through active
reflection and dialogue.

In summary, the above studies showed that metacognition is correlated with (a)
robust and profound scientific understanding, (b) the ability to read scientific texts,
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(c) effective learning strategies, and (d) problem-solving skills. Currently, it is
known that metacognition can contribute to different aspects of scientific learning.
Therefore, valuable research from this point forward should include research on
specific components of metacognition that can be addressed to enhance different
scientific skills, e.g., teaching students metacognitive strategies for reading to
develop their question posing skills (Herscovitz et al. 2012). This goal was partially
addressed by Shin et al. (2003) and Anderson and Nashon (2007). Identifying
different components of metacognition and correlating them to different scientific
skills might contribute to teachers and students understanding of metacognition and
thus to the implementation of related strategies in the classroom (see also Nielsen
et al. 2009). The next section contains studies from the last 15 years concerned with
metacognition-based pedagogical intervention.

3.4.2.3 Metacognition-Based Pedagogical Intervention

The papers and chapters that described a pedagogical intervention are presented in
Table 3.2 in more detail than in Table 3.1, category c. Some of these studies present
a metacognitive intervention aimed at enhancing specific scientific skills or knowl-
edge (e.g., Ben-David and Zohar 2009; Herscovitz et al. 2012; Koch 2001; Wang
2015), while others were aimed at enhancing metacognitive skills specifically and
assessing them (e.g., Sandi-Urena et al. 2011; Thomas 2013; Thomas and McRobbie
2001). Studies of metacognitive pedagogical intervention in domains other than sci-
ence education or those not concerned directly with metacognition, but with self-
regulated learning, were not included in this review. For example: the IMRPOVE
method, which aims to enhance mathematics learning through metacognitive inter-
vention, was excluded from the present review (e.g., Mevarech and Kramarski
1997; see also Chap. 12 in this book).

In the case of papers concerning metacognitive skill assessment, the tools that
were used before, after or during the intervention were either qualitative, quantita-
tive, or both. For example: Sandi-Urena et al. (2011) used a multi-method assess-
ment that combined two instruments, a prospective self-report named the
Metacognitive Activities Inventory—MCAI (Cooper and Sandi-Urena 2009) and an
online concurrent automated instrument (software) named Interactive Multimedia
Exercises—IMMEX (Cooper et al. 2008). The intervention was aimed at enhancing
students’ metacognition awareness and was used in a problem-solving scenario.
The authors engaged students in small groups collaboration and individual work
that promoted reflection about the processes and the products in a problem-solving
environment. Thomas (2013) used the Metacognitive Orientation Learning
Environment Scale-Science, classroom observation, interviews with students, and
the SEMLI-S (Thomas et al. 2008), to assess the metacognitive orientation of the
classroom learning environment, students’ views of what it means to learn physics,
and how students considered they knew they had learnt physics. The intervention
included a change in the teacher’s pedagogy and explicit teaching of a triarchic
model of representations altering the metacognitive orientation of a physics class-
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Table 3.2 Summary of research on
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metacognition-based pedagogical intervention in science

education
Scientific skills or | Metacognitive Aspects of
Author(s) concepts being skills being metacognition in the | Time of
and year assessed assessed intervention intervention
Ben-David Inquiry skills: (a) None Awareness of the 10 lessons
and Zohar defining research type of thinking
(2009) questions (b) strategies being used
formulate research in specific instances
hypotheses
Blank Students’ None Metacognitive 3 months
(2000) understanding of classroom where
targeted ecology students asked to
concepts reveal their science
ideas and to discuss
the status of their
conceptions
throughout the
instruction
Chiu and Learning from and | Study 1 — Self- Study 1 — Monitoring | 1 week +
Linn (2012) | understanding of assessment of one’s OWn progress 1 week

scientific
visualizations

learning: (a)
generating
explanations and
(b) identifying
difficulties with
their

while learning
chemical concepts
and processes

understanding

Study 2 — Study 2 — Some
Students’ students were given a
revisiting of multiple choice
visualizations question immediately
they were following the
previously visualization in order
exposed to focus them on a

to — Monitoring
their level of
understanding

specific idea, where
an incorrect answer
would refer them
back to the
visualization with
added explanation

(continued)
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Scientific skills or | Metacognitive Aspects of
Author(s) concepts being skills being metacognition in the | Time of
and year assessed assessed intervention intervention
Conner and | Essay writing Declarative and Prompts for 4.5 weeks
Gunstone about biological procedural reflection by teacher
(2004) issues and social, knowledge of to tap into students’
ethical, or cognition, and prior knowledge of
environmental awareness and learning strategies so
implications control of they could use it to
cognition develop more
independent and
self-regulating
learning
Georghiades | Conceptual None Metacognitive 4 weeks
(2004b) understanding and reflection
retention of current
electricity ideas
Grotzer and | Conceptual Metacognitive Encourage greater 16 weeks
Mittlefehldt | understanding, comments monitoring and
(2012) identifying evaluation in students
underlying
relational causality
and transferring
this understanding
of causal structures
between topics
Hand et al. Addressing General Intervention was 8 weeks
(2004) concepts, metacognition aimed at promoting
structures, conceptual
functions and understanding and
processes, creating metacognition by
analogies, using science writing
developing heuristics and a
arguments, and textbook writing
explaining activity
processes
Herscovitz Posing questions Study 1 — Use of | Posing quetions after | 4-5 months
etal. (2012) | as part of reading reading strategies | reading scientific
comprehension Study 2 — Use of | text — knowledge of
chemistry cognition; assessing
understanding the complexity of
levels questions posed —
regulation of
cognition

(continued)
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Scientific skills or | Metacognitive Aspects of
Author(s) concepts being skills being metacognition in the | Time of
and year assessed assessed intervention intervention
Koch (2001) | Text reading None Training in self- 3 months
comprehension awareness by
self-assessment of
reading
comprehension and
ranking abilities and
disabilities
hierarchically
Michalsky General scientific | Cognitive or Different self- 12 weeks
(2013) literacy metacognitive addressable questions
regulation instructional method
for reading of
scientific texts —
cognitive-
metacognitive alone,
motivational alone,
or combined
cognitive-
metacognitive and
motivational
Sandi-Urena | Developing Metacognitive Engage in small 2.5 weeks
etal. (2011) | participants’ awareness and use | group collaboration
awareness and use and individual work
of regulatory that promoted
metacognitive reflection about
skills in domain- processes and
specific context products in a
problem-solving
situation
Thomas Views of what it Metacognition Explicit teaching of a | 6 weeks
(2013) meant to awareness triarchic model of
understand physics representations on
and how they the induction of
might learn and metacognitive
understand physics reflection in students
concepts considering physics
phenomena
Thomas and | Students’ Self-concept and | The intervention 12 weeks

McRobbie
(2001)

metacognition and
learning processes
in chemistry
education

metacognition

served as a catalytic
metacognitive
experience that
informed students
about what was for
some an alternative
conception of
learning

(continued)
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Scientific skills or | Metacognitive Aspects of
Author(s) concepts being skills being metacognition in the | Time of
and year assessed assessed intervention intervention
‘Wang Content knowledge | None Metacognitive 10 weeks
(2015) and construction of evaluation instruction
scientific to resolve inadequate
explanations in self-evaluation using
five inquiry-based idea-unit standards
biology activities during peer
evaluation
Ward and Textual and visual | Questioning, Using a 9 weeks
Wandersee explanations of reflecting on their | metacognition-based
(2002) abstract science learning, and visual learning
concepts and creating visuals in | model — The
principles dyads and roundhouse diagram
explanations on strategy
their own
Zion et al. General scientific None Metacognitive 12 weeks
(2005) ability and consciousness

domain-specific
inquiry skills

questions, concerning
knowledge about (a)
problem-solvers, (b)
the goals of
assignment, and (c)
problem-solving
strategies, and

Executive questions,
concerning (a)
regulating, (b)
controlling and (c)
criticizing cognitive
processes and
products

room. Students were engaged in metacognitive reflection related to the use of (a)
macroscopic, (b) molecular/sub-micro, and (c) symbolic representations when con-
sidering physics phenomena. In Thomas and McRobbie’s (2001) study, the authors
conducted interviews with students, collected students’ journals, formal assessment
documents and grades, and videotaped classroom sessions. They used question-
naires to assess student’s self-concepts, metacognition, and students’ self-reported
use of surface, deep, and achieving approaches to learning. The teacher in this study
used the ‘learning is constructing’ metaphor while teaching chemistry in order to
enhance students’ metacognition. The use of the metaphor revealed students’ con-
ceptions of learning while considering it in the process of learning.
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In these three papers (Sandi-Urena et al. 2011; Thomas 2013; Thomas and
McRobbie 2001) that explicitly assessed metacognition, all the authors reported an
increase in several components of metacognition. For example: Sandi-Urena et al.
(2011) reported that the treatment group showed significant increase in metacogni-
tion awareness and increased ability in solving non-algorithmic chemistry prob-
lems. Although they reported a lower score of the treatment group in the MCALI, the
authors argued that raising the awareness about metacognition developed within
students a more critical view of their learning processes. They concluded that the
intervention enhanced students’ metacognitive skills and was a factor in the stu-
dents’ ability to solve ill-structured problems. The authors call for a clear differen-
tiation that “needs to be made between instruction that fosters the use of processes
associated with metacognition — reflection for instance — and the evidence for the
actual development of metacognition” (p. 325). Ward and Wandersee (2002) used a
graphical metacognitive technique that introduces both visual and textual modali-
ties to instruction of abstract scientific concepts. The authors claimed that sixth
grade students had become more aware of their learning as a result of using their
metacognition. The authors argued that students who articulated their understanding
through the bimodal tool, using both icon drawings and short sentences, were capa-
ble of asking more questions, better self-regulated their learning, and were more
independent learners. Thomas (2013) argued that explicit representational frame-
works (e.g., using a triarchic model comprised of macroscopic, molecular, and sym-
bolic representations for science phenomena) can help students to use metacognitive
skills in their learning processes. Other researchers that included an intervention to
enhance metacognitions skills as well as assessing them were Chiu and Linn (2012)
and Herscovitz et al. (2012). Both groups of researchers as well as Thomas (2013,
mentioned earlier) described a discipline-based (i.e., chemistry) metacognitive
intervention. Herscovitz and colleagues described the use of a discipline-based
metacognitive tool relying on the four chemistry understanding levels — macro-
scopic, microscopic, symbol and process (see also Avargil, Herscovitz, and Dori
2012; Kaberman and Dori 2009). In their study they promoted the use of metacogni-
tion in chemical education based on the knowledge structure of chemistry and spe-
cific scientific practices, especially posing complex questions. Chiu and Linn (2012)
described learning chemistry in a technology-rich environment and investigated
how students monitored their own progress and the effect of this process on their
performance. The authors investigated whether dynamic visualizations in chemistry
impact students’ judgments of their learning with and without prompting explana-
tions to mediate students’ understanding of visualizations and the chemical phe-
nomenon. The authors used a technology-based visualization of atomic interactions
during chemical reactions. Students were divided into dyads, where each dyad was
placed into one of two conditions: ‘explanation first,” where they were given prompts
immediately following visualizations and then rated their understanding, or ‘rating
first, where they rated their understanding first, then used the visualizations and
were prompted to provide explanations. The students were later asked to rate their
understanding once more. The authors administered pre- and post-tests before and
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after the intervention, in which they asked the students to rate their individual under-
standing of various chemistry concepts. A follow-up study included an investigation
of students’ activities when they realized they did not understand a concept. The
authors reported that students in the ‘rating first” group consistently rate themselves
as more knowledgeable than those in the ‘explanation first’. One possible explana-
tion is that students in the ‘explanation first’ group had more time and specific
instruction to reflect on their knowledge before they had to rate their understanding,
and were given an opportunity to reflect on their understanding while identifying
gaps in their knowledge. The authors established these findings reveal the impor-
tance of self-monitoring for learning with dynamic visualizations and the need to
foster students’ self-regulatory behavior.

Grotzer and Mittlefehldt (2012) conducted a pedagogical intervention that
included introducing what they named ‘metacognitive moves’ into instruction,
aimed at helping students to reflect upon and revise their underlying causal assump-
tions about density and pressure and develop meaningful learning. The authors
explained the concept ‘metacognitive move’ as a set of questions students ask them-
selves in order to examine their cognition. The intervention, which was both
material-based and teacher-facilitated, was intended to encourage greater monitoring
and evaluation abilities in the students and explicit classroom discussion of these
causal structures. Students were assessed pre and post-intervention for understand-
ing science content with embedded casual complexity, for both learning units.
Selected students were also interviewed to assess their conceptual understanding
and metacognitive behavior. Students’ ability to identify underlying relational cau-
sality was improved post-intervention when compared to pre-intervention. A high
correlation was reported between the number of metacognitive comments students
made during their interviews and higher science assessment post-test scores.
Moreover, students who made more metacognitive comments were more likely to
offer relational causal responses on their post-test and were also more likely to
transfer their understanding from density to the context of the pressure unit. This
study also raised the importance of metacognition in affecting other higher order
thinking skills like transfer.

Zion et al. (2005) implemented the Metacognitive-guided Inquiry within
Networked Technology (MINT) learning environment, which was based on a
learner-centered approach and comprised cognitive, metacognitive, social and tech-
nological elements. They compared four different groups of high school partici-
pants who studied microbiology in an inquiry-based learning environment. They
found that students who studied science in the MINT environment had better
domain-specific (microbiology) scientific ability and inquiry skills than students
who studied in other groups. Zion and colleagues also reported that the metacogni-
tive guidance provided to the participants did not enhance general science ability
like it did for domain-specific inquiry skills, meaning that the effect on the latter
was greater than the effect on the former. This strengthened previous findings that
‘far transfer,” i.e., improvement in general science knowledge and skills following a
domain-specific learning process, is more difficult to attain than ‘near transfer,” i.e.,
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improvement in domain-specific performance following the learning process in the
same scientific domain (Dori and Sasson 2013; Sasson and Dori 2015; Zohar 2004).

Not all the investigations that included a metacognition-based pedagogical inter-
vention actually assessed students’ metacognition skills. Moreover, when reviewing
the papers described in Table 3.2, it was not clear in some of the papers how to
identify specific elements of metacognition that were addressed, such as specific
theoretical constructs of regulation of cognition or knowledge/awareness of cogni-
tion. Time of intervention varied between few weeks to 3 and 4 months. Another
aspect, not specified Table 3.2, is the assessment of retention regarding scientific
concepts and skills being assessed. Only three studies evaluated the retention of
skills and knowledge (Ben-David and Zohar 2009; Blank 2000; Georghiades
2004b).

Analyzing the papers concerning metacognitive intervention, we found a couple
of studies that showed gains in learning, but not in metacognition. Sandi-Urena
et al. (2011) reported that scores on the IMMEX problem, which served as an indi-
cation of chemistry learning and metacognitive skills, increased significantly for
both treatment and control groups from pre- to post-test. However, they also reported
that MCA-I scores, representing regulation of cognition elements, such as planning,
evaluating, and monitoring, decreased significantly for the treatment group from
pre- to post-test, and did not change for the control group. The authors suggested
that a possible explanation of this finding might be the effect of a change in stu-
dents’ self-report. Unlike an attitude inventory, the MCA-I does not assess the
importance that students placed on the construct, but rather their use of it. Therefore,
they argued, raising awareness of metacognition and increasing its students’ per-
ceived importance increased their critical self-view and their tendency to self-score
more strictly. A similar finding was obtained in another metacognition-enhancing
intervention assessed by the same instrument (Cooper and Sandi-Urena 2009). The
authors explained that after students were given the correct answer to the problem,
they realized that they had used superfluous information in their previous attempt to
solve the problem and that therefore, the students overestimated their knowledge in
the first stage relative to what was expected from them in order to solve the scientific
problem. These studies show that gains in one component of metacognition do not
guarantee gains in another metacognitive component, however this aspect needs
further investigation.

Thomas and McRobbie (2001) reported that some students showed an increase
in their metacognitive skills following the intervention, while others showed no
such increase. The authors’ explanation to this finding was qualitative and related to
students’ learning processes or styles rather than to age.
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3.5 Discussion

The review presented in this chapter helped to identify gaps between what research-
ers in the field of metacognition in science education strive to achieve and what they
have achieved in practice, based on the literature. This review should help research-
ers determine whether, to what extent, and in what ways metacognition and assess-
mentin science education have been implemented, and what aspects of metacognition
and metacognition research in science education are still require more work. We
shall now discuss (a) evaluation criteria for metacognition assessment tools, (b)
research gaps we have identified, and (c) recommendations based on our findings
and conclusions.

3.5.1 Evaluation Criteria for Metacognition Assessment Tools

In light of the theoretical background and studies reviewed in previous sections, we
specified optional requirements that effective tools for assessment of metacognition
in science education should meet (see Table 3.3). All the tools listed in Table 3.3
were reported by their respective authors to be reliable and valid. Fulfilling as many
of these requirements as possible would improve future tools and their effectiveness
for assessing metacognition in science education.

3.5.2 Research Gaps

One of the objectives of this work was to review and compare relevant literature to
provide readers with potential guidelines for further research on metacognition in
science education and different methods for assessing metacognition in science
education. Our literature search findings highlight the need for further research on
metacognitive assessment of science students. Indeed, as Veenman (2012) noted,
research on metacognition in science education is still a work in progress. Since
each STEM discipline has its own body of knowledge, more research to define and
investigate metacognitive pedagogical interventions and metacognitive skills that
are unique to each discipline is required. Two such examples — in mathematics edu-
cation — are described in Chaps. 12 (Mevarech and Fan 2018) and 13 (Kohen and
Kramarski 2018) of this volume. Another example for domain-specific metacogni-
tive assessment is described in Chap. 9 of this book by authors Wengrowicz et al.
(2018), where the authors describe their newly developed method for meta-
assessment in systems engineering education. Students were required to compare
and contrast different conceptual models across various model quality criteria,
which the authors claimed fostered students’ metacognitive skills. The authors
specifically mentioned planning, monitoring, and evaluating, all belonging to
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Table 3.3 Requirements for an effective tool for assessment of metacognition in science education

Requirement criterion

Requirement
description

Examples of tools

Development and
research suggestions

Adaptability

Be administrable,
or adapted to age
ranging from young
students to
undergraduate and
graduate students

Two theoretical
examples:

A. Guidelines for
assessing metacognition
in children (Georghiades
2004a)

B. Suggestions for
implementation into
science classrooms in
the document: Taking
science to school — grade
K-8 (NRC 2007)

An empirical example:
Junior Metacognitive
Awareness Inventory (Jr.
MAI) — developed and
used to assess
elementary school
students. Suitable also to
different student
populations — MAI
(Schraw et al. 2012)

Other empirical
examples: Georghiades
(2004b) and Wang et al.
(2014)

Integrate into the
assessment concrete
items taken from
students’ learning
experiences

Comprehen-siveness

Contain items that
cover various
elements of
metacognition

Metacognition
Baseline Questionnaire
(MBQ) — includes
multiple elements of
recognition: awareness,
control, evaluation,
planning, monitoring,
and self-efficacy
(Anderson and Nashon
2007)

Assessment and
intervention should
explicitly address
several elements of
metacognition based
on the literature

(continued)
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Requirement criterion

Requirement
description

Examples of tools

Development and
research suggestions

Concreteness

Include items that
address concrete
real-life problems,
questions or
statements, rather
than abstract or
‘textbook’ issues

Interactive Multimedia
Exercises (IMMEX) —
presents students with
real-world scenarios
and concrete problem
cases as part of a
metacognitive
assessment tool
(Cooper et al. 2008;
Sandi-Urena et al.
2011)

In-action assessment

Be administrable
concurrently with
the task used for
assessment, rather
than being
anticipatory or
retroactive

IMMEX - used to
conduct concurrent
assessment of students
(Cooper et al. 2008)

Think-aloud protocol
assessment tool while
reading a scientific text
and answering questions
(Michalsky 2013)

Assessment and
intervention should
address specific
discipline-based
knowledge constructs

Multi-
contextualization

Include items that
address various
contexts: personal,
social and global,
or otherwise can be
effectively adapted
for this purpose

A theoretical example:
Choi et al. (2011)

An empirical example:
IMMEX - used to create
detailed scenarios and
multiple problem cases,
enables creating
scenarios in different
contexts — personal,
social or global (Cooper
et al. 2008; Sandi-Urena
etal. 2011)

Another empirical
example: investigating
self-reported
metacognition and
attitudes about an
outdoor learning
program (Schraw et al.
2012)

Investigate
metacognitive
components under the
umbrella of SRL to
include motivation
and resource
management aspects
that promote life-long
learning

(continued)
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Table 3.3 (continued)

Requirement criterion

Requirement
description

Examples of tools

Development and
research suggestions

Bimodality The tool should A visual strategy (a Assessment and
include both visual | diagram) has been intervention should
and textual applied in science be based on two
modalities education for concurrent

encouraging students modalities: visual and
to improve their textual
science understanding
of complex topics and
their ability to
demonstrate their
mastery in both text
and schemes (Ward
and Wandersee 2002)
Assessment Allow for repeated | A theoretical example: | The tool should be

repeatability and
students’ retention

testing in time gaps
for effective
monitoring of
students’ retention

Choi et al. (2011)

Empirical examples:

A. Assessing students’
physics understanding
twice in 3 months with
slight modification
(Koch 2001)

B. Assessing students’

question posing skill via

a 4-month intervention

in chemistry classes with

pre- and post-tests
(Herscovitz et al. 2012)

C. Assessment of
retention in biology
(Ben-David and Zohar
2009)

suitable for multiple
admissions to the
same students without
a reduction in
reliability or
substantial increase in
cost

STEM-orientation

Include items that
test students’
scientific thinking

Inventory of Science
Reading Awareness
(ISRA) is used to
measure students’
science reading
awareness (Wang et al.

Assessment and
intervention should
include particular
STEM domains as
well as scientific
practices or thinking

2014 based on Yore skills
et al. 1998)
Disciplinary focus Include items that Physics Metacognition | Metacognition needs
are concerned with | Inventory (PMCI): to be intertwined with
a particular STEM | Multiple items from learning domain-
domain physics specific science core

(Taasoobshirazi and
Farley 2013)

ideas and scientific
practices or thinking
skills
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regulation of cognition. They also mentioned students had to consider their own
task-specific knowledge, which can be constituted as declarative knowledge of cog-
nition, although this term was not mentioned explicitly regarding meta-assessment.
For future work on this promising tool, we suggest to specify precisely what ele-
ments of metacognition are engaged by this meta-assessment, and assess each ele-
ment using a self-report tool for assessment of metacognitive thinking. This could
provide evidence for metacognition as well as indication of the level of importance
of each element of metacognition to task performance.

If and when such disciplinary knowledge becomes more established, investiga-
tion of interdisciplinary metacognitive thinking will become feasible and its out-
comes potentially valuable. Thomas (Thomas 2013, also based on Schraw 1998,
and Thomas 2012) argued that teacher-led explanations regarding thinking and rea-
soning strategies are key for fostering metacognition in students. We suggest such
teacher-led explanations should be subject-specific and take into consideration the
science content being taught. Assessment tools for metacognition in science educa-
tion should be adaptable to a wide age spectrum, ranging from elementary school to
post-secondary education, and suitable for various scenarios, problems, contexts,
societal and global situations. Moreover, Wang et al. (2014) and Schraw et al. (2012)
showed that young students in the elementary and middle school levels should be
able to assess their learning in STEM or science before making a career choice.

Science educators and teachers should be aware that metacognition is composed
of different components and that gains in one component of metacognition does not
ensure gains in another component (Cooper and Sandi-Urena 2009; Sandi-Urena
et al. 2011). Further research is needed here. Moreover, significant gains in one age
group do not mean that these gains will be significant or visible in another age
group. For example: Schraw et al. (2012) reported that following a metacognitive-
based intervention, fifth grade students improved their environmental science
knowledge, knowledge of cognition, and regulation of cognition, and that these
factors were correlated positively. However, examining fourth grade students, the
authors found that the first two factors were not correlated with the third one, which
was regulation of cognition. The authors explained this finding by explaining that
knowledge about oneself as a learner relates better to attitudes and performance
than to self-regulatory aspects of metacognition.

Some of our findings echo those of Zohar and Barzilay (2013), who also carried
out a review of research on metacognition in science education: (a) the prevalence
of research in specific scientific disciplines, rather than in general contexts; (b)
studying of metacognition usually occurs along with or in relation to other con-
structs; and (c) metacognition is studied mainly amongst older students. Our review
adds in the aspect of assessment tools for metacognition and their requirements and
calls for further development of tools to assess metacognition.
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3.5.3 Recommendations

We recommend teachers engage in explicit teaching of the different components
from the theoretical metacognition construct viewpoint. This would require prior
training of teachers in the knowledge and practice of metacognitive learning. They
will be able to enhance their teaching strategies using different components of meta-
cognition, while students will better understand their different meanings.
Metacognition needs to be intertwined with learning science core ideas and scien-
tific practices as an integral part of science education. The document published by
the NRC (2012a) emphasized that learning science involves deep exploration of
important concepts, allocating time for students to develop meaningful understand-
ing, and the need to progress throughout K-12 education. For older, high school and
university students, it is important that knowledge be anchored to specific science
subjects (Thomas et al. 2008). As NRC reports (2012b; 2015) highlighted, effective
instruction in science education should include student-centered approaches. The
more advanced approaches advocate attention to students’ metacognitive strategies,
though the K-12 reports do not yet explicitly mention metacognition (NRC 2013,
2015).

Additionally, and as part of science teaching, the elements of metacognition that
a metacognitive intervention targets should be made explicit and assessed using a
tool that is designed to assess those specific metacognitive elements (Herscovitz
et al. 2012; Wagaba et al. 2016). While using a metacognitive tool in the classroom,
assessment of learning and assessment of metacognition should be carried out in
periodically and in tandem. This would enable the evaluation of the relationship
between students’ learning and their metacognition. We recommend teachers con-
duct behavioral observations, interviews and questionnaires, and ask for reflections
from students to identify individual students’ metacognitive profiles, as students are
usually unaware of the limitations posed by their learning style (Anderson and
Nashon 2007). Martin et al. (2000) claimed that many students’ learning skills and
metacognitive abilities are not adapted to the ‘information age’, placing their long-
term success in jeopardy. Teachers and educators should make individual metacog-
nitive profiles transparent to students in order to advance their learning and
metacognition skills in a technological setting (see also Chap. 14 in this book).

Adopting these recommendations would help to make metacognition as an
inseparable part of science education, and enable the progress of students’ metacog-
nitive skills alongside science learning and its assessment.

Although the research community has made various attempts to define metacog-
nition and its components in the science education body of knowledge (Zohar and
Dori 2012), with respect to several components (e.g., reflection or transfer) there is
no consensus in regard to whether they are part of cognition or metacognition.
Nonetheless, we recommend that science education research relate to specific com-
ponents of metacognition and that researchers define what metacognitive aspects
are at the focus of their intervention or assessment. Doing so rather than relating to
metacognition as a whole will help advance research and development in this
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progressing field. For example: Wang and Chen (2014) found that students do not
differentiate between various components of metacognitive awareness. In addition,
we suggest that when conducting studies of metacognition in general science or in
a particular scientific discipline, researchers account for study findings in the rele-
vant discipline. For assessment of students’ metacognition who study science,
researchers should use at least one qualitative and one quantitative assessment tools;
and if no adequate tool exists for the researcher’s assessment of metacognition pur-
pose, we recommend they design their own tool to fulfil at least part of the criteria
in Table 3.3, such as concurrent, in different contexts, and cater to repeatability —
pre, post, and retention.

In summary, this review chapter along with its discussion and recommendations
contributes to STEM researchers, educators, and practitioners who seek to advance
science and engineering education through metacognition. For researchers, we con-
tribute by presenting what research is still lacking in the STEM field; for educators,
this contribution lies in our recommendations for teachers’ training and professional
development with emphasis on metacognition-based pedagogical intervention; and
for teachers, the contribution is practical by raising the awareness for the need to
incorporate metacognition in the specific science or engineering topics they teach,
with the goal of advancing their students’ metacognitive skills.
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