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 A Look Back at the ESERA 2015 Conference

The ESERA 2015 Conference theme was Engaging Learners for a Sustainable 
Future, thus underlining aspects that are of great relevance in contemporary science 
education research. The conference theme called on researchers to reflect on differ-
ent current approaches to science education in order to enhance our shared knowl-
edge of learning and instruction in various educational contexts.

In total almost 1150 single and multi-paper proposals were submitted to the con-
ference in early 2015. Eventually, for example, out of 810 proposals for single oral 
presentations initially submitted for review, 580 were presented as such at the con-
ference. Out of the 230 interactive posters presented at the conference, 35 were 
presented by young researchers who had attended the ESERA Summer School in 
2014. The workshops or ICT demos were less popular as a presentation format as 
just 12 of them were presented or carried out in the conference. In total 72 symposia 
(each with four papers) were held at the conference, with 16 of them being invited 
symposia. In general, it was the symposia that received the highest average session 
ratings from the participants. Each symposium was organized by an expert around 
a specific topic and each of the papers, presented by scholars from different coun-
tries, addressed the topic from different perspectives.

The conference week was thus tightly scheduled with hundreds of presentations, 
either single oral presentations, symposia, interactive posters or ICT demos or 
workshops, divided into 19 different strands based on their topic (see www.
esera2015.org). In addition, the conference had also four invited plenary talks by 
prominent scholars. Education for sustainability or sustainability related issues 
were considered in several symposia and other types of presentations in many 
strands of the conference, especially in Strand 9 (Environmental, health and outdoor 
science education). However, most presentations dealt with other current topics of 
science education. Many conference presentations dealt with research on students’ 
and teachers’ knowledge, engagement, experiences, competences and social inter-
action in different learning environments, reflecting the importance of various cog-
nitive and affective aspects in science education. After the conference, all presenters 
were invited to submit revised and extended papers of their conference presentation 
to the electronic Proceedings of the ESERA 2015 Conference, titled Science 
Education Research: Engaging Learners for a Sustainable Future (Lavonen et al. 
2016). The electronic publication comprises over 300 papers and, as a whole, repre-
sents the interests and areas of emphasis in the ESERA community at the end of 
2015.

The ESERA 2015 Conference was attended by nearly 1300 science education 
researchers from around the world and thus the conference was indeed a very inter-
national meeting. About two thirds of the participants came from 29 different 
European countries and one third from 27 countries in Asia, Australia, Africa, North 
America and South America. While presenting one’s own research and engaging 
others in discussion of it was naturally one of the most important aspects of the con-
ference, having an opportunity to meet other members of the science community was 
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just as valuable. The countless encounters with other professionals throughout the 
week enabled the participants to strengthen their existing networks, make new 
acquaintances and set seeds for future cooperation.

In education, it is important to “practice what you preach” and, for the first time 
in an ESERA conference, the organizers – with the help of the ESERA Board – 
encouraged the keynote speakers to plan and incorporate social interaction into their 
presentations. The participants enjoyed the opportunity to send questions before-
hand, follow the interaction of two keynote speakers sharing the stage on the open-
ing day of the conference, and use Twitter and Flinga (a digital infinite whiteboard) 
online during some of the keynote presentations. Besides the formal conference 
programme, the participants had an opportunity to attend pre-conference workshops 
and different receptions, and take part in other excursions such as school visits, 
industrial site visit, national park trip or, for example, the first ever ESERA football 
game. Student helpers were incremental to the daily operations throughout the con-
ference and were also present and ready to help during the conference sessions, 
outings and at evening events.

The general atmosphere at the conference exuded positive energy that all the 
participants brought together. The participants were delighted to be in Helsinki and 
share their contributions at the conference. The excitement and commitment of 
being part of the ESERA science education community culminated at the traditional 
conference gala dinner on the evening before the final conference day. The gala din-
ner was organized at Finlandia Hall which is one of the most iconic buildings in 
Finland and designed by Alvar Aalto, a world-renowned Finnish architect. This his-
toric location provided a perfect setting for the three course dinner and entertain-
ment before and after. The evening ended in dancing to the tunes of a wonderful 
dance band – all too soon for many of the conference participants still present.

 Highlights of the Chapters

This volume brings forth intriguing research that is both novel and innovative in the 
field of science education. We are certain that will continue to spark interest and 
discussion within the community of science education researchers and science edu-
cators and extend beyond to new contexts and new actors. We, as the editors, are 
grateful for all the work carried out by the strand chairs and reviewers who made it 
possible to include these selected papers to this compilation. In the first step, the 
strand chairs recommended the most interesting original conference synopses as 
possible papers for the book. We invited the recommended scholars to submit full 
manuscripts. Based on at least two reviewer reports, we determined the papers to be 
selected in this book. Thus, the chapters underwent a rigorous scientific process, 
guided by the editors, before being accepted into this volume in their final form. 
Initially 35 invitations to submit manuscripts were sent to different authors and 34 
manuscripts were received.

Introduction



4

This book contains 25 research chapters that each take a specific perspective into 
a relevant aspect of contemporary science education. The chapters are multifaceted 
and examine different science education phenomena in a wide range and thus they 
could be grouped in various ways and many could fit under more than one of the 
following titled parts. To help the reader, the chapters are loosely organized into six 
parts, each of which revolves around certain cognitive and/or affective aspects in 
science education research. The parts are Teacher Knowledge, Student Engagement, 
Student learning and assessment, Language in science classrooms, Professional 
development, and Expanding science teaching and learning.

In what follows, we will bring up the main topic or theme of each particular 
study. The reader will get a quick overview of the variety of different subjects, con-
texts and countries, and research approaches.

 Teacher Knowledge

The volume starts off with different views of Teacher Knowledge that address the 
notions of Nature of Science (NOS), formative assessment, Pedagogical Content 
Knowledge (PCK) and creativity in science education. Sibel Erduran, one of the 
keynote speakers at the ESERA 2015 Conference, tackles the fundamental question 
of what science is and argues that visualizing NOS with images can help bring 
coherence to the ways NOS is conceptualized and enacted in science education. In 
her chapter, Erduran gives examples of holistic images in science that can inform 
curricular activities and she discusses a framework that can be used as a tool to 
identify and address gaps and missing links within the science curriculum.

In his chapter, Robin Millar discusses a curriculum development project in 
England that has its starting point in assessment instead of content or pedagogy. The 
project aims to support teachers in embedding formative assessment in their science 
teaching at lower secondary school level. Millar uses data from questionnaires and 
interviews to find out how teachers’ practices and thinking are impacted by carefully- 
designed and research-informed assessment materials.

The two following chapters deal with creativity in chemistry education from dif-
ferent perspectives and thus aim to fill the gap in science education research as 
related to creativity. Both studies are carried out in the German education system, 
the first among practicing teachers and the second in pre-service teacher education. 
Annika Springub, Luzie Semmler, Shingo Uchinokura, and Verena Pietzner 
used online questionnaires to gain insight into chemistry teachers’ perceptions and 
attitudes to creativity and to find out what creative methods, if any, the teachers 
themselves use. The authors discuss the results based on, for example, how the 
teachers rated their own personal traits in relation to creativity.

The study by Markus Bliersbach and Christiane S. Reiners, aims at support-
ing prospective teachers in developing their conceptions about creativity in chemis-
try education practice. The authors designed two different interventions (one 
approach with historical case studies and the other with student-generated  analogies) 
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that they integrated into teacher education courses. The authors discuss the differ-
ences between these approaches and conclude that while one approach can help 
students to recognize the importance of creativity in chemistry, the other approach 
can help students to realize how creative processes can be implemented in school 
chemistry.

The two last chapters in the first part examine pedagogical content knowledge 
(PCK) from different angles. Although there are different models that make up 
teachers’ expertise, recent research often focuses on three distinct dimensions of 
teachers’ professional knowledge which are content knowledge, pedagogical 
knowledge and pedagogical content knowledge. While PCK is considered to be a 
construct unique to teachers, its definition and understanding among researchers 
may vary. Marissa Rollnick, Bette Davidowitz and Marietjie Potgieter introduce 
the notion of teachers’ specialised knowledge at topic level, calling it topic-specific 
PCK, and in their study they attempt to discover whether topic-specific PCK is 
unique to teachers. The authors gathered both qualitative and quantitative data with 
two different previously validated instruments that included paper-and-pencil tests. 
In the study they compare the performance of chemistry subject matter specialists 
to chemistry teachers in both content knowledge and topic-specific PCK in organic 
chemistry in South Africa.

In his study, Alexander F. Koch addresses PCK from the question of its predic-
tive power on constructivist teaching habits in science classrooms. Data were gath-
ered from experienced science teachers from kindergarten up to lower-secondary 
school levels and evaluated with multiple measures for 3 years. The study is part of 
a science education project in Switzerland which is focused on competence devel-
opment in in-service teacher education and aims at fostering activating, inquiry- 
based teaching practice.

 Student Engagement

The second part is Student Engagement which includes studies that address student 
interest and study ways which can enhance student engagement in science class-
rooms or build connections between science and students’ lives. Kari Sormunen, 
Anu Hartikainen-Ahia and Ilpo Jäppinen tackle the problem of students’ lack of 
interest and motivation in science studies from the perspective of teachers’ peda-
gogical practices with socio-scientific issues (SSI). The authors examine scenarios 
(problems or cases that relate to real-life situations) that were designed by Finnish 
teachers for their science classes and analyze the quality of the designs. The sce-
narios are compared against the components of an ideal scenario and examined for 
their relevance, students’ involvement and reflection, and stimulation of scientific 
questions.

Drama in science education is a relatively new phenomenon and little is yet 
known of its effectiveness, for example, for student learning of difficult concepts, 
forming of opinions, or understanding social problems. In the study by Roald 
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P. Verhoeff, university students in the Netherlands from various science disciplines 
were involved in a drama experiment and, instead of being merely spectators, per-
formed multiple roles as audience, reviewers, authors and actors. In this chapter 
Verhoeff explores how the use of drama can enhance reflexivity in embracing and 
critiquing socio-scientific issues on emerging neuro technologies which involve 
various ethical and moral aspects.

The study by Peter Pany and Christine Heidinger is set within biology educa-
tion and, more specifically, in botany education among secondary students in 
Austria. The authors describe the notion of ‘plant blindness’ that refers to the phe-
nomenon that is currently taking place when people ignore plants in everyday life. 
Gaining knowledge about plants and plant life is important for students so that they 
understand the major global challenges that our societies are facing, such as climate 
change and global warming. The authors’ approach to battle students’ disinterest in 
plants is to examine their existing pre-interest in plants. The authors collected data 
with a questionnaire in order to find out differences between relevant groups (age 
and gender) and calculate interest profiles on an individual level. In their conclu-
sions Pany and Heidinger discuss how useful plants can be used as ‘flagship’ spe-
cies to trigger student interest in botany.

The inclusion of digital technologies in education is nowadays considered as an 
integral part of school work and explicitly called for in many curricula (e.g. Finnish 
National Board of Education 2016). The use of new technologies can also help 
enhance student interest and engagement in lesson activities. Wilmo Ernesto 
Francisco Junior examines the contribution of video production to chemistry edu-
cation in a university course in Brazil. He analyses videos produced by students and 
information about the production process gathered through a questionnaire. The 
author discusses different demonstrations of student engagement and argues that the 
production of videos creates learning opportunities that can promote student reflec-
tions over a long time and help clarify remaining misconceptions.

 Student Learning and Assessment

The third part, Student learning and assessment, includes chapters that each takes a 
different approach to issues that deal with an aspect of student learning in science 
education. Richard Brock and Keith S. Taber view learning as a learner’s personal 
act of structuring multiple conceptual elements. In their chapter the authors use the 
term ‘making sense’ to describe student learning in science education and they 
define it as “the formation or modification of a conceptual structure in which con-
cepts are related in a coherent system that may be applied to a range of contexts.” In 
their microgenetic case study set in England, Brock and Taber use the notion of 
coherence to examine and discuss two secondary school students’ organizations of 
resources in order to find out how the students’ conceptual structures related to 
physics developed over a 5-week period.
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The study by Lana Ivanjek, Maja Planinic, Martin Hopf and Ana Susac 
investigates university students’ strategies and difficulties with graph interpretation 
in different domains related to mathematics and physics and compares the results 
between students in both Croatia and Austria. The authors conclude that student 
reasoning about problems seems to be bound by the contexts and the disciplines in 
which their knowledge was acquired. They also discuss the possibilities and poten-
tial of using mathematics or physics related problems in contexts other than stan-
dard mathematics or physics to better expose and develop student reasoning.

Aurelio Cabello-Garrido, Enrique España-Ramos and Ángel Blanco-López 
conduct a literature review of last three decades’ publications of human nutrition in 
order to identify and describe students’ mental models of human nutrition and to 
consider how these evolve over time. The authors define mental models as con-
structs that are built both by scientists and learners to interpret their experiences and 
to make sense of the physical world. Knowledge of the structures of students’ men-
tal model can be used for developing school curricula. Cabello-Garrido et al. explain 
that as overweight and obesity are becoming serious public health issues world-
wide, it is important to raise students’ awareness of this problem and encourage 
healthy eating habits.

The PISA studies have received considerable attention throughout the world 
since their inception in 2000. The Programme for International Student Assessment 
is an international survey conducted every 3 years which evaluates education sys-
tems worldwide by testing the skills and knowledge of 15-year-old students (e.g. 
OECD 2000, 2016). In their chapter Jonathan Osborne, Magnus Oskarsson, 
Margareta Serder and Svein Sjøberg seek to explore the positive and negative 
aspects of the PISA assessment. The authors explain the changes and improvements 
in the assessment framework between the 2006 and 2015 science assessment and 
examine the major social and political impact that PISA has on education systems, 
schools and the learning of science. Each of the authors takes a specific role to con-
sider PISA from different perspectives, and, for example, to argue that it can be seen 
as an instrument of power that leads to a global race, or as an external indicator that 
can help measure the performance of an education system in relation to others. The 
chapter also presents an interpretation of PISA results from a science classroom 
perspective from Sweden and describes a study that seeks to understand the interac-
tion between the students and the items used for PISA testing.

 Language in Science Classrooms

The fourth part in this volume is titled Language in science classrooms and it con-
tains three chapters that each take a look at language(s) used in science teaching and 
learning, either by teachers or students. Language is of central importance in learn-
ing as it is the primary medium of interpersonal communication to convey informa-
tion such as thoughts, beliefs and knowledge, and it is closely connected to cognition 
and thinking. The focus in the study by Holger Tröger, Elke Sumfleth and Oliver 
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Tepner is on pedagogical content knowledge about technical language used by 
teachers at secondary schools in Germany. The authors examine the relation between 
teachers’ content knowledge, pedagogical content knowledge regarding technical 
language, teachers’ acting in class and students’ learning achievement in chemistry. 
Tröger et al. used multiple methods to collect data at different points in time, through 
paper-and-pencil tests, questionnaires and video recordings. The authors discuss the 
relevance and influence of technical language used by teachers for students’ 
improved learning outcomes.

The aim of language education in Europe is not only for each student to learn two 
foreign languages besides their first language, but to develop a linguistic repertoire, 
in which all linguistic abilities have a place (Council of Europe 2001). In order to 
improve foreign language learning, new and more effective approaches to learning 
languages are promoted by the Council of Europe, such as Content and Language 
Integrated Learning (CLIL). The study by Laura Valdés-Sánchez and Mariona 
Espinet explores the potential of co-teaching as a strategy to help build a Science- 
and- English CLIL project in Catalonia, Spain. The authors explain how the collabo-
ration in a CLIL class between teachers from different specialized disciplines can be 
challenging to achieve genuine integration between the learning objectives of differ-
ent subjects. Valdés-Sánchez and Espinet collected video data of three pairs of co- 
teachers and developed an analytical tool used for the analysis of the discursive 
collaboration of co-teacher pairs. The authors discuss the different discursive par-
ticipation strategies and their development and transfer between the co-teachers as 
they progress toward more co-constructive partnerships.

In the past decades societies all over the world have become increasingly multi-
cultural and multilingual. The diversification of societies is also seen and felt in the 
school systems. Philip Clarkson and Lyn Carter provide an overview of issues 
related to research in multilingual and multicultural STEM (Science, Technology, 
Engineering, and Mathematics) teaching and learning environments. The authors 
discuss the diverse scenarios of mixed language groups and mixed language abili-
ties (including STEM languages) that challenge teachers and students in STEM 
classes  – not only in the authors’ own Australian context but around the world. 
Clarkson and Carter sketch a list of different practical and theoretical issues that 
arise from the complexity of multilingualism and that they consider should be taken 
into account in STEM research and teacher education.

 Professional Development

The fifth part of this book consists of chapters that address the topic of teachers’ 
professional development either in pre-service or in-service teacher education, and 
it is titled Professional development. In order for teachers to be able to involve their 
students in scientific practices, they must first have a chance to practice these them-
selves and reflect on their experiences (Russell and Martin 2014). Digna Couso and 
Anna Garrido-Espeja design and investigate a teacher education course for 
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pre-service primary school teachers in Spain who construct scientific models while 
participating in modelling practices. The authors’ view of modelling includes the 
assumption that participation in scientific practices is not only to learn to engage in 
the practices or to learn about the practices but also to learn the conceptual knowl-
edge in which to frame them. In order to analyze how the pre-service teachers’ 
modelling practices and their versions of the school-based scientific model evolved, 
the authors gathered data through audio and video recordings. Couso and Garrido 
discuss the results and the participants’ development and consider ways that can 
support pre-service teachers’ conceptual learning and construction of more sophis-
ticated scientific models.

The chapter by Marios Papaevripidou, Maria Irakleous, and Zacharias 
C. Zacharia presents a study that investigates the effect of a professional develop-
ment (PD) programme designed for pre-service elementary school teachers within 
a science methods course in Cyprus to develop their inquiry competence. During the 
programme the teachers acted in different roles at three different phases: they were 
engaged as learners in multiple inquiry-cycles, thinkers who studied the curriculum 
from its pedagogical rationale, and as reflective practitioners who designed and 
implemented lesson plans and curriculum materials. The authors collected data 
from multiple sources (teachers’ definitions of inquiry, reflective diaries, pre-and- 
post-assessment of teachers’ inquiry skills, project work, and individual interviews). 
Papaevripidou et al. discuss the features of the course and the three distinct partici-
patory roles and their contribution to the effectiveness of the PD programme.

In the next chapter, Alessandro Zappia, Giuliana Capasso, Silvia Galano, 
Irene Marzoli, Luigi Smaldone and Italo Testa also address the topic of scientific 
inquiry when they set out to identify the aspects of inquiry teaching that teachers 
mostly accept or transform in classroom practice. Their study was carried out among 
secondary school science teachers in Italy who first participated in a PD course and 
were familiarized with inquiry principles. The teachers later implemented a 
teaching- learning sequence (TLS) in their classroom. The authors collected data 
through audio and video recordings and used a knowledge transfer framework to 
examine teachers’ transfer of TLSs in classroom practice. Zappia et al. discuss the 
results of their study by separating them into core and non core aspects that help to 
see what aspects are essential features of inquiry teaching and what can be modified 
to a specific educational context.

 Expanding Science Teaching and Learning

The last part in this volume is titled Expanding science teaching and learning and it 
comprises five chapters that each take steps to expand science education beyond the 
regular science lesson and, for example, integrate teaching of a science subject with 
another subject or cross-curricular goals, engage schools with industry, introduce an 
out-of-school learning environment, or bring societal practices from outside of 
school into the classroom. In an effort to enhance student learning and 
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understanding of issues and concepts related to complex global phenomena or 
transdisciplinary problems, students need exposure to such learning environments 
that integrate different subjects and create a multidisciplinary context where trans-
versal competences can be practiced (e.g. Finnish National Board of Education 
2016).

In their chapter Nadja Belova, Johanna Dittmar, Lena Hansson, Avi Hofstein, 
Jan Alexis Nielsen, Jesper Sjöström, and Ingo Eilks use the concept of cross- 
curricular goals that they describe as generally accepted educational demands across 
all school subjects and all educational levels. The authors focus the chapter on a set 
of cross-curricular goals (education for sustainability, critical media literacy, inno-
vation competence, vocational orientation, and employability) and investigate their 
challenges in raising the relevance of chemistry and science education, i.e., making 
them more meaningful in relation to a learner’s life and future. Belova et al. discuss 
the importance and the multifaceted nature of each goal in turn and provide exam-
ples of topics and issues that deal with the particular cross-curricular goal and offer 
guidance and strategies how these can be integrated with science education.

Although science and mathematics integration has long been recommended as a 
way to make meaningful connections between these subjects, teachers have lacked 
clear guidelines and access to suitable materials. In their chapter Gráinne Walshe, 
Jennifer Johnston, and George McClelland approach this issue and design and 
develop a curriculum model for assisting teachers to integrate mathematics into 
science in second-level education in Ireland. In the chapter the authors examine 
two major themes that they discovered in their analysis as relating to teachers’ 
perceptions regarding disciplinary boundaries of subject communities. When examining 
their results, Walshe et al. discuss aspects beyond the subjects or artefacts of the 
model that affect the implementation of subject integration, such as school structure 
and teacher identity.

The next chapter by Irina Kudenko, Cristina Simarro, and Roser Pintó 
addresses the issue of bringing the world of work closer to education by the coop-
eration of schools with STEM-related industries. The authors assess a variety of 
contemporary initiatives developed by European industries for STEM learning and 
career education and analyze their impact on teachers and students. Although 
Kudenko et al. show that school-industry partnerships can have a positive role to 
play in addressing the needs for STEM enrichment and career learning in school, 
they also point out challenges that hinder effective implementation and sustainabil-
ity of such projects.

Juliana Bueno and Martha Marandino set their study in a science museum in 
Brazil and analyze the production of a diorama (an exhibition object) in order to 
find out how the teaching process occurs in this out-of-school context. The authors 
use the concept of praxeology, a theoretical framework, to show how it can be used 
as a tool to identify the intentions related to what and how to teach in museums, and 
reveal the didactic potential of teaching ideas about ecology and biodiversity. The 
authors also discuss the potential and limitations of dioramas as teaching objects 
and consider the role of the designers in constructing dioramas.
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The final chapter in this volume is authored by Yrjö Engeström, a keynote 
speaker at the ESERA 2015 Conference. Engeström draws on a range published 
studies that are based on or inspired by cultural-historical activity theory to discuss 
ways of expanding the focus of science education beyond the traditional textbooks 
confined in a classroom. Engeström argues that there are two major forces that 
demand this expansion of science education, namely students’ increasing involve-
ment in knowledge-related practices outside formal education, and the problematic 
character of natural phenomena. The author introduces and examines five layers of 
expansion and identifies their potentials and challenges of expansion. He argues that 
the layers represent opportunities that are dependent on specific cultural and histori-
cal circumstances and that should be considered as a repertoire of possibilities that 
can be combined and hybridized in various ways. Engeström also offers new theo-
retical and methodological openings to pursue the dimension of expansion in 
research.

 Concluding Remarks

As the reader can see, this book deals with a wide variety of topics and research 
approaches, conducted in various contexts and settings, all contributing to our 
shared knowledge of science education. As the editors, we trust this volume will 
invoke discussion and ignite further interest in finding new ways of doing and 
researching science education for the future and looking for international partners 
for both science education and science education research. We also encourage the 
readers to take different aspects of sustainability into account in developing the 
future science education and science education research.

The Internet and other digital applications and media make it possible, feasible 
and attractive to organize collaborative international research groups that can jointly 
carry out science education research from physically distant locations. The ESERA 
biennial conferences provide an outstanding forum for science education research-
ers and practitioners to present their research and expose it for discussion and exam-
ination, and further build their networks – not only within Europe but all over the 
world. We want to extend a sincere thank you to the ESERA Board for the opportu-
nity and for the confidence bestowed on us to enable us to make the ESERA 2015 
Conference in Helsinki, Finland a great success.
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 Introduction

“Birds do it, bees do it. Even educated fleas do it. Let’s do it, let’s fall in love,” goes 
the Cole Porter song popularized by Ella Fitzgerald. As science educators, we can 
extend an analogy to raise a fundamental question about science: physicists do it; 
chemists do it; even educated biologists do it. But what is this thing called “sci-
ence”? We can proceed with further related questions: how do we know what this 
thing of science is? Where do we turn to answer the question of what science is? 
Previously (Justi and Erduran 2015), we likened science to a great landscape that is 
to be explored and understood, such as a major city like London. As vast and com-
plicated a city as London is, we can get a glimpse of its various aspects through the 
giant Ferris wheel, the London Eye. In using the London Eye analogy, we devel-
oped an approach that we called a “Model of Science for Science Education” 
(Fig. 1) that aims to develop understanding of the various facets of science from 
different perspectives.

For example, one can have a view of science from a historical, a philosophical, a 
sociological or an economical perspective. Depending on the place of the individual 
disciplinary “capsule”, the landscape will be understood in various ways. 
Furthermore, depending on the theoretical orientation and the diversity of orienta-
tions from each disciplinary framework, the view will be different from the Science 
Eye (Fig. 2).
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The visual representations in Figs. 1 and 2 capture the disciplinary perspectives 
that as science educators, we can appeal to in addressing the question “What is this 
thing called ‘science’?” We can appeal to the anthropological studies on science to 
gain understanding of how scientific cultures and norms operate. Understanding of 
such issues might then provide some insight into how classroom learning cultures 
of science can be designed to have scientific authenticity. The representations are 
dynamic in nature communicating the ever-changing accounts of science. They also 

Fig. 1 Model of Science for Science Education (Justi and Erduran 2015)

Fig. 2 “Science Eye” and disciplinary variations in understanding science (From Justi and 
Erduran 2015)
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illustrate a collective and connected account on science, providing an overview of 
how we get to know what science is about.

As in the case of the preceding analogy, often we have appealed to contemporary 
philosophy of science in order to understand the nature of science (NOS). NOS is a 
significant body of work that has been of interest to science educators for at least the 
1960s (e.g. Ackerson and Donnelly 2008; Abd-El-Khalick et al. 1998; Allchin 2013; 
Clough 2007; Duschl and Grandy 2013; Irzik and Nola 2011; 1968; Klopfer 1969; 
Lederman et al. 2002; Matthews 2014; McComas et al. 1998; Schwartz et al. 2004). 
NOS has been promoted in science curricula from around the world because it can 
help in supporting the development of scientific literacy (DfES/QCA 2006; CDC 
1998). The contemporary arguments for the inclusion of NOS in science curriculum 
policy mirror earlier initiatives. For example, a crucial forerunner of science cur-
riculum reform in the USA, Project 2061: Science For All Americans, a report pre-
pared by the American Association for the Advancement of Science (1989), had 
articulated the view that an understanding of the nature of science is one of four 
categories considered essential for all citizens in a scientifically literate society.

The chapter aims to highlight that research on NOS in science education has 
primarily focused on textual representations of NOS and has not paid sufficient 
attention to the visualization of NOS. The “Science Eye” presented earlier is an 
example that highlights how a complex idea such as how we get to know about NOS 
can be communicated through visual analogies. Various aspects of NOS (e.g. scien-
tific method, scientific knowledge) can also be represented and communicated visu-
ally. The chapter provides an overview of such visual tools that can be adapted for 
science education.

 Nature of Science Research in Science Education

Definitions of the nature of scientific knowledge presented in the science education 
literature are diverse. The work in the 1960s included seminal pieces by Conant 
(1961) and Klopfer (1969). According to Klopfer (1969), the processes of scientific 
inquiry and the developmental nature of knowledge acquisition in science depict the 
nature of science. Klopfer identifies the understanding of how scientific ideas are 
developed as one of the three important components of scientific literacy. In this 
view, students must learn how scientific ideas are formulated, tested and, inevitably, 
revised, and he/she must learn what motivates scientists to engage in this activity. 
Kimball (1968) developed a model of the nature of science following an extensive 
review of literature on the nature and philosophy of science. The main statements 
guiding his model were the following:

 1. The fundamental driving force in science is curiosity concerning the physical 
universe. It has no connection with outcomes, applications or uses aside from the 
generation of new knowledge.

 2. In the search for knowledge, science is process-oriented; it is a dynamic, ongo-
ing activity rather than a static accumulation of information.
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 3. In dealing with knowledge as it is developed and manipulated, science aims at 
ever-increasing comprehensiveness and simplification, emphasizing mathemati-
cal language as the most precise and simplest means of stating relationships.

 4. There is no one “scientific method” as often described in school science text-
books. Rather, there are as many methods of science as there are practitioners.

 5. The methods of science are characterized by a few attributes which are more in 
the realm of values than techniques. Among these traits of science are depen-
dence upon sense experience, insistence on operational definitions and the evalu-
ation of scientific work in terms of reproducibility and of usefulness in furthering 
scientific inquiry.

 6. A basic characteristic of science is a faith in the susceptibility of the physical 
universe to human ordering and understanding.

 7. Science has a unique attribute of openness, both openness of mind, allowing for 
willingness to change opinion in the face of evidence, and openness of the realm 
of investigation, unlimited by such factors as religion, politics or geography.

 8. Tentativeness and uncertainty mark all of science. Nothing is ever completely 
proven in science, and recognition of this fact is a guiding consideration of the 
discipline (Kimball 1968: 111–112).

Some of the work conducted in the 1970s included that of Showalter (1974) who 
used the concepts tentative, public, replicable, probabilistic, humanistic, historic, 
unique, holistic and empirical to characterize the nature of scientific knowledge. 
After conducting a review of literature on the nature of scientific knowledge, Rubba 
and Anderson (1978) consolidated the nine concepts identified by Showalter into a 
six-factor model called “A Model of the Nature of Scientific Knowledge”. The six 
factors included by Rubba and Anderson are defined as amoral (scientific knowl-
edge itself cannot be judged as morally good or bad), creative (scientific knowledge 
is partially a product of human creativity), developmental (scientific knowledge is 
tentative), parsimonious (scientific knowledge attempts to achieve simplicity of 
explanation as opposed to complexity), testable (scientific knowledge is capable of 
empirical test) and unified (the specialized sciences contribute to an interrelated 
network of laws, theories and concepts).

Other researchers such as Cotham and Smith (1981) use the terms “tentative” 
and “revisionary” to describe the nature of scientific theories. The tentative compo-
nent of this conception highlights the inconclusiveness of all knowledge claims in 
science. The revisionary component indicates the revision of existing scientific 
knowledge in response to changing theoretical frameworks. While NOS has been 
used as terminology in the literature to represent the same facets as scientific knowl-
edge, it is usually presented in a broader context. This broader context includes not 
only the nature of scientific knowledge but the nature of the scientific enterprise and 
the nature of scientists as well (Cooley and Klopfer 1963).

More contemporary accounts of NOS in the science education research literature 
have been reviewed by Chang et al. (2010) who traced the literature between 1990 
and 2007. The key proponents during this period in science education (Abd-El- 
Khalick 2012; Lederman et al. 2002; McComas and Olson 1998) have outlined a set 
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of statements that characterize what has been referred to as a “consensus view” of 
the nature of science. The key aspects of this approach are as follows:

 1. Tentativeness of scientific knowledge: Scientific knowledge is both tentative and 
durable.

 2. Observations and inferences: Science is based on both observations and infer-
ences. Both observations and inferences are guided by scientists’ prior knowl-
edge and perspectives of current science.

 3. Subjectivity and objectivity in science: Science aims to be objective and precise, 
but subjectivity in science is unavoidable.

 4. Creativity and rationality in science: Scientific knowledge is created from human 
imagination and logical reasoning. This creation is based on observations and 
inferences of the natural world.

 5. Social and cultural embeddedness in science: Science is part of social and cul-
tural traditions. As a human endeavour, science is influenced by the society and 
culture in which it is practiced.

 6. Scientific theories and laws: Both scientific laws and theories are subject to 
change. Scientific laws describe generalized relationships, observed or per-
ceived, of natural phenomena under certain conditions.

 7. Scientific methods: There is no single universal step-by-step scientific method 
that all scientists follow. Scientists investigate research questions with prior 
knowledge, perseverance and creativity (Lederman et al. 2002: 500–502).

The “consensus view” of NOS has led to a major body of empirical studies in 
science education (Ackerson and Donnelly 2008; Abd-El-Khalick and Lederman 
2000). While many science educators agree with the key tenets of this definition of 
NOS, several points of debate have been prevalent in the community. For example, 
some authors (e.g. Lederman 2007) have advised that while NOS and scientific 
inquiry are related, they should be differentiated. The main premise of this argument 
is that “inquiry” can be specified as the methods and procedures of science, while 
the NOS concerns more the epistemological features of scientific processes and 
knowledge.

Grandy and Duschl (2007) have disputed such distinctions on the basis that they 
“greatly oversimplify the nature of observation and theory and almost entirely 
ignores the role of models in the conceptual structure of science” (2007: 144). 
Although Lederman (2007) advocates using the phrase “nature of scientific knowl-
edge” (rather than NOS) to avoid the conflation issue, scientific inquiry (especially 
“scientific methods”) has been considered an important aspect of NOS in other 
researchers’ work (e.g. Ryder et al. 1999). A related set of research studies highlight 
the epistemological goal of inquiry (e.g. Sandoval 2005) and epistemological enact-
ment through inquiry (e.g. Ford 2008).
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 The Missing Pieces in NOS Research in Science Education

The literature on NOS in science education has focused our attention on an impor-
tant aspect of science to promote in science teaching and learning. It has provided 
an overview of some key ideas and has resulted in considerable empirical research. 
Yet there are still some questions that remain to be addressed as follows:

• Nature of which science is meant by NOS.

 – How can we account for domain specificity as well as domain generality of 
science?

• What’s the big picture in terms of how the various components of NOS are 
related to each other?

 – How can we move from disconnected fragments that are about declarative 
statements about NOS to holistic accounts of science in school science that 
can have some pedagogical utility?

In order to address the first question about NOS, let’s take one often-cited mis-
understanding that concerns scientific laws. Classified as the number one NOS myth 
by McComas and Olson (1998: 54), many individuals tend to believe “...that with 
increased evidence there is a developmental sequence through which scientific ideas 
pass on their way to final acceptance as mature laws”. Involved in this belief is the 
thought that science starts out with facts and progresses to hypotheses, then to theo-
ries then, when confirmed, to laws. Another myth pertains to the idea that scientific 
laws are absolute (McComas and Olson 1998). A “law” is typically defined as “a 
regularity that holds throughout the universe at all places and at all times” (Salmon 
et al. 1992: 17). Some laws in chemistry like Avogadro’s law (i.e. equal volumes of 
gases under identical temperature and pressure conditions will contain equal num-
bers of particles) are quantitative in nature, while others are not. For example, laws 
of stoichiometry are quantitative in nature and count as laws in a strong sense. 
Others rely more on approximations and are difficult to specify in an algebraic fash-
ion. Scerri (2000) takes the position that some laws of chemistry are fundamentally 
different from laws in physics. Further contrasts of the nature of domain specificity 
of laws in chemistry and biology have been examined in the context of science edu-
cation (Dagher and Erduran 2017).

In addressing the second question, I want to highlight a typical activity that is 
carried out in science lessons. We referred to classification in school science as a 
sorting activity or a tool for organizing observations with little or no attention given 
to its explanatory and predictive power or to how it fits within a broader theoretical 
framework (Erduran and Dagher 2014a: 71). For instance, students might be asked 
to classify objects for which there is no broader theoretical significance, such as 
sorting out buttons and pencils. This sense of classification could be considered as 
an activity. This is in sharp contrast to how scientists use classification not only to 
organize existing relationships but also predict new ones all the while operating 
within a broader theoretical framework. Classification serves an epistemic purpose 
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in explaining phenomena through scientific knowledge in the form of models and 
theories. Another example from chemistry is how Mendeleev’s classification of ele-
ments on the basis of periodicity led to the prediction of gallium, hence highlighting 
the role that classification can play in predictions. Conceiving of classification as 
practice in science education lifts the level of engagement with it from being an 
isolated activity to one that is situated in the broader epistemic, cognitive and social- 
institutional practices of the discipline. Hence, our discussion brings us now to three 
major questions:

• How can we produce holistic accounts of NOS in school science for meaningful 
learning?

• How can we account for disciplinary variations as well as similarities in NOS?
• What visual tools can we produce to facilitate the teaching and learning of NOS?

In our work, we have taken an approach to NOS that can account for domain- 
general as well as domain-specific aspects of science (Erduran and Dagher 2014a). 
For this purpose, we found the so-called family resemblance approach (FRA) (Irzik 
and Nola 2014) useful as will be described in the following sections. This approach 
has also helped us to think about NOS in a unified manner where declarative and 
disconnected fragments of verbal statements could be unified into meaningful 
wholes. This is because the FRA is based on a set of categories such as the aims and 
values, knowledge, practices, methods, social interactions and institutional aspects 
of science that lead to a coherent narrative about science.

 Rationale for the Family Resemblance Approach to NOS

In our rationalization of FRA for science education (Erduran and Dagher 2014a; 
Dagher and Erduran 2016, 2017), we have appealed to the work of philosophers of 
science Irzik and Nola (2014). The advantage of using FRA to characterize a scien-
tific field of study is that it allows a set of broad categories to address a diverse set 
of features that are common to all the sciences and the activities carried out within 
them. This is particularly useful in science, where all disciplines share common 
characteristics but not all of these can define science or demarcate it from other 
disciplines. Irzik and Nola (2014) present the example of observation (i.e. human or 
artificial through the use of detecting devices) and argue that even though observing 
is common to all the sciences, the very act of observing is not exclusive to science 
and therefore does not necessarily allow grant family membership. The same applies 
to other practices such as inferring and data collection, whereby these are shared by 
the sciences but their use is not necessarily limited to science disciplines.

The discovery of the structure of DNA can provide an example to illustrate the 
broad categories that underlie the FRA framework. James Watson and Francis Crick 
published the double-helix model of DNA in Nature in 1953 (Olby 1994). Their 
account was based on the X-ray diffraction image generated by Rosalind Franklin 
and Raymond Gosling a year earlier as well as information from Erwin Chargaff on 
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the pairing of bases in DNA. Maurice Wilkins and his colleagues had also published 
results based on X-ray patterns of DNA which provided evidence for the double- 
helix model proposed by Watson and Crick. Watson, Crick and Wilkins were 
acknowledged jointly for the discovery of the structure of DNA following the death 
of Franklin. The extent to which Franklin’s contribution has been acknowledged has 
emerged as a contentious issue. In particular, there is widespread recognition that 
Franklin experienced sexism from Watson, Crick and Wilkins (Sayre 2000/1975) 
(Table 1).

The DNA example illustrates how the FRA framework can be applied to a scien-
tific topic with implications for science education. Clearly, the argument for the 
inclusion of these various features of science is not new. Numerous science educa-
tion researchers have already made this argument. However, what is novel about this 
approach in relation to NOS literature is that when covered together, in a collective 
and inclusive manner, NOS is presented to learners in a more authentic and coherent 

Table 1 Application of FRA categories to the context of DNA discovery

FRA DNA example

Aims and values Although the base, sugar and phosphate unit within the DNA was known 
prior to the modelling carried out by Watson and Crick, the correct 
structure of DNA was not known. Their quest in establishing the structure 
of DNA relied on the use of such existing data objectively and accurately 
to generate a model for the structure. Hence the values exercised included 
objectivity and accuracy

Practices In their 1953 paper in Nature, Watson and Crick provide an illustration of 
the model of DNA as a drawing. Hence they engaged in providing 
representations of the model that they built. They also included the original 
X-ray diffraction image generated by Franklin on which their observations 
were based. The scientific practices of representation and observation were 
thus used

Methodology The methods that Watson and Crick used were Franklin’s X-ray diffraction 
data which relied on non-manipulative observation. Hence, the 
methodology involved particular techniques such as X-ray crystallography 
and observations

Knowledge The main contribution in this episode of science is that a model of the 
structure of DNA as a double helix was generated. This model became part 
of scientific knowledge on DNA and contributed to a wide range of 
scientific disciplines including chemistry, molecular biology and 
biochemistry

Social and 
institutional 
context

This episode illustrates some of the gender and power relations that can 
exist between scientists. There is widespread acknowledgment in the 
literature and also by Crick himself, for instance, that Franklin was 
subjected to sexism and that there was institutional sexism at King’s 
College London where Franklin worked (Sayre 2000/1975, p. 97). The 
DNA case also illustrates that science is both a cooperative and a 
competitive enterprise. Without Franklin’s X-rays, Watson and Crick 
would not be able to discover the correct structure of DNA. This is the 
cooperative aspect. However there was also competition within and across 
teams of researchers

Erduran and Dagher (2014a: 30)
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fashion. When students confront this and other examples positioned in a similar 
fashion (where now comparative aspects across examples can be pursued as well), 
the “family resemblance” element can also be drawn in. For instance, the precise 
nature of observation in terms of it being a “scientific practice” in the DNA example 
can be contrasted with another instance, say, an example from astronomy to draw 
out the similarities and differences of observation in different branches of science. 
The domain-specificity aspects of the FRA approach is illustrated through the 
examples from different topics from biology, chemistry and physics (Table 2).

Table 2 Articulation of FRA components across science topics in Key Stage 4 in the National 
Curriculum for England and Wales (2013)

Science topic Cell biology Periodic table Energy

Subtopic The importance of stem 
cells in embryonic and 
adult animals and of 
meristems in plants

Predicting chemical 
properties, reactivity 
and type of reaction of 
elements from their 
position in the periodic 
table

National and global fuel 
resources, renewable 
energy sources

Aims and 
values

Use data on stem cells 
to determine how they 
influence embryo 
development

Use data on the  
physical and chemical 
properties of elements 
to conclude which 
elements they belong to

Use data on fuel 
resources and how they 
provide energyE.g. empirical 

adequacy

Practices Discuss similarities 
and differences 
between experiments 
and simulations 
performed in class and 
those done in academic 
or industrial labs

Generate classifications 
of elements on the basis 
of their physical and 
chemical properties; 
consider how different 
classifications and 
arrangements of the 
elements in the periodic 
table illustrate different 
trends in properties

Generate classifications 
on the pros and cons of 
different energy sources 
and their risks to 
environment. Generate 
representations of data 
produced by scientists 
noting aspects of 
practices that explain 
differences between the 
two communities

Methods Compare the different 
methods scientists use 
to conduct stem cell 
research. Discuss 
manipulative methods, 
compared to non-
manipulative methods

Conduct experiments to 
compare chemical 
reactions of different 
elements, e.g. oxidation 
and solubility in water

Discussion and 
comparison of energy 
production techniques 
based on a range of 
energy sources like solar, 
wind and nuclear energy

Knowledge Consider how stem cell 
theory fits in with other 
theories and how new 
explanatory models in 
this area revised our 
understanding about 
cell growth and 
development

Consider the variation 
between the columns 
and periods of the 
periodic table and what 
they indicate about 
chemical and physical 
properties of elements

Consider the nature of 
different sources of 
energy and compare their 
efficiency in generating 
energy

(continued)
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We have extended Irzik and Nola’s (2014) original set of categories in the FRA 
framework and added further categories to “social organizations and interactions”, 
“political power structures” and “financial systems”. Furthermore, we have trans-
formed their list of categories to a visual representation in the form of a wheel where 
the categories are projected in an interactive manner (Fig. 3).

The FRA wheel hence provides us with a visual tool that is a summary of some 
major aspects of NOS. It is holistic and dynamic in that the various categories are 
conceptualized together, whereby they are related to each other. The FRA wheel is 
thus a “meta” tool in organizing some key concepts. It is also generative because as 

Table 2 (continued)

Science topic Cell biology Periodic table Energy

Social- 
institutional

Discuss impact of stem 
cell research on the 
health sector, medical 
field and personal 
decisions; ethical 
issues arising from 
stem cell research; 
funding issues (public 
v private) and 
knowledge ownership

Predict the personal and 
environmental safety of 
chemicals and hold 
institutions responsible 
for ethical disposal of 
chemical waste

Consider the political and 
economic interests 
governing the use of 
national and global 
energy resources, 
investment in researching 
green energy sources

E.g. 
economic, 
ethical

Consider the economic 
impact of some 
chemicals (e.g. in food 
processing industry, in 
air) on personal and 
public health

From Erduran and Dagher (2014a: 172)

Fig. 3 FRA wheel: science as cognitive-epistemic and social-institutional system (Erduran and 
Dagher 2014a: 28)
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science educators, we can use it to generate some guidelines for how the various 
aspects of NOS can be considered for pedagogical, curricular and other educational 
purposes. Each category has further been articulated with a separate visual tool that 
helps unpack that particular category. Collectively, we called these visual tools 
Generative Images of Science (GIS) because they help generate educational ideas 
about NOS (Fig. 4).

 Educational Applications of the FRA Framework

In a conventional science curriculum, science concepts are articulated vertically by 
ensuring that basic exposure to these concepts is implemented early in the primary 
grades and is developed as students progress from kindergarten to high school. This 
progression can be noted in many curriculum guides. In many curricula from around 
the world (e.g. Achieve, Inc., 2013 in the USA), basic understandings about a topic 
such as heredity are developed across the years along a developmental pathway 
where a more sophisticated understanding is targeted at secondary schooling. The 
FRA wheel can help structure curricular thinking and planning so that the various 
aspects of NOS can be covered in unison and in a consistent fashion across years of 
schooling (Fig. 5). FRA may increase in sophistication as science concepts get more 
complex moving from primary to secondary school (Erduran and Dagher 2014a).

The FRA categories can also be targeted across science topics taught in the same 
grade level. A similar process can be followed for outlining how the FRA categories 
can be connected to the content. This shows how the FRA can help maintain a con-
tinuity of coverage of NOS themes throughout the school year, a term or a sequence 
of lessons (Fig. 6). This is a matter of great concern to science educators who have 
often complained about the typical NOS coverage in an introductory textbook chap-
ter that never gets to be revisited again in successive lessons.

Fig. 4 Generative Images of Science (Erduran and Dagher 2014a: 164)
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The FRA framework can thus serve as a tool for thinking about what content the 
science curriculum should have and how it should be structured. In this vein, Kaya 
and Erduran (2016) have done a recent curriculum analysis study where they have 
contrasted two Turkish curricula using the FRA framework. The results of this anal-
ysis are consistent with previous research (Erduran and Dagher 2014b) in terms of 
the presence of some categories such as aims and values, knowledge, practices and 
methods. In order to investigate the potential of FRA for comparative international 
curriculum analysis, we focused on those categories that were not well represented 
in our analysis as well as those of other researchers. In the work of those researchers 
as well as ours, there is limited reference to the categories of professional activities, 
financial systems and political power structures. Hence we focused on how these 
categories compare across curriculum documents from three example countries: 
Turkey, the USA and Ireland.

Fig. 5 FRA categories across schooling (Erduran and Dagher 2014a: 167)

Fig. 6 Rotating emphases on FRA categories (Erduran and Dagher 2014a: 173)
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With respect to the “social organizations and interactions” category, only the 
Turkish curriculum includes a statement of “The students investigate and present 
the studies conducted by public/private institutions and civil society organizations 
that contribute to the development of chemical industry in our country” (MEB 2013: 
34). Related to “scientific ethos” category, there is a statement as follows: “Conduct 
research relevant to a scientific issue, evaluate different sources of information, 
understanding that a source may lack detail or show bias” (MEB 2013, 17). This 
example of “scientific ethos” is present only in the Irish curriculum, while the US 
and Turkish curriculum statements did not include any instances of this category. 
The lack of reference to the “professional activities” category is consistent with the 
curriculum analysis study by Erduran and Dagher (2014b) who reported the FRA 
categories in the Irish science curriculum. The “scientific ethos” category is referred 
to by only the NCCA in Ireland, while “social organizations and interactions” cat-
egory is referred to by only MEB in Turkey. Overall, the NGSS in the USA referred 
to only one, whereas the NCCA in Ireland referred to two and MEB in Turkey 
referred to three out of the seven categories.

What the preceding discussion illustrates is that the FRA framework can be 
adapted as an analytical tool to investigate the science curriculum and to carry out 
international comparative curriculum analysis. This aspect of the work has far 
broader and more significant implications for science education than just NOS in 
science education as a research because it concerns the fundamental problem of 
what is included in the science curriculum in the first place. Similar concerns are 
raised in the context of the science curricula in Taiwan (Yeh et al. 2017).

 Conclusions and Implications

The chapter is broadly related to the science education research literature on 
NOS. However, within the historical progression of NOS (e.g. Abd-el-Khalick and 
Lederman 2000; Lederman 1992, 2007; Schwartz et al. 2004), research has been 
limited in providing a holistic and visual account of NOS. The holistic aspect relates 
to the coordination of the cognitive, epistemic and social-institutional dimensions of 
science, while the visual aspect refers to the transformation of such dimensions to 
visual representations that can be effectively used in application to science educa-
tion. In particular, the GIS (Generative Images of Science) provide some practical 
heuristics with which researchers, curriculum reformers and science teachers can 
articulate the complexity of NOS in science education. Initial empirical validation 
of GIS in science teacher education are encouraging (e.g. Kaya and Erduran 2016; 
Saribas and Ceyhan 2015).

Recent curriculum analysis studies (Kaya and Erduran 2016; Erduran and Dagher 
2014b; Yeh et al. 2017) point out that FRA (family resemblance approach)  categories 
about the epistemic and cognitive context such as aims and values, scientific prac-
tices and scientific knowledge were included in curriculum documents. However, 
the inclusion of FRA categories related to social-institutional context was limited in 
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the curricula of various curriculum documents. Even in the case of those positive 
instances of FRA categories being present in the curriculum documents, there seems 
to be a trend in presenting these categories in a rather fragmented set of statements 
that do not add to a coherent overall vision for that category. For example, regarding 
scientific knowledge, model as a type of scientific knowledge is mentioned in the 
curriculum, but the relationship and coherence among theories, laws and models as 
types of scientific knowledge were not addressed in the curricula (Kaya and Erduran 
2016). FRA is a framework for articulating NOS in a comprehensive manner such 
that gaps and missing links within the science curriculum can be identified and 
addressed. We have illustrated that representations like the “Science Eye” (Justi and 
Erduran 2015) and GIS (Erduran and Dagher 2014a) can provide some visual tools 
to conceptualize and communicate aspects of NOS.  Without a comprehensive, 
holistic and inclusive approach to the content of the science curriculum, it is dubi-
ous how we as science educators can address the fundamental question of science 
education: What is this thing called “science”?

References

AAAS. (1989). Science for all Americans. Washington, DC: American Association for the 
Advancement of Science.

Abd-El-Khalick, F. (2012). Examining the sources for our understandings about science: 
Enduring conflations and critical issues in research on nature of science in science education. 
International Journal of Science Education, 34(3), 353–374.

Abd-El-Khalick, F., & Lederman, N. G. (2000). Improving science teachers’ conceptions of nature 
of science: A critical review of the literature. International Journal of Science Education, 
22(7), 665–701.

Abd-El-Khalick, F., Bell, R. L., & Lederman, N. G. (1998). The nature of science and instructional 
practice: Making the unnatural natural. Science Education, 82(4), 417–436.

Ackerson, V., & Donnelly, L. A. (2008). Relationships among learner characteristics and preser-
vice teachers’ views of the nature of science. Journal of Elementary Science Education, 20(1), 
45–58.

Allchin, D. (2013). Teaching the nature of science: Perspectives and resources. St. Paul: SHiPs.
CDC [Curriculum Development Council]. (1998). Science syllabus for secondary 1–3. Hong 

Kong: CDC.
Chang, Y., Chang, C., & Tseng, Y. (2010). Trends of science education research: An automatic 

content analysis. Journal of Science Education and Technology, 19, 315–332.
Clough, M. P. (2007, January). Teaching the nature of science to secondary and post-secondary 

students: Questions rather than tenets. The Pantaneto forum, issue 25, http://www.pantaneto.
co.uk/issue25/front25.htm

Cooley, W., & Klopfer, L. (1963). The evaluation of specific educational innovations. Journal of 
Research in Science Teaching, 1, 73–80.

Conant, J. (1961). Science and common sense. New Haven: Yale University Press.
Cotham, J., & Smith, E. (1981). Development and validation of the conceptions of scientific theo-

ries test. Journal of Research in Science Teaching, 18(5), 387–396.
Dagher, Z., & Erduran, S. (2016). Reconceptualizing the nature of science: Why does it matter? 

Science & Education, 25(1 & 2), 147–164. doi:10.1007/s11191-015-9800-8.

S. Erduran

http://www.pantaneto.co.uk/issue25/front25.htm
http://www.pantaneto.co.uk/issue25/front25.htm
http://dx.doi.org/10.1007/s11191-015-9800-8


29

Dagher, Z., & Erduran, S. (2017). Abandoning patchwork approaches to nature of science in sci-
ence education. Canadian Journal of Science, Mathematics, and Technology Education, 17(1), 
46–52.

Department for Education and Skills and Qualifications and Curriculum Authority. (2006) Science. 
The National Curriculum for England, HMSO.

Duschl, R., & Grandy, R. (2013). Two views about explicitly teaching nature of science. Science 
& Education, 22, 2109–2139.

Erduran, S., & Dagher, Z. (2014a). Reconceptualizing the nature of science for science education: 
Scientific knowledge, practices and other family categories. Dordrecht: Springer.

Erduran, S., & Dagher, Z. (2014b). Regaining focus in Irish junior cycle science: Potential new 
directions for curriculum development on nature of science. Irish Educational Studies, 33(4), 
335–350.

Ford, M. (2008). ‘Grasp of practice’ as a reasoning resource for inquiry and nature of science 
understanding. Science & Education, 17, 147–177.

Grandy, R., & Duschl, R. (2007). Reconsidering the character and role of inquiry in school sci-
ence: Analysis of a conference. Science & Education, 16(1), 141–166.

Irzik, G., & Nola, R. (2011). A family resemblance approach to the nature of science. Science & 
Education, 20, 591–607.

Irzik, G., & Nola, R. (2014). New directions for nature of science research. In M. Matthews (Ed.), 
International handbook of research in history, philosophy and science teaching (pp.  999–
1021). Dordrecht: Springer.

Justi, R., & Erduran, S. (2015). Characterizing nature of science: A supporting model for teachers. 
Paper presented at the international history, philosophy and science teaching biennial confer-
ence, Rio de Janeiro, Brazil.

Kaya, E., & Erduran, S. (2016). From FRA to RFN, or How the family resemblance approach can 
be transformed for curriculum analysis on nature of science. Science & Education, 25(9–10), 
1115–1133. doi:.

Kimball, M. (1968). Understanding the nature of science: A comparison of scientists and science 
teachers. Journal of Research in Science Teaching, 5, 110–120.

Klopfer, L. (1969). The teaching of science and the history of science. Journal of Research in 
Science Teaching, 6, 87–95.

Lederman, N. G. (1992). Students’ and teachers’ conceptions of the nature of science: A review of 
the research. Journal of Research in Science Teaching, 29(4), 331–359.

Lederman, N. G., Abd-El-Khalick, F., Bell, R. L., & Schwartz, R. S. (2002). Views of nature of sci-
ence questionnaire (VNOS): Toward valid and meaningful assessment of learners conceptions 
of nature of science. Journal of Research in Science Teaching, 39(6), 497–521.

Lederman, N. (2007). Nature of science: Past, present, future. In S. Abell & N. Lederman (Eds.), 
Handbook of research on science education (pp. 831–879). Mahwah: Lawrence Erlbaum.

Matthews, M. (Ed.). (2014). Handbook of research on history, philosophy and sociology of sci-
ence. Dordrecht: Springer.

McComas, W. F., & Olson, J. K. (1998). The nature of science in international science education 
standards documents. In W. F. McComas (Ed.), The nature of science in science education: 
Rationales and strategies (pp. 41–52). Dordrecht: Kluwer Academic Publishers.

McComas, W. F., Clough, M. P., & Almazroa, H. (1998). The role and character of the nature of 
science in science education. Science & Education, 7(6), 511–532.

Milli Egitim Bakanligi (MEB). (2013). İlkogretim Fen Bilimleri Dersi (3., 4., 5., 6., 7. ve 8. 
Siniflar). Ankara: Ogretim Programi.

Olby, R.  C. (1994). The path to the double helix: The discovery of DNA. New  York: Dover 
Publications.

Rubba, P., & Anderson, H. (1978). Development of an instrument to assess secondary students’ 
understanding of the nature of scientific knowledge. Science Education, 62(4), 449–458.

Ryder, J., Leach, J., & Driver, R. (1999). Undergraduate science students’ images of science. 
Journal of Research in Science Teaching, 36(2), 201–220.

Visualizing the Nature of Science: Beyond Textual Pieces to Holistic Images in Science…



30

Sandoval, W. A. (2005). Understanding students’ practical epistemologies and their influence on 
learning through inquiry. Science Education, 89(4), 634–656.

Salmon, M. H., Earman, J., Glymour, C., Lennox, J. G., Machamer, P., McGuire, J. E., Norton, 
J. D., Salmon, W. C., & Schaffner, K. F. (1992). Introduction to the philosophy of science. 
Englewood Cliffs: Prentice Hall.

Saribas, D., & Ceyhan, G. (2015). Learning to teach scientific practices: Pedagogical decisions 
and reflections during a course for pre-service science teachers. International Journal of STEM 
Education, 2(7), 1–13. doi:10.1186/s40594-015-0023-y.

Sayre, A. (2000/1975). Rosalind Franklin and DNA. New York: W.W. Norton & Co.
Scerri, E. (2000). Philosophy of chemistry: A new interdisciplinary field? Journal of Chemical 

Education, 77, 522–526.
Schwartz, R. S., Lederman, N. G., & Crawford, B. A. (2004). Developing views of nature of sci-

ence in an authentic context: An explicit approach to bridging the gap between nature of sci-
ence and scientific inquiry. Science Education, 88(4), 610–645.

Showalter, V. (1974). What is unified science education? Program objectives and scientific literacy 
(Part 5). Prisim II, 2(3), 1–3.

Yeh, Y. F., Erduran, S., & Hsu, Y. S. (2017, April). From fragments to wholes: Investigating the 
NOS in science curriculum in Taiwan. Paper presented at annual conference of NARST: A 
worldwide association for improving science teaching and learning through research, San 
Antonio, TX.

S. Erduran

http://dx.doi.org/10.1186/s40594-015-0023-y


31© Springer International Publishing AG 2017 
K. Hahl et al. (eds.), Cognitive and Affective Aspects in Science Education 
Research, Contributions from Science Education Research 3, 
DOI 10.1007/978-3-319-58685-4_3

Using Assessment Materials to Stimulate 
Improvements in Teaching and Learning

Robin Millar

 Introduction

It is widely accepted that the quality of school science education depends on three 
interrelated elements: the curriculum (what we aim to teach), pedagogy (how we 
teach) and assessment (how we evaluate what students have learned). Major cur-
riculum development projects in many countries have tended to focus on the first 
two. The third element, assessment, is often considered after the curriculum con-
tent, teaching approaches and materials have been developed. This can signifi-
cantly undermine the overall success of an innovative development (for fuller 
discussion of an example of this, see Millar 2013). Several major innovations at 
national policy level in UK school science over the past few decades have failed to 
meet their designers’ expectations because insufficient attention was given to the 
issue of how the intended student learning might be assessed. Two examples are 
the introduction of investigative practical work (Donnelly et  al. 1996) and of a 
strand on ‘how science works’ in curricula for the 14–16 and 16–18 age range 
(Hunt 2010). This chapter discusses a current development and research (D&R) 
project in England (York Science) for lower secondary school (students aged 
11–14) which starts from assessment.
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 Context

Why did the York Science project choose to focus on the 11–14 age range? The 
reasons lie in the importance of this phase of students’ science education in shaping 
their views and aspirations (Archer et al. 2013) and in providing the foundation for 
their future science learning. Successive changes to the curriculum framework in 
England for this age group, however, are widely seen as having led to a loss of 
coherence and clarity of purpose about learning goals (Oates 2010). The curriculum 
reforms initiated by the incoming government in 2010 sought to address this, by 
emphasising teaching and learning of the core ideas of science and raising attain-
ment targets to match those of other leading jurisdictions worldwide. Consultations 
around the proposed changes were protracted, and the new national curriculum for 
students aged 11–16 and the associated assessment framework were not finalised 
and implemented until September 2016. A major concern for teachers is how to 
modify their programmes to address these changes.

 Theoretical Rationale

Although assessment is often associated with tests and examinations, its role in 
education is much broader. Kellaghan and Greaney comment that ‘The term “assess-
ment” may be used in education to refer to any procedure or activity that is designed 
to collect information about the knowledge, attitudes or skills of a learner or group 
of learners’ (Kellaghan and Greaney 2001: 19). Assessment is a crucial aspect of the 
educational process because there is a very large difference between what is taught 
and what is learned. As Wiliam (2010) puts it:

If what students learned as a result of the instructional practices of teachers were predict-
able, then all forms of assessment would be unnecessary; student achievement could be 
determined simply by inventorying their educational experiences. However, because what 
is learned by students is not related in any simple way to what they have been taught, assess-
ment is a central – perhaps even the central – process in education. (Wiliam 2010: 254)

In discussions of assessment, three main purposes are often distinguished. 
Assessment may be used for summative purposes (to measure students’ attainment 
at a specific moment – e.g. the end of a year, or term, or course – in a form that can 
be reported to the student and to others), or for formative purposes (to collect evi-
dence of students’ learning and use it to guide and encourage the subsequent actions 
of students and teachers), or for accountability purposes (to provide evidence of the 
effectiveness of teachers, schools and education systems). But lying behind all of 
these is a more fundamental role of assessment: to clarify the intended learning 
objectives of a teaching episode. Clarification is necessary because much of what is 
said and written about intended learning is ambiguous and unclear. For example, 
Mulhall et al. (2001: 583) ask: ‘What, in detail, do we expect students to learn when 
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we talk of “conceptual understanding” in electricity’? They go on to argue that ‘we 
do not have even the beginnings of systemic answers’ but that ‘some justified 
response to [this question] is a necessary, if not sufficient, condition for any helpful 
advances in the thinking about and practice of teaching electricity’ (ibid.). This does 
not apply only to teaching and learning about electricity. The same could be said 
about any science topic.

Assessment is the tool that clarifies learning objectives; ‘by its very nature 
assessment reduces ambiguity’ (Wiliam 2010: 254, emphasis in original). A ques-
tion or a task that we would expect students to be able to accomplish after instruc-
tion, if learning has been successful, provides the clearest indication of what the 
learning objective really means.

In addition to the key role of assessment in clarifying objectives, there is also a 
considerable body of research evidence showing that the formative use of assess-
ment by teachers is associated with significant gains in student attainment (Black 
and Wiliam 1998; Hattie 2009). The impact of formative assessment on learning 
outcomes, however, depends crucially on how well the assessment is embedded in 
classroom practice and on the quality of the questions asked (Wiliam 2011). Wiliam 
concludes that ‘sharing high quality questions may be the most significant thing we 
can do to improve the quality of student learning’ (Wiliam 2011: 104).

Because assessment tasks provide the greatest clarity about learning objectives, 
Wiggins and McTighe (2006) advocate a ‘backward design’ approach to the plan-
ning of instruction. They argue that the first step in the development process is to 
write the questions or tasks that students should be able to tackle successfully at the 
end of a teaching episode and only then begin to think about how to teach to get 
them there. From a curriculum developer’s perspective, specifying exactly how the 
intended learning outcomes of a course or module will be assessed is the best way 
to make clear to potential users what these outcomes are and mean. This then 
enables more focused and effective teaching and in the longer run enables a more 
focused evaluation of the effectiveness of the approach that underlies the develop-
ment and of the materials developed to help implement it.

These lines of thinking provide the rationale for a curriculum project that centred 
on the development of a large, structured set of diagnostic questions and tasks as a 
resource that might both facilitate and, at the same time, shape teachers’ classroom 
actions and their longer-term planning.

 Research Question and Methods

The central research question which the project addressed was:

• In what ways are teachers’ practices and views changed by providing access to 
structured banks of diagnostic assessment resources?
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 Development Phase

The development process which the York Science project adopted is shown in Fig. 1. 
As the project was dealing with a 3-year period within a 5–16 continuum, the first 
step was to develop a curriculum ‘map’ outlining how the major ideas in each of the 
main strands of science content might be expected to develop over the 5–16 age 
range. A ‘main strand of science’ here means a major topic like forces and motion, 
electricity and magnetism, chemical change or evolution. This ‘map’ in effect pro-
poses an outline teaching sequence or learning progression (Corcoran et al. 2009).

The ‘map’ developed for York Science was influenced (though not totally con-
strained) by the requirements of the national curriculum but also informed by the 
available research evidence on students’ learning (AAAS 2001; Driver et al. 1994; 
Duit 2009; Victoria State Government 2014) and by professional experience. A 
teaching sequence for the whole 5–16 age range enabled principled decisions to be 
made about the ideas to be introduced and developed in each strand within the 
11–14 age range, which was the project’s target, and made explicit what we assumed 
would have been taught by age 11 and what should be left until after age 14.

The second step was then, for each strand of science, to write down the story we 
want to tell to students at the 11–14 stage, as a continuous narrative. This is much 
more useful than a list of learning targets or objectives. Setting out the story briefly, 
but clearly, helps to identify the main ideas that have to be included and to sort out 
the order in which they need logically to come and the links between them. Although 
narratives were written with teachers (not students) in mind as the audience, they 

Fig. 1 The development process used in the York Science project
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use the language that would be used in ‘telling the story’ to students. An illustrative 
example of part of a narrative is shown in Fig. 2.

A narrative usually consists of a sequence of paragraphs (or sections). For each 
section, the next step (step 3 in Fig. 1) is to say briefly what the learning intention 
for that part of the story is: what we want students to learn. For the narrative section 
in Fig.  2, this might be that ‘Students should understand and be able to use the 
source-radiation-receiver model’. This is then followed by two crucial steps. First 
(step 4 in Fig. 1), the learning intention is translated into a set of observable perfor-
mances: a list of things we would expect students to be able to do if their learning 
has been successful. This step, in effect, involves operationalising the learning 
intentions. Words like ‘know’ and ‘understand’ disappear and are replaced by the 
observable actions that we would take as evidence of knowledge and understanding. 
To illustrate this, some evidence of learning statements for the narrative section 
shown in Fig. 2 are listed in Table 1.

Finally, and equally crucially, step 5 (in Fig. 1) is to write at least one question or 
task that a teacher could use in class to obtain reasonably good evidence of students’ 

Fig. 2 The first part of the York Science Narrative on Radiation (Light and Sound)

Table 1 Sample evidence of learning statements for the topic Radiation (Light and Sound)

Evidence of learning statements

Students should be able to:

  Identify, in a given situation, the radiation source, the receiver of radiation and the medium 
through which radiation is travelling

  Explain and predict the shapes and sizes of shadows cast by point sources
  Explain why a source of light becomes dimmer (or the sound from a source fainter) the 

further you are away from it
  Use the radiation model to explain familiar phenomena and events and to make predictions
  Identify evidence for specific aspects of the radiation model
  Offer plausible suggestions about what will happen in a given situation when radiation is 

absorbed: (i) to the absorber, (ii) to the radiation
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learning, quickly enough to be able to use this to inform the next actions of the stu-
dents and/or the teacher. We called these evidence of learning items. Among the 
formats used were:

• Two-tier multiple-choice questions
• ‘Talking heads’ questions, where students are asked to evaluate a set of responses 

to a situation presented in speech bubbles and in terms that a student might use
• Predict-explain-observe-explain practical tasks
• Confidence grids: questions in which several statements are made about a given 

situation and students have to put each statement in one of the categories (I’m 
sure this is right/I think this is right/I think this is wrong/I’m sure this is wrong)

• Construct an explanation: where students have to select the correct option in each 
of a sequence of boxes to construct a correct explanation of a given event or 
phenomenon

• Evaluating a representation: where students have to identify aspects of a given 
representation (usually a textbook diagram) which they think are ‘a good picture’ 
of the real thing and aspects which they think are not

This list is not complete; evidence of learning items of other types and formats 
have also been developed.

As the right-hand side of Fig. 1 emphasises, this is an iterative process, not a 
linear one. Writing evidence of learning items often makes you question the way the 
corresponding evidence of learning statement has been expressed or helps you 
notice that a statement is missing and should be added. In some cases, this indicates 
a need to revise the stated learning intention, or even the narrative. The outcome of 
the development process is a large set of evidence of learning items for each of the 
main strands of science, linked clearly to (and consistent with) a narrative, a set of 
learning intentions and a list of evidence of learning statements.

At the time of writing, this development work has been completed for around 
half of the biology, chemistry and physics content required by the English national 
curriculum for the 11–14 age range. Work is continuing on the remaining strands.

 Research Phase

To obtain evidence of the impacts of the project’s approach and materials (and to 
obtain feedback to improve these), teachers in 45 schools were given a large set of 
evidence of learning items (ELIs) for one of the first three science strands devel-
oped. The three sets were allocated randomly to schools. They were accompanied 
by guidance material which encouraged teachers to use the ELIs for formative pur-
poses, rather than summative ones, and suggested a range of ways of using ELIs that 
preliminary work had shown to be valuable. In particular, teachers were encouraged 
to use evidence of learning items as stimuli for small-group discussion rather than 
as individual written exercises or tests and to see the discussion these generated as 
a valuable source of evidence of students’ thinking.
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After the teachers had had the material for around 3 months, written question-
naires (n = 45), augmented with interviews where this was feasible on grounds of 
availability and access (n = 13), were used to collect feedback including:

Descriptive data (What had they used? How had they used it?)
Evaluative data (What did they think of the materials? Any suggestions for improve-

ment/addition?)
Reflective data (How might this change their teaching and planning?)

Responses were analysed, initially using predetermined categories implicit in the 
data collection instruments, modified by an inductive analysis using a grounded 
theory approach to pick up any unanticipated themes (see, e.g. Robson 2002).

 Findings

The reception by teachers of the project materials and approach has been strongly 
and uniformly positive. Almost all saw the project as directly relevant to issues with 
which teachers are currently grappling as a result of policy-driven changes.

Many teachers said they were aware of common ‘misconceptions’ (the term they 
invariably chose to use) that some students are likely to hold, but several expressed 
surprise at their prevalence. One commented that ‘without the questions, I might 
never have been aware how widespread particular misconceptions were’ (T09). 
Others expressed surprise that many students did not understand things they 
expected them to have grasped. One wrote:

When I was given the trial pack to try it out, I was in the middle of teaching light and I 
thought “Oh, I’ll try some of these, they’ll be able to do them, no problem for students.” But 
they couldn’t. (T02)

She followed this up by sending the response of a student group to a question 
designed to probe ideas about primary sources of light. It asked what you would see 
if you closed yourself inside a dark cupboard with a well-sealed door and no win-
dow, in which there was a mirror and a cat. Students were given four statements to 
evaluate. Writing of her class, she said: ‘One student got it right, the most common 
response by far was this’ (Table 2).

Reflecting on this and other items on the same topic, this teacher commented that:

I really like how I’m able to get down to the nitty-gritty of what the kids are thinking … how 
are they actually thinking about it? There’s an activity about light travelling in straight lines 
and where it travels from, and they all thought that light comes out of your eye. I really 
thought that they would know all of this, there’d be no problem with the science, and oh my 
goodness there were problems with the science. That was really eye opening and I really 
liked that. I thought, if this can tell me about things that I thought students would know then 
what could it tell me about the things that I’m actually teaching them? (T02)

Other respondents also replied that using items from the question bank not only 
showed them what many students thought but also gave them insights into the thinking 
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that lay behind their answers. As one teacher put it, ‘It makes you look at things 
from an understanding level and also informs you on an understanding level as well’ 
(T01). He commented on some benefits of research-informed multiple-choice 
questions:

The nice thing about this, it’s multiple choice, you have various different answers, but there 
are some which if your thinking isn’t quite right, that’s the one you’ll go for. And that’s 
really really helpful and really useful. You can listen to the thought processes, they have 
discussions about it, what do you think, what’s this, how does this work, and that really 
helps you into what they’re thinking and how it works.’ (T01)

This teacher went on to talk about how his use of a set of items on chemical 
substances and chemical change were changing the way he taught this topic:

The YS materials pick up the misconceptions in such a way that it’s clear what they don’t 
understand and how they don’t understand it. So it’s better than simply getting a wrong 
answer on a test, you’ve actually got some sort of idea about what they don’t understand and 
a potential way in to fix it. And it’s mainly go back to the particular lessons where I knew 
there was a problem and take another look at them as well. When I’ve taught it again, I’ve 
approached it in a different way. (T01)

Another point made by several teachers was about the value of these questions in 
stimulating well-focused discussions in student groups. One remarked that ‘they 
[the questions] were so interesting to use. The use for me is opening up the discus-
sion, thinking about how they’re actually perceiving things, that was the interesting 
bit’ (T11). Another commented that ‘so much of what is generated from this is dis-
cussion with the pupils … It’s prompted more discussions than I would normally 
have had … which is good’ (T07).

Whilst there are many challenges in designing good diagnostic assessment ques-
tions and tasks, teacher feedback has not reported any significant challenges or 
problems in using the materials produced by the York Science project.

Table 2 Data from a teacher on the commonest response pattern in her class to one evidence of 
learning item

Statement

I am sure 
this is 
right

I think 
this is 
right

I think this 
is wrong

I am sure 
this is 
wrong

1 After a whilst, you will be able to see 
everything, but very dim

✓

2 The only thing you will see is the 
cat’s eyes shining

✓

3 You will see the mirror shining, but 
everything else will be dark

✓

4 You won’t be able to see anything at 
all, no matter how long you wait

✓
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 Conclusions and Implications

This preliminary and small-scale evaluation of the York Science materials for three 
science strands, and of the embedded formative assessment approach that they pro-
mote, provides encouragement that carefully designed and research-informed 
assessment materials can have the intended impacts on teachers’ practice and think-
ing. In general, the materials were used as intended, for assessment during lessons 
‘in real time’ and as stimuli for ‘on-task’ discussion. This study provides ‘proof of 
principle’ that the strategy the project has adopted that can work indeed is quite 
likely to work. This strategy might be summarised as seeking to stimulate changes 
of specific and planned kinds in teachers’ practices, by providing resources which 
make it easier for them to implement these changes and hence to influence their 
thinking about teaching and learning more generally and about the planning of les-
son sequences.

The responses of teachers to the project materials and approach confirm the view 
from which we began that assessment items play a crucial role in communicating 
intended learning objectives clearly and that structured sets of items are particularly 
valuable in focusing teachers’ attention on learning outcomes and facilitating the 
use of embedded formative assessment to monitor students’ ideas and learning as 
the teaching proceeds and respond to this evidence ‘in real time’.
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 Theoretical Background

Creativity is a phenomenon that lacks a uniform definition. It refers to something 
that is neither directly observable nor quantifiable without further notice. Therefore, 
the understanding of creativity is individually different, as well as its measurement 
and evaluation. What is ultimately called creative is highly dependent on the society, 
the development of society and the Zeitgeist of each era. Hence, a wealth of defini-
tions can be found over a long period of time from the past; many of them are still 
relevant today.

The modern research on creativity was initiated in 1950 with a presentation by 
Guilford at the congress of the American Psychology Association (Guilford 1987). 
Since the 1980s, creativity has become an intense field of research (Runco 2004). In 
Europe, however, the interest in creativity has developed later and it has remained a 
relatively neglected area of research (Urban 2004: 5). Nevertheless, creativity gets 
new importance in today’s rapidly evolving times as industry and technology are 
increasingly dependent on innovation (European Commission 2009). Thus, creativ-
ity is required of graduates, although it is not a determined part of their education. 
It finds its place, mostly in the artistic, musical and craft subjects. Especially in the 
STEM subjects, creativity seems not yet established in the classroom and is not 
described in the instructional plans and curricula.

For creativity has many facets, no overall definition of creativity exists. However, 
suitable definitions of several aspects of creativity can be found, like the one by 
Guilford (1987) dealing with divergent thinking as part of creativity. For Torrance 
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(1970), the main aspects of creativity are the creative process as well as the creative 
product, not the creative person, though. Looking at the creative process and prod-
uct, four aspects are of central importance: fluidity (drawing conclusions and mak-
ing associations in short time), flexibility (in using methods and ways of thinking), 
originality (diversity in finding solutions for a certain problem) and elaboration, 
which means the ability to implement the solutions. Finally, the definition of Rhodes 
(1961) covers all main components of creativity. With his 4P model of creativity – 
“p” for person, product, process and place – he offers a definition that allows us to 
focus on different aspects of creativity, depending on the research question. 
Nevertheless, it is important that, especially for students and teachers, a common 
understanding of creativity is found on which creative teaching can be built. For 
this, the British government formed the National Advisory Committee on Creative 
and Cultural Education (NACCCE). The Committee defines creativity as:

… imaginative activity fashioned so as to produce outcomes that are both original and of 
value. (NACCCE 1999: 30)

This definition implies that creativity includes all human activities and that every 
human being carries creative potential that can be discovered, developed and 
promoted.

Regarding the creative person, plenty of research has been done. Barron and 
Harrington (1981) identified core characteristics of creative persons, like autonomy, 
intuition, self-confidence or being independent from judgement. In addition, cre-
ative persons show unsocial behaviour more often than noncreative persons (Cropley 
2001). Creative students attract attention by showing dominant patterns (MacKinnon 
1967), having a high self-belief (Drevdahl 1956) and a certain disregard for authori-
ties (Hilgard 1959). Following the investigations of Mackinnon (1962) and Weisberg 
and Springer (1961), autonomy plays a large role in the development of creativity. 
Children should start early to build an autonomous behaviour and, in addition, learn 
to act responsibly. Altogether, a basis for the development of creativity is estab-
lished. Regarding creative children, Westby and Dawson (1995) developed a rank-
ing of character traits of creative children; they then let teachers rate the character 
traits. They could show that teachers, on the one hand, think that creative students 
are an enrichment in class, but, on the other hand, they prefer character traits that 
refer to a noncreative person.

It is important to remember that fostering creativity usually refers to a specific 
student population and not to the whole society. This is expressed in the term “little 
c creativity”, which refers to everyday ideas that can be original and creative for one 
or more people, but it does not have to be for the society (Craft 2005: 19). This kind 
of creativity is mostly to be used in school. Whether anything can be called creative 
or not depends on the evaluation of the students and of the respective teacher. 
Creativity can be implemented, however, and integrated differently in school. The 
NACCCE report makes a distinction between teaching creatively and teaching for 
creativity (NACCCE 1999: 102f). The former says that teachers employ imagina-
tive approaches and methods to make learning interesting and effective and to moti-
vate students. Teaching for creativity includes this but is more related to the 
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environment and the abilities of the teacher himself. Another term can be distin-
guished from those already mentioned: teaching creativity. Here it comes to convey 
creativity directly and watch it more as a separate subject instead of integrating it 
into a sub-directional fold (Simonton 2012). Furthermore, there is the concept of 
creative learning; student-centred tasks are understood to be part of it (Craft 2005: 
23).

Natural sciences involve creative potentials that do not exist in this form in other 
subjects, for it is domain specific. Creativity in science means amongst other things 
to form hypotheses and to plan experiments to perform, reflect and revise, if neces-
sary (Newton and Newton 2009). The results must be interpreted with caution; that 
too is a creative process. There is also the possibility to independently design and 
build scientific models. This promotes problem-solving skills, because knowledge 
must be applied to new situations. Therefore, it can stimulate creative thinking pro-
cesses (Sawyer 2012: 401).

Creativity can only take place in an environment that also allows errors, makes 
room for fear and promotes independent work (Jeffrey and Craft 2004). Several 
publications describe how creative teaching should look like and how the creativity 
of students can be promoted (e.g. Craft 2005; Hallmann 1970; Cropley 1991; Urban 
2004). However, these publications relate more to the general education. With 
regard to teaching chemistry, only a few publications can be found. Especially cur-
rent studies dealing with the teachers’ attitude towards concepts of creativity like 
the ones of Cachia and Ferrari (2010) or Tanggaard (2011) are rare.

Although teachers think positively about creativity, there is a discrepancy 
between the view on creativity and the fostering of creativity in class (Cachia and 
Ferrari 2010). In particular, scientific creativity at school has been investigated in 
various studies focusing on creative teaching, inquiring science and how to measure 
scientific creativity (Kind and Kind 2007). In general, it is possible to foster scien-
tific creativity by implementing open tasks or cooperative, student-oriented work. 
However, teachers that use these tools often limit the openness by giving “recipes” 
or providing a lot of guidance (Kind and Kind 2007), but this contradicts the aim of 
a more open teaching approach. Teachers should keep in mind that they cannot 
force creativity; they can only stimulate it (Sawyer 2012: 390). Therefore, they 
should teach students to recognise their own creative potential and develop it 
accordingly.

An important prerequisite in order to implement creativity in school are creative 
teachers. Even if teachers have a positive attitude towards creativity, this can only be 
effective if they show themselves as a creative personality. The latter requires effort 
and will. To facilitate the entry of a teacher in creative teaching, Hallmann (1970) 
listed several aspects that are typical for creative teachers. Some of these aspects are 
the following:

• Teacher must first promote the independence of the pupils and thus educate them 
to take the initiative.

• Teacher must provide a certain amount of freedom to the students so as to pro-
mote creativity.
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• Teacher should encourage the students to develop flexible problem-solving strat-
egies and show them not only one scheme that leads to the desired solution.

• The focus is on the questions of students. They should not be ignored but lead to 
a discussion. On the other hand, teachers should ask questions in a way that they 
allow creative solution processes (Hallmann 1970).

Other studies have shown that creative students benefit when teachers show an 
overall positive attitude towards creativity because an atmosphere is created that 
promotes the creativity of the students. Cropley (1982) has investigated the promo-
tion of creativity in class and derived recommendations how teachers should act in 
class in order to promote the creativity of their students:

Teachers should therefore rate creative thinking positively, encourage playful dealing with 
things and ideas, show tolerance for new ideas, not impose fixed pattern, promote learning 
on their own initiative and rate this positively, provide support for the development of new 
ideas, criticize constructively and support self-assessment, promote multidisciplinary learn-
ing, be open for adventure. (Cropley 1982: 272)

Although creativity is in the focus of public debate, only little research regarding 
creativity and science can be found. Therefore, it is necessary to investigate today’s 
chemistry teachers’ views about creativity to get a current impression about today’s 
situation. Within the study, we wanted to answer the following research questions:

 1. How do chemistry teachers define creativity, and do they see themselves as cre-
ative persons?

 2. How do gender, age, second subject or school type influence the attitude of 
chemistry teachers towards creativity in chemistry class?

 3. What do today’s chemistry teachers think about character traits typical for cre-
ative children following the study of Westby and Dawson (1995)?

 Method

For the study, an online questionnaire was developed consisting of three parts. In the 
first part, teachers were asked in two open questions to give their own definition of 
creativity and to rate their own creativity (creative – little creative – noncreative) 
including an explanation for their self-assessment. Afterwards, the teachers had to 
rate statements showing their creativity-related attitude; the items had to be rated 
with a four-point Likert scale (from 1 = totally disagree up to 4 = totally agree). 
Both open questions as well as the items for the attitude scale were taken from the 
study of Williams and Wyburd (2006). In the second part, the teachers had to rate 
character traits of students on a four-point Likert scale (scaling: ++; +; −; −−) that 
were taken from the study of Westby and Dawson (1995). In our study, only the five 
most typical and the five most untypical character traits, according to the study of 
Westby and Dawson (1995), were used. The most typical character traits are deter-
mined, impulsive, emotional and nonconformist and make up rules as he/she goes 
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along; the most untypical character traits are logical, sincere, good-natured, under-
standing and appreciative. The second part comprises questions about creativity in 
chemistry class. The teachers were asked to give information about creative meth-
ods they know and use in class. For our study, we chose creative methods described 
by Gärtner (1997): explorative teaching, project work, reconstructive teaching, imi-
tative teaching and egg races. With this, we wanted to find out if teachers are aware 
of and use creative teaching methods to get an impression of the possibilities of the 
students to be creative in class. Finally, personal data like gender, age, school type 
and the subjects taught were collected.

For the analysis of open questions, methods for qualitative research were used. 
First, the answers of the open questions were categorised in several categories 
which were derived inductively from the data. This inductive method was taken 
from the method of evaluating qualitative data according to Mayring (2014). The 
validation of the derived categories was done in a group discussion of researchers 
working in the field of chemistry education. With this method, intersubjectivity and 
comprehensibility as well as semantic validity can be ensured (Flick et al. 2004: 
187; Mayring 2014: 110). All mathematical evaluations were calculated with SPSS 
23. The revalidation was done for the creativity attitude scale of Williams and 
Wyburd (2006). The scale had a Cronbach Alpha of α = 0.506, which is good 
enough. All other items within the questionnaire do not form a scale. For all Likert- 
scaled questions, for example, the rating of character traits and descriptive and 
inferential statistics (chi-square test or Kruskal-Wallis test, both for non-parametric 
data) were done. Non-parametric tests were taken due to the number of teachers that 
took part in the study. For further analysis of the creativity attitude scale, a factor 
analysis was done. Here, we used the main component analysis with varimax 
rotation.

 Results

In total, 64 questionnaires could be analysed. The relatively low size of the sample 
limits the generalisation of the study. However, it casts a spotlight on the perspec-
tives and views of German teachers. This will have to be taken into account when 
the results are discussed.

Table 1 shows the composition of the teachers that participated in the study (also 
called participants) regarding age and gender.

Most teachers teach at schools of upper secondary level (Gymnasium 47.5%, 
Gesamtschule 20.3%), and 32.2% teach at schools of lower secondary level 
(Hauptschule, Realschule, Oberschule).

Due to small numbers of teachers in each group regarding age, the group was 
split into two for the analysis: teachers younger than 40 (37 teachers) and teachers 
equal or older than 40 (24 teachers; three cases are missing). The different second 
subjects of the teachers (in Germany, every teacher teaches two different subjects) 
were also grouped: 32 teachers had mathematics or another science as second    
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 subject, six teachers had a language, ten had history or social sciences, five had arts 
or music and three had sports as their second subject. Thus, the group with maths/
sciences and the group with the remaining, previously mentioned, second subjects 
were analysed separately. In case of school types, also two groups were analysed: 
19 teachers who work at a school without upper secondary level and 40 teachers 
who are working at upper secondary level or in a school with upper secondary level; 
five cases are missing.

In their definitions of creativity, the teachers emphasise versatile ideas as being 
typical for creativity (see Table 2). Other aspects, like elaboration, fluidity or per-
sonal aspects, are rarely taken into account. Therefore, creativity is not seen as a 
whole process to include fluidity, flexibility or elaboration; rather only the ability to 
find more or less unusual solutions or to use different problem-solving strategies is 
predominantly given credit. No significant differences of the definitions regarding 
gender, age, school type or second subject were found.

Regarding themselves, around 35.9% of the teachers think that they are not cre-
ative at all, and 28.1% consider themselves to be little creative or creative, which 
was partly motivated by music, art or craft activities. The overall rather low degree 
of creativity was often justified by the desire to follow a certain structure.

Nevertheless, the participants of the study give a high approval for statements 
that support fostering creativity, e.g. “It is possible to support and develop creativ-
ity” or “Creative teaching supports the creativity of the students” (see Fig. 1). But at 

Table 1 Composition of the participants regarding age and gender (N = 61)

Age
Female Male Total
Freq. % Freq. % Freq. %

Under 25 3 4.9 1 1.6 4 6.6
25–29 10 16.4 9 14.8 19 31.1
30–39 7 11.5 7 11.5 14 23.0
40–49 10 16.4 7 11.5 17 27.9
50–59 3 4.9 3 4.9 6 9.8
60 and above 0 0 1 1.6 1 1.6
Total 33 54.1 28 45.9 61 100

Table 2 Overview of the 
different categories that were 
derived from the individual 
definitions of creativity of the 
participants (N = 63). The 
frequency and the ratio of the 
derived categories are shown

Frequency %

Versatile ideas/problem-solving 
strategies

34 54.0

Create something new from known 
things

8 12.7

Artistic, musical talent 7 11.1
Divergent thinking 7 11.0
Solve artisan/technical tasks 
originally

4 6.4

Expression of personality 3 4.8
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the same time, they do not really feel responsible for promoting creativity in their 
class (mean, 2.79). It is also interesting to see that the teachers rate the two terms 
“Creativity helps people to be successful” and “Most imaginative students in class 
are the least successful” as almost being the same. Possible reasons for this could be 
that for the teachers, being imaginative does not relate to being creative or that they 
differentiate between success in school and success in working life. Female teachers 
have a higher approval regarding the positive influence of creative teaching on the 
creativity of students (Chi2 = 0.882; df = 1; p = 0.009). In addition, they are more 
convinced that fostering creativity leads to higher achievement (Chi2 = 4.597; df = 
1; p = 0.032). Regarding the other groups, no difference can be found regarding age, 
second subject or school type. Taking the attitude items as one scale, also no differ-
ences between the groups can be found.

For further evaluation, a factor analysis with main component analysis with vari-
max rotation has been done. The results are shown in Table 3.

In total, four factors could be identified to explain 66% of the variance observed. 
The factors can be described as follows:

• Factor 1: Creative people are more successful, and creative teaching can foster 
this.

• Factor 2: Creativity is independent from gender and therefore it is not important 
to support this.

• Factor 3: Creative students are successful, and because only a few students are 
really successful, there must be only a few creative students.

0 10 20 30 40 50 60 70 80 90 100

Only a few people are creative.

Creativity can be promoted and, as a result,
can develop.

There is no difference between the creativity
of males and females.

Students, who are learning successful, are
often creative.

Most imaginative students are in class the least
successful.

The powerful students are most creative.

Creativity helps people to be successful.

Creative teaching promotes creativity of the
students.

The promotion of students` creativity plays a
minor role.

The promotion of the students’ creativity
increases their academic performance.

totally agree agree disagree totally disagree

Fig. 1 Attitudes of the participants towards creativity and creativity in school; all data are in per-
cent. The items were Likert-scaled from totally disagree up to totally agree
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• Factor 4: It is better not to support creativity, because creative students perform 
less and creativity cannot be promoted anyway.

Regarding school type and second subject taught, no differences could be 
observed, but regarding gender, female teachers show a significant higher belief that 
creativity promotes success (factor 1; U = 131.0, Z = −3.23, p = 0.001). Teachers 
who consider themselves noncreative are significantly different in factor 1: they do 
not think that creative people are more successful (Chi2 = 6.362, df = 2, p = 0.042).

To compare the teachers’ rating of the personal traits with the ones of Westby and 
Dawson (1995), a ranking was derived from the ratings of the teachers (see Fig. 2). 

Table 3 Factor analysis of the creativity attitude items. Only factor loadings >‖0.4‖ are shown. 
The items can be grouped into four different factors

1 2 3 4

Only a few people are creative 0.468
Creativity can be promoted and, as a result, can develop −0.732
There is no difference between the creativity of males 
and females

0.782

Students, who are learning successful, are often creative 0.719
Most imaginative students are in class the least 
successful

0.872

The powerful students are most creative 0.777
Creativity helps people to be successful 0.772
Creative teaching promotes creativity of the students 0.851
The promotion of students’ creativity plays a minor role 0.816

0 10 20 30 40 50 60

Makes up the rules as he/she goes along

Nonconformist

Emotional

Impulsive

Appreciative

Understanding

Good-natured

Sincere

Determined

Logical

10
9

8
7

6
5

4
3

2
1

Very Positive Positive Negative Very negative

Fig. 2 Chemistry teachers’ ranking of character traits. The ranking was done using a four-point 
Likert scale from 1 = very negative to 4 = very positive; the figure shows the descriptive results 
(N = 64)
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For this, the personal traits were sorted following the rankings of the teachers. First, 
the personal traits were sorted in accordance with the highest “very positive” scores. 
If the scores were the same, the “positive” scores were additionally taken into 
account.

Comparing the results of the chemistry teachers with the ones of Westby and 
Dawson (see Table 4), it must be stated that the teachers still favour character traits 
that do not belong to a creative person, although most teachers favour creative stu-
dents in the classroom. An exception is the property determined, a character trait 
that is rated as typical for a creative child but is assessed positively by the chemistry 
teachers. In addition, some differences in rating between different groups could be 
identified. Male teachers rate the character trait logical more positive than female 
teachers (U = 334.5, Z = −2.189, p = 0.029); teachers with math or a science subject 
as second school subject rated logical and impulsive more positive than other teach-
ers (U = 248.0, Z = −2.634, p = 0.008; U = 253.0, Z = −2.298, p = 0.022), and 
teachers teaching at upper secondary level rated the character trait emotional higher 
than teachers teaching at lower secondary level (U = 225.5, Z = −2.416, p = 0.016). 
Looking at the different groups of teachers regarding their own creativity, no signifi-
cant differences can be found.

Regarding the knowledge of creative teaching methods, it can be claimed that the 
teachers know several methods that have the potential to promote creative learning 
(see Fig. 3).

Those who knew the respective teaching method also specified whether they 
already used this method or not. Explorative teaching was already done by 74.1% of 
the teachers, followed by project work (61.0%) and reconstructive teaching (45.6%). 
One can clearly see that the teaching methods are not used by all teachers who know 
them well. No significant differences were found between the different groups 

Table 4 Comparison of the rankings of Westby and Dawson (1995) with the rankings of the 
teachers. The ranking of Westby and Dawson ranks the character traits from typical for a creative 
child to more untypical for a creative child. The ranking of participants shows what are more 
positive and more negative character traits of children in their eyes

Ranking of Westby and 
Dawson Character traits of creative children

Ranking of the 
teachers

Most typical character traits

1 Makes up the rules as he/she goes along 10
2 Impulsive 7
3 Nonconformist 9
4 Emotional 8
5 Determined 2
Most untypical character traits

6 Logical 1
7 Understanding 5
8 Appreciative 6
9 Good-natured 4
10 Sincere 3
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except that younger teachers use project work more often than older teachers (U = 
312.5, Z = −1.963, p = 0.050). Taking teachers’ own creativity into account, some 
differences between the respective groups (creative, little creative, noncreative) can 
be found. Teachers who regard themselves as noncreative know the methods of 
reconstructive teaching (Ch2 = 7.503, df = 2, p = 0.023) and project work (Ch2 = 
6.283, df = 2, p = 0.043) significantly less than the other two groups. Looking at the 
usage of creative methods, it is the group of creative teachers that shows signifi-
cantly higher usage of imitative teaching (Ch2 = 8.047, df = 2, p = 0.018), as well as 
reconstructive teaching (Ch2 = 7.132, df = 2, p = 0.028).

Finally, the chemistry teachers rated different types of work in chemistry classes 
(see Fig. 4). On a four-point Likert scale, activities associated with concepts and 
dimensions are seen as less creative, whereas open tasks are rated very creative. In 
total, the teachers have seen all activities as more or less creative, except working 
with closed tasks. No differences regarding second subject, school type or age were 
found. Female chemistry teachers rated activities associated with models and laws 
as more creative than male teachers (U = 318.000, Z = −2.231, p = 0.026). Teachers 
who consider themselves creative show a significantly higher rating of activities 
associated with concepts and dimensions, such as defining (Chi2 = 6.641, df = 2, p 
= 0.036), as well as activities associated with experimentation, such as fairs, logging 
and interpreting (U = 8.427, df = 2, p = 0.015).

0

20

40

60

80

100

Explorative
Teaching

Project Work Reconstructive
Teaching

Imitative
Teaching

Egg-Races

Known Unknown Used Not used

Fig. 3 Overview of typical creative methods; the participants had to tell whether they know the 
method or not, and in case they know the respective method, they were asked to specify if they 
have used it so far or not; all data in percent (N = 57)
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 Discussion and Implications

The own definitions of the teachers that took part in this study suggests a closed 
view on creativity. For them, creativity is closely related to a well-elaborated ability 
to solve problems showing versatile ideas. The underlying ability of divergent 
thinking is mentioned explicitly only by approximately 10% of the respondents. 
Following the questionnaire of the European Commission (Cachia and Ferrari 2010: 
27), teachers think of creativity as the ability to produce something original. Here, 
the teachers could only rate three given definitions of creativity (creativity is the 
ability to produce something original; creativity is about finding connections 
between things that have not been connected before; creativity is the ability to pro-
duce something of value) and could not write down their own definition. Thus, we 
were able to get some more detailed information about the German teachers’ defini-
tion of creativity. However, our study had only 64 participants; hence the results 
have to be interpreted carefully. In our example, teachers think more of solving 
problems than of a creative product, which is understandable in school context. 
Comparing the data of our study with the ones of Cachia and Ferrari (2010), the 
question about the views on creativity of chemistry teachers is not answered yet and 
has to be analysed in more detail. For this, a study using concept maps for getting 
information about the teachers’ view on creativity and creativity in chemistry edu-
cation amongst pre-service and in-service chemistry teachers is currently carried 
out (Semmler and Pietzner 2016).

The chemistry teachers that took part in this study do not think of themselves as 
a creative person; they tend to follow a certain structure in their teaching. This 
implies that if teachers use teaching methods that would enable the students to be 

0 50 100

Knowledge gaining activities such as observing,
describing, comparing and classifying.

Activities associated with experimentation,
such as fairs, logging and interpreting.

Activities associated with laws and models,
such as explain and predict.

Activities associated with concepts and sizes,
such as defining.

Linguistic-communicative-oriented activities,
such as explaining or justifying.

Open Tasks in general.

Closed Tasks in general.

very creative creative less creative not creative

Fig. 4 Rating of the participants of different tasks in chemistry class. The tasks had to be rated on 
a four-point Likert scale from 1 = not creative up to 4 = very creative. The figure shows the descrip-
tive results of the Likert-scaled items (N = 64)
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creative, the opportunity is possibly left unused because they do not think of foster-
ing creativity. In addition, a person who thinks of him/herself as less creative cannot 
foster the students’ creativity properly. For the development of creativity in school, 
teachers need to believe that they are creative themselves and experiment with their 
teaching and show the students how to work creatively (Tanggaard 2011). At the 
same time, their attitude towards creativity in general and creativity in class is rather 
positive, as Cachia and Ferrari (2010) already could show and can (also) be seen in 
our study. They are aware that creativity enriches teaching, that it can be developed 
and that fostering creativity in class is an important superordinate goal; especially 
female teachers do so.

Looking at the ranking of character traits, the results of Westby and Dawson 
(1995) could be confirmed: teachers prefer character traits that belong to less- 
creative children like logical, good-natured or sincere, probably because these chil-
dren tend to follow more the rules in class. On the other hand, they dislike typical 
character traits of creative students like impulsive, nonconformist or making their 
own rules. Therefore, creative children are in danger to be rejected by the teachers. 
As a consequence, creative children might not be able to develop their full potential. 
However, the teachers who participated in our study have a positive attitude towards 
creativity, but it seems that they do not know how to implement or to use it in class. 
Future research should investigate teachers’ dealing with creativity in class in more 
detail. Because creativity in science is different from arts or music, subject-related 
studies should provide a better view on what is happening in class.

Looking at the differences between teachers regarding their assessment of their 
own creativity, interesting results can be found. Teachers who consider themselves 
as creative use significantly more methods that have the potential to foster creative 
working of students. In addition, they realised that important scientific methods like 
defining or interpreting data have creative aspects. However, like the other teachers 
we could interview in this study, they favour the same character traits as little or 
noncreative teachers. This result has to be interpreted carefully. Creative teachers 
might realise that scientific work in chemistry also includes creative phases. 
However, the creative methods were perhaps not used for fostering the students’ 
creativity consciously but with the aim to let them work more independently. This 
would fit with the result that they favour character traits of creative children as the 
little and noncreative teachers do.

The study could show that teachers who participated in this study know and, to 
some extent, already use creative teaching methods like project work or explorative 
teaching. However, they do not seem to realise that these teaching methods are suit-
able to foster creativity, which was also shown by the study of Cachia and Ferrari 
(2010). Therefore, it is necessary to help teachers in this respect. As a consequence, 
professional development courses for in-service teachers should be developed that 
could strengthen both their own perceived competence in terms of creativity and 
ways to demonstrate how to create more open learning situations in class. Here, all 
different types of creativity in class should be taken into account: teaching cre-
atively, creativity teaching, teaching for creativity and creative learning.
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“Creating Creativity”: Improving Pre-service 
Teachers’ Conceptions About Creativity 
in Chemistry

Markus Bliersbach and Christiane S. Reiners

 Creativity as an Important Component of Teaching Chemistry

Creativity is considered one of the key competencies of modern society (Kind and 
Kind 2007). Due to global economic restructuring, accompanied by fundamental 
and rapid changes, life will be characterised more and more by complexity and 
uncertainty (Hodson 2003). Creativity – as the ability to produce something new 
and relevant (Sternberg and Lubart 1999) – is a necessary condition to meet the 
requirements of an uncertain future. This is also a challenge for general education. 
Who if not the schools and universities should prepare students to handle these 
demands and become possible future innovators?

In chemistry education, the implementation of creativity is also important in 
terms of representing an adequate image of the discipline. According to research on 
nature of science (NOS), students “should appreciate that science is an activity that 
involves creativity and imagination as much as many other human activities” 
(Osborne et al. 2003: 702). This is even more important, as school students as well 
as pre- and in-service teachers reveal certain misconceptions about the role of cre-
ativity in chemistry (Lederman 2007). In contrast to its real nature, they characterise 
the discipline as solely logical and analytical (McComas 1998). The following is a 
typical student statement: “Chemists think logically but are not necessarily creative. 
Creative people are good in languages, and chemists are good logically” (Becker 
et al. 2014: 358; translation by the authors). As a consequence, students, who prefer 
open and inventive tasks, reject chemistry as a potential career aspiration (Tobias 
1990). If chemistry education addresses creative elements, this would not only pro-
mote an adequate image of chemistry and prepare the students for future tasks in 
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this profession, but could also lead to a broader acceptance of the discipline and 
motivate young people to become chemists.

 The Notion of Creativity

As one of the first steps in this research project, a definition of the term creativity 
was formulated. It is based on an analysis of general, educational and science- 
specific literature as well as on a survey among lecturers of a regional educational 
institution. The definition includes all four central components of creativity 
described by Rhodes (1961): the creative person, who in a creative process creates 
a creative product and, during the process, is embedded in a creative environment. 
For the definition and a visualisation of the relationship between the four compo-
nents, see Fig. 1.

 Creativity in Chemistry

Research on the epistemology of science confirms that creativity is a key compo-
nent in the development of scientific knowledge. The next question then is: where 
exactly in chemistry are we depending on creativity? Based on NOS literature (e.g. 
Lederman 2007; Osborne et al. 2003), international documents on educational stan-
dards (National Research Council 2012) and on our own considerations, five 
moments can be emphasised: generating research questions, planning experimental 
investigations, formulating hypotheses, generating theories and models and pre-
senting research results. Thus, creativity is required throughout the whole scientific 
process.

For two reasons, the generation of theories and models should have an excep-
tional position. Firstly, it is presumably the most creative act in scientific  enterprises. 

Fig. 1 A definition and the four components of creativity
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The history of the Nobel Prize in chemistry reveals that its winners usually come up 
with new, often revolutionary theories or models, which clarify long- existing prob-
lems and/or open new research fields. Hence, according to our definition, such theo-
ries and models represent creative products of very high relevance for their 
environment, which are often strongly characterised by breaking out of familiar 
structures. The second reason has to do with the representation of the four creative 
moments in current chemistry education practice. Generating research questions, 
formulating hypotheses and planning experimental investigations are essential parts 
of inquiry-based learning and similar approaches (Abd-El-Khalick et al. 2004). In 
contrast to their outstanding position in chemical research, model building pro-
cesses are much harder to find in contemporary chemistry classes.

 A Qualitative Study: Production Versus Reproduction of Models

The long-term aim of this research project is to support school students in appreciat-
ing creativity as a part of chemistry. Therefore, creativity has to be implemented 
into chemistry education practice. Based on the assumption that chemistry teachers’ 
adequate conceptions represent a necessary condition on the way to implement 
NOS into chemistry education appropriately (Lederman 2007), we focus on pre- 
service chemistry teachers. The principle aim is to find out how prospective chem-
istry teachers can be supported in developing appropriate conceptions about 
creativity, about the role of creativity in scientific research processes and about pos-
sibilities to implement creativity into chemistry lessons. For this purpose, different 
approaches are evaluated in the project, concerning their impact on the development 
of the teacher students’ views and competencies (for one of the earlier studies, cf. 
Bliersbach and Reiners 2015). The qualitative study presented here focusses on the 
use of historical case studies (Abd-El-Khalick and Lederman 2000) on the one hand 
and student-generated analogies (Haglund 2013) on the other. Both interventions 
spotlight the construction of models. The following investigation questions were 
formulated:

 1. How does the reproduction of model building processes by historical case stud-
ies contribute to the development of prospective teachers’ conceptions about cre-
ativity in chemistry?

 2. How does the production of analogical models as an activity, in which prospec-
tive teachers actively go through model building processes by themselves, con-
tribute to the development of their conceptions about creativity in chemistry?

“Creating Creativity”: Improving Pre-service Teachers’ Conceptions About Creativity…



58

 Method

The study was carried out in two pre-service chemistry teacher courses in winter 
term 2014/2015. All participants were between 19 and 26 years old and in the sec-
ond year of their bachelor studies (intended degree: chemistry education at higher 
secondary level). Overall, 38 teacher students participated (21 in course 1 and 17 in 
course 2; 24 male and 14 female).

Among other objectives (e.g. scientific literacy, experiments in chemistry educa-
tion, teaching methods, etc.), each course contained two sessions of 90 min about 
the topic “models in chemistry”. By different means, both courses aimed at promot-
ing a deeper understanding of the role of creativity in the generation of chemical 
models. It must be emphasised that this aim was not transparent to the students. 
They only knew that they had to deal with concrete examples of model building 
processes in the two sessions. Neither the term creativity nor any synonyms or 
periphrases were used.

 Course 1: Reproduction of a Model Building Process

Course 1 included a historical case study concerning Jacobus Henricus van ‘t Hoff 
(1852–1911), the first Nobel Prize winner in chemistry in 1901, and his models 
about the spatial arrangement of molecules. In 1874, van ‘t Hoff accounted for the 
phenomenon of optical activity by assuming that the chemical bonds between car-
bon atoms and their neighbours were directed towards the corners of a regular tetra-
hedron. He formulated a revolutionary theory (Cohen 1912: 82–92), which laid the 
foundation of stereochemistry and stereoisomerism. He shares the reputation for 
this with the French chemist Joseph Le Bel (1847–1930), who independently came 
up with the same idea. van ‘t Hoff can be considered as a pioneer in reflecting on the 
role of creativity in chemistry. This becomes obvious particularly in his lecture on 
“Imagination in Science”, held in Amsterdam in 1878 (Cohen 1912: 150–165). In 
this lecture, he compares about 200 historical scientists and reflects on their use of 
imagination to come to scientific achievements.

To enable the students to appreciate van ‘t Hoff’s achievements and to under-
stand how new and revolutionary his models were, the intervention itself began with 
an introduction to the history of isomerism and stereochemistry before van ‘t Hoff 
and Le Bel. After that, the courses were structured by the Jigsaw Teaching Technique 
(Aronson 1978). The teacher students were separated into three expert groups which 
focused on different aspects concerning van ‘t Hoff and his model building process. 
In the expert groups, they had to read certain texts and try to answer associated guid-
ing questions. The subsequent jigsaw groups consisted of three students from the 
different expert groups, who presented their respective results to the other two stu-
dents. The members of Group A had to reflect on van ‘t Hoff’s model itself. With the 
aid of his original publication, they had to elaborate on how he came up with the 
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model and which arguments he used to justify it. Group B had to focus on bio-
graphical issues and the context of the model building process. The students had to 
reflect on van ‘t Hoff’s personality, on his scientific career and on obstacles on the 
way to establish his revolutionary model. The members of Group C dealt with the 
aforementioned lecture “Imagination in Science”. They had to concentrate on van ‘t 
Hoff’s views on scientific processes and try to assess them from a contemporary 
perspective. After the students presented and discussed their results in the jigsaw 
groups, they had to reflect on some additional questions, for example, what they had 
learned about model building processes in general and whether this could have any 
consequences for chemistry education. The intervention ended with a plenary dis-
cussion about general characteristics of scientific model building processes.

 Course 2: Production of Analogical Models

While the students in course 1 considered a creative model building process from 
the exterior, course 2 offered them the opportunity to create a model by themselves. 
As mentioned before, there are not many approaches focusing on autonomous 
model building processes in chemistry education. Black box activities (Lederman 
and Abd-El-Khalick 1998) are one of them. Though they are suitable to mediate 
some important characteristics of chemical models (e.g. that models are not a copy 
of reality and are based on individual interpretations and preferences), they are less 
suitable to convey the notion of creativity in model building processes. A possible 
way to implement autonomous model building processes into chemistry education, 
which stresses creativity on the one hand and is not too ambitious on the other, 
could be the generation of analogical models. Why analogical models? Firstly, anal-
ogies are a crucial compound of scientific models. Every appropriate model includes 
certain analogies to the real phenomenon that it represents (Gilbert 2004). Secondly, 
analogies often play a crucial role in creative model building processes. One com-
mon example is August Kekulé (1829–1896), who declared that he had discovered 
the ring shape of the benzene molecule after having a daydream of a snake seizing 
its own tail (Rocke 2010). Thirdly, empirical studies concerning the use of self- 
generated analogies in science education show positive results with regard to stu-
dents’ learning and enjoyment (Haglund 2013). Finally, analogical models can be 
used in school to introduce relevant scientific models (e.g. the electric circuit, which 
is compared with a model of a water circuit in physics education) (Olson 1958).

According to this, the participants of course 2 had to create analogical models of 
the valence shell electron pair repulsion (VSEPR) model (Gillespie 2004). In order 
to ensure that they knew what the theoretical model implies – normally every stu-
dent in the course should be familiar with it – a short introduction to the model and 
its underlying assumptions was given. Then the teacher students were separated into 
groups of three. The task was to generate one or several analogical models that 
could be used to introduce or explain the VSEPR model to school students and to 
present it to the rest of the course in the next session. The groups were asked to 

“Creating Creativity”: Improving Pre-service Teachers’ Conceptions About Creativity…



60

cover as much characteristics of the original model as possible but were free to use 
any analogy they wanted. They could relate to everyday life contexts, other chemi-
cal models or anything else they could think of. The students had 90 min to develop 
their models. The way they presented it in the next lesson was also up to them. The 
analogical models could be visualised via posters, animations or role plays (actu-
ally, every group presented a poster). After every group had presented, the models 
were compared and evaluated. The intervention ended with a plenary discussion 
about model building processes in general. Figure 2 documents excerpts of a few 
examples of the analogical models that were developed.

 Data Collection

In our study, we tried to investigate if the described interventions can influence the 
teacher students’ conceptions about the role of creativity in chemistry. To be able to 
evaluate a possible influence, a comparison between pre- and postconceptions of the 
students was necessary. In order to get individual and deep insights into the teacher 
students’ conceptions, data were collected qualitatively, by open-ended question-
naires, semi-structured interviews and participant observation. The different meth-
ods were used to triangulate data by validating the obtained results through the 
combination of data collected from different sources (Mayring 2000). For an over-
view of the study, see Fig. 3.

During the data collection, the aim of the study was not transparent to the stu-
dents. Neither the questionnaires nor the interviews included the term creativity (or 
any synonyms or periphrases). The assumption behind this decision was that most 
students, if they had known what was investigated, probably would have answered 
in the way they “should” and would have stated the importance of creativity in 
chemistry without really being convinced.

Fig. 2 Excerpts of some student-generated analogical models related to the VSEPR model
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 Open-Ended Questionnaires

In order to collect the teacher students’ pre- and postconceptions, open-ended ques-
tionnaires were used immediately before (questionnaire 1) and after the respective 
interventions (questionnaire 2). To evaluate the sustainability of the students’ per-
ceptions, a sample of 21 teacher students were asked to complete a follow-up ques-
tionnaire (questionnaire 3) about half a year later (the extended period is related to 
the different availability of the students). Apart from the acquisition of some pre-
liminary information (age, gender, other subjects, previous experiences in chemis-
try didactics), all three questionnaires contained the same two questions:

1. What are the similarities and what are the differences between chemistry and 
artistic disciplines (e.g. art, music and architecture)?

2. Which skills and/or abilities do chemists need to be successful researchers?

The students had about 15 min to answer them. They are based on the Views of 
Nature of Science questionnaires (Lederman et  al. 2002). The questionnaire was 
previously tested with students as well as with further science education research-
ers. As indicated above, an open-ended format was chosen to allow free and autono-
mous answers and to avoid forcing a choice upon the students. For the data analysis, 
all questionnaires were transcribed.

Fig. 3 Overview of the study: interventions and data collection
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 Interviews

Half a year after the respective interventions, problem-centred interviews (Mayring 
2002: 67–72) were conducted with a sample of six participants (three out of each 
course). To achieve a high diversity, both teacher students, whose conceptions 
changed according to the results of questionnaires 1 and 2 (students who did not 
refer to creativity in questionnaire 1 but in questionnaire 2), as well as students, 
whose conceptions did not change (students who did not refer to creativity in ques-
tionnaire 1 nor in questionnaire 2), were selected. In addition to the validation of the 
responses to the questionnaires, this nonstandardised, semi-structured interview 
format was used to facilitate the generation of in-depth profiles of some teacher 
students. Compared to the questionnaires, they had more time to describe their 
viewpoints and conceptions. Besides, if certain statements seemed to need further 
clarification, additional questions were asked by the researcher.

In addition to a more extensive discussion of the items of the questionnaire, the 
students were asked what they remembered from the respective interventions and 
had to reflect their learning processes during the courses (e.g. “In the course, did 
you learn something new about chemistry?”, “What do you remember from the ses-
sions where we dealt with model building processes in chemistry?”, “Did the ses-
sions influence your view on chemistry?”, etc.). Besides, some additional aspects 
that are not directly connected with the investigation questions were addressed (e.g. 
“Did you like the sessions?”, “Do you think this approach could be applied in school 
chemistry?”, etc.). In order to structure the interviews and to ensure that all planned 
questions were really asked, a question manual was used. For the data analysis, all 
audio recordings were transcribed.

 Participant Observation

As an additional means of triangulation, participant observation was used, which is 
a qualitative investigation method in which the observer is an active part of the 
social situation she/he is investigating (Mayring 2002: 80–84). In our study, it 
served to directly capture the students’ communications – especially the discussions 
at the end of the respective interventions. Moreover, some other aspects not directly 
connected with the investigation questions could be observed (appropriateness of 
the respective tasks and activities, motivational aspects, etc.). Similar to the ques-
tion manual for the interviews, an observation manual was formulated to determine 
the dimensions of interest and to stay focused during the observations. In order to 
record the observations, field notes were written.
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 Data Analysis

In order to be able to answer the question of whether and how the different interven-
tions affect teacher students’ conceptions about creativity in chemistry, the collected 
data was analysed following the rules of qualitative content analysis, a convenient 
and frequently used approach to systematically structure and summarise qualitative, 
text-based material via categories (Mayring 2000). In our case, the content was 
analysed concerning the occurrence of terms related to the role of creativity in 
chemistry.

During the analysis of the various data sources, all corresponding student state-
ments were collected and arranged in four groups: explicit confirmation of the role 
of creativity in chemistry, implicit confirmation, no reference to creativity and 
explicit denial of the role of creativity in chemistry. Implicit statements were further 
subdivided into synonyms, components and preconditions of creativity (see Table 1 
for an overview of all categories, subcategories and anchor examples).

In order to assess the learning progress of every student, their answers to the 
questionnaires before and after the respective interventions were compared. In the 
case of the participants, who additionally completed the follow-up questionnaires or 

Table 1 Overview category system: occurrence of terms related to creativity in chemistry

Category Subcategory Anchor example

Explicit confirmation of 
the role of creativity in 
chemistry

“Chemists need to be creative to be 
successful researchers”

Implicit confirmation 1: 
“synonyms” for creativity

Phantasy “Chemists need to use their phantasy”
Imagination “Chemists need to use their 

imagination”
Ingenuity “Ingenuity is important in chemistry”

Implicit confirmation 2: 
components of creativity

Creating something new “Chemists need to create something 
new if they want to be successful”

Breaking out of familiar 
structures

“Sometimes it is important to break 
with existing knowledge”

Recombining 
knowledge

“Chemists need to combine existing 
knowledge in new ways”

Working on new 
problems

“Chemists need to explore unknown 
areas”

Using interdisciplinary 
approaches

“Chemists need to use approaches that 
are used in other disciplines”

Implicit confirmation 3: 
preconditions of creativity

Courage “Chemists need to be courageous”
Curiosity “Chemists need to be curious”
Openness “Chemists need an open mind”

No reference to creativity (neither category is mentioned)
Explicit denial of the role 
of creativity in chemistry

“In artistic disciplines, you can be 
creative; in chemistry, you have to 
think logically and follow certain 
rules”
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interviews, these data, as well as the results of the participant observation in both 
courses, were incorporated, too. Finally, in order to evaluate whether there were 
differences between both courses, the collected results of the respective courses 
were compared.

All data were analysed by the authors and a further science education researcher 
to ensure reliability in the coding. The interpretations were mostly consistent. Only 
a few differences emerged, and consensus was reached after discussions and further 
consultation of the data.

 Results

The results of the three different forms of data collection are presented separately.

 Questionnaires

In questionnaire 1, which was handed to the teacher students before the respective 
interventions, only few of the students mentioned creativity as a characteristic of 
chemistry, neither explicitly nor via synonyms, components or preconditions of cre-
ativity. Several students explicitly negated creativity as a part of chemistry, so the 
typical misconceptions could be confirmed. In answering question 1, student BR05 
(we used anonymous codes to be able to compare the students’ answers in the dif-
ferent questionnaires) wrote, for example, “In arts, the own creativity can be 
unfolded, open space is provided, where you can create for your own. In chemistry 
you have to act according to and argue with the scientific laws” (this and all follow-
ing student statements were translated by the authors).

In questionnaire 2, which was handed to the students after the interventions, such 
formulations were barely used. The number of explicit and implicit mentions of 
creativity increased significantly in the student answers, although – comparing both 
courses – in different forms and in different extents. In course 1 (historical case 
study), the increase of explicit mentions as well as synonyms was very obvious. In 
course 2 (analogical models), the growth of explicit expressions was not as big. The 
participants mentioned creativity rather implicitly, with categories that were 
assigned to components and preconditions of creativity.

Questionnaire 3 was handed out about half a year after the respective interven-
tions. The comparison of the students’ answers in this questionnaire with their 
answers in questionnaire 2 reveals only a very light decrease of the categories men-
tioned, no matter which course they participated in.
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 Interviews

Both types of teacher students – those whose conceptions changed during the inter-
ventions as well as those students whose conceptions did not change according to 
the results of the questionnaires – were interviewed. The students, who changed 
their conceptions, still appreciated the role of creativity in chemistry explicitly. 
Upon request, some additional implicit categories, mainly components of creativity, 
were mentioned. When the students were asked if they learned something new about 
chemistry, all students referred to the respective interventions. Student UO67 
(course 1) stated, for example, “Yes. The example with van ‘t Hoff. Before the 
course, I would not have connected creativity with chemistry”.

What about the students who did not change their conceptions? When they were 
asked the two questions of the questionnaire, no difference could be determined. 
This impression changed, when further questions about the respective interventions 
were asked. Student MO11 (course 2) stated, for example, “Especially as we made 
the model for ourselves, it became obvious that it is not easy (…), you need creativ-
ity to find something that represents the model adequately”.

 Participant Observation

With regard to the investigation questions, the participant observation was mainly 
important during the discussions at the end of the respective interventions, where 
the students reflected on model building processes in chemistry. In both courses, 
creativity was mentioned during the reflections. In course 1, a discussion about the 
role of creativity in chemistry arose, in which the students compared van ‘t Hoff’s 
case and his perceptions about imagination in science with contemporary scientific 
research. In course 2, creativity was mentioned two times. One student stated that 
his group needed a certain amount of creativity to find an analogy. He also assumed 
that it would be similar in scientific model building processes. Another student liked 
the fact that the course offered the opportunity to act in an open environment (“It 
was a nice variety to become creative in chemistry”). He also stated that the activ-
ity – for the same reason – could be implemented into chemistry education.

All in all, both interventions were well accepted by most teacher students. The 
participants of course 1 appreciated van ‘t Hoff’s achievements and were fascinated 
by the fact that he was so successful at the age of only 22 years. The participants in 
course 2, as indicated above, were fond of the open environment.
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 Discussion and Conclusions

Because of the small number of participants, the study is far from being representa-
tive. It is one of several preliminary studies within the project, in which first indica-
tions concerning the suitability of different approaches were collected. The 
following conclusions should be treated with caution and have to prove themselves 
in further studies.

A comparison between the data obtained in the different courses indicates that 
the reflection on historical case studies as well as the production of analogical mod-
els can contribute to more informed views of the teacher students. Many of the 
students, who did not mention or who even denied creativity as a part of chemistry 
in questionnaire 1, changed their minds after the respective course elements. 
According to the follow-up questionnaires and interviews, these changed percep-
tions proved to be relatively robust. With the aid of concrete requests concerning the 
course content and its influence on the students’ perceptions in the semi-structured 
interviews, it could also be assumed that these changed perceptions were based on 
the respective interventions.

The different results in the questionnaires of courses 1 and 2 are probably based 
on the methodological decision that during the courses and during the different 
forms of interrogation, it should not become apparent to the students what the dif-
ferent interventions were aimed at. Comparing the two approaches from this per-
spective, the historical case study – in providing a concrete example of a creative 
person in chemistry (van ‘t Hoff), who furthermore reflects on the role of imagina-
tion in science  – more explicitly draws the students’ attention to creativity. The 
production of analogical models rather implicitly mediates the role of creativity in 
chemistry. According to research results, conceptions of NOS are best learned 
through explicit, reflective instruction (Lederman 2007). In our case, that would 
have meant to tell the students that they had developed the models in order to appre-
ciate the role of creativity in chemistry. For the aforementioned reason, this was not 
possible. Keeping this in mind, it is not surprising that the latter approach, even 
though it also contributed to more informed views of the participating students, was 
not quite as successful as the historical case study.

In contrast to questionnaires, the results of the participant observation and the 
interviews revealed the actual potential of the production of analogical models. In 
the reflection period after the model building process, creativity was mentioned as a 
necessary ability to generate a scientific model. Besides, the teacher students men-
tioned that the intervention could be used to implement creative processes into 
chemistry education. The interviews confirmed this impression. When the students 
were asked half a year after the intervention what they learned new about chemistry 
in the course, they mentioned the same both aspects.

Summing it up, the use of historical case studies – in providing explicit examples 
of creative persons and their creative products  – is a great possibility to enable 
teacher students to recognise that creativity is important in chemistry. The produc-
tion of analogical models, however, offers the opportunity to generate a creative 
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environment. Accordingly, this approach, where students actively go through 
chemistry- specific model building processes for themselves, is appropriate to realise 
how creativity works in chemistry and how creative processes can be implemented 
in school chemistry. To exploit its full potential, the latter, rather implicit approach, 
should be combined with explicit instructions. In order to develop comprehensive 
conceptions about creativity in chemistry, a combined approach of both course ele-
ments seems to be the most suitable.

These conclusions were already put into practice in winter term 2015/2016, in 
which the final and main study of the research project was conducted. Supplemented 
with some other elements that proved themselves in previous studies, a combined 
course unit about creativity in chemistry was evaluated concerning its potential to 
support ongoing teacher students in developing appropriate conceptions about cre-
ativity, about the role of creativity in scientific research processes and about possi-
bilities to implement creativity into chemistry lessons. In the main study, we could 
rely on a bigger sample of participants and a more extensive data collection, for 
example, in the form of more comprehensive questionnaires and additional inter-
views at the beginning of the course. As a concrete outcome of the research project, 
we want to implement this course unit into regular chemistry education studies at 
our university as well as into our training programmes for in-service chemistry 
teachers. We hope that this will contribute to an increased implementation of cre-
ativity into chemistry education practice.
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Is Topic-Specific PCK Unique to Teachers?            

Marissa Rollnick, Bette Davidowitz, and Marietjie Potgieter

 Background, Framework and Rationale for Study

The construct of pedagogical content knowledge, PCK, is well established in the 
education research community. Since the phrase was first coined by Shulman 
(1986), multiple understandings of the construct have emerged (Kind 2009). There 
is, however, general consensus around Shulman’s conception that PCK is unique to 
teachers and different from but supported by content knowledge, CK.  Content 
knowledge is thus a necessary but not the only requirement for development of 
PCK. In other words, the possession of good CK does not necessarily imply good 
PCK.  For some time, the authors have been investigating teachers’ specialised 
knowledge at topic level, using the construct of TSPCK articulated below. 
Instruments have been designed and validated for several topics such as chemical 
equilibrium (Mavhunga and Rollnick 2013), particulate nature of matter (Pitjeng 
2014), electrochemistry (Rollnick and Mavhunga 2014) and organic chemistry 
(Davidowitz and Vokwana 2014). Each instrument consists of paper-and-pencil 
tests to assess CK and PCK in a particular topic. Given that PCK is conceptualised 
as knowledge unique to teachers, we decided to test our instruments on non- teachers 
to find out how they would perform. The basic premise of the current study was that 
subject specialists with no formal training and limited teaching experience are likely 
to show lower proficiency than practising teachers on the PCK test.
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The topic-specific nature of PCK is apparent from several studies. For example, 
Van Driel et al. (1998) explored the development of PCK of pre-service teachers in 
chemical equilibrium, while Park et al. (2011) investigated photosynthesis. Another 
study on two chemistry topics (electrochemical cells and redox reactions) con-
ducted by Aydin et  al. (2014) to identify PCK components revealed the topic- 
specific nature of PCK.  Their findings showed that teacher competence varied 
between the two topics investigated. These findings provide empirical evidence for 
the idea that PCK is experienced at different levels, as suggested by the PCK tax-
onomies of Veal and Makinster (1999). It is therefore important to distinguish 
between PCK as a construct at a disciplinary or topic level.

While most researchers agree that it is possible to point to features that charac-
terise quality PCK, there are debates about whether PCK is purely personal or 
whether its quality can be defined and thus measured. As argued above, we consider 
PCK as a construct at topic level and adopt the notion of topic-specific PCK, 
TSPCK, as a product of transformation of content knowledge through five compo-
nents (Mavhunga 2014). These are:

 (i) Students’ prior knowledge: the knowledge of conceptions and preconceptions 
that students bring with them

 (ii) Curricular saliency: the ability to identify the big ideas of a topic, to sequence 
them and realise their importance

 (iii) What is difficult to teach: what makes the learning of specific topics easy or 
difficult

 (iv) Representations: analogies, illustrations, examples, explanations and 
demonstrations

 (v) Conceptual teaching strategies: implying knowledge of teaching strategies 
most likely to be fruitful

Organic chemistry has long been regarded as a difficult topic to teach and learn 
at both secondary and tertiary levels (Green and Rollnick 2006; Katz 1996). The 
topic currently constitutes more than 30% of the South African Grade 12 curriculum 
and 27% of the first year curriculum at the university where this study was con-
ducted. It was thus thought that this would be an important topic for further 
investigation.

The organic chemistry instrument consists of two paper-and-pencil tests designed 
to assess Grade 12 teachers’ CK and PCK in organic chemistry. The content of the 
questions in the CK test was informed by the curriculum for Grade 12 as well as by 
chemistry textbooks in South Africa while those in the PCK test consisted of ques-
tions corresponding to the five components of TSPCK (Mavhunga 2014). Davidowitz 
and Potgieter (2016) found this instrument to be valid in that it measured a single 
construct, had face validity and was reliable when administered to a sample of prac-
tising teachers which was diverse with respect to training and experience.

The subject matter specialists who participated in this study are graduate teaching 
assistants at a South African university. They are referred to as chemists in line with 
the policy of the South African Chemical Institute which regards a 4-year degree as 
an entry level requirement to be considered a chemist  (http://www.saci.co.za/mem-
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bership_requirements.html). Graduate teaching assistants can be considered as sub-
ject matter specialists with little training as teachers. They assist students to complete 
tasks set by the lecturers and provide guidance in practical sessions as well as grade 
students’ written work. As chemists studying at an advanced level, they would be 
expected to perform well in the CK test but might find the TSPCK test challenging. 
In this study, the CK and TSPCK of chemistry subject matter specialists in organic 
chemistry were investigated in comparison to a group of school teachers. If the 
chemists were able to perform at the same level as teachers in the TSPCK test, it 
would call into question the consensus that TSPCK is unique to teachers. We thus 
pose the question “How do the CK and TSPCK of chemists compare to teachers of 
Grade 12 organic chemistry?” with the following sub-questions:

 1. What is the level of the chemists’ and teachers’ CK?
 2. What is the level of their TSPCK?
 3. How does their CK relate to their TSPCK?

 Methodology and Sample

 Instrument Design

Two previously validated tests, one for CK and the other for TSPCK (Davidowitz 
and Potgieter 2016), were used to collect both quantitative and qualitative data for 
this study. The CK test consisted of 5 questions comprising 23 items and covered 
the main subtopics taught at school level, viz. drawing and naming of isomers, func-
tional groups, types of reactions and the relationship between structure, intermo-
lecular forces and boiling points of organic compounds. These topics are also 
included in the first year curriculum at university level. An example of a question 
probing knowledge of isomers is presented in Fig. 1.

Fig. 1 Example of an item from the CK questionnaire
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The TSPCK questionnaire consisted of ten items based on the five components 
of Mavhunga’s (2014) TSPCK model and presented the respondent with tasks set in 
a teaching context. Figure 2 shows an example of an item testing the students’ prior 
knowledge component of TSPCK.

The CK test was assessed against a memorandum, while the TSPCK test was 
scored using a rubric with criteria on a scale of 1–4 corresponding to limited, basic, 
developing and exemplary PCK. An extract of the rubric used to score the TSPCK 
item, A1, (Fig. 2) is shown in Fig. 3.

Scores for the TSPCK test were peer validated by independent raters. An inter-
rater reliability analysis using Fleiss’ kappa statistic was carried out using MedCalc 
version 15.11.0 (https://www.medcalc.org; 2015) to determine consistency among 
raters. The value of kappa is 0.82 (p < 0.001), 95% CI 0.779 to 0.856, which is con-
sidered to be very good agreement.

 Rasch Analysis of Data

The Rasch measurement model (Bond and Fox 2007) can be used to generate linear 
item measures from ordinal data to reflect the relative difficulty of test items and 
linear person measures relating to the ability a person demonstrates on a particular 
construct, in this case proficiency in organic chemistry in the CK test and TSPCK in 
the PCK test. In addition to providing important validation data, Rasch analysis 
enables useful representations of the data. Person abilities and item difficulties can 
be aligned on the same linear scale in a Wright map using a unit called a logit (log- 
odds unit), with poor performance and easy items at the bottom of the map and good 

Fig. 2 TSPCK item A1, probing the students’ prior knowledge component
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performance and difficult items at the top. The Wright map allows a qualitative 
evaluation of a test instrument in terms of the match between the range of item dif-
ficulties and the range of performance abilities of the respondents. In the case of the 
TSPCK test, the ordinal data derived by applying the rubric are converted to linear 
data. The Rasch analysis of the data for both CK and PCK was carried out using 
RUMM2030 software (Andrich et  al. 2011). The CK data fitted the model well 
(total item chi-square 48.56, df 46, prob 0.37), and Cronbach’s alpha was good, 
0.82. However, three items showed differential item functioning (DIF), and two 
items showed strong response dependence (Q2bii and Q2cii). The PCK data also 
fitted the model well (total item chi-square 14.02, df 20, prob 0.83), and Cronbach’s 
alpha was good, 0.86, but one item showed DIF, namely, item D1. These observa-
tions of DIF and response dependence are significant and will be discussed below. 
This means that we have succeeded in constructing meaningful interval scales for 
the measurement of CK and PCK in organic chemistry. A complete account of the 
Rasch analysis of the teacher data has been reported elsewhere (Davidowitz and 
Potgieter 2016).

 Sample

The instrument was administered to 28 chemistry graduate teaching assistants at a 
South African university. All participants had at least a 4-year degree in chemistry 
which includes intensive training in organic chemistry and achieved their status as 
graduate students by being placed in the top 33% of the undergraduate cohort. At 

Fig. 3 Extract from the rubric used for scoring the TSPCK item A1, probing students’ prior 
knowledge
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the time of the study, the chemists were engaged in chemistry research on a variety 
of topics. It is thus to be expected that they would possess good knowledge of chem-
istry content. They are required to spend 6 h a week tutoring and demonstrating to 
undergraduate students in laboratory sessions. They are exposed to limited training 
in the form of a workshop at the beginning of the academic year to introduce them 
to facilitation of small group work. Predesigned tasks together with comprehensive 
solutions are provided at weekly meetings held with the course lecturer, and chem-
ists are expected to work through the tasks thereafter. The chemists do not partici-
pate in the design or sequencing of the worksheets but assist groups of undergraduate 
students to master the tasks for a particular course. They also grade written tasks of 
students according to a memorandum and are expected to provide verbal feedback 
to the students. The tests were given to the chemists to complete on their own, and 
the reported duration of the task was 1.5–2 h.

The teacher cohort for this study was very diverse, consisting of 89 teachers from 
all over South Africa with a wide variety of qualifications ranging from a 3-year 
teaching diploma to a science degree followed by a 1-year teaching certificate. 
Typically those with the 3-year diploma would have content knowledge equivalent 
to a first year university student, while teachers with science degrees would have 
studied their chemistry to at least senior undergraduate level. While the teachers had 
different qualifications and levels of experience, what they had in common is their 
practice, their close interaction with students, their involvement in curriculum plan-
ning and their daily enactment of their teaching strategies. The data was collected in 
three separate studies (Davidowitz and Vokwana 2014; Bam and Mavhunga 2015; 
Van der Merwe and Rollnick 2015). Evidence in support of treating the sample as 
one group despite their wide range in chemistry training was derived from the Rasch 
analysis. The fact that the CK data fitted the model well, but particularly the absence 
of the so-called misfitting persons and items, indicates that all respondents engaged 
with the test items in a systematic manner determined only by item difficulty and 
person ability.

 Results

 Analysis of the CK Test

A summary of the CK scores for the teachers and chemists is presented in Table 1.
The overall scores for teachers and chemists were relatively similar, the biggest 

difference being for question 2. Q2a required respondents to draw isomers, while 
items Q2b and Q2c probed the ability to generate and name two structural isomers 
for propanoic acid, each isomer having a different functional group. The latter task 
(Q2b and Q2c) seemed to cause difficulty for teachers. Chemists were far more adept 
at generating and naming isomers for a given compound. Table 2 presents the perfor-
mance of the teachers versus the chemists for questions 2 and 4b in the CK test.
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As can be seen in Table  2, there was a big difference between teachers’ and 
chemists’ performance on Q2a which can be attributed to the fact that geometric 
isomers were not included in the school curriculum. Teachers also had particular 
difficulty in generating the second structural isomer of propanoic acid (Q2bii); 
many of them drew two esters instead of two compounds with different functional 
groups. Consequently the teachers’ scores for Q2bii and Q2cii were low. The chem-
ists on the other hand performed very well on item Q2bii with many of them draw-
ing novel structures compared with those drawn by the teachers. They were also 
successful at naming the compounds they drew. Unexpectedly, the chemists strug-
gled more with recognising aldehydes (Q4b) among the Kekulé representations in 
question 4 than the teachers, possibly because such representations are rarely used 
by chemists. These items displayed differential item functioning (DIF) in the Rasch 
analysis, which means that one group of respondents experienced each of these 
items as uncharacteristically easy or difficult as compared to their responses on the 
rest of the items in the test. The RUMM2030 software has a feature whereby the 
data for these items can be split for the two subsets of respondents, teachers and 
chemists, before estimating the respective item difficulties. The different locations 
of the split items in the Wright map give a visual representation of the difference in 
difficulty of each item as experienced by the two subgroups. For example, the 
Wright map presented in Fig. 4 shows that there is more than 4-logit difference in 
the difficulty of item Q2cii as experienced by the teachers (δ 4.7 logits) and the 
chemists (δ 0.4 logits), indicated by the arrows in Fig. 4. Similar comparisons can 
be made for the other two sets of split items.

Table 1 Summary of CK scores (%) of the two groups

Task

Drawing 
structures, 
Q1

Drawing 
and 
naming 
isomers, 
Q2

Types of 
reactions, 
Q3

Functional 
groups, Q4

Intermol. 
forces and 
Bpt, Q5

Mean and 
standard 
deviation for 
the CK test

No. of 
items

2 6 6 6 3

Chemists 96.3 91.9 79.2 92.3 66.4 78.0 ± 11.0
Teachers 88.2 50.2 85.2 92.3 66.0 71.0 ± 18.6

Table 2 Performance for chemists vs. teachers for Q2 and Q4b in the CK test

Question Responses
% correct answers
Chemists Teachers

Q2a Geometric and structural isomers for 2-butene 82.1 59.5
Q2bi First isomer for propanoic acid 100.0 87.5
Q2bii Second isomer for propanoic acid 96.2 18.0
Q2ci Correct name for isomer Q2bi 96.3 73.9
Q2cii Correct name for isomer Q2bii 85.1 11.2
Q4b Identification of aldehyde 75.0 94.4
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Both chemists and teachers found item Q4f, identification of the isomer of etha-
nol from a list of structures, to be a reasonably easy item which shows that for teach-
ers, there was a much greater conceptual challenge related to generating structural 
isomers, item Q2b, than recognising and identifying them, item Q4f.

A deeper qualitative examination of the responses to the CK questions provides 
an interesting insight into the differences between the two groups. Question 5, a 
moderately difficult item, required respondents to provide an explanation for their 
answers to a question on physical properties of alcohols. Both groups obtained very 
similar scores (see Table 1), but many teachers gave a full explanation, while many 
of the chemists gave compressed answers as shown by the two sample responses to 
Q5a presented in Figs. 5 and 6.

Teacher 80 provided the following answer as presented in Fig. 5 which scored 
100%.

Fig. 4 Wright map for the CK test, mean person measure = 2.00 logits (standard deviation, 1.34). 
Ch chemists, Te teachers
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This response can be contrasted with the chemist 25’s answer in Fig. 6 which 
scored 50%.

It is clear that chemist 25 understood the concept but failed to make explicit the 
link between the strength of intermolecular forces and the energy required to vapo-
rise an organic compound which was required to achieve full marks.

 Analysis of the TSPCK Test

As mentioned above, the TSPCK test was scored using a rubric assigning scores of 
1–4 where 1 is limited, 2 is basic, 3 is developing and 4 is exemplary. A zero was 
assigned for no response. Although the teachers’ average scores were marginally 
higher, both averages lay about midway between basic and developing. However, 
the averaging process conceals important differences between the groups. Figure 7 
shows the distribution of the scores for selected items for the two groups, with com-
ponent codes as follows:

 A. Students’ prior knowledge
 B. Curricular saliency
 D. Representations
 E. Conceptual teaching strategies.

Figure 7 shows a striking difference in performance for item D1 which probed 
the use of representations in teaching where the performance of the chemists was 
superior to that of the teachers. Sixty-one percent of chemists performed at the 

Fig. 5 Teacher 80’s response to Q5a on physical properties

Fig. 6 Chemist 25’s response to Q5a on physical properties
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exemplary level in item D1 which required them to identify appropriate situations 
in which different representations of molecules would be used. Only 17% of teach-
ers were classified as exemplary for this item.

On the other hand, the teachers’ scores were higher for item A1, student’s prior 
knowledge, with more than 50% of teachers scoring 3 or 4 for this item, while the 
majority of chemists scored 1 (39%) or 2 (25%). Teachers’ performance in item E1 
was also better than the chemists; the majority of teachers scored 2, 3 or 4, while 
most chemists scored 1 for this item. A possible reason for these differences can be 
seen in Figs. 8 and 9 which exemplify limited and exemplary responses to item A1 
(see Fig. 2) which required respondents to explain why not all compounds contain-
ing an OH group are alcohols. As shown in Fig. 8, the chemist provides a response 

Fig. 7 Comparison of teachers’ and chemists’ TSPCK for specific items; 1 limited, 2 basic, 3 
developing, 4 exemplary
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in terms of a definition of the structure of an alcohol, while the response from the 
teacher (Fig. 9) demonstrates the awareness of students’ misconceptions related to 
compounds containing a –OH group.

Chemists’ performance on items probing curricular saliency, namely, the ability 
to choose prior concepts for teaching organic chemistry, item B1, and choosing big 
ideas in organic chemistry and sequencing them for teaching, item B2, was better 
than expected. The performance of the two cohorts on item B1 was similar with 
44% of chemists and 54% of teachers being scored as developing or exemplary. The 
pattern of responses was somewhat different for item B2 where 64% of chemists 
and 49% of teachers were coded as developing or exemplary.

The Wright map for the TSPCK test is shown in Fig. 10. This map provides a 
more nuanced picture of the difference in performance in certain items than that 
derived from the raw data depicted in the charts in Fig. 7. The analysis of the raw 
data revealed a differential performance for D1, the item probing knowledge of the 
use of representations. Figure 10 reveals that in fact, this was the easiest item for the 
chemists, D1Ch, and one of the most difficult for the teachers, D1Te.

Fig. 8 Chemist 4’s response to TSPCK item, A1; coded as limited

Fig. 9 Teacher 1’s response to TSPCK item, A1; coded as exemplary
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 The Relationship Between CK and TSPCK

A scatterplot of CK person measures versus TSPCK measures was constructed to 
explore the relationship between the CK and TSPCK measures for the two groups 
of participants (see Fig. 11). CK measures are represented on the x-axis and TSPCK 
measures on the y-axis. The average person measure for the CK test was 2.00 logits, 
while the average measure for the TSPCK test was 0.70 logits. We obtained a mod-
erately strong sample correlation of 0.61, r (p < 0.001), between teacher person 
measures for TSPCK and CK. For chemists the sample correlation was 0.54, r (p < 
0.001). One-way analysis of variance (ANOVA) for both the CK and TSPCK mea-
sures confirmed that there was no significant difference between the means for the 

Fig. 10 Wright map for the TSPCK test, mean person measure = 0.70 logits (standard deviation, 
1.10). Differential performance for item D1 is indicated by arrows
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teachers and the chemists, but as can be seen in Fig. 11, the spread for the teachers 
was larger on both axes.

 Discussion

 Level of the Chemists’ and Teachers’ CK of Grade 12 Organic 
Chemistry

In answering the first part of the research question on the level of content knowledge 
of the two groups of respondents, it can be seen that the average overall perfor-
mance is relatively high. As expected the average score of the chemists is slightly 
higher. The spread of the teachers is far greater with some very low scores from 
teachers in the rural areas who are inadequately qualified and three teachers who 
achieved a perfect score. The mean person measure derived from the Rasch analy-
sis, 2.00 (standard deviation, 1.34), reflects the fact that most teachers and chemists 
in the sample experienced the test as being easy (see Fig. 4). This is to be anticipated 
from both groups as both are expected to have mastered the content knowledge for 
use in different contexts.

The Wright map (Fig. 4) illustrates the difference in performance for the teachers 
and chemists for Q2bii and Q2cii which were easier for the chemists but challeng-
ing for the teachers. The chemists were more proficient at applying their knowledge 
of organic chemistry to produce the required structural isomers and name them. We 
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noted that the teachers found the generation of structural isomers (Q2b) more diffi-
cult than selecting a structural isomer from potential answers (Q4f). The chemists 
however were less proficient than the teachers in the use of more basic Kekulé 
structures for simple chemical structures. The vertical positions of the split items in 
the Wright map (Fig. 4) demonstrate these differences in difficulties for the three 
items in question.

The almost identical average score of 66% for the questions on physical proper-
ties (Table 1, Q5) conceals an interesting difference between the groups where the 
chemists tend to provide more compressed answers than teachers as illustrated in 
Figs. 5 and 6 where conceptual understanding can be inferred, but unlike the teacher, 
the chemist does not make explicit the link between intermolecular forces and the 
energy required for the vaporisation of a substance.

 Chemists’ and Teachers’ Level of TSPCK

While there was no significant difference in the overall performance on the TSPCK 
test, there was a difference in the response patterns for the chemists and teachers. The 
chemists are involved in a limited amount of teaching where they assist undergradu-
ate students with specific tasks which have been designed and selected by a lecturer. 
Thus, it may be expected that they would gain some understanding of students’ prior 
knowledge in their interactions with students. Figure  7 shows, however, that the 
chemists’ performance in category A1, students’ prior knowledge, is largely limited 
or basic, while more than half the teachers are at the developing or exemplary level. 
Figures 8 and 9 provide examples of their different level of responses to item A1 
where the chemist’s response was coded as limited, while the teacher’s response was 
coded as exemplary. The chemist simply states the facts, while the teacher provides 
an explanation of the structure of alcohols which also demonstrates his or her aware-
ness of learners’ misconceptions for this topic. Similarly on conceptual teaching 
strategies (item E1), the chemists are predominantly at the limited level. While the 
teachers’ performance is disappointing, there are appreciable numbers who achieve 
at the higher levels for this item with almost a quarter being scored as exemplary.

Figure 7 shows that the majority of chemists perform at the exemplary level in 
component D1, representations, an ability not shared by the teachers where only a 
minority could be classified as exemplary. The exemplary performance on item D1 
is not surprising as the chemists are well versed in using the various representations 
of molecules for the situations where they would be applicable. Most unexpected 
however was the chemists’ ability to choose important big ideas in organic chemis-
try and sequence them for teaching, item B2, given that they have no formal training 
for teaching. Big ideas are defined as science ideas that teachers consider essential 
in underpinning understanding of a particular topic. While big ideas in teaching 
may be the same as big ideas in science, the two are not necessarily equal as the 
curriculum impacts how teachers conceptualise the big ideas for teaching the topic 
(Loughran et al. 2006: 22). According to Green and Rollnick (2006), organic chem-
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istry can be considered to be a linear discipline where “a single basic concept has 
the potential to hinder or enable access to the whole module” (Green and Rollnick 
2006: 1379–1380). It is possible that the chemists benefit from a well-developed 
oversight of the discipline when responding to items probing curricular saliency and 
are able to use their knowledge to select the big ideas for teaching organic chemistry 
and to suggest an appropriate sequence in which they should be taught. While the 
small sample size limits any claims about transferability of these findings, Linacre 
(1994) noted that useful exploratory work using Rasch analysis is possible with a 
small sample.

 The Relationship Between CK and TSPCK for Chemists 
and Teachers

Figure 10 shows that CK and TSPCK are positively correlated in the population of 
teachers and chemists in this study; the correlation for teachers was 0.61, while that 
for the chemists was 0.54. The lack of a significant difference in the average mea-
sures for teachers and chemists on the TSPCK test leads us to reject our initial 
hypothesis that chemists who have little in the way of teaching experience are likely 
to perform at a lower level than teachers on the TSPCK test, though deeper analysis 
referred to above suggests that the chemists’ performance is uneven. We found that 
for the chemists, in general, an above-average performance in CK was associated 
with above-average performance in TSPCK and similarly below-average perfor-
mance in CK with below average in TSPCK. We did not see the expected association 
between high CK and low TSPCK. The latter identifies the subject matter experts and 
is where one would have expected non-teachers to lie. With the teachers, the numbers 
in the low CK/low TSPCK region are a cause for concern counteracted by a pleasing 
number in the top right-hand region of the graph. Teachers lacking adequate CK can-
not be expected to develop TSPCK, but it is concerning to note that there are teachers 
who, despite their experience, have not acquired the expected expertise in CK. While 
the purpose of this study was to determine whether our instrument could be used to 
answer the question posed in the title, the findings reveal that there is a need for pre-
service and in-service training for teachers to improve their CK in the topics which 
they are required to teach. Implementation of such training is evident in other work 
by our group (e.g. Mavhunga and Rollnick 2013).

 Conclusions

The study has yielded some expected and some unanticipated results in attempting 
to answer the question posed in the title. Shulman’s (1986) fundamental claim about 
PCK was that it is knowledge unique to teachers. Hence the expectation would be 
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that chemists would possess good content knowledge but would be limited in their 
ability to answer questions assessing PCK. The chemists did obtain high CK scores, 
higher than the teachers but with less spread. However they showed exemplary abil-
ity to identify and describe the use of different representations in the TSPCK test. 
This could be ascribed to their familiarity with multiple representations of organic 
molecules, an integral part of their practice. They also performed well in the cur-
ricular saliency component, particularly in their ability to select big ideas and 
sequence them for instruction. Nothing in their exposure to teaching gives them 
experience with this kind of task; thus, it raises the question whether this ability is 
purely teaching knowledge or whether their performance can be ascribed to pos-
sessing a good conceptual understanding of a topic. They have little or no teacher 
training; thus their weaker performance on the learner prior knowledge and concep-
tual teaching strategy components could have been anticipated.

This study of a group of organic chemists acting as graduate teaching assistants 
has revealed that, contrary to expectations, certain components of teacher knowl-
edge such as curricular saliency and representations appear to develop without for-
mal teacher training. Further research is required to determine whether these 
findings are unique to the topic of organic chemistry where possession of a good 
conceptual understanding of the discipline may have provided chemists with the 
tools for this important knowledge base for teaching.

Notes: This work was supported by a grant from the National Research 
Foundation (NRF) of South Africa. The findings are those of the author(s) and not 
of the NRF.

References

Andrich, D., Sheridan, B., & Luo, G. (2011). RUMM2030 software and manuals. Perth: University 
of Western Australia.

Aydin, S., Friedrichsen, P. M., Boz, Y., & Hanuscin, D. L. (2014). Examination of the topic- specific 
nature of pedagogical content knowledge in teaching electrochemical cells and nuclear reac-
tions. Chemistry Education Research and Practice, 15, 658–674.

Bam, N., & Mavhunga, E. (2015). Measuring the quality of TSPCK of Grade 12 educators in 
organic chemistry. Paper presented at the 22nd Annual Conference of the Southern African 
Association for Research in Mathematics, Science and Technology Education, Maputo.

Bond, T. G., & Fox, C. M. (2007). Applying the Rasch model: Fundamental measurement in the 
human sciences (2nd ed.). Mahwah: Lawrence Erlbaum Associates.

Davidowitz, B., & Potgieter, M. (2016). Use of the Rasch measurement model to explore the 
relationship between content knowledge and topic-specific pedagogical content knowledge for 
organic chemistry. International Journal of Science Education, 38(9), 1483–1503.

Davidowitz, B., & Vokwana, N. (2014). Developing an instrument to assess Grade 12 teachers’ 
TSPCK in organic chemistry. In H. Venkat, M. Rollnick, M. Askew, & J. Loughran (Eds.), 
Exploring mathematics and science teachers’ knowledge: Windows into teacher thinking 
(pp. 178–194). Oxford: Routledge.

Green, G., & Rollnick, M. (2006). The role of structure of the discipline in improving student under-
standing: The case of organic chemistry. Journal of Chemical Education, 83(9), 1376–1381.

M. Rollnick et al.



85

Katz, M. (1996). Teaching organic chemistry via student-directed learning: A technique that pro-
motes independence and responsibility in the student. Journal of Chemical Education, 73(5), 
440–445.

Kind, V. (2009). Pedagogical content knowledge in science education: Perspectives and potential 
for progress. Studies in Science Education, 45(2), 169–204.

Linacre, J.  M. (1994). Sample size and item calibration [or person measure] stability. Rasch 
Measurement Transactions. Available at http://mmm1406.sanjose14-verio.com/rascho/rmt/
rmt74m.htm [8 July 2016].

Loughran, J., Mulhall, P., & Berry, A. (2006). Understanding and developing science teachers’ 
pedagogical content knowledge. Rotterdam: Sense Publishers.

Mavhunga, E. (2014). Improving PCK and CK in pre-service chemistry teachers. In H. Venkat, 
M. Rollnick, M. Askew, & J. Loughran (Eds.), Exploring Mathematics and science teachers’ 
knowledge: Windows into teacher thinking (pp. 31–48). Oxford: Routledge.

Mavhunga, E., & Rollnick, M. (2013). Improving PCK of chemical equilibrium in pre-service 
teachers. African Journal of Research in Mathematics, Science and Technology Education, 
17(1–2), 113–125.

Park, S., Jang, J.-Y., Chen, Y.-C., & Jung, J. (2011). Is pedagogical content knowledge (PCK) nec-
essary for reformed science teaching?: Evidence from an empirical study. Research in Science 
Education, 41, 245–260.

Pitjeng, P. (2014). Novice unqualified graduate science teachers’ topic specific pedagogical con-
tent knowledge and their beliefs about teaching. In H.  Venkat, M.  Rollnick, M.  Askew, & 
J. Loughran (Eds.), Exploring mathematics and science teachers’ knowledge: Windows into 
teacher thinking (pp. 65–83). Oxford: Routledge.

Rollnick, M., & Mavhunga, E. (2014). PCK of teaching electrochemistry in chemistry teachers: A 
case in Johannesburg, Gauteng Province, South Africa. Educacíon Química, 25(3), 354–362.

Shulman, L.  S. (1986). Those who understand: Knowledge growth in teaching. Educational 
Researcher, 15(2), 4–14.

Van Driel, J. H., Verloop, N., & de Vos, W. (1998). Developing science teachers’ pedagogical con-
tent knowledge. Journal of Research in Science Teaching, 35, 673–695.

Van der Merwe, D., & Rollnick, M. (2015). Measuring teacher pedagogical content knowledge 
in organic chemistry. Paper presented at the 22nd Annual Conference of the Southern African 
Association for Research in Mathematics, Science and Technology Education, Maputo.

Veal W. R., & MaKinster J. G. (1999). Pedagogical content knowledge taxonomies. Electronic 
Journal of Science Education, 3. Available at:  http://wolfweb.unr.edu/homepage/crowther/ejse/
vealmak.html

Is Topic-Specific PCK Unique to Teachers?

http://mmm1406.sanjose14-verio.com/rascho/rmt/rmt74m.htm
http://mmm1406.sanjose14-verio.com/rascho/rmt/rmt74m.htm
http://wolfweb.unr.edu/homepage/crowther/ejse/vealmak.html
http://wolfweb.unr.edu/homepage/crowther/ejse/vealmak.html


87© Springer International Publishing AG 2017 
K. Hahl et al. (eds.), Cognitive and Affective Aspects in Science Education 
Research, Contributions from Science Education Research 3, 
DOI 10.1007/978-3-319-58685-4_7

Pedagogical Content Knowledge 
and Constructivist Teaching: A Hot Potato’s 
Last Straw in Swiss Science Classrooms

Alexander F. Koch

 Background

Generally speaking, teaching development projects and educational research proj-
ects aim to support teachers in competence development, improve instruction, and 
support student learning. In order to engage with teacher competences, many 
researchers build up on Shulman’s (1987) notion of essential teacher knowledge 
dimensions, e.g., content knowledge, pedagogical knowledge, and pedagogical con-
tent knowledge. Based on this triad, research into teacher competences, in particular 
with regard to pedagogical content knowledge (PCK) and content knowledge (CK) 
and their effect on teaching practice, is plentiful in educational science.

In theory, one could assume that content-related knowledge, such as CK and 
PCK, has a direct effect on teaching. For example, substantial research in German- 
speaking Europe has shown that content knowledge can be a predictor for meaning-
ful adaptation of and activating teaching practice (e.g., Lipowsky 2006). Kunter 
et al. (2013) are in line with this notion and further specify that PCK in particular 
can predict cognitively activating and supportive teaching practice. From these per-
spectives, knowledge seems to play an important role when it comes to student- 
oriented teaching.

Additionally, other research draws upon the importance of attitudes and beliefs 
in relation to teaching practice, from which one can conclude that teacher beliefs 
depict additional relevant variables in terms of teaching practice (Blömeke et al. 
2009; Dubberke et al. 2008; Hartinger et al. 2006; Stipek et al. 2001). From a wider 
perspective, one can then start to envisage how these two praxis-relevant issues 
(PCK and teacher beliefs) relate with each other. Van Merrienboer and Paas (2003: 
8) assert that “effective performance relies on an integration of skills, knowledge 
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and attitudes […].” In summary, teaching practice does seem to depend on not only 
teachers’ knowledge but also their attitude toward implementing a particular way of 
teaching. But how strong is the relation between knowledge and teaching practice? 
In this study, we relate this question to constructivist teaching and analyze data with 
reference to a moderate constructivist teaching approach.

 Research Questions and Theory

In this study, we want to address the question of the predictive power of PCK on 
constructivist teaching habits in science classrooms. With this we hope to add to the 
notion of the “PCK effect” in science teaching. Currently, researchers focus their 
studies on the relevance of pedagogical content knowledge in teacher professional 
development (TPD) and teaching practice or teaching behavior (e.g., Kunter et al. 
2013; Van Driel and Berry 2012). In this field, they debate on whether there is a 
direct or indirect link between teacher knowledge and teaching practice.

Kunter et al. (2013) draw upon these issues in their analyses of the Professional 
Competence of Teachers, Cognitively Activating Instruction, and the Development 
of Students’ Mathematical Literacy (COACTIV) project data and have found that 
PCK can be predictive for cognitive activating instruction and learning support in 
mathematics teachers. Yet, teacher instruction was measured and based upon a 
student- based assessment which means the students were asked about their cognitive 
activation and on other variables that affected them individually. On critical reflec-
tion, one can no doubt understand how students could be utilized to obtain reliable 
data on teaching quality issues (e.g., Fauth et al. 2014; Wagner et al. 2013). However 
in terms of teacher’s pedagogical intentions, one would imagine that teachers them-
selves are able to provide more meaningful data in regard to their intentions and 
strategies in class. So why not ask the teacher about their intended instruction?

Blömeke et  al. (2009) and Fishbein and Ajzen (2010) support the notion that 
variables such as attitudes, beliefs, and skills can be used to predict behavior. 
Fishbein and Ajzen (2010) also propose to evaluate general practice with self- 
assessment measures. The authors claim that self-description – although defective – 
should be a good proxy to estimate general and habitual behavior, especially when 
huge data would need to be collected. This is particularly true for the case of long- 
term teaching observations. If one wanted to describe general teaching, one would 
have to assess every lesson of every teacher during a school year. Thus, it may be 
more efficient and cost-effective to rely upon self-description. Yet, if a self- 
description is to be a reliable measure of a general teaching approach, what can then 
be the predictor of teaching practice?

With respect to science teaching strategies, Van Driel et al. (1998) state that – 
when it comes to teaching practice – teachers, albeit being on similar PCK levels, 
differ in their instructional strategies. One could argue that these differences in the 
translation of knowledge into practice are rather related to content representations 
in individual teachers. This led Van Driel et al. (1998) to the conclusion that PCK 
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should be investigated on a more general level, namely, “on the conceptions about 
the teaching and learning of science” (Van Driel et al. 1998: 681).

Therefore one can conclude that teacher attitudes are relevant when it comes to 
teaching and also that PCK has an impact on teaching practice. In order to accu-
rately study PCK in relation to classroom practice, we approach PCK on a general 
level and synchronize its measurement with constructivist teaching processes. This 
means that PCK items will be paralleled with constructivist teaching items. Our 
hypothesis is that what we now call constructivist pedagogical content knowledge 
(c-PCK) is a predictor of constructivist teaching or one of its subdimensions. Our 
underlying conception of constructivism follows the idea of a methodological the-
ory for instruction that is based on adaptive and situation-specific student-oriented 
teaching. The teacher’s main goal is then to foster knowledge construction in stu-
dents. In this conception, we follow the ideas of Piaget (1970) and Vygotsky (1978) 
and build our definition of constructivism on the basis of cognitive apprenticeship 
(see also Davis and Samura 2002). Our operationalization of cognitive apprentice-
ship relies upon the categories defined by Muijs and Reynolds (2011), e.g., model-
ing, scaffolding, articulation, exploration, etc. Here, for example, for a person that 
says he/she generally teaches according to the individual student’s needs and adapts 
tasks to the individual’s level of expertise, we define that individual as a 
constructivism- oriented teacher. In a preliminary study, we used ten items in a ques-
tionnaire to assess teachers’ constructivist orientation (see Koch 2013) and found 
three subdimensions of constructivist teaching (see section Preliminary Work in this 
chapter).

 Method

The Swiss Science Education project (SWiSE) is focused on competence develop-
ment in in-service teacher education and wants to foster activating, inquiry-based 
teaching practice. One hundred fifty-nine experienced science teachers from kinder-
garten, primary school, and lower secondary school were evaluated with multiple 
measures regularly for 3 years. In this context, the nature and relevance of peda-
gogical content knowledge (PCK) in everyday teaching practice was investigated. 
The evaluation began at the beginning of the school year 2012/2013 and ended at 
the end of the school year 2014/2015. Teacher knowledge was measured pre and 
post, i.e., in November 2012 and May 2015. Due to time-intensive nature of coding 
of this knowledge test, this study here will only address the pre-measures in the 
SWiSE project evaluation.
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 Measures

Heinzer and Oser (2013) suggest that action-relevant knowledge can be assessed 
indirectly via a person’s asserted interpretation of a situation that another person 
finds himself or herself in. In other words, an observer’s comment on a situation is 
a projection of that person’s own behavior if they were in a similar situation. The 
authors call this principle “advocatory,” i.e., whenever someone comments on 
somebody else’s behavior, these comments can be interpreted as an indication of the 
commenting person’s alternative behavior. Based on this assumption, c-PCK was 
assessed in an online-based vignette test that was developed and validated by col-
leagues at the University of Teacher Education in Lucerne, Switzerland (Bölsterli 
et al. 2011; Brovelli et al. 2013, 2014).

The vignettes describe extracted but representative classroom situations where 
teachers and students interact. As is described in detail in Bölsterli et al. (2011), the 
vignettes were derived from video-based material and utilized expert decisions on 
the quality and content of teaching with reference to constructivist teaching. Each 
vignette contained three to eight “hidden” problems related to constructivist teach-
ing practice. Each hidden test item or “problem” could be interpreted as being defi-
cient or lacking in constructivist-oriented teaching. Teachers were asked to comment 
on these vignettes/situations in an open question format. A detailed example of a 
vignette can be found in Koch and Labudde (2014).

The prompt to answer a vignette was chosen to be as open as possible and 
designed so as to not trigger any bias, i.e., to allude that a “problem” had in fact 
occurred. Therefore the prompt just read: “Please, comment on this situation.” 
Teachers then commented on all vignettes one after the other, and their answers 
were rated by two trained and independent coders. The coding was guided by a 
manual and had an intermediate inferential rating, using the codes 0 = problem not 
recognized, 1 = problem recognized, and 2 = problem solved. These codes were 
based on clear-cut examples from the preliminary validation study, but “twilight 
zones” could not be eliminated with the manual. For example, when the teacher in 
the vignette started the lesson asking for the students’ preconceptions of a phenom-
enon but did not work with these further, the manual considers this a “problem” and 
assumes a constructivist-oriented and competent teacher would in fact use these 
preconceptions by trying to incorporate them meaningfully into the lesson. If a 
tested teacher comments in a way such as “Just asking is perfectly fine,” the score 
derived would be zero; if the comment was “The teacher should have picked up on 
the preconception again,” the score would be 1. A score of 2 would be given if the 
above comment was given but also included a qualitatively useful suggestion, such 
as “Later in the situation the teacher could have picked up the preconception, 
because….” About 20% of all items in the test were double-coded by both coding 
persons. Inter-rater reliabilities (Krippendorff’s alpha) were acceptable at K-α = 
[0.65, 0.72]. The final ratings were aggregated to individual sum scores and used for 
further analyses as can be seen in the results section below.
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With regard to constructivist teaching, we relied upon Fishbein and Ajzen (2010) 
and operationalized general constructivist teaching behavior in self-assessment as a 
proxy for habitual actions in class. For example, a teacher might usually ask for 
students’ preconceptions and build up on them, but he or she would presumably not 
do that for every topic, on every day and in every lesson.

 Preliminary Work

With reference to the knowledge test used in this study, recent analyses by Wilhelm 
et al. (2015) have shown that PCK/c-PCK can be divided into three subdimensions 
of science teaching competences: (a) methodological teaching competence (mc), 
(b) diagnostic competence (dc), and (c) adaptive teaching competence (ac). This 
allows us to analyze their individual contribution to any outcome variable as, for 
example, constructivist teaching. In this paper, we will draw upon the scale of con-
structivist teaching that was first introduced by Koch (2013).

The criterion variable in this study is named constructivist teaching. In the pre-
liminary analysis, Koch (2013) used exploratory, varimax-rotated principal compo-
nent analyses. Koch (2013) showed that habitual constructivist teaching consists of 
three student-oriented dimensions: (a) initiation of learning processes (CILP), (b) 
orientation toward student understanding (COSU), and (c) orientation toward stu-
dent knowledge increase (CSKI). In general, these dimensions are consistent and in 
line with several developed criteria for cognitive apprenticeship (see, e.g., Muijs 
and Reynolds 2011 or Davis and Samura 2002). Koch (2013) also showed that these 
subdimensions were related to a teacher’s attitude toward implementing inquiry- 
based learning (IBL) and the preceding methods used by the teacher to access new 
topics or learning fields (methods to access new topics, MNT), for example, “I try 
to recruit adequate contacts to find new places for learning activities.”

Table 1 lists all variables and their abbreviations used in this work. The variables 
are categorized as either being criterion or predictor variables in nature.

 Sample

In the pre-evaluation of the SWiSE project, 159 teachers (57% male) in primary and 
lower secondary schools in German-speaking Switzerland were assessed online 
with respect to c-PCK through a vignette test and filled in a questionnaire. Inter- 
rater reliability coefficients for the test were acceptable (Krippendorff’s alpha = 
[0.59, 0.72]) (Krippendorff 2004); Cronbach’s alphas of the self-assessment scales 
on teaching habits were acceptable: CLIP α = 0.70, COSU α = 0.73, CSKI α = 0.64, 
IBL α = 0.70, MNT α = 0.71 (see Koch 2013).
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 Procedure of Analyses

MPlus 7.11 software was used for the statistical analyses. All measures are paramet-
ric, i.e., all correlations are Pearson correlations. Preliminary analyses had shown 
that c-PCK as well as constructivist teaching (CT) could be seen as general con-
structs or as constructs with subdimensions. Therefore, we coded structural equa-
tion models in a stepwise procedure from firstly a general model to then more 
elaborated models. In the elaborated models, we used the subdimensions of the 
general constructs.

In Table 2 all predictor and criterion variables used in this study are shown. Due 
to the assumption that the predictors are positively correlated with the criterion 
variables, one-tailed Pearson correlations are computed. In Table 2 the general con-
structs c-PCK and CT are significantly correlated. With reference to their subdimen-
sions, one can also see that this correlation can be attributed to correlations between 
the variables diagnostic/adaptive teaching competence and orientation toward stu-
dent knowledge increase.

Also, the variables attitude toward implementing inquiry-based learning and 
methods to access new topics significantly correlate with teaching activities. 
Therefore, these variables were added as predictors in each model, in order to con-
trol for their effects.

In the first “general” models, we had overall c-PCK regress on overall construc-
tivist teaching (CT) and on the subdimensions of constructivist teaching (model 1a 
and 1b). Then, we split c-PCK into its subdimensions and ran a second model 
(model 2). Last, we also divided constructivist teaching into its three subdimensions 
as described above (model 3). IBL and MNT were predictors in all three models 
simultaneously. In the final model, a linear regression model was specified in order 
to further investigate the individual variance as explained by the predictor variable 

Table 1 List of all variables used in this text

Variables Abbreviation

Criterion variables Constructivist teaching CT
CT subdimension initiation of learning processes CLIP
CT subdimension orientation toward student 
understanding

COSU

CT subdimension orientation toward student 
knowledge increase

CSKI

Predictor variables Constructivist pedagogical content knowledge c-PCK
c-PCK subdimension methodological teaching 
competence

mc

c-PCK subdimension diagnostic competence dc
c-PCK subdimension adaptive teaching competence ac
Attitude toward implementing inquiry-based learning IBL
Methods to access new topics MNT
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diagnostic competence. In each model, we first specified all paths and correlations 
and stepwise eliminated nonsignificant correlations.

All models were evaluated according to their fit statistics (chi-square, CFI, 
RMSEA). A good model fit is interpreted as so when the chi-square statistics were 
measured to be insignificant (p > 0.05), CFI > 0.95, and RMSEA < 0.05. We chose 
to use single-level models, as we had not assumed a shared/clustered way of teach-
ing in schools, nor had we clustered the data for knowledge/competence. In all 
models, we have shown intercorrelations among predictor variables and intercorre-
lations among criterion variables as two-way arrows, between the relevant predictor 
and criterion variables with one-way arrows.

 Results

 Model 1a

The results from the first linear regression model showed that general c-PCK could 
not predict constructivist teaching (model 1a, Fig. 1). Only IBL and MNT had a 
significant influence on CT. Also IBL and MNT were highly and significantly inter-
correlated. One should also mention that c-PCK was not significantly related to the 
other predictors, but the correlation between c-PCK and IBL was r = 0.16, p = 0.063.

 Model 1b

As model 1a did not reveal a significant relation between constructivist pedagogical 
content knowledge and constructivist teaching, we split the criterion variable into its 
three subdimensions (CSKI, CLIP, and COSU). In model 1b (Fig. 2), c-PCK was 
shown to be now significantly correlated with IBL (r = 0.16, p < 0.05). IBL and 
MNT still significantly predicted each subdimension of constructivist teaching. Yet, 

Table 2 Predictor/criterion variables and one-tailed Pearson intercorrelations between predictor 
and criterion variables

Criterion variables
CT CLIP COSU CSKI

Predictors c-PCK 0.21** 0.11 0.15* 0.28*

mc 0.13 0.08 0.10 0.16*

dc 0.11 0.05 0.02 0.22**

ac 0.20* 0.10 0.16* 0.25**

IBL 0.57** 0.44** 0.54** 0.39**

MNT 0.52** 0.45** 0.40** 0.37**

Notes: Please see Table 1 for clarification of abbreviations; * = p < 0.05; ** = p < 0.01
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in this model, we found a significant path from c-PCK to the teaching subdimension 
orientation toward student knowledge increase.

 Model 2

We then further subdivided c-PCK in model 2 (Fig. 3), which fitted the data very 
well (X2(17) = 19.534, p = 0.299, RMSEA = 0.03, CFI = 0.99). It revealed that the 
c-PCK subdimension diagnostic competence (dc) predicted orientation toward stu-
dent knowledge increase (CSKI), but not any of the other criterion variables. Yet, dc 
seemed to be as good a predictor for teaching as IBL and MNT, because the esti-
mates did not differ largely (dc = 0.22, IBL = 0.29, MNT = 0.24). These three vari-
ables explained 25% of the variance of CSKI.

Yet, dc was also significantly correlated with ac, and ac was significantly corre-
lated with mc. IBL and MNT were as before also correlated (r = 0.41) and in this 
case significant predictors for CSKI but also for CLIP and COSU.

Surprisingly, adaptive and methodological teaching competences were not 
directly related with general teaching practice but seemed to inform each other, as 

Fig. 1 Model 1a – c-PCK does not predict constructivist teaching (only significant correlations 
and paths shown, p < 0.05)
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well as the diagnostic competence, which then translated into teaching practices 
intended to increase students’ knowledge.

 Model 3

In order to further investigate the relevance of diagnostic competence, we specified 
an isolated model for diagnostic competence as a predictor of teaching for students’ 
knowledge increase. In this model 3 (Fig. 4), one can see that all estimators were 
rather stable and that the three predictors could explain 25% of the outcome vari-
able. The model fit was X2(2) = 0.067, p = 0.967, RMSEA = 0.00, CFI = 1.00.

Finally we wanted to investigate the variance explained by dc on its own. 
Therefore, we specified a simple linear regression path between diagnostic compe-
tence (dc) and teaching for students’ knowledge increase (CSKI) and found that dc 
could predict 5% of unique variance in CSKI. That meant that a detailed analysis on 
these variables showed that diagnosing a learning need does result in teacher activi-
ties that are related to students’ knowledge increase.

Fig. 2 Model 1b – c-PCK predicts subdimensions of constructivist teaching (only significant cor-
relations and paths shown, p < 0.05)
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 Discussion

In general, the analyses conducted have shown that constructivist pedagogical con-
tent knowledge as a general factor is not related to constructivist classroom instruc-
tion. Yet, when investigating in more detail by separating both instruction and 
pedagogical content knowledge into subdimensions, one can find that teachers’ 
knowledge is transformed to behavior that in fact intends to increase students’ 
knowledge (Fig. 4). Although students’ knowledge increase differs from other goals 
like initiating learning or understanding, our results suggest that teaching (with 
respect to competences) aims to increase teachers’ attempts to increase students’ 
learning behavior, their understanding, and their knowledge. Thus, teachers’ knowl-
edge is crucial for the intention to foster learning and understanding in students. 
Similar results, where teachers’ PCK influenced the cognitive activation in students, 
were found in physics (Ergönec et al. 2014), in mathematics (Kunter et al. 2013), 
and in technology education (Jones and Moreland 2003) classrooms. Yet, most of 
these studies relied upon a more general notion of PCK.

In this study, our results also indicate the advantage of a more differentiated 
assessment of PCK, especially if one is interested in evaluating the relevance of 
knowledge on teaching processes. This study was able to replicate what COACTIV 

Fig. 3 Model 2 – Subdimensions of c-PCK predict subdimensions of constructivist teaching (only 
significant correlations and paths shown, p < 0.05). Model fit: X2(17) = 19.534, p = 0.299, RMSEA 
= 0.03, CFI = 0.99
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(Dubberke et al. 2008) found in mathematics classes and furthermore could transfer 
the understanding of the knowledge-action relationship to Swiss science class-
rooms. As the scale orientation toward student knowledge increase mostly assesses 
teaching procedures that are in line with cognitive activating teaching, one could 
suggest that a teacher first has to diagnose a student’s learning activation before he/
she initiates any teaching processes. As the intention of teachers is influenced by a 
learning goal, these results are in line with the idea that teachers usually want to 
teach something and follow an educational aim (see Eun et al. 2008). Olszewski 
(2010) found that physics teachers use their PCK “for designing adequate tasks dur-
ing a lesson and are thereby able to enhance students’ learning” (Olszewski 2010: 
98). This, in our view, would make diagnostic competence a mediator between 
“basic” competences (here methodology and adaptivity) and student-oriented 
teaching. Also, the dependency of recruiting new learning possibilities (MNT) and 
the attitude toward the implementation of inquiry learning (IBL) seems plausible; 
the greater the repertoire of learning possibilities, the more one sees opportunities 
to do inquiry-based learning activities and vice versa. As MNT and IBL predict all 
constructivist teaching activities – the initiation of learning processes, the orienta-
tion toward student understanding, and the orientation toward student knowledge 
increase – we believe that these results and others found within the SWiSE project 
can be used to meet the aim at fostering activating and inquiry-based teaching and 
can have a positive influence on teachers’ ways of teaching.

Fig. 4 Model 3 – Diagnostic competence as a predictor of teaching to increase students’ knowl-
edge (only significant correlations and paths shown, p < 0.05). Model fit: X2(2) = 0.067, p = 0.967, 
RMSEA = 0.00, CFI = 1.00
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With reference to what we summarized in the introduction, this study shows that 
teacher knowledge is only partly relevant for student-oriented, constructivist teach-
ing. Due to economic reasons, we did not assess in this study the highly relevant 
content knowledge. We believe that this type of knowledge is particularly relevant 
in higher educational levels. But in lower-level schools, what may become more 
important is in fact pedagogy. One could say that the older the students, the more 
important the content becomes. This is what Lipowsky (2006) finds. However in 
lower-level schools, one could also assume that the drive for learning does not initi-
ate from content, but rather from motivation, which is the main driving force for 
further learning (Deci and Ryan 1990).

Unfortunately, a limitation of this study was the lack of German-speaking or 
even Swiss-based studies to compare our results. Even though one could argue that 
Europe shares some general attributes with respect to teacher practice, studies have 
shown significant differences in teaching and teachers’ attitudes toward teaching. 
Leuchter et  al. (2008) found contradicting results. In their study, constructivist 
teaching was not related (zero correlation) to student understanding in Germany. In 
contrast, in Switzerland a statistically significant and negative association between 
student understanding and constructivist instruction was revealed in the same study. 
That suggests that the more “constructivist” the teachers were, the less they cared 
about student understanding.

Our study presented here supports the notion that a teacher who can diagnose the 
needs of an individual student can also meaningfully utilize material to help this 
student develop his/her knowledge. This interpretation is in line with international 
research on the relevance of diagnostic teacher competence. Klug et  al. (2013) 
assert that diagnostic competence is crucial, especially in student-centered or indi-
vidualized teaching. Yet, in these interactions, teachers are not only supposed to 
diagnose student achievement, but they also have to assess the student learning 
practices and progress in order to adapt the instruction. Edelenbos and Kubanek- 
German (2004) found that goal- and task-oriented assessment of students accounts 
for 24% of a teacher’s diagnostic activity, while another 35% relates to asking 
content- related questions. This makes diagnostic behavior a part of pedagogical 
content knowledge and a relevant competence in teacher professional development 
(see Busch et al. 2015). From this perspective, the results presented in this study 
positively support the view of the significance of supporting the development of 
diagnostic abilities during teacher education or in further education programs, in 
order to facilitate individualized instruction and enhancing student learning 
outcomes.
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 Introduction

Promoting students’ interest and motivation towards science learning has been a 
focus of various recent studies (e.g. Abrahams 2009; Krapp and Prenzel 2011; cf. 
European Commission 2015). Students seem to lack the interest and motivation 
towards academic science studies, and hence the challenge is to improve cognitive 
and affective aspects of science instruction. A review about science education 
research (Potvin and Hasni 2014) concluded that real-life issues are beneficial for 
triggering students’ interest and motivation. Thus one way to enhance students’ 
interest and motivation towards science is to design teaching modules that have a 
connection to real life. The socio-scientific issue (SSI) approach emphasises soci-
etally significant science issues in school lessons (Aikenhead 2005; Sadler 2011; 
Potvin and Hasni 2014). Socio-scientific issues are controversial social issues with 
conceptual and/or procedural links to science; they are open-ended problems, which 
tend to have multiple plausible solutions (Sadler 2011).

Zeidler et  al. (2005: 360) describe the focus of the SSI movement being “on 
empowering students to consider how science-based issues reflect, in part, moral 
principles and elements of virtue that encompass their own lives, as well as the 
physical and social world around them”. The authors identify four central aspects in 
the teaching of SSI: nature of science issues, classroom discourse issues, cultural 
issues, and case-based issues. These issues act as entry points in the science curricu-
lum, which can contribute to a student’s personal intellectual development and in 
turn help to inform pedagogy in science education to promote so-called functional 
scientific literacy (Zeidler et al. 2005).
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Earlier studies suggest that the SSI approach enhances students’ scientific liter-
acy, reasoning, and decision-making (Hodson 2003; Zohar and Nemet 2002; Lewis 
and Leach 2006) in the context of real-life issues. Connecting science learning to 
everyday life from a societal viewpoint to a local or global problem triggers stu-
dents’ interest (Sadler 2004). Allowing students to generate problems and ques-
tions, as in the SSI approach, has a positive impact on motivation (Swarat et  al. 
2012). In addition, students could gain motivation in a SSI context when role-play, 
group work, discussion, or other social interactions are connected to the inquiry 
(Osborne et al. 2003; Toplis 2012). Recognising the inherent complexity of SSI, 
examining issues from multiple perspectives, appreciating that SSI are subject to 
ongoing inquiry, and exhibiting scepticism if there is potentially biased information 
are important practices for decision-making in the context of SSI (Sadler et  al. 
2007). Furthermore, motivation and fundamental conceptual understanding increase 
as students present their arguments to others (Benware and Deci 1984).

Our study focuses on the use of so-called scenarios in connecting socio-scientific 
issues to science learning. Scenarios, sometimes referred to as problems, cases, or 
vignettes relating to real-life situations (Abrandt Dahlgren and Öberg 2001), have, 
for instance, been used as starting points for problem-based learning (Akınoğlu and 
Tandoğan 2007) or engaging students in socio-scientific inquiry (cf. Sadler et al. 
2007). Scenarios have been considered to provide a meaningful context for science 
concepts and principles (Abrandt Dahlgren and Öberg 2001). Thus, one way to 
enhance students’ interest and motivation towards science is to design scenarios that 
have connection to socio-scientific contexts. With a scenario as a starting point, 
learning becomes more than the gaining of factual knowledge as students participate 
in the process of posing questions about the problems emerging from the scenario.

Much of the science education research addressing SSI has focused primarily on 
students and how they make decisions on such issues (Saunders and Rennie 2013); 
less attention has been paid to teachers’ pedagogical practices with SSI. It has been 
argued that there is a challenge for teachers, who play a critical role in shaping how 
curricula are implemented in a classroom and experienced by students, to move 
beyond traditional modes of science teaching (Sadler 2009). However, there are some 
studies related to science teachers’ perceptions of the SSI approach in science teach-
ing. Ekborg et al. (2013) studied seven Swedish science teachers who conducted SSI 
teaching modules and found that the teachers appreciated the idea of SSI: the teachers 
interpreted the modules as a way to increase students’ interest in school science. They 
all included elements of SSI but mostly to introduce the regular science content. 
Ekborg et al. (2013) interpreted that the teachers had the driving force to do some-
thing different but they did not exploit their freedom to make changes in the content.

Similar findings were found among 86 Korean science teachers whose percep-
tions revealed a disparity between participants’ beliefs about the need to address 
SSI and their actual commitment and teaching of these issues in their classrooms 
(Lee and Abd-El-Khalick 2006). Furthermore, the Korean teachers expressed low 
confidence in their abilities to develop materials for teaching about SSI. Lee and 
Witz (2009) conducted in-depth interviews of four science teachers in Illinois, and 
they found that the teachers’ initial motivations for teaching SSI are basically dis-
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connected from the SSI reform efforts. In addition, the teachers developed their own 
approaches to SSI according to their own values and ideals during the study.

Our study is related to the PROFILES project (www.profiles-project.eu), which 
supports science teachers’ continuous professional development in regard to imple-
menting SSI in science classrooms as its core idea (see Bolte et al. 2011). Our aim 
is to find out how Finnish science teachers have succeeded in creating SSI scenarios 
that could trigger students’ situational interest and intrinsic motivation.

 Scenario-Based Science Teaching

Triggering students’ situational interest (Krapp and Prenzel 2011) through positive, 
affective, and cognitive experiences could be seen as an essential goal for a sce-
nario. On the other hand, activation of intrinsic motivation (Ryan and Deci 2009) is 
needed for maintaining readiness to acquire new information. From an educational 
perspective, motivation can be interpreted as any process that activates and main-
tains learning (Palmer 2005). Intrinsic motivation can be maintained by presenting 
possibilities in a task within the range of students’ skills (Ryan and Deci 2009). 
Situational interest is triggered by the environment and also considered to be moti-
vating, although teachers often struggle with how to influence students’ interest 
(Hidi and Renninger 2006). Another challenge for situational interest is that it is 
unlikely to endure beyond a particular lesson (Abrahams 2009). Hence a high- 
quality scenario should be designed to stimulate cognitive and affective features of 
learning that will encourage the students to investigate the problem in depth. The 
instructional innovation of the PROFILES project is the so-called three-stage model 
(TSM) which aims to arouse students’ intrinsic motivation undertaken in a familiar, 
socio-scientific context (scenario), to offer a meaningful inquiry-based learning 
environment (inquiry), and to use the science learning in solving socio-scientific 
problems (decision-making) (cf. Bolte et al. 2011).

 Three-Stage Model

The three-stage model (Fig. 1) is designed to promote students’ interest and motiva-
tion in learning science content and to undertake inquiry learning and, in particular, 
to meet the aims of “education through science” (cf. Valdman et al. 2012). The fol-
lowing description is based on the descriptions of the TSM by Bolte et al. (2011) 
and Sormunen, Keinonen, and Holbrook (2014).

The intention of Stage 1 (scenario) is to involve students in undertaking activities 
that lead to better understanding of the issue – an issue seen by students as relevant 
to their lives, not simply relevant to the curriculum  – and worthy of greater 
 appreciation. The motivation is intended to be activated by a scenario including an 
appealing title and a purposely chosen phenomenon related to nature, everyday life, 
or socio- scientific issues. In facilitating the move to the second stage, the initial 
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motivation forms a key launch platform for the intended science learning. It seeks 
to draw the students’ attention to think about deficiencies in their prior knowledge 
and to undertake a meaningful discussion related to the scenario. This facilitates the 
posing of the scientific question or questions intended for investigation.

Stage 2 (inquiry) is expected to maintain the motivational learning from Stage 1 
and to meet science learning outcomes that relate to cognitive processes, operation-
alize scientific process skills through the intended inquiry-based learning, develop 
personal attributes (e.g. creativity, showing initiative, perseverance, and safe work-
ing), and also promote students’ social development through collaborative team-
work. These processes, together with the learning outcomes from inquiry, facilitate 
the move to consolidation that can be enacted through, for instance, interpretation 
of the outcomes, presentation of the findings, and discussion of the relevance and 
reliability of the outcomes.

Stage 3 (decision-making) is the consolidation phase for the science learning, in 
which the acquired science ideas are given relevance by including them back into 
the socio-scientific scenario, which provided the initial student motivation. This 
enables the students to reflect on the issues, while placing the newly learned science 
knowledge alongside other attributes important for participating in argumentation 
and reasoning to reach consensus, first within a small group and then for the class 
as a whole. This can take place in a range of formats, e.g. argumentation debates, 
role-playing, or discussion, so as to derive a justified, society-relevant decision or a 
consideration seen as reasonable by the class.

 Towards an Ideal Scenario

We have chosen the scenario stage for our focus in this study because of its central 
role in creating a socio-scientific context for science learning. We have found that 
quite a remarkable part of the Finnish teachers’ concerns related to the TSM have 
been interconnected with the scenario stage (Sormunen et  al. 2014). In the 

Fig. 1 The central role of 
a scenario in the TSM 
approach
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following, we describe the components of an ideal scenario (Fig. 2) that comprise 
our focus points for analysing the scenarios created by teachers.

The scenario stage of the TSM is meant to trigger students’ situational interest 
and intrinsic motivation in a familiar daily life or socio-scientific context. The con-
text of a scenario should be a real-life problem in an open-ended form in order to 
arouse a sense of curiosity (Akınoğlu and Tandoğan 2007). Scenarios should be 
complex enough but not overloaded or too structured (Abrandt Dahlgren and Öberg 
2001). Furthermore, the scenarios should lead to multiple plausible solutions (Sadler 
2011) in the decision-making stage. The intention is to involve students in undertak-
ing activities that relate to better understanding of the issue; scenarios should help 
students to reflect on their prior knowledge and share their conceptions and views 
with peers (cf. Abrandt Dahlgren and Öberg 2001; Akınoğlu and Tandoğan 2007). 
This all facilitates the students to pose scientific questions intended for investigation 
(Bolte et al. 2011); the initial interest and motivation in the scenario stage form a 
key launch platform for the intended science learning (cf. Fig. 1).

Altogether, when the context of a scenario is carefully chosen and the scientific 
ideas are embedded in it, the actual science learning can begin after the ideas are 
decontextualised from the initial context and an inquiry-based approach is then 
applied (Bolte et al. 2011). Based on the importance of SSI in science teaching, 
teachers’ role in implementing interventions such as TSM instruction, and the com-
ponents of scenarios, our research question is what kinds of scenarios did the 
Finnish PROFILES teachers design?

 Method

The data for this qualitative case study was gathered from 30 Finnish teachers who 
participated in the PROFILES project. We went through all the teaching modules 
that the teachers planned and implemented, concentrating only on those 24 teaching 

Socio-
scientific

context of a
scenario

Student’s
involvement

and reflection

Stimulation
of scientific
questions

Fig. 2 The components of 
an ideal scenario
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modules that the teachers created by themselves; the rest of them (6) were based on 
ready-made materials. The curricular content of the scenarios in our sample was 
mainly related to physics (18), chemistry (3), biology (2), and earth science (1); 2 of 
them were implemented at the primary level, 12 at the lower secondary, and 10 at 
the upper secondary level. The themes of the scenarios concerned energy produc-
tion (7) and consumption (6), environmental issues (5), water (2) and other natural 
resources (1), motion of an object (1), and a practical everyday problem (1). The 
scenarios were presented in the forms of a realistic (11) or fictional story (9), an 
authentic news article (3), or an attitude questionnaire (1); three of the realistic sto-
ries were illustrated with photos.

Deductive content analysis, including the preparation, organising, and typifica-
tion phases (cf. Elo and Kyngäs 2008), was used to compare the features of an ideal 
scenario to the scenarios designed by the teachers. In the preparation phase, the 
units of analysis were selected from the teaching modules. Besides the scenario 
stage, we also had to pay attention to the inquiry and decision-making stages in the 
modules in order to analyse the nature and use of the scenario as a whole, because 
the three stages are interconnected. Next in the analysis process, data was read 
through several times in order to be thoroughly acquainted with it.

Next, the categorisation matrix was developed in the organising phase. The lead-
ing focus points of our analysis were constructed on the basis of the components of 
an ideal scenario (cf. Fig. 2) with categories derived from Bolte et al. (2011), the 
focus points being relevance of the scenario (categories: title, interdisciplinary con-
tent, meaningful socio-scientific context, and interesting introductory materials), 
students’ involvement and reflection (interesting involvement activities, collective 
thinking), and facilitating scientific questions (enabling students’ open-ended ques-
tions and enhancing several solutions) (see Table 1). The data from the scenarios 
was gathered according to the categories. Next, the features of the scenarios related 
to the categories were inductively analysed according to their quality. As three 
researchers, we have utilised investigator triangulation (cf. Gibbs 2007); the fea-
tures describing the quality of the scenarios in each category were checked regularly 
by all the authors.

After deductive content analysis, we typified the scenarios: by using scenario- 
by- scenario comparisons according to how extensive the quality categories emerged 
(cf. Table 1), we constructed three typologies (cf. Gibbs 2007): high-quality sce-
narios scored seven or more quality categories, mediocre scenarios four to six, and 
low-quality scenarios three or less. The aim of the typologies is to describe how the 
focus points were considered in a scenario in order to trigger students’ situational 
interest and activate intrinsic motivation.

K. Sormunen et al.
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 Results

In the following, we describe our findings according to the three focus points of our 
analysis, which in turn are related to the components of an ideal scenario, i.e. rele-
vance of the scenario, students’ involvement and reflection, and stimulation of sci-
entific questions.

Firstly, regarding our first focus point (relevance of the scenario; see Table 1), the 
teachers were interpreted as using appealing or relevant scenario titles related to the 
students’ life (11), such as “Window and wall element options in Alice’s wonder-
land” (the scenario S1, cf. Table 1) or “Competition: conserve electricity!” (S2), and/
or they included an appropriate question (6), e.g. “How to protect your hearing while 
using an mp3-player?” (S5) and “Does an electricity invoice make my family 
happy?” (S19). Many of the scenario themes were interdisciplinary (14), and almost 
all of them were related to sustainable development: the students were supposed to 
ponder how power production and/or consumption is related to sustainability. The 
socio-scientific context in the scenarios was related to everyday (13) and/or local 
issues (9), e.g. writing an exemplary article about the water cycle for a summer job 
application in a popular science journal or solving a local environmental issue related 
to a pond, which is polluted and eutrophic. Four scenarios included a global problem, 
e.g. “You only consumed one cubic meter of water for food preparation before noon: 
are you to blame for the global water crisis now and in the future?” (S20) The every-
day contexts were usually based on popular events or phenomena in youth culture, 
e.g. a scenario titled as “Why do the Dudesons fall?” (S3). The scenarios included 
also interesting introductory materials (9), e.g. a piece of news or an article.

Secondly, relating to students’ involvement and reflection, interesting activities 
were planned to be based on reading and discussion, role-play, fieldwork, or the use 
of pictures; in many cases (12), there was a combination of these activities. 
Collective thinking and reflection on prior knowledge were also included in most 
scenarios (20). In the scenario stage, the actual scenarios were followed by small 
and/or whole group discussions, interesting activities, collective thinking, and 
reflection, e.g. in an electricity conserving competition in which the students indi-
vidually responded to an attitude questionnaire and then pondered their views 
together and formed a consensus standpoint for conserving electricity (S2).

Thirdly, in regard to the stimulation of scientific questions, the majority of the 
scenarios (15) included one problem, which could stimulate students to pose 
research questions. Some scenarios (6) included a problem with ready-made 
research questions, although the students had a choice to form some research ques-
tions of their own. The rest of the scenarios (3) included several predetermined 
questions, which restricted the students from framing their own questions. In sum, 
most of the scenarios (21) were interpreted to enable the students to form open- 
ended research questions for the inquiry stage. In regard to the possible solutions, 
four of the scenarios were closed in their nature, leading to only one “correct” 
 solution. The themes of the majority of the scenarios (20) were complex enough to 
enable several solutions at the decision-making stage.

Quality of SSI Scenarios Designed by Science Teachers



112

After the content analysis, the scenarios were typified. Eight of them were of 
high quality, i.e. they took variously into account most of the features in each focus 
point (cf. Table 1). We consider that the higher the quality of a scenario is, the better 
the scenario triggers students’ situational interest and activates their intrinsic moti-
vation. These kinds of scenarios are related to the students’ everyday life, are inter-
disciplinary, use interesting activities, and involve them in collective thinking and 
reflection on their prior knowledge, as well as stimulate them to ponder open-ended 
scientific questions with multiple solutions. The majority of the scenarios (14) were 
mediocre scenarios, which weakly included the features related to the relevance of 
a scenario. The mediocre scenarios did not include all the necessary features that 
describe a relevant scenario, i.e. an appealing title, interdisciplinary content, mean-
ingful socio-scientific context, or interesting introductory materials (see Table 1). 
The low-quality scenarios (2) lacked an interdisciplinary approach, appealing titles, 
and interesting introductory materials; the scenarios lacked interesting involvement 
activities and they did not encourage students to think collectively nor to reflect on 
their prior knowledge.

 Discussion

The current problem related to science education is that students seem to lack inter-
est and motivation towards science studies both in secondary and higher education 
(cf., European Commission 2015; Potvin and Hasni 2014). The SSI approach is 
related to the promotion of scientific literacy and the improvement of science learn-
ing experiences (Sadler 2011), which in turn could trigger students’ interest and 
activate their motivation.

The goal of the presented TSM-based instruction follows a SSI approach, and it 
has been developed to arouse students’ situational interest and intrinsic motivation 
(cf. Valdman et al. 2012). The TSM approach is likely to maintain students’ interest 
over several lessons in contrast to a short-term effect of situational interest (cf., 
Abrahams 2009). Instead of handing out ready-made teaching materials for teachers 
(cf., e.g. Ekborg et al. 2013), the novelty in our research setting was that the teachers 
designed SSI modules themselves during their participation in the PROFILES proj-
ect. In this study, we focused on the quality of the scenarios as they should evoke 
students’ affective involvement and adjust their cognitive evaluation of the science 
content to be more meaningful (Bolte et al. 2011).

The theme and the form of a scenario are important in developing students’ inter-
est and motivation. The themes of a total of 24 scenarios created by science teachers 
were mostly about energy production and consumption, environmental issues, or 
natural resources, which are in line with crucial areas of global concern (cf. Hodson 
2003; Hogan 2002). Most of the scenarios (20/24) were in a form of a realistic or 
fictional written story; some of them were illustrated with photos (cf. Sadler et al. 
2007); news articles were also used in scenarios (cf. Abrandt Dahlgren and Öberg 
2001).
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Relevance of the Scenario for Students Most of the teachers (22/24) succeeded in 
creating meaningful socio-scientific contexts in their scenarios by connecting cur-
ricular content to everyday, local, or global issues. The fact that the scenarios are 
connected to students’ daily lives enables students to understand how science 
classes are interrelated with real life (Zeidler et al. 2005; Akınoğlu and Tandoğan 
2007). However, it seems that some of the teachers did not include an interdisciplin-
ary approach in their scenarios; that might be due to the Finnish subject-divided 
science teaching in secondary level (Lampiselkä et al. 2007). It is also challenging 
for teachers to use materials and formulate scenario titles in ways that attract stu-
dents’ attention and interest (cf. Sormunen et al. 2014); one way might be to use 
scenarios that are provocative or evoke emotional involvement (Abrandt Dahlgren 
and Öberg 2001).

Students’ Involvement and Reflection The teachers used strategies such as reading 
and discussion, role-play, and use of pictures in their scenario activities, i.e. strate-
gies to engage learners in SSI (Sadler 2011). Twenty of the scenarios were based on 
instructions that encouraged students to think collectively and reflect on the topics 
in light of their prior knowledge (cf. Abrandt Dahlgren and Öberg 2001) fulfilling 
the aim of the SSI approach to engage students in dialogue, discussion, and debate 
(Zeidler and Nichols 2009). This provides a venue where students simultaneously 
develop their critical thinking and moral reasoning skills while learning curricular 
content (Zeidler et al. 2005).

Stimulating Scientific Questions Almost all of the analysed scenarios (21/24) were 
interpreted to enable students to formulate scientific questions of their own for the 
inquiry stage in the TSM approach; if a scenario is relevant enough for the students, 
they treat it as their own and thus they are willing to solve the questions that emerge 
(Akınoğlu and Tandoğan 2007). Furthermore, when designing a scenario, the level 
of students’ cognitive skills should be considered so that they are able to formulate 
questions related to the problem of a scenario. Intrinsic motivation should be main-
tained with a suitable challenge (Ryan and Deci 2009). The majority of the scenario 
themes (20/24) were complex enough to enable several solutions at the decision- 
making stage in the TSM approach; complexity is an important feature of scenarios 
that makes students problematize them in depth (Abrandt Dahlgren and Öberg 
2001). This result highly supports the idea of maintaining intrinsic motivation with 
possibilities to make choices (Ryan and Deci 2009).

Possible Reasons for Modest Quality of Scenarios One third of the scenarios were 
typified as high quality; they paid attention to almost all of the features of an ideal 
scenario. Yet, the majority (14/24) of the teachers’ scenarios were mediocre in regard 
to their quality as they did not fully take into account the relevance of an ideal sce-
nario, i.e. a title related to students’ life in the form of an appropriate question, inter-
disciplinary nature of the content, meaningful scientific context, or interesting 
introductory materials (see Table  1). However, some of them were interpreted to 
include activities for student involvement, and almost all of them encouraged students 
in collective thinking and reflection. Two of the scenarios were of low quality as 
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almost all of the features of an ideal scenario were missing. The teachers tend to lack 
confidence in addressing scenario-based teaching in their science classrooms 
(Sormunen et al. 2014); this might be a consequence of constraints such as a lack of 
awareness of pedagogical choices and guidance of how to apply them (cf. Saunders 
and Rennie 2013). Findings in earlier studies also indicate that science teachers appre-
ciate the SSI approach and teaching modules for that purpose (Ekborg et al. 2013), but 
the actual use of an SSI approach is dependent on their values (Lee and Witz 2009) or 
teachers’ pedagogical knowledge and skills (Lee and Abd-El-Khalick 2006).

 Conclusion

The quality of SSI scenario in our study seemed to depend on its relevance to stu-
dents (see Table  1). The majority of the scenarios acknowledged the cognitive 
aspects such as collective thinking and reflection, and practically all of the scenarios 
facilitated students’ scientific questions. In contrast, quite a few scenarios disre-
garded the affective features such as the interesting and appealing form and context 
of the problem. We consider this result to be significant from both research and 
theoretical perspectives; it extends our understanding of challenges related to SSI 
scenario design. Our findings indicate that it seems to be challenging but possible 
for science teachers to develop an SSI scenario that is interesting and motivational 
from the students’ point of view. Although the present study does not concern itself 
with how students benefit from the scenarios, our preliminary findings (Jäppinen 
et al. 2015) support the conclusion that the scenarios trigger students’ interest and 
motivation.

It can be noted that affective features in scenario-based science education need 
to be particularly emphasised. This cannot be achieved without teachers’ awareness 
of the importance of affective aspects of science education. Therefore, there is a 
need for systematic and longitudinal support for science teachers to create SSI sce-
narios (cf. Saunders and Rennie 2013).
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 Introduction

 Socio-scientific Inquiry-Based Learning

The educational framework socio-scientific inquiry-based learning (SSIBL) is a 
pedagogy, which connects the study of socio-scientific issues with inquiry-based 
learning and citizenship education (Levinson and The PARRISE Consortium 2014). 
Socially and ethically sensitive inquiry is at the core of this approach. This inquiry- 
based aspect of SSIBL means that it is question-driven and open-ended. It requires 
scaffolding and the generation of questions and/or issues, preferably by students 
themselves, which are authentic, that is, they emerge from pressing interests of the 
students. Issues should thus relate to real-world problems, engage the interest of 
young people and draw on scientific knowledge. As such, SSIBL is a way to bring 
the EU framework of Responsible Research and Innovation (RRI) to classroom 
practice. RRI stands for a comprehensive approach of research and innovation in 
ways that allow the engagement of stakeholders in the processes of research and 
innovation at an early stage. To address this approach in education presupposes the 
acknowledgement that non-scientists are, like scientists, concerned by changes 
influenced by technology in academic, professional and/or everyday life settings. 
Collaborative learning and reflecting on these socio-scientific issues related to 
emerging technologies is key. As outlined by Levinson et al. (2014), SSIBL can be 
assessed through four dimensions:

• Knowledge about an issue (both scientific and transdisciplinary)
• Skills in organizing a socio-scientific-based inquiry
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• Values which reflect issues of social justice and well-being
• Dispositions in terms of recognition of inclusivity and democratic deliberation

These are scaffolded in such a way that criticality of students progressively 
increases via inquiry-based learning in which students contextualise knowledge to 
help answering their own questions.

In this study we focused on (future) issues around neuroscience, as it reflects an 
innovative field that has become a key topic for ethical deliberation (Savulescu et al. 
2011). Over the last two decades or so, neuroscience has developed new treatments 
and technologies for therapeutic purposes but may in principle also be applied to 
healthy individuals to optimize cognitive functions, for example, in professions 
such as pilots, top athletes or the army. Enhancement technologies include genetic 
engineering, nootropic drugs (e.g. Modafinil), brain-computer interaction (BCI), 
neural implants and so on. These technologies may boost human performance in the 
near future and already raise various ethical dilemmas concerning autonomy (do 
these technologies empower ‘us’, or will we be forced to use them in an era of 
increased cognitive competitiveness?) and justice (will these technologies foster 
social mobility or rather enlarge the socio-economic division between those who 
will and those who will not have access to them?). On a more fundamental level, it 
raises the question whether and how it will affect human nature and human identity 
(Zwart 2014).

 Drama in Science Education

To encourage young people to think about socio-scientific issues, various tech-
niques can be used. For example, Knippels et al. (2009) show that storylines with a 
human theme, in this case using a clip from the movie Gattaca, are extremely effec-
tive at prompting opinion forming among young people. It has likewise been argued 
that well-considered use of drama fosters learning of cognitive, procedural and 
affective knowledge in an integrated way (Ødegaard 2003; Dorion 2009). Moreover, 
drama may allow students to engage in ‘simulation’ exercises, where the societal 
impact of science can be explored and enacted in various ways, providing a test-bed 
for probing alternative (perhaps conflicting) perspectives, inviting students to 
explicitly reflect on the tensions and differences that are made visible and tangible 
this way (Colucci-Gray et al. 2006).

Emerging technologies often involve uncertainties when it comes to their poten-
tial (medical, environmental or economic) benefits and risks, and drama seems 
especially apt to capture and articulate the ambivalence this entails. McSharry and 
Jones (2000) argue that, driven by the teacher, role play in science education can 
utilize learners’ lifetime ‘play practice’ to both express themselves in a scientific 
context and develop an understanding of difficult concepts. They argue that engag-
ing learners in creation and performance of science drama provides a physical and 
creative experience that may be more appropriate for personal learning styles, 
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 offering them a sense of ownership of their education. They also underline its poten-
tial for effective learning about moral and ethical issues such as genetic modifica-
tion in food production (McSharry and Jones 2000).

So far, only a few empirical studies have been published concerning the effec-
tiveness of drama in science education (Shepherd-Barr 2006; Wieringa et al. 2011). 
Moreover, in most papers describing the use of drama (or other ‘genres of the imagi-
nation’, such as novels or cinema), students are typically involved as spectators and 
do not actively perform themselves. In our case, we followed the tradition of 
research practitioners in ‘drama in education’ such as Heathcote, Bolton, O’Neill 
and others by involving students not only as an audience but also as authors and 
actors. Drama in education supports a collaborative learning process in which stu-
dents explore ideas and feelings and take different perspectives within a fictional 
context (Bolton 1984, 1985; Heathcote and Bolton 1995). Reflection and analysis of 
the drama is key to extend and deepen students understanding of social problems 
and their (enacted) solutions (O’Neill 1995). As O’Neill (1985) has argued, linking 
the (enacted) world of fiction with the real world is key to the success of learning via 
drama. This asks of teachers to allow ‘space for student reflection on the extent to 
which their enacted roles, movements or talk are realistic presentations of the sci-
ence represented’ (Braund 2015: 115). Teachers are required to cross pedagogical 
borders from the pedagogy of drama to the pedagogy of science and vice versa 
(Braund 2015; Fels and Meyer 1997). This is not self-evident for most science 
teachers, as they may perceive a loss of control when their students are improvising 
in an experiential setting. For teachers and learners more used to traditional educa-
tional activities or rational science teaching, for example, university (science) stu-
dents, McSharry and Jones (2000) suggest the use of structured games, simulations 
like organized debates or court cases or plays scripted by the teacher or students in 
advance.

Following the suggestion of McSharry and Jones, we decided that the perfor-
mance should be based on a script that had to be adhered to, albeit that the script was 
written by the students themselves (see also Toonders et al. 2016). We invited them 
to explore future societal impacts of emerging neuro-technologies with the help of 
drama, scripted and performed by the students themselves. This way, our approach 
was envisioned as a ‘dramatic’ form of SSIBL, with the performance being a kind 
of experiment, starting from an initial situation (the ‘control condition’) in which a 
novelty or unexpected element is introduced (the experimental condition), which 
then unleashes a series of consequences, building up the dramatic plot (outcome). 
The emphasis was on doing, acting and reflecting on science with and for society, in 
which plays were used to explore ‘what if… ’ scenarios as a means of socio- 
scientific inquiry. The teachers’ role was to safeguard the realness of the play, i.e. 
the links between their imagined world and reality (cf. O’Neill 1985). Based on this 
drama experiment, we address in this paper the question: What aspects of SSIs 
related to neuroscience do students include in their plays?
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 Our Approach

 The Drama Experiment

Neuro-enhancement is a rapidly growing research domain and a key issue in the 
ethical and moral debate on emerging technologies in the European Union. Within 
the context of an elective graduate course on human enhancement (3 ECTS), 22 
students from various science disciplines were involved in a drama experiment, 
performing multiple roles as audience, reviewers, authors and actors (see also 
Toonders et  al. 2016). The course started with two introductory lectures on new 
technologies to enhance neural processes and the ethical issues as described above 
in the introduction. The drama experiment itself featured three collaborative learn-
ing activities with different student roles. Students were invited to fulfil the role of 
an author writing a play, an actor performing it to their peers and an audience watch-
ing and assessing the performance of others. Following O’Neill (1995), in these 
different roles, we expected students to actively reframe and adapt their perceptions 
on science in society in general and neuro-enhancement in particular. Student 
groups (n = 5/6) were instructed to design an 8-min one-act play and to write out the 
whole screenplay, including short descriptions of the main characters and the words 
spoken by them, as well as nonverbal expressions of emotions. With respect to con-
tent, students were asked to develop a storyline that would provide insight in various 
options and dilemma’s connected to an available, experimental or hypothetical 
neuro-enhancer, employable in a particular context sometime in the near future. The 
storyline should consist of at least three scenic elements: (1) an initial situation, (2) 
an occurring event and (3) an ending and focus on a particular neuro-enhancer, e.g. 
a technical device, pill software program and chip enhancing cognitive functions. In 
addition, students were asked to think about the presentational aspects of their play, 
e.g. how could the audience be involved? We expected that like a scientific investi-
gation, drama would allow students to try out and enact possible ‘what if…’ sce-
narios and dilemmas in a relatively safe (intrusion-free) environment and explore 
the consequences of a certain innovation or technological novelty.

The teacher was asked to safeguard the realness of the play, to prevent symbolic 
overtones of meaning and to stimulate a reflective attitude, i.e. taking distance to 
negotiate the different enacted perspectives and views and their own relationship to 
them. This role implies the use of the ‘reality principle’ (O’Neill 1985), i.e. assess-
ing the plausibility and authenticity of the plays.

 Data Collection and Analysis

Qualitative methods were used to collect data from participating students as we 
wanted to gain insight into the kind of ideas they had about SSIs in a particular 
personal or social (theatrical) setting. Data collection and analysis are built on the 
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analytical framework developed by Dorion (2009). We distinguished three themes: 
(1) prior knowledge, drama experience and motivation to enrol in the course; (2) 
learning activities and performances; and (3) students’ self-perceived learning. 
Inspired by the SSIBL framework (Levinson and The PARRISE Consortium (2014), 
the analytical focus of this paper is on students’ reflexivity, i.e. linking scientific 
knowledge with personal assessments and finding out which of the following attri-
butes of SSIs they included in their plays:

• Openness (i.e. no preset answer)
• Authenticity (reality principle)
• Comprise different and conflicting perspectives
• Links between personal and social relevance
• Epistemologically appropriate (i.e. it should draw on science knowledge which 

students have acquired or can be taught)

We handed out three questionnaires to all participants before, during and after 
the course. The first questionnaire mainly focused on students’ awareness of socio- 
scientific issues and prior knowledge on neuro-enhancement. The second question-
naire asked students to reflect on the plays that had been performed. The final 
questionnaire included questions about their self-perceived learning, their attitude 
towards the enacted SSIs and their appreciation of drama experiment including their 
own performance. Initial findings (student evaluations) were cross-checked via 
interviews with the teacher after each session in which he was asked about his opin-
ion on the attitudes, skills and insights acquired by the students. In addition, all class 
discussions and performances were videotaped, while audio recordings were made 
of group discussions.

 Results

Most of the students enrolled in the course indicated that they took this course 
because they were interested in neuro-technologies and wanted to gain more insight 
in the ethical aspects around this emerging technology. Only two out of 22 students 
had prior experience with performing a play before an audience, and consequently, 
the prospect of a live performance raised some general concern among the students 
initially. On the other hand, when asked what students expected of this module in a 
questionnaire at the start of the module, they valued it as an innovative learning 
strategy that would allow them to express their views and opinions in a creative 
manner (n = 7). Other students expected that it would allow for more creativity in 
developing their own perspective on future innovations (n = 2) or they were mainly 
looking forward to seeing and hearing the views of their fellow students (n = 3).

In the scripting phase, students were prompted to answer the question ‘What 
would happen if…?’ with a social inquiry around a specific neuro-enhancer with the 
three scenic elements: initial situation, event and (open) ending.
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Concrete examples of neuro-enhancement were discussed in all the student 
groups including possible social implications (see Table 1), such as the idea of a 
‘memory chip’. Would it lead to an enhanced elite? What would be the impact on 
human nature if important capacities such as memory no longer need to be trained? 
Would it be desirable to remember everything, or does forgetfulness serve a pur-
pose? Also, issues of autonomy were addressed: would it be objectionable to implant 
memory chips in children? Who is to decide? Comparisons with already available 
types of implants were made such as cochlear implants.

In designing their play, all students decided to present concrete applications in 
particular settings. All plays featured contrasting views, albeit in various ways, e.g. 
by staging an accurate and fast-acting physician with a memory chip implant and a 
traditional (non-enhanced) physician struggling to keep up with the new generation 
of medical doctors (group 1); by comparing an enhanced family ‘with individuals 
aiming to achieve as many goals as possible’ with a non-enhanced family, support-
ing each other to utilize their talents (group 2); by presenting the story of a tradi-
tional bartender, outcompeted by a robot bartender (group 3); by staging a discussion 
between experts who supported and experts who criticized a new technology on 
‘memory alteration’ (group 4); or, finally, with a discussion between a mother and 
father of a juvenile candidate for enhancement therapy because he has lost his love 
for playing the piano (group 5). As one of the participants phrased it: ‘presenting 
multiple viewpoints on stage allowed us to shed more light on the topic from differ-
ent angles’.

In staging the controversies on neuro-enhancement, various contexts were cho-
sen, varying from professional settings up to private and educational environments. 
For instance, two groups (1 and 3) demonstrated how untreated humans may be 
outcompeted by robots or enhanced humans at work. Other students showed how 
enhancement could make life easier for humans (groups 2 and 5), by making people 

Table 1 Overview of the plays enacted by the five student groups

Neuro-enhancer Short description of the play/SSI

Memory chip An enhanced (flawless, arrogant) and a non-enhanced (experienced, 
friendly) surgeon apply for the same job. The enhanced doctor gets it. 
Should chip implantation be seen as a moral professional obligation?

Enhancement pills Two families are portrayed in their everyday lives to illustrate different 
views on life quality: a competitive family using smart pills to excel at 
many areas and a cooperative family cherishing their talents.

Robotics In a café a robot bartender symbolizes technological advancement and 
loss of autonomy. Without empathy, it monitors the physical state of the 
visitors and knows exactly when they have had enough to drink.

Brain-computer 
intervention

A talk show is enacted on memory alteration: What would you do when 
mistakes could be erased and your mental health improved? No 100% 
safety guaranteed!

Smart pills A heated parental discussion is staged about raising their child with or 
without smart pills. There is mutual distrust among the parents about 
the child’s excellent piano play. Does she still take her performance 
drug?
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more creative, but less social (group 2), or enhancing their effectiveness in doing 
their profession (groups 1, 2, 3 and 5), although the question was also raised whether 
enhanced professionals could really be trusted in complex situations (group 1) and 
whether unforeseen collateral damage might be involved (group 4). These proved to 
be questions for which a ‘dramatic experimental’ laboratory seemed especially 
suitable.

When reporting on their performances in classroom setting, students remarked 
that they considered it important for their performance to reflect an authentic ‘real-
istic’ controversy. They discovered that ‘theatrical’ exaggerations and the absence 
of ambivalence and doubt in the characters’ viewpoints could easily distract the 
audience as well as the actors themselves from the socio-scientific inquiry that was 
to be staged and discussed afterwards. Two groups tried to ‘personalize’ the argu-
ments by placing themselves in the characters’ positions, after having thoroughly 
discussed the controversy and the discussion they wanted to raise among the audi-
ence. Subsequently, they started to improvise to see what worked best (groups 3 and 
5). One of the lessons learned during this ‘trying out’ was that ‘the devil is in the 
details’. In the case of group 5, for instance, this involved the exact age of the child, 
the relation between the parents and the qualitative aspects of the enhancement pill 
with respect to its effectiveness and potential side effects. Also, students experi-
enced that a logical and coherent sequence of events helped them in communicating 
their message in a clear and convincing way.

Although ‘effectiveness’ and ‘side effects’ refer to the science behind neuro- 
enhancement, little reference was made in the plays to science knowledge which 
students had acquired during the course or previous education. The exact ‘work-
ings’ of the neuro-enhancers remained a black box in each play and didn’t seem to 
be considered relevant for the short storylines to be more ‘realistic’.

After the course, we asked students to fill in a questionnaire on their self-reported 
learning (n = 17 students). A majority of students (12 students) indicated that our 
module helped them to gain insight in complex ethical issues related to neuro- 
enhancement. Fifteen (15) students answered positively to the question whether it 
had improved their understanding of other people’s opinions and arguments, while 
only half of the students indicated they had further explored people’s interests or 
stakes. Almost all students (16) reported that the module had given them more 
insight in how emerging technologies could influence daily life. Moreover, it helped 
them to develop their own opinion about the dilemmas at hand (12), although the 
drama experiment had not per se stimulated them to formulate and substantiate their 
own opinion (9).

Three students explicitly evaluated the drama module in negative terms. They 
stated that they had experienced the drama module to be rather time-consuming and 
that they were not comfortable in performing before an audience.
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 Discussion and Conclusions

SSIBL proposes a model of concepts and practices central to inquiry, which sup-
ports teachers in integrating citizenship education and the EU framework of 
Responsible Research and Innovation in science classes. This paper underlines the 
potential for using drama as an educational tool to stimulate students to take a 
reflexive position on the socio-scientific particularities of science and technology. In 
our study drama engaged students in a socio-scientific investigation in which the 
various techniques of enacting and expressing emotions and dilemmas are the 
equivalent elements compared to the scientific equipment (Kottler 1994: 273). By 
allowing students themselves to play a more active role, processes of imagination, 
exploration and identification enabled them to ‘try out’ and experience their envi-
sioned scenarios in a relatively ‘safe’ environment, before the new technology 
enters the real world.

Contextualising a controversy and placing oneself in a real-life situation, e.g. by 
enactment in a play, seems essential in linking scientific knowledge with personal 
assessments and views on societal issues. Our drama experiment seemed to activate 
students in opening up a future lifeworld which they could relate to. It allowed them 
to acquire additional insights in social and ethical implications of neuro- technologies 
and created awareness of different viewpoints that people can have, primarily in 
everyday life settings. Moreover, students tended to take a reflexive position on the 
personal and social implications of neuro-enhancement so as to present a ‘realistic’ 
dilemma to the audience. In doing so, as also illustrated by the plays (see Table 1), 
students tended to frame SSIs more as personal and ethical (values and norms) as 
opposed to technical and economical (risks and stakes). The latter implications were 
hardly considered.

In addition, the focus on everyday life contexts did not prompt students to con-
sider the science aspects of SSIs or draw on science knowledge they had acquired 
earlier in their academic science education. In terms of our SSIBL attributes, the 
SSIs portrayed in the plays could not be considered epistemologically appropriate. 
This illustrates the difficulty for both teachers and students to cross pedagogical or 
educational borders from ‘drama education’ to ‘science education’ as Fels and 
Meyer (1997) and Braund (2015) already noted. In this respect, the ‘reality princi-
ple’ (O’Neill 1985) should not only address the enacted scenes but also the science 
represented, based on science knowledge that students have acquired or can be 
taught.

While students in their role as script writers and actors actively used their imagi-
nation, as audience (and to a lesser degree also as actors looking back at their per-
formance) they represented the ‘reality principle’ by assessing and discussing the 
plausibility and credibility of the enacted scenes (cf. O’Neill 1985). As others have 
argued, drama enables the exploration of different perspectives and conflicts in 
socio-scientific issues, including students’ own relationships with the conflict 
(Colucci-Gray et al. 2006; Wieringa et al. 2011).

R.P. Verhoeff



125

It must be noted here that a significant amount of students reported that they had 
not gained insight into how to formulate and substantiate their own opinion, which 
is considered an important aspect of SSIBL. This could be explained by the fact that 
students are used to a ‘rational science context’ in which inquiry is based on planned 
observation (cf. Yoon 2006) and deserves further attention: How could this type of 
active involvement of science students contribute effectively to their learning on the 
social implications of their domain? This also refers to the challenge that in our 
module, learners perceived the design and performance of a play to be time- 
consuming and thus less effective as opposed to more traditional ways of learning.

We are aware that many variables affected students’ views on the social and sci-
entific issues surrounding neuro-enhancement, due to the complex nature of teach-
ing and learning. Nonetheless, the results of our study underline the potential 
benefits of using drama as a tool for socio-scientific inquiry-based learning. When 
asked whether students would recommend the course to fellow students, an over-
whelming majority gave a positive answer. Socio-scientific drama clearly stimu-
lated our students to consider in depth the impacts of new technologies in everyday 
life and to develop arguments that would be relevant in an authentic personal or 
democratic deliberation.
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Useful Plants as Potential Flagship Species 
to Counteract Plant Blindness

Peter Pany and Christine Heidinger

 Introduction: Plant Blindness

“We are all more interested in animals [than in plants]” (Flannery 1991). This state-
ment captures best the atmosphere a biology teacher is confronted with in any class-
room when he/she starts a lesson on botanical content (Wandersee 1986). The low 
interest in plant science has been lamented for decades by biology educaters on 
every level – from primary school up to university level (Tunnicliffe and Ueckert 
2007). Additionally, major studies on students’ interests (e.g. ROSE; Sjøberg and 
Schreiner 2010) confirm that students do not consider plants to be interesting. 
Wandersee and Schussler (2001) have coined the term “plant blindness” for this 
phenomenon, describing how plants are overlooked in many peoples’ everyday life. 
The fragmentary perception of herbal life has serious consequences because stu-
dents, for example, do not perceive plants as creatures but consider them merely as 
a kind of “background image” for animal life (Flannery 2002; Kinchin 1999; 
Sanders et al. 2015).

Plant blindness is a serious problem in botany education, and special efforts must 
be made to make botanical content more attractive for students (Greenfield 1955; 
Hershey 1992). Numerous programmes emphasise the importance of plants in 
school (e.g. “PlantingScience” www.plantingscience.org or “Biological Sciences 
Curriculum Study – BSCS” www.bcsc.org). These programmes range from plant 
development observation programmes (Hershey 1992, 2002, 2005), the  investigation 
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of the diversity of plants through field trips (Dillon et al. 2006; Drissner et al. 2010; 
Fančovičová and Prokop 2010; Pany 2010; Vaughan et al. 2003) to activities of sort-
ing plants (Frisch et al. 2010; Lindemann-Matthies 2005; Randler 2008).

Our approach to counteract plant blindness presented in this chapter is different. 
Instead of developing learning environments to enhance students’ interest in and 
awareness of plants, we start one step earlier – by exploring the pre-existing interest 
of students in plants. Planning botany learning environments based on students’ 
pre-existing interest in plants would have many advantages according to psycho-
logical theories on learning and interest: considering an object “interesting” is an 
important condition to deal with the object more intensively (Deci and Ryan 1993), 
and pre-existing interests are important keys for building new knowledge and devel-
oping long-lasting interests (Hidi and Baird 1986; Hidi 1990; Krapp 1999). 
Nonetheless, detailed studies about which plants students perceive as interesting are 
scarce. Hence, exploring which plants are interesting for students is a prerequisite 
for effectively counteracting plant blindness.

 Students’ Interest in Plants

A review of recent scientific literature on students’ interest in plants is not encourag-
ing for botanists. As noted above, the largest international study on students’ inter-
ests in science and technology topics (“Relevance of Science Education” – ROSE; 
Schreiner 2006; Schreiner and Sjøberg 2004; Sjøberg and Schreiner 2010) demon-
strates that botanical content is uninteresting. Zoology or human biology is much 
more interesting than plant science, a result also shown by earlier interest studies 
(Baram-Tsabari et  al. 2010; Baram-Tsabari and Yarden 2005; Kinchin 1999; 
Wandersee 1986). Moreover, interest in biological content decreases with age 
(Baram-Tsabari and Yarden 2007, 2009; Kattmann 2000; Löwe 1987, 1992; Potvin 
and Hasni 2014).

Hence, some scientists in the field of biology education recommend teaching 
central biological concepts such as evolution only in the context of those organisms 
that students consider interesting (e.g. animals) (Baram-Tsabari and Yarden 2009). 
This, however, would lead to many biology lessons not addressing plants at all. 
Given that knowledge about plants is necessary to become scientifically literate and 
to understand the major global challenges our society is currently facing, this cannot 
be an acceptable solution for biology education. From a biological point of view, we 
need knowledge about plant anatomy and morphology, plant reproduction and flow-
ering ecology in order to understand the role of plants in the world food supply or 
biofuel production. Furthermore, botany basics such as plant physiology (e.g. pho-
tosynthesis) are necessary for developing a deeper understanding of the carbon 
cycle and climate change. Consequently, students’ lack of knowledge about plants 
hinders them from seeing the full extent of such important problems as global 
warming. We must therefore face the challenge to make presumably uninteresting 
but biologically important content interesting for students.
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Analysing the recent literature reveals that plants are always treated in a holistic 
way as a homogeneous group (e.g. Blankenburg et al. 2015; Dawson 2000; Sjøberg 
2000). In the ROSE-study, for example, students were asked very general questions 
about their interest in botanical topics, e.g. “How plants grow and reproduce” or 
“Plants in my locality” (Schreiner and Sjøberg 2004). Importantly, the context in 
which a specific content is presented is even more important for developing interest 
than the content itself (Elster 2007; Häussler and Hoffmann 1998; Sjøberg 2000). 
This calls for differentiating and identifying distinct plant groups and contexts that 
may be interesting for students rather than doing research on plants on a very gen-
eral level.

The first hints that useful plants could be worth further examination came from 
Mayer and Horn (1993), who show that students prefer living organisms that are of 
value for human use. In addition, Krüger and Burmester (2005) determined that 
besides the “beauty of plants” (Kinchin 1999; Tunnicliffe and Reiss 2000), the “use-
fulness of plants” is the most prominent category students use to classify plants. The 
study by Lindemann-Matthies (2005) tends to support these findings: organisms 
which are useful for humans have a higher value for most people. Hammann (2011) 
also supports the hypothesis that useful plants are interesting for students by show-
ing that students are highly interested in medicinal plants.

On this basis, we designed the present study. We chose the group of useful plants 
as a starting point in our exploration of students’ pre-existing interest in plants. 
First, we studied whether useful plants are interesting for students and whether stu-
dents differentiate between specific subgroups of useful plants. Then we investi-
gated whether there are differences between different age groups and genders 
regarding the interest in useful plants. Based on these findings, we tackle the overall 
question which plant groups can be recommended as promising “flagship species” 
to teach and learn botanical content.

 Method: The FEIN Questionnaire

In order to investigate students’ interest in useful plants, we developed the FEIN 
questionnaire (Fragebogen zur Erhebung des Interesses an Nutzpflanzen; Pany 
2014) since the research of Urhahne et al. (2004) suggests that questionnaires are 
appropriate tools to explore students’ interest. The item development was based on 
the biological classification of useful plants (Lieberei et al. 2007) in which useful 
plants are defined as all plant species used by humans and in which various sub-
groups are differentiated according to their specific purpose (spice plants, edible 
plants, medicinal plants, etc.).

On this basis, we developed three items for each of the five scales of medicinal 
plants, stimulant herbal drugs, edible plants, spice plants and ornamental plants. 
The wording of the items is based on the ROSE questionnaire (Schreiner and 
Sjøberg 2004). They are formulated as headlines, and students indicate their interest 
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by choosing from a four-stage Likert scale (very interested, 4; rather interested, 3; 
rather not interested, 2; not interested, 1) (Table 1).

A principal component analysis (PCA) revealed a five-factor structure (Pany 
2014), confirming the differentiation of subgroups of useful plants according to 
Lieberei et  al. (2007). This shows that students’ interest in useful plants is not 
homogeneous across all subgroups but has to be examined in a more differentiated 
way.

Reliability analyses (Cronbach’s alpha) were calculated for each scale of the 
FEIN questionnaire. Cronbach’s alpha shows values between 0.66 for spice plants 
and 0.76 for ornamental plants, which is appropriate for scales consisting of only 
three items each.

Table 1 Questionnaire items to investigate interest in useful plants (FEIN, Pany 2014); this 
translation gives an impression of the items used in the original German questionnaire: the English 
items are not linguistically validated

English translation of the FEIN 
questionnaire German version (original language)

How interested are you in learning about 
the following?

Wie interessiert bist Du an folgenden Bereichen?

1.  In which countries do vegetables (e.g. 
tomatoes) grow naturally (EP)

1.  In welchen Ländern verschiedene 
Gemüsepflanzen (z.B. Tomate) in der freien 
Natur wachsen

2. Plants used to produce narcotics (SHD) 2.  Pflanzen, aus denen Rauschmittel erzeugt 
werden können

3.  Plants used to cure inflammations (e.g. a 
sore throat) (MP)

3.  Pflanzen, die gegen Entzündungen 
(z.B. Halsschmerzen) helfen

4.  Parts of plants used to produce oregano, 
chilli or caraway (SP)

4.  Pflanzenteile zur Herstellung von z.B. Oregano, 
Chili oder Kümmel

5. Plants for decorating my room (OP) 5. Pflanzen zur Verschönerung meines Zimmers
6. Organic agriculture (EP) 6. Biologische Landwirtschaft
7.  Plants which can cause hallucinations 

(SHD)
7. Pflanzen, die Halluzinationen erzeugen können

8.  Plants which enhance the healing 
process of wounds (MP)

8.  Pflanzen, welche die Heilung von Wunden 
unterstützen

9. Spice plants (SP) 9. Gewürzpflanzen
10. Taking care of house plants (OP) 10. Die Pflege von Zimmerpflanzen
11. Horticulture without pesticides (EP) 11. Gartenbau ohne Spritzmittel
12.  Producing opium and heroin from 

opium poppy (SHD)
12.  Die Gewinnung von Opium und Heroin aus 

dem Schlafmohn
13.  Plants which can be used to produce a 

soothing infusion (e.g. against coughs) 
(MP)

13.  Pflanzen, aus denen man einen heilenden Tee 
(z.B. gegen Husten) machen kann

14.  Substances that make spices taste hot 
(SP)

14.  Inhaltsstoffe, die Gewürze scharf schmecken 
lassen

15. Balcony flowers (OP) 15. Blumen an Fensterbänken

The assignment to the respective scale is given at the end of each item (MP medicinal plants, SHD 
stimulant herbal drugs, SP spice plants, EP edible plants, OP ornamental plants)
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The FEIN questionnaire was administered to 1417 students in and around Vienna, 
Austria. During spring 2010, 15 secondary schools participated in our study, provid-
ing a representative cross section of Viennese schools. Finally, 1299 questionnaires 
were filled in by 51% male and 49% female students aged between 10 and 19 years 
(Table 2).

 Data Analysis

We analysed the questionnaire data on two levels. In the first step, we sought to 
identify significant differences between relevant groups in our sample (age and gen-
der) regarding their interest in the five groups of useful plants. We therefore com-
pared the means of interest per scale of the FEIN questionnaire of four age groups 
(<13, 13–14, 15–16 and >16 years) and the two gender groups using t-test, 
MANOVA, ANOVA and post hoc tests (Scheffé).

As mean values do not allow conclusions on an individual level (Valsiner 1986), 
we calculated in the second step an interest profile for every student in the sample. 
When planning stimulating and interesting learning environments in school, know-
ing what an “average student” is interested in is not very helpful. It is indispensable 
to know the interest structure of individual students in a particular class. Therefore, 
we developed a method to calculate interest profiles on an individual level. For this 
purpose, we first developed a method to reduce the complexity of the data per par-
ticipant. This achieved a reduction level which also considers the variation of the 
individual interest structure of each student and enables clustering students to larger 
units showing identical patterns of interest in terms of “interest types” (= groups of 
students with similar interest structure). This process of complexity reduction is 
described in detail in Pany and Heidinger (2015).

The resulting interest profiles are based on each student’s interest in three sub-
groups of useful plants: medicinal plants, stimulant herbal drugs and ornamental 
plants.1 Per subgroup of useful plants, three interest levels are generated, ranging 
from “low interest – level 1”, “medium interest – level 2” to “high interest – level 
3”. A student’s interest profile of “321”, for example, means this student has high 

1 We take into account only those subgroups of useful plants, which best enable differentiating 
between different interest types because they show a clear deviation from an equal distribution in 
the whole sample (Pany and Heidinger 2015).

Table 2 Descriptive data of the investigated sample (n = 1299)

Age group <13 years 13–14 years 15–16 years >16 years Total

Male students 245 197 159 62 663
Female students 236 193 137 70 636
Total 481 (37%) 390 (30%) 296 (23%) 132 (10%) 1299
Mean age (year) 11.2 13.5 15.5 17.6 14.4
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interest in medicinal plants, medium interest in stimulant herbal drugs and only low 
interest in ornamental plants (the amount of interest is always given in the same 
order: medicinal plants, stimulant herbal drugs, ornamental plants). Subsequently, 
we calculated whether there are characteristic interest profiles in the whole sample 
and for different age groups using frequency analysis.

 Results

 Mean Values

Data analyses using ANOVA show that medicinal plants, stimulant herbal drugs, 
spice plants, edible plants and ornamental plants raise different degrees of interest 
(F4, 6490 = 202.5, P < 0.001). Mean values show that medicinal plants are the most 
interesting group, followed by stimulant herbal drugs (Table 3).

Additionally, MANOVA results show that there are differences in how interested 
students of different age groups are in the five plant groups (Wilks’s Λ = 0.922, F15, 

3564 = 7.074, P < 0.001). Subsequent univariate analysis (ANOVA) with post hoc 
Scheffé tests revealed significant differences regarding the interest in subgroups of 
useful plants between different age groups (Table  4). The interest in medicinal 

Table 3 Means (M) and 
standard deviations (SD) of 
interest in different plant 
groups measured with the 
FEIN questionnaire; means 
above 2.5 indicate above- 
average interest; all means 
are significantly different 
from each other (P < 0.001)

Plant group M SD

Medicinal plants 3.09 0.75
Stimulant herbal 
drugs

2.90 0.88

Spice plants 2.56 0.78
Edible plants 2.43 0.78
Ornamental plants 2.32 0.89

F4, 6490 = 202.5, P < 0.001

Table 4 Means (M), standard deviations (SD) and univariate F-statistics of interest in the subscales 
of the FEIN questionnaire for different age groups

Subscale
<13 years 13–14 years 15–16 years >16 years

F3, 1295M SD M SD M SD M SD

Medicinal plants 3.19 0.73 2.96 0.76 3.01 0.78 3.26 0.63 14.268 **
Stimulant herbal 
drugs

2.87 0.88 2.89 0.90 2.90 0.86 3.01 0.86 0.873

Spice plants 2.67 0.80 2.50 0.80 2.50 0.71 2.52 0.76 10.631 *
Edible plants 2.61 0.79 2.32 0.80 2.30 0.70 2.39 0.74 4.623 **
Ornamental plants 2.54 0.90 2.31 0.90 2.05 0.80 2.16 0.82 20.906 **

*P < 0.01, **P < 0.001
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plants is higher in younger students (<13 years) and older students (>16 years) but 
lower in the other age groups (Fig. 1), whereas the interest in stimulant herbal drugs 
shows no significant differences between the age groups (Fig. 2). Furthermore, only 
ornamental plants show significant gender differences. They are more interesting 
for girls than for boys (t = −11.72, df = 1298, P < 0.001) (Fig. 3).

Fig. 1 Means of interest of the subscale “medicinal plants” for all age groups

Fig. 2 Means of interest of the subscale “stimulant herbal drugs” for all age groups
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 Interest Profiles

The ten most frequent interest profiles were chosen to give an overall impression of 
the sample. Table 5 shows that most of the students have low interest in at least one 
of the subgroups of useful plants.

In contrast, we found that most of the students are interested in at least one plant 
group more than in the others. Moreover, five of the interest types (331, 333, 313, 
323 and 131) are not evenly distributed among the age groups (see Fig.  4 and 
Table 6).

Fig. 3 Means of interest of the subscale “ornamental plants” for all age groups and both genders 
shown separately

Table 5 Characteristics of the ten most frequent interest types in the whole sample; marked 
interest types (*) are not evenly distributed among the age groups

Interest in

Medicinal plants Stimulant herbal drugs Ornamental plants
Frequency 
percent

331 High High Low 18.9 *
333 High High High 11.6 *
332 High High Medium 8.9
313 High Low High 6.7 *
231 Medium High Low 6.2
323 High Medium High 5.5 *
311 High Low Low 4.8
131 Low High Low 4.3 *
321 High Medium Low 4.2
232 Medium High Medium 3.8
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The interest profiles 313 and 323 are typical for lower age groups, which means 
that many younger students are most interested in medicinal plants and ornamental 
plants but show low interest in stimulant herbal drugs. In contrast, the interest pro-
files 311 and 321, which indicate a narrow interest restricted solely to medicinal 
plants, are frequent only in higher age groups. For students between 13 and 16 years 
old, we found another interest profile occurring only here within the first five ranks: 
131 (and also 231), indicating high interest only in stimulant herbal drugs. In sum-
mary, there are typical interest profiles for each age group (Fig. 5).

 Discussion

Our results show that students do not perceive plants as one homogeneous group of 
(uninteresting) organisms, as they have often been treated in past studies investigat-
ing students’ interest in biology (e.g. Blankenburg et al. 2015; Schreiner and Sjøberg 
2004). Accordingly, past recommendations for planning biology lessons derived 
from such a rough scale should be treated with caution: they may yield the mislead-
ing conclusion that botanical content and plant science are not interesting for stu-
dents at all. Quite the contrary, the group of useful plants contains many objects that 
are suitable to develop interesting learning contexts for botanical contents referring 
to students’ interests.

Fig. 4 Frequencies of the ten most frequent interest types within the whole sample; marked inter-
est types (*) are not evenly distributed among the age groups. The amount of interest is always 
given in the same order: medicinal plants, stimulant herbal drugs, ornamental plants; 3 – high 
interest, 2 – medium interest, 1 – low interest

Useful Plants as Potential Flagship Species to Counteract Plant Blindness
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The mean values seem to point to a clear strategy for botany lessons – medicinal 
plants and stimulant herbal drugs should be used as study objects in botany lessons. 
These two plant groups do not show the typical decrease of interest in higher age 
groups (Elster 2007; Kattmann 2000; Löwe 1987) but instead retain their high inter-
est. However, the analysis of students’ interest profiles shows a somewhat different 
picture. Nonetheless, the most frequent interest types still show high interest in 
medicinal plants, although stimulant herbal drugs seem to strongly polarise students. 
Especially in lower age groups, some students show no interest at all in stimulant 
herbal drugs (e.g. interest profile 313), whereas another group of students shows 
high interest only in simulant herbal drugs (e.g. interest profile 131). Furthermore, 
ornamental plants – raising only low interest when examining mean values – are 
highly interesting for a smaller group of students (e.g. interest profile 313).
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Fig. 5 Frequencies of all interest profiles representing more than 5% of an age group; marked 
interest types (*) are not evenly distributed among the age groups. The bars of identical interest 
types in the diagram are marked by the same patterns
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Facing the difficulties that plant blindness presents to biology teachers, useful 
plants may open a wide field of reasonable gateways into botany. We identified 
interest profiles that are typical only for single age groups, which means that student 
interest can be addressed very specifically. Students younger than 13 years old may 
be addressed using medicinal plants (such as sage Salvia officinalis, hawthorn 
Crataegus spp. or marigold Calendula officinalis) and also ornamental plants (e.g. 
primroses Primula spp., tulips Tulipa sp.) but less via stimulant herbal drugs. A 
subgroup of students between 13 and 16 years can be specifically targeted by using 
study objects from the only plant subgroup interesting for them: stimulant herbal 
drugs (e.g. belladonna Atropa belladonna). The group of medicinal plants is very 
interesting for a large number of students across all age groups but especially for 
older students (above 16 years).

Some stumbling blocks still remain for botany lessons. Biology schoolbooks that 
cover botany topics listed in the biology curriculum (e.g. the structure of plants and 
flowers or photosynthesis) (Cholewa et al. 2010; Rogl and Bergmann 2003; Schirl 
and Möslinger 2011) and even biology textbooks at the university level (Campbell 
and Reece 2011) introduce such botanical content mostly based on ornamental 
plants. Our findings demonstrate that this choice complies with the interest of only 
a small part of learners.

Therefore, incorporating the results of the present study not only in learning 
environments but also in biology textbooks may help to create interesting contexts 
in botany lessons, supporting students to find access to botanical contents. One open 
field for prospective studies remains: experimental designs that enable testing the 
hypothesis whether study objects which take into account students’ interest in plants 
indeed raise long-lasting interest and lead to higher learning outcome regarding 
botanical topics. At any rate, the present results offer a promising approach to coun-
teract the unsatisfactory situation in which students neglect the vast majority of life 
on Earth.
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 Introduction

The relevance of practical activities in science education seems to be undeniable. At 
the same time, a simple inclusion of experiments has been insufficient to ensure 
learning science, and thus the role of lab work is not self-evident (Hofstein and 
Lunetta 2004). Hodson (1993) describes that the emphasis in procedural aspects has 
interfered in work lab quality in terms of learning. In this manner, reflection, which 
has been frequently stated as more significant than interaction with materials, can 
become secondary. Additionally, the practical work needs to go beyond experiments 
that merely require following a “cookbook” recipe and move toward critical think-
ing about the results obtained during lab work, including the unexpected results.

Hence, it would be important to establish connections between practical work 
and discussion, analysis, interpretation, and social interactions as well as social vali-
dation and communication of the results. These elements serve to forge pathways 
for the production of science, including its processes and products. Moreover, the 
role of language as a way to learn science should be considered (Mortimer and Scott 
2003).

In this context, digital technologies arise as additional tools for the inclusion of 
practical activities in the learning process. Some studies have pointed out positive 
aspects of audiovisual language such as pleasure, creativity, and social engagement 
(Pereira et al. 2012). Digital videos enable detailed observations of experiments or 
daily life events, which can make science more relevant to students. Besides, videos 
can also be used to improve experimental skills, encouraging students’ engagement 
in different activities, both instrumental (i.e., hands on) and cognitive (i.e., minds 
on) (Rodrigues et al. 2001; Erdmann and March 2014).
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Movies have been used in many ways in chemistry education. For instance, back 
in 1973, Rouda recorded some experiments (e.g., the vacuum technique, determina-
tion of vapor pressure, and the kinetics of a hydrolysis reaction) performed by stu-
dents themselves. Students who actively participated in these videos became 
familiarized with the experiments in different aspects including the apparatus, theo-
ries, calculations, and communication skills. Similar findings were described by 
Lichter (2012), who investigated a general chemistry course in which students cre-
ated and uploaded (to the video-sharing website YouTube) videos about solubility. 
According to Lichter, the students who produced videos achieved significantly bet-
ter learning than the rest of their classmates. However, most of these studies have 
not focused on the process of video production in order to evaluate the students’ 
engagement.

The concept of school or student engagement has attracted growing interest in 
different realms. Some studies have investigated how the social contexts and school 
climate can interfere with students’ learning (Vedder-Weiss and Fortus 2013; Sha 
et al. 2016) or cause dropping out of school (Connell et al. 1995). The relationship 
between instruction, teacher performance, and intellectual engagement has been 
also studied (Polman and Hope 2014). On account of this wide set of factors, stu-
dent engagement is a complex construct that can be identified from different per-
spectives. In spite of these differences, there are some characteristics that allow 
classifying student engagement in three major groups: behavioral, emotional, and 
cognitive engagement (Fredricks et al. 2004).

Behavioral engagement is usually associated with commitment to learning and 
academic tasks, unveiling attitudes such as effort, persistence, concentration, and 
attention (Birch and Ladd 1997). The capability to work autonomously, the self- 
directed academic behaviors, and the collaborative actions are also some character-
istics of behavioral engagement (Birch and Ladd 1997; Buhs and Ladd 2001). This 
engagement is considered essential for achieving positive academic outcomes 
(Fredricks et al. 2004).

The emotional engagement is associated with students’ feelings and their affec-
tive reactions, such as interest, boredom, happiness, sadness, and anxiety (Fredricks 
et al. 2004). In general, this type of engagement involves positive and negative reac-
tions toward teachers, classmates, and educational institutions that influence their 
willingness to do a specific task. Finn and Voelkl (1993) described it as identifica-
tion with the school.

In turn, the cognitive engagement can be conceptualized as a psychological 
investment in learning that promotes improvements in comprehension by using self- 
regulated strategies (Fredricks et al. 2004). In a theoretical view, this engagement is 
possible when it involves problem solving, hard work, and ways of coping with 
perceived failure. At the same time, it is important to highlight the integration of 
“doing the work,” which primarily involves behavioral and mental efforts to deeply 
understand some theoretical aspect. Students exerting more mental effort create 
more connections among ideas and may achieve greater understanding of 
concepts.
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Engagement is fundamental to achieve learning. Thus, students need to be 
actively involved in a meaning-making process wherein they interpret, create, and 
act on reality. Learning is seen herein as an action by which language (or languages) 
is transformed (Kress et al. 2001). This perspective is in agreement with the social 
semiotic background.

This chapter reports on an exploratory study that examines some contributions of 
video production to chemistry teaching based on the evaluation of videos produced 
by students and their opinions about the production process. The research question 
that guided this inquiry was: How can the production of digital videos of experi-
ments foster the undergraduates’ engagement and chemistry learning?

 Methods

This study involved 31 students enrolled in a general chemistry course at a Brazilian 
Federal University. The students were divided into groups of two to four members, 
and each group selected a general chemistry topic for the experiment. The groups 
subsequently planned, set up, and tested the experimental situation. Each experi-
ment was first presented to the teacher and then videotaped without prompting. A 
total of 11 videos were produced. The content of the videos and the process of pro-
duction were analyzed under the students’ point of view for this investigation.

The analysis of the videos took into account a research-based analysis model 
based on the tetrahedron chemistry by Mahaffy (2004) and modified by Sjöström 
(2013). The analysis model consists basically of four fields: pure chemistry (includes 
formulae/symbols and safety procedures), applied chemistry (comprises applica-
tions and everyday-life aspects), socio-chemistry (involves historical context, risks, 
and benefits of chemistry, larger cultural milieu), and nature of chemistry (encom-
passes descriptions, explanations, analysis, synthesis, and knowledge uncertain-
ties). In this perspective, chemistry education includes not only content knowledge 
in chemistry but also knowledge about chemistry, the nature of chemistry, and its 
role in society.

Structural components related to aesthetic characteristics were also evaluated 
based on the film analysis (Vanoye and Goliot-Lété 2013). Film analysis allows 
interpreting the video production as a cultural production from two different steps: 
deconstruction and reconstruction. Basically, deconstruction represents a descrip-
tion of the video components, whereas reconstruction presents the interpretation of 
these components within the video context and its production.

Information about the production process was obtained through a Likert-type 
questionnaire containing ten items, which also required explanatory answers. The 
questionnaire was structured following the Technology Acceptance Model, which 
aims to understand the system’s acceptability to users. This model is based on the 
perceived usefulness, perceived ease of use, and real use of the technology (Davis 
1989). Perceived usefulness is related to the users’ beliefs in using a technology 
system to improve their performance in a task. People tend to use or ignore an 
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 application to the extent that they believe it can enhance their job/academic quality. 
Furthermore, even if the potential is recognized by the users, their beliefs about the 
degree of difficulty can contrast with the usefulness. Accordingly, the perceived 
ease of use is also a determinant factor in user behavior to accept or not accept a 
technology. Therefore, the decision of acceptance is concerned with the possibility 
for the real use of the technology.

Following these statements, the questionnaire items were constructed in order to 
attend to these definitions and to include questions about perceived usefulness (five 
questions), perceived ease of use (two questions), and real use (three questions). 
Explanatory questions were asked to evaluate which aspects of the video production 
plan were important (from the students’ point of view), either in a positive or nega-
tive sense. Likert-type questions were counted and the percentage for each one was 
calculated. Explanatory answers were gathered by similarity generating excerpts 
that could be associated with engagement’s characteristics. This analysis followed 
qualitative content analysis principles (Bardin 2011).

 Results

 Video Analysis

The audiovisual production showed a flexible structure in terms of filmic composi-
tion. For instance, the videos were filmed in different setups (i.e., six were produced 
at the university’s laboratory, three of them at a home set laboratory, and two were 
recorded in both places). Movie length varied from 3 min 50 s to 6 min 32 s, and a 
soundtrack was employed in nine of the 11 videos. Video editing was carried out 
both linearly and nonlinearly. The videos included narration (except for one video), 
with two cases having been done in a voice-over. Credits and legends were inserted 
in ten videos and a making-of in two of them. The making-of exhibited not only a 
playful environment characterized by happiness and relaxation but seriousness and 
interest as well. These examples demonstrate both freedom and commitment during 
video creation.

It is worth noting that two videos produced in the laboratory also employed dra-
matization resources simulating a chemistry class in which a teacher discussed the 
experiment with the students. In these videos, jokes, laughs, and a relaxed situation 
(all elements of emotional engagement) were also identified. One video presented a 
film scene followed by a problem situation introduced to discuss some chemical 
aspects. In addition to these results, aesthetic elements (e.g., music, dramatization, 
picture/image, movie scenes, animation, and paintings, among others) were sponta-
neously inserted in all video productions. These resources enriched the videos and 
are related to diverse cultural dimensions. Considering that these elements were 
included by the students themselves, the variety of cultural aspects demonstrated 
creativity in that students created situations to present their experiments. These 
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characteristics refer to positive reactions in academic tasks, revealing attitudes like 
effort and collaborative actions in order to produce material concatenated with stu-
dents’ desires and expectations.

With regard to chemistry aspects, students’ concerns were mostly related to pure 
chemistry and to the nature of chemistry. The main results are summarized in 
Table 1.

Social issues including historical aspects, risks, and benefits of chemistry and 
cultural milieu were observed in two situations. For instance, in video 5, the context 
of the Second World War was presented to discuss chemical ethics, especially the 
employment of chemical weapons. In the same video, risks versus benefits were 
highlighted. The dark history of chemical weapons was contrasted with the advances 
in medicine. In turn, video 1 dealt with the pharmaceutical treatment of stomach 
acidity by using sodium bicarbonate or calcium hydroxide (milk of magnesia).

Materials found in our everyday life were presented in three of the videos. 
Examples included electricity generation by means of cells and batteries, food pres-
ervation (mainly the role of temperature control in chemical reactions), cooking 
process, refrigerator use, and the utilization of sodium chloride use to conserve meat 
in the past. Potassium permanganate application as a chicken pox medicine was also 
described.

The students mostly failed to explain phenomenological changes in terms of 
atomic-molecular theory. Most of them described experimental evidences without 
establishing a correlation with chemical phenomena as the following illustrates:

This (phenomenological evidence) occurred due to a neutralization reaction between the 
acid (carbonic gas) and the alkaline (calcium hydroxide) substances.

First, a little naphthalene ball stayed between honey and water. Then, we put a piece of 
paraffin that was between oil and alcohol. Afterward, we added a coin that was on the bot-
tom because it is more dense than all liquids.

Table 1 Conceptual aspects assessed in the videos

Items analyzed
Video
1 2 3 4 5 6 7 8 9 10 11

Presentation of chemistry applications X X X
Presentation of social and cultural issues P X X
Correct description of the chemical process X X X X X X P X X X P
Correct explanation of the chemical process X P
Adequate use of chemistry nomenclature X X X X X P X X
Correct presentation of experimental 
procedures

X X X X X X X X

Correct presentation of chemistry equations X P
Correct use of chemistry formulas X X P X
Safety recommendations P
Presentation of proper waste disposal

“X” indicates the presence of the item analyzed. “Blank” indicates absence. “P” indicates partial 
presence
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Although the videos offered descriptions, which are an important step in under-
standing chemistry, explanations were only given in one video (Table 1).

 Students’ Points of View

The analysis of students’ viewpoints demonstrated a positive acceptance on the 
video production (Table 2). The answers about the usefulness of videos for learning 
and for stimulating creativity (items 1 and 7) revealed that all the students agreed 
“partially” or “totally” with the contributions afforded by video production. The 
positive statements were based on three aspects: the intensive work involved while 
producing the videos, the cooperative learning atmosphere, and the pleasure:

This activity was important to foster a closer relationship. We had a lot of fun on our mis-
takes during the recording and (…) the video production was a new experience. We were 
free to choose what to do and this enabled us to use our creativity.

Table 2 Students’ answers to the questionnaire (N = 31) on the video production activity

Statements
I totally 
agree

I partially 
agree

I’m 
un-decided

I partially 
disagree

I totally 
disagree

[1] Producing the video has 
helped me to understand 
chemistry concepts

10 
(32.3%)

21 
(67.7%)

0 0 0

[2] Producing the video has 
helped me to develop my 
technical skills

10 
(32.2%)

19 
(61.3%)

0 2 (6.5%) 0

[3] Producing the video has 
helped me to understand 
chemistry concepts applied 
to daily life

6 (19.3%) 21 
(67.7%)

4 (13.0%) 0 0

[4] Producing the video was 
very difficult

0 23 
(74.2%)

0 8 (25.8%) 0

[5] Producing the video was 
a pleasurable activity

21 
(67.7%)

8 (25.8%) 2 (6.5%) 0 0

[6] My ability to explain a 
chemistry phenomenon has 
improved

6 (19.3%) 21 
(67.7%)

0 2 (6.5%) 2 (6.5%)

[7] Producing the video 
stimulated my creativity

16 
(51.6%)

15 
(48.4%)

0 0 0

[8] I would like to participate 
in another activity like this 
one

15 
(48.4%)

15 
(48.4%)

1 (3.2%) 0 0

[9] I think video production 
may be an important 
teaching tool

16 
(51.6%)

15 
(48.4%)

0 0 0

[10] I would like using video 
production in my future 
pedagogical practice

12 
(38.7%)

16 
(51.6%)

3 (16.7%) 0 0
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We had to search for a lot of information about the experiment in order to explain what 
happened. This was a little hard in the beginning but doing it collaboratively helped us in 
our video.

Freedom and creativity appeared in 11 students’ comments. These findings are in 
concordance to the video analysis that also showed playfulness, commitment, and 
collaboration actions during video production.

With respect to items 2 (improvement of technical skills), 3 (chemistry applica-
tion concepts in everyday life), and 6 (explanations of concepts), which focus on 
usefulness as well, most of the students presented favorable answers, although some 
restrictions were mentioned regarding the need for someone to help them in techni-
cal abilities and chemical explanations:

Difficulties to edit because my ICT knowledge was restricted. Recording was also hard 
because we had to combine the camera position, experimental control, time, and light. 
Sometimes the recording did not meet our expectations. So, we had to repeat it. Even so, we 
tried to do the best we could. On account of this, we had an enjoyable experience.

The ability to explain a chemical phenomenon requires high cognitive skills. Although 
I have had other experiences, I was not able to explain some simple phenomena. We can just 
explain this one because we worked hard, together, and we sought out other sources. 
Perhaps if I was alone I wouldn’t be able to explain the experiment at all.

Concerning the potential for the real use (8, 9, and 10), all the students were in 
agreement about the usefulness of video production as a teaching tool. Almost all 
students (96.8%) partially or totally agreed to participate in activities like this one 
again, and 83.3% of them would use video production as a teaching strategy. The 
students’ justifications were often associated with playful, stimulating atmosphere, 
and social interaction:

Video production was a playful activity that motivated me, giving me autonomy, stimulat-
ing me to know chemistry concepts, helping me to develop communicative synthesis skills, 
and promoting chemistry learning.

It was quite interesting to participate, mainly because it was developed in a group in 
which we can interact more deeply with each other and to learn chemistry in a different and 
entertaining way. So, we could develop other skills, both social and technical.

Regarding the ease of video production (statements 4 and 5), most students 
(73%) had difficulties related to editing and recording techniques. In this sense, they 
suggested courses and specific attendance to solve these issues. Nevertheless, 93.5% 
of the participants stated that they had fun producing the videos.

 Discussion and Conclusions

 Video Analysis: Engagement and Learning Possibilities

The flexible filmic structure can be pointed out as an important magnitude of the 
audiovisual productions, given that such manifestations are concerned with the 
comprehension by students about the role of videos as a cultural expression. The 
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flexible filmic structure, as can be seen by the different aesthetic elements included 
in the videos, and the presence of making-of and “bloopers” are related to auton-
omy, self-directed, and collaborative actions, which are characteristics of behavioral 
engagement (Fredricks et al. 2004). The climate of video production has also dem-
onstrated interest and happiness, exhibited mainly in the making of the video and 
from the audio present in some videos.

The interest of students in searching and including cultural elements (e.g., music, 
photos, slow motion, and painting images) in their videos is related to willingness 
to do the task. The involvement in schoolwork such as pursuing one activity out of 
interest or for the pleasure of doing so has been positively associated with behav-
ioral (e.g., participation and work involvement) and emotional (Fredricks et  al. 
2004) engagements. It can be understood as a psychological investment in learning, 
unveiling a desire to go beyond the requirements and a preference for challenge. 
These features are also included in the set of definitions of cognitive engagement 
(Connell et al. 1995; Newmann et al. 1992).

Considering the science as culture, videos would be a vehicle to converge differ-
ent scientific dimensions. In different historic times, people have tried to use the 
knowledge about nature to make artistic representations of the reality or use art to 
represent scientific knowledge. Art deals with aesthetics, ideas of beauty, feelings, 
imagination, values, and so forth. Each one of those aspects may be relevant to 
learning science by performing an abstract idea in a somewhat concrete and even in 
a pleasing manner. Furthermore, it is possible to bridge the gap between science 
teaching and art with the aim to provide different dimensions of human knowledge. 
Meaning and appearance can be combined within an affective appeal, provoking a 
special feeling of pleasure of understanding (Galili 2013).

Video is not only a product, but it is a part of the process that drives a cultural and 
didactic production, a result from an action in which a dialogical relationship 
between product and process is established. The development of critical thinking 
relies on respecting and encouraging the curious, free, and creative action. This 
relationship between creativity, freedom, and playfulness can be noted in video pro-
duction which reveals the three typologies of engagement (i.e., behavior, emotional, 
and cognitive). However, it is important to underline the importance of mental 
efforts to create connections among ideas and to achieve a greater understanding of 
the concepts.

In agreement with the comprehension of the learning as a transformative sign- 
making process, students should be capable of transforming the concrete world into 
a different notation. Cultural and aesthetic elements within the videos worked 
together to form a coherent text through a range of linguistic aspects that is the 
product from sign-making transformation.

Some videos tried to connect to everyday life, technology, society, chemical 
research, and history of chemistry, featuring aspects of applied chemistry and debat-
ing on the risks and benefits of chemistry. Concerning the perspective of the present 
work, these aspects can be considered important in the learning process, as videos 
contextualize chemistry by providing a broader perspective. By doing so, students 
demonstrated transformative sign-making by which learning can be achieved by the 
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expression of a narrative that includes different dimensions of the tetrahedron, each 
one contributing to the whole communicative event. However, only three videos 
included this kind of discussion. A broader and problematized socio-perspective 
was missing.

In addition, the absence of discussions about safety, proper waste disposal, and 
its reduction is another aspect in which students need support. Although simple and 
low-risk materials were used in the experiments, the discussion about this issue can-
not be secondary. Vilches and Gil-Pérez (2013: 1869) state that “chemical education 
is an ethically laden activity that can and must incorporate sustainability as an 
essential dimension.”

Although the videos offered descriptions about the experiments, explanations in 
terms of atomic-molecular aspects, and chemical representations including reaction 
equations, were scarce. Chemistry knowledge can be considered multidimensional, 
and the tangible world (even applied and socio-chemistry) cannot be the only way 
to capture it. Thus, chemistry learning involves establishing links between macro-
scopic phenomena and theoretical models, mediated by a specific language 
(Mortimer and Scott 2003). However, other aims of chemistry, such as analyzing 
and synthesizing, were present in a significantly lower number of videos.

The acknowledgment of the meanings attributed to the chemical atomic- 
molecular level is of central importance from a pedagogical perspective. Therefore, 
focusing solely on descriptions is not enough to develop an understanding on what 
happens during an experiment. The phenomenon needs to be reinterpreted from a 
suitable theoretical model, mostly beyond the tangible and visible. Previous studies 
(Gabel 1999; Talanquer 2011) reported problems faced by students in building 
bridges between the phenomena and the intellectual tools used in chemistry to 
describe or explain them.

Chemistry knowledge should be shaped by rhetorical transformation of everyday 
entities into scientific entities. The teacher’s actions need to provide the rhetorical 
construction of the entities and request the students to see the world in a particular 
way, through the representations, equations, and formulas. Teacher’s action has a 
central role to shape a dialogical process in which students should participate 
actively. Taking advantage of the videos as a dialogical product and expressive of 
the students’ interests, the teacher can use them to open the way of seeing the chem-
istry world.

Just as the audiovisual material, learning is a sort of a flame in which ideas are in 
constant movement and transformation. This can be seen as potential that has been 
afforded by video production in a learning process, especially when the video is 
seen like a cultural production. From this perspective, it is necessary to keep in mind 
that video production is a complex process through which students discuss, argue, 
select, (re)descript, construct, and integrate different effects (e.g., sound, image, 
speech, and feelings, among others) that allows to combine various communicative 
modes.

Precisely on account of this convergence of features, some difficulties are pre-
sented to the measurement and to the development of chemistry learning exclu-
sively from the videos. On the one hand, cultural and aesthetic elements gave 
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evidence of different learning and types of engagement. On the other hand, a 
requirement for specific chemistry aspects that need to be included in a video by 
students can hinder freedom, creativity, and, furthermore, engagement. Hence, the 
discussion of the chemistry aspects, particularly at the atomic level, can be a way to 
contrast what students have explored (i.e., positive aspects) and what they need to 
explore and identify gaps in learning. This is the teacher’s role in terms of chemistry 
teaching.

 Students’ Points of View: Engagement Characteristics

The answers about the usefulness of videos showed that all students “agreed” or 
“partially agreed” about the contribution of videos for learning and for stimulating 
creativity. According to students’ comments, the approach promoted collaborative 
engagement during the activities (i.e., experiments and recording), as well as indi-
vidual organization, in a way which fosters autonomy, playfulness, and as a conse-
quential behavioral, emotional, and cognitive engagement. Especially in the case of 
comments related to the usefulness and real use, the students attributed importance 
to the role of peers (e.g., “this activity was important to foster a closer relationship”; 
“we can interact more deeply”).

Some studies have shown that engagement (or disengagement) is linked with 
peers and interpersonal relationships in classrooms (Marks 2000; Turner et  al. 
2014). Engagement is enhanced when class members actively discuss ideas, debate 
points of view, and critique each other’s work. Other studies have showed that con-
texts in which autonomy is stimulated can favor engagement (Connell et al. 1995). 
In this study, the video production has created happiness and a relaxed environment, 
both being elements of emotional engagement. These results were corroborated by 
videos that have also demonstrated the same characteristics in making-of and audio. 
A possible reason may be associated with the nature of the task, since that video 
production created opportunities for students to work collaboratively and to freely 
introduce their ideas. These outcomes are in concordance with previous studies for 
which engagement can be enhanced in classrooms when the tasks (a) are authentic; 
(b) provide opportunities for students to assume ownership of their conception, 
execution, and evaluation; (c) provide opportunities for collaboration; (d) permit 
diverse forms of talents; and (e) provide opportunities for fun (Fredricks et al. 2004).

In addition to these results, persistence and dedication were identified as behav-
ioral engagement categories in students’ comments (e.g., “We had to search for a lot 
of information about experiments;” “We had to repeat it”). Emotional engagement 
has also been identified in students’ comments when they referred to happiness 
while recording and, mainly, to identification with the school activity. The accep-
tance of video production seemed to be influenced by those characteristics of 
engagement. However, as in all experimental work, learning success is not ensured 
by simply performing the task, which was revealed by video analysis. In this regard, 
some aspects of content knowledge in chemistry (especially explanations, analysis, 
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synthesis, and knowledge uncertainties) but also human elements from tetrahedron 
by Sjöström (2013) need more attention in video discussion. Thus, postproduction 
activities offer a way to overcome some of these learning difficulties that have been 
identified during video analysis.

Negative aspects were not identified in explanatory answers. Some students 
reported technical difficulties while recording and editing, as well as in chemistry 
comprehension, pointing out the role of collaborative work. Likewise, the results for 
the perceived ease of use and real use of the technology reinforced those aspects 
earlier presented. Again, the collaborative work and challenges faced during pro-
duction operated in a positive way for the emotional (e.g., “it was funny”), behav-
ioral (e.g., “we tried to do the best we could;” “we have repeated it”), and cognitive 
engagement (e.g., “we worked hard”; “we sought out other sources to explain the 
experiment”). As ascertained in other studies (Confrey 1996; Pereira et al. 2012), 
the participants stated that they had fun while producing the videos, which under-
scores the importance of freedom and social interaction.

Intellectual engagement and creativity have been pointed out as positive charac-
teristics in video production (Goldman 2004). Other trends observed in raising 
engagement are flexibility and fair tasks (Finn and Voelkl 1993). Feelings of auton-
omy and competence seem to be strongly connected to engagement (Ryan and Deci 
2000). This suggests an important support from social relationships, creativity, and 
entertaining in fostering the engagement. Social relationships and entertaining can 
be also related to the feeling of belonging. As described by Polman and Hope 
(2014), creations based on personally meaningful topics open opportunities for 
developing identities while fostering participation in critical thinking about science. 
As earlier mentioned, the students had freedom to choose and set up their experi-
ments and videos. Thus, these aspects may have provided a deep identification with 
the task.

 Some Final Considerations

Although student engagement cannot be seen as a guarantee for learning, it can 
result in a commitment or investment and, consequently, may be a key factor to 
decrease student apathy and enhance learning. In this manner, a positive correlation 
between video production and engagement was observed. The video analysis results 
were in concordance with the Technology Acceptance Model, and both demon-
strated the presence of the three typologies of engagement. A few technical and 
conceptual difficulties were reported. At the same time, those difficulties worked 
like an additional incentive for the intellectual engagement. The recording and pre-
recording activities demonstrated an important role in student engagement during 
video production. These aspects require further investigations, mainly because they 
may play an important role during ongoing engagement and consequently in pro-
viding bridges between the phenomena and the intellectual tools used in 
chemistry.
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Hence, the creation of a learning environment particularly involving the discus-
sion of misconceptions related to chemistry in the videos would be desirable. This 
discussion is possible during each step in video production and is essential after its 
conclusion. Having this in mind, it is possible to connect initial engagement in pro-
moting reflections that can continue over a long time. It will probably improve the 
learning process by addressing new perspectives for science classrooms.

Overall, the students’ engagement has been an important first step. The video can 
be seen like a cultural production by which students can express different actions 
and a tangle of effects, resulting in a complex sign-making process. On the other 
hand, the nature of chemistry knowledge requires ongoing engagement with the aim 
to achieve links between macroscopic phenomena and theoretical models, as well as 
applied and socio-chemistry. In this way, students’ understanding of chemistry may 
be improved through a cooperative learning environment after video presentations 
followed by discursive interactions.
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 Descriptions of Learning in Science Education

Learning is a complex process (Redish 1999) that is challenging to study as 
researchers do not have direct accesses to the ideas and thought processes in a 
learner’s mind (Nisbett and Wilson 1977). Descriptions of learning may therefore 
be thought of as models, that is, as partial descriptions of students’ cognitive activi-
ties. No model of learning will be entirely free of assumptions, and researchers 
should be open about the particular conventions that underpin a model (Taber 2013). 
The incomplete nature of models of learning might suggest that the existence of a 
range of different descriptions of learning may be seen as a useful strategy for 
describing a multifaceted phenomenon (Geelan 1997). Different models of learning 
prioritise different aspects of the process, which might be considered across three 
dimensions:

 (a) Number of learners involved – models of learning may vary in the extent to 
which they focus on individuals or communities of learners. Models that 
emphasise the personal nature of the learning process (e.g. Rennie and Johnston 
2004) may be contrasted with constructions in which social interactions are 
highlighted (e.g. Jegede and Aikenhead 2006).

 (b) Nature of processes and entities of interest – given that there is no direct access 
to cognition (Taber 2013), some models of learning are constructed to focus on 
students’ observable behaviours (Mowrer and Klein 2001: 2) whilst others 
invoke hypothetical psychological entities, such as the concept, to develop 
explanations (Hewson 1981).
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 (c) Single entities or the interaction of elements – models of learning may focus on 
changes to individual knowledge elements, for example, as in early models of 
conceptual change (diSessa 2002). More recent models of conceptual change 
link learning to changes in relationships and contexts of activation of multiple 
conceptual resources (diSessa and Sherin 1998; diSessa and Wagner 2005).

The construction of these dimensions of difference between models of learning 
is not intended to critique a particular description of learning but rather to provide a 
framework for understanding the different emphases of models. In this chapter the 
focus will be on a loose cluster of types of learning that are seen as desirable out-
comes of education. Consider the constructs described below:

• In essence, the deep approach is…an attempt to relate parts to each other, new 
ideas to previous knowledge and concepts to everyday experiences. There is an 
internal emphasis where the learner personalises the task, making it meaningful 
to his or her own experience and to the real world (Chin and Brown 2000: 110).

• Meaningful reception learning is inherently an active process because it 
requires…some degree of reconciliation with existing ideas in cognitive struc-
ture…reformulation of learning material in terms of the idiosyncratic intellectual 
background and vocabulary of the particular learner (Ausubel 2000: 5).

• Understanding is generally accepted to be an active process in which meaning is 
constructed. New information is interpreted in the light of currently activated 
knowledge (Burns et al. 1991: 277).

This cluster of terms (deep learning, meaningful learning and understanding) 
shares a focus on the interaction of constructed psychological entities of the indi-
vidual learner. It is assumed that the learner engages in an active process of structur-
ing existing knowledge elements in the context of novel information. Few 
descriptions of this process exist, and so this chapter presents a fine-grained case 
study of two students’ learning.

 Learning as the Personal Act of Structuring Multiple 
Conceptual Elements

One approach to describe learning is to assume that learners’ cognition can be mod-
elled as consisting of multiple conceptual elements of varying types (diSessa 2002; 
Hammer 2000; Posner et al. 1982). Hammer (2000: 53) has labelled these elements 
conceptual resources and described them as: ‘“agents” acting in parallel, sometimes 
coherently and sometimes not’. Conceptual resources may be related in structures 
modelled as schemata (Bartlett 1932), mental models (Johnson-Laird 1983) and 
coordination classes (diSessa 2002) to name just a few. In this research, the pre-
ferred term will be conceptual structure, which may be thought of as a network of 
conceptual resources (Taber 2013). It is assumed that novice learners’ conceptual 
structures related to science topics met in the school curriculum initially consist of 
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knowledge that is poorly differentiated and sparsely interconnected whereas experts 
possess well-differentiated and richly connected conceptual structure (Ausubel 
2000; Reif 2008). Though the development of appropriately interconnected concep-
tual structure is an educational goal, at the present time, few detailed descriptions of 
the process of development of conceptual structures in science education exist.

In addition to describing the patterns of conceptual structures, conceptual 
resource models of learning may focus on understanding why students believe that 
a particular organisation of elements fits together in a given context. Coherence can 
be thought of as the ‘…extent to which category features go together in light of 
prior theoretical, causal, and teleological knowledge’ (Patalano et al. 2006: 408). 
Coherence is a challenging term to define, in part due to its subjective nature (Hoey 
1991); students may possess criteria for coherence which differ from those of sci-
entists (Driver et  al. 1985). This difference is significant as cognition may be 
‘rigged’ towards the detection of coherences (Churchland 2004: 50), and coherence 
is argued to be a driver of changes in conceptual structure (Koponen and Huttunen 
2013; Thagard 1989). If learning is modelled as the organisation of elements into 
structures, then an important facet of such descriptions will be a description of the 
factors that underlie students’ perception of coherences between conceptual 
resources.

The conceptual resources a student possesses may be thought of as contextually 
sensitive, that is, they are activated with varying likelihoods in different situations 
(diSessa 2002; Hammer et al. 2005; Mortimer 1995). Learners at earlier stages of 
their education may possess a similar set of conceptual resources to experts but dif-
fer in their ability to activate combinations of concepts in relevant contexts (Sabella 
and Redish 2007). This ability to apply learning acquired in one context to another 
is referred to as transfer (Haskell 2000). It has been suggested that a characteristic 
of expertise is the ability to apply learning across an appropriate range of contexts 
(diSessa and Wagner 2005; diSessa 2002; Parnafes 2012). Therefore, assessments 
of the progress of students towards expertise should focus not only on the develop-
ment of conceptual structure in a particular context but also seek to examine the 
application of knowledge across a range of appropriate situations.

Descriptions of learning, such as deep learning, understanding and meaningful 
learning (see above), model the process as the development of coherent conceptual 
structure, which can be transferred across appropriate contexts. However, each of 
the terms invokes additional assumptions: deep learning is linked with a motiva-
tional stance (Chin and Brown 2000), understanding has been used in a variety of 
ways including as a state rather than a process (Zagzebski 2001), and Ausubel’s 
(2000) model of meaningful learning assumes an interaction between a relatively 
static conceptual structure and novel information. Therefore, the construct of mak-
ing sense is proposed as a general term to describe the kind of learning discussed 
above. Making sense is chosen as it is a term used informally to describe learning 
in science education (e.g. Berland and Reiser 2009; Driver et al. 1994; Wilensky 
and Resnick 1999) but is not explicitly defined. The related term sense-making is 
used in organisational psychology to refer to the process of fitting ideas into frame-
works and constructing meaning (Weick 1993, 1995). Making sense will  
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be defined as the formation or modification of a conceptual structure in which 
concepts are related in a coherent system that may be applied to a range of con-
texts. The empirical study described below set out to investigate how students’ 
conceptual structures related to physics developed. To that end, the research ques-
tion in this study was:

How do two 16–17-year-old students form or modify conceptual structure in a 
range of contexts related to forces and dynamics over a 5-week period?

 Method

Whilst, in general, conceptual change has been described as a gradual process 
(Nussbaum 1989; Smith et  al. 1993; Vosniadou 2008), some authors report the 
occurrence of short timescale changes to understand, sometimes labelled as 
moments of insight (Brock 2015; Chi 1997; Clement 2008). Therefore, a method is 
required that can capture both short and long timescale changes to conceptual struc-
ture. The microgenetic method is an approach to data collection in which probes are 
applied at a rate which is considered to be high compared to the rate at which the 
phenomenon of interest changes (Siegler and Crowley 1991). In this case, the par-
ticipants were interviewed weekly for around 25 min allowing the observation of 
short timescale changes. In order to observe longer timescale change, 22 sessions 
were arranged over a period of approximately 6 months. The study reported in this 
chapter focuses on the first five of the sessions. The participants in the study were 
five 16–17-year-old students at a secondary school in England. The students were 
selected via a purposeful sampling strategy to identify extreme cases of learning 
(Yin 2009): teachers were asked to identify two students who made sense of physics 
concepts rapidly and with apparent ease, two who struggled to make sense and one 
student in the middle of those two positions. The chapter is envisaged as a multiple 
case study (Yin 2009) consisting of two separate cases. Though case studies cannot 
generate context-independent information, Flyvbjerg (2006) has argued they pro-
vide detailed accounts of complex processes, such as learning, that are lost in larger- 
scale studies. This chapter will focus on two cases: Edward, selected as the 
intermediate case by his teachers, and Ben, described as an able student. As the 
study is conceptualised as a multiple case study, no claims to statistical generalis-
ability are intended; it is left to the reader to judge the applicability of the findings 
to other contexts (Taber 2000). In order to make the case for the trustworthiness of 
case study research, Bassey (1999) argues that researchers present evidence of pro-
longed engagement and persistent observation. Within qualitative research, ‘thick, 
rich description’ of data and prolonged engagement with the students can be seen as 
supporting the trustworthiness of the case being made (Creswell and Miller 2000: 
126). In a constructivist model of learning, the development of understanding is 
seen as an idiosyncratic process, and a balance needs to be struck between 
approaches which describe the detail of individual cases and those which present 
evidence of more generalisable patterns.
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The students, their parents and the head teacher of the school gave their informed 
consent to participation in the project, and the students are referred to by pseud-
onyms. A practical scenario, such as a pendulum, or the oscillations of a ball in a 
concave bowl, which the student would be asked to discuss in a semi-structured 
interview, understood in this research as involving the co-construction of meaning 
with the interviewer, were included in each session. The five sessions that are con-
sidered here (shown in Table 1) concerned the topic of forces and dynamics. Later 
sessions focused on discussions related to electrical circuits.

 Emerging Themes of Analysis

The analysis will describe the manner in which Edward and Ben coordinated their 
conceptual resources in a number of different contexts. Edward displayed evidence 
of possessing a range of conceptual resources, including both ones that matched and 
differed from accepted scientific understandings. Making sense is challenging as it 
is not sufficient to have scientific conceptual resources available; they must be acti-
vated in appropriate contexts and linked in suitable combinations. In his first ses-
sion, Edward showed awareness, in the context of the motion of a car, that an object 
travels at constant velocity when no resultant force acts. When he came to observe 
the motion of a simple pendulum in the next interview, Edward perceived the motion 
as involving an initial acceleration from its stationary state, followed by a period of 
uniform motion:

I: And are there any points when it is not accelerating?
P: Yeah, almost the rest of it.
I: Because?
P: It is travelling at a constant velocity. 
(Session 2, 49–52)

Despite developing an understanding that the tension in the string supporting the 
pendulum’s bob varied with displacement, Edward was committed to his perception 
that the pendulum moves with constant velocity, he nevertheless argued that the 
‘overall force’ on the bob remained constant:

Table 1 Summary of the sessions related to forces and dynamics

Session Session focus Date

1 Force concept inventory questions, discussion about attitude to 
learning

30/9/13

2 Simple pendulum, forces on a car at constant velocity 7/10/13
3 Mass on a spring, forces on an astronaut 14/10/13
4 Loop-the-loop and scales in a lift, beliefs about physics 21/10/13
5 Reflections on making sense, concept map, ball in a bowl 4/11/13

The sessions were recorded, transcribed and analysed using the constant comparative method 
(Glaser and Strauss 1967).
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Ah, well for displacement, it goes from being fully left but going back towards the middle 
and then going into fully right, ‘cos the tension of the rope changes direction and pulls it 
back into the other way. Velocity that same sort of thing and acceleration [pause] well the 
overall force on from each individual force is always the same, so the acceleration remains 
constant for most of it, apart from the first bit. (Session 2, 140)

In the third session, Edward was introduced to the oscillations in the vertical axis 
of a mass on a spring. In this context Edward categorised the motion of the mass as 
involving changing acceleration with displacement: ‘…if there’s more displace-
ment that means there is more force acting on it therefore higher acceleration’. By 
linking the changing acceleration to resultant force and displacement, Edward was 
able to develop a coherent explanation of the motion of the mass on the spring. In 
the final session, the discussion of a practical situation focused on the oscillations 
of a marble released from the rim of a large, concave cooking bowl. Edward’s initial 
attempt at explaining the motion activated few resources related to abstract con-
cepts such as force or acceleration and instead focused on physical features of the 
situation:

Isn’t it something to do with the gradient er [pause] and the gradient’s like zero at the bot-
tom. I think, yeah it’s completely flat, it’s zero at the bottom, it’s like a large, it’s a larger 
number at the side so it sort of moves down to the centre. (Session 5, 80)

When prompted to explain in more detail, Edward proposed an argument that: 
‘…the gravity acting down on it would be stronger as the further you pull it away 
the more force acts on it’. This may be a partial reactivation of the force-linked-to- 
displacement resource that was used in the case of the mass on the spring; however, 
Edward is unable to describe a mechanism which explains the variation. This diffi-
culty may arise from Edward’s weak understanding of reaction force: when asked 
to describe the forces acting on the ball, he replied: ‘…probably weight and some-
thing to do with lift’. Without the necessary resource, the changing direction of 
reaction force with displacement, Edward struggled to develop a coherent argu-
ment. In a model of making sense as the coordination of conceptual resources, 
Edward’s ability to form a coherent structure in each of the contexts might be sum-
marised in Table 2:

Edward’s attempts at making sense of the different contexts shown in Table 2 
demonstrate the challenge of coordinating multiple conceptual resources. Edward 

Table 2 Summary of Edward’s interpretations of three contexts

Pendulum Mass on a spring Ball in a bowl

Perceives the bob as 
moving at constant velocity
Is aware of a link between 
tension and displacement
Makes sense by arguing 
whilst overall force doesn’t 
change, tension does

Perceives motion as involving 
varying acceleration
Is aware of a link between 
magnitudes of displacement, 
force and acceleration
Makes sense in a manner that 
matches accepted scientific 
explanation

Perceives motion as involving 
speeding up and slowing down
Has a weak understanding of 
reaction force
Makes sense by arguing 
gravitational force varies with 
displacement but is unable to 
explain variation
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has many of the appropriate resources to develop coherent accounts of the situa-
tions, but an erroneous perception of motion and missing resources related to the 
reaction force lead to the development of alternative accounts. Even when they pos-
sess appropriate resources, students may still develop alternative coherences. In the 
first session, Edward was asked which of two objects with different masses, released 
above the surface of the Earth, would hit the ground first. His response is shown 
below:

Hmmm, I would say the one with the heavier mass ‘cos, because going back to Newton’s 
law, force equals mass times acceleration. If they are both going the same speed they’d both 
have a similar acceleration, but if the one has a higher mass then mass times acceleration 
would bring a higher force behind it than the other…The bigger one would travel further. 
(Session 1, 32–34)

In this excerpt, conceptual resources that match scientific understandings 
(Newton’s second law and the observation that the masses will accelerate at the 
same rate) are used to justify an intuition: the larger mass will travel further. In order 
to develop a coherent argument with these apparently contradictory elements, 
Edward forms a link between force and distance travelled. Edward’s perception of 
a link between force and velocity (Viennot 1979) may arise from a conflation of 
velocity and acceleration that appears a number of times in Edward’s arguments. 
Elsewhere in the first interview, in discussing a collision between a lorry and a sta-
tionary car, he argued: ‘the lorry doesn’t just carry a greater mass but there is also 
more speed, therefore more acceleration acting behind it, so the force would be 
greater’ (Session 1, 40). In the case of Edward’s description of the falling objects, 
despite the availability of appropriate resources to develop a coherence that matches 
the scientific model, the presence of intuitions regarding the nature of motion leads 
to the construction of an alternative understanding.

An examination of another case, that of Ben’s learning (see Table 3), demon-
strates the personal nature of the development of conceptual structures.

Ben’s attempts to make sense of the contexts differ from Edward’s. He appears 
to have a more stable link between the concepts of resultant force and acceleration 
than Edward; however, he struggles to develop explanations in which several forces 
act together. The nuanced differences in the manner in which the students’ concep-
tual resources are deployed in different contexts highlight the importance of fine- 
grained descriptions of making sense.

Table 3 Summary of Ben’s interpretations of three contexts

Pendulum Mass on a spring Ball in a bowl

Argues gravitational force 
causes acceleration
States doesn’t understand 
how the pendulum can 
move upwards

Links motion to changes in 
tension
Argues tensions decreases as 
displacement increases
Suggests acceleration is zero 
at maximum displacement

Argues magnitude of gravitational 
force varies due to changing 
gradient of bowl
Argues at top of slope force is 
balanced by velocity so ball will 
be stationary
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 Making Sense in Science Education

It has been argued that research on conceptual change has developed from a focus 
on cataloguing domain-specific alternative conceptions to modelling conceptual 
change as the interaction of multiple conceptual resources (Amin et al. 2014). This 
kind of multi-element model can begin to account for Edward’s various attempts at 
making sense in different contexts. Even in cases where he is lacking a conceptual 
resource (e.g. an understanding of reaction force) or has an erroneous perception of 
a situation (the pendulum moves at constant velocity), he still develops an argument 
that appears to have some degree of personal coherence. Coherence can be imag-
ined to be a driving force of conceptual change (Thagard 1989), and both scientific 
and alternative interpretations of coherence may drive change as judgements of fit 
are subjective (Hoey 1991). The human mind has a tendency to construct patterns in 
stimuli, even when the information is random (Shermer 2012). Learning about sci-
entific concepts is challenging because multiple, personally coherent arrangements 
of conceptual resources are possible. Constructions such as the luminiferous aether 
or phlogiston suggest that coherent collections of assertions can be powerfully com-
pelling even in the face of contradictory evidence (Thagard 1992).

A useful focus for science education research would be to develop an understand-
ing of the factors that lead students to believe a set of conceptual resources fits 
together. Though students’ constructions may sometimes be ‘romanced’ (Piaget 
1979) in response to the interviewer’s prompts and have little long-term stability, 
nonetheless, they are nonarbitrary choices that reflect attempts to produce coherent 
accounts of a given context with the available conceptual resources. It may be chal-
lenging to pick apart students’ ‘feelings of what’s right’ (Rohrlich 1996: 1624), as the 
perceptions may be based on intuitions, pieces of tacit knowledge that are difficult to 
express in words (Brock 2015). At this early stage of research into systemic concep-
tual change, studies that can shed light on the subtleties of the process may be useful 
precursors to research with larger sample sizes that can uncover generalisable pat-
terns. Modelling learning as the coordination of multiple conceptual resources into a 
coherent framework, making sense, may be a useful model, amongst other alterna-
tives, for examining the dynamics of students’ learning across multiple contexts.
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Student Difficulties with Graphs in Different 
Contexts

Lana Ivanjek, Maja Planinic, Martin Hopf, and Ana Susac

 Introduction

Graphs are very important in all areas of science, and they are an essential part of 
university, secondary school, and even primary school curricula around the world. 
Students are introduced to graphs through different subjects but mostly through 
mathematics and physics. As students are usually introduced to graphs quite early, 
the ability to interpret them is often assumed by university faculty to be fully devel-
oped by the time students enroll at university. Previous physics and mathematics 
education studies (McDermott et al. 1987; Beichner 1990; Beichner 1994; Forster 
2004; Araujo et al. 2008; Nguyen and Rebello 2011; Christensen and Thompson 
2012; Dreyfus and Eisenberg 1990; Leinhardt et al. 1990; Graham and Sharp 1999; 
Kerslake 1981; Hadjidemetriou and Williams 2002) showed that this assumption 
does not hold and that students still have many difficulties with graph interpretation 
at university level, as well as at earlier levels.

This paper summarizes the results of two large-scale studies, conducted by 
Planinic et al. (2013) and Ivanjek et al. (2016), on university students’ understand-
ing of graphs in different contexts and presents the main student strategies and dif-
ficulties concerning graph interpretation. In addition, it introduces the comparison 
of the results of students at the University of Zagreb and the students at the University 
of Vienna. Student ability to interpret graph slopes and areas under the graph 
changes across three different domains, mathematics, without context (M domain), 
physics or kinematics (P domain), and mathematics in contexts other than physics 
(C domain) are discussed, and the students’ main strategies as well as reasoning 
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difficulties expressed through student explanations are identified. In addition, diffi-
culties of different domains for students at the University of Zagreb and University 
of Vienna are compared and discussed.

In previous research McDermott et al. (1987) found that students have difficul-
ties with discriminating between the slope and height of a graph, relating one type 
of graph to another, interpreting the area under a graph, distinguishing the shape of 
a graph from the shape of the trajectory of the body, and understanding the meaning 
of the sign of velocity and acceleration. Leinhardt et al. (1990) classified student 
difficulties with graphs as interval-point confusion (focusing on a single point 
instead of on an interval), slope-height confusion (focusing on the height of the 
graph instead of the slope), and iconic confusion (interpreting graphs as literal pic-
tures of motion). Although these difficulties were found both in physics and in 
mathematics education research, the prevalence of these difficulties in both domains 
was rarely compared. The latest study from Wemyss and van Kampen (2013) inves-
tigated the difficulties encountered by first year university students when determin-
ing the value of speed from distance time graphs, the rate of change of water level 
from water level vs. time graph, or the slope in context-free graph. They found that 
when answering conceptually equivalent questions in different contexts, students 
deployed different problem-solving strategies and that the students performed 
poorer on physics problems, which was attributed to students’ reliance on learned 
procedures in physics (e.g., use of formulas). Michelsen (2005) suggested that it is 
not just the mathematical formalism that presents the barrier in learning physics, but 
there is also the missing link between mathematics and physics. He suggested that 
the mathematical domain should be expanded by using examples from physics and 
from everyday life contexts in mathematics teaching, in order to solve the problem 
of domain specificity. In such an expanded domain, modeling of real-life situations 
could be a way of bridging the gap between mathematics and physics.

The previous studies from Planinic et al. (2012, 2013) also showed that the inter-
pretation of graphs in physics questions was more difficult for students than the 
same task in parallel mathematics questions. The current study attempts to investi-
gate this issue further through adding other context questions (questions situated in 
contexts other than physics, which did not require any special content knowledge) 
in order to investigate if the higher difficulty of physics questions primarily origi-
nated from students’ lack of physics knowledge or from the introduction of context 
in the problem.

 Theoretical Background

There is still some debate going on among researchers in physics education about 
the nature and origin of student difficulties in physics and the structure of students’ 
naive knowledge. The two opposing views are sometimes described (Özdemir and 
Clark 2007) as knowledge as theory (Chi 2005; Vosniadou 1994) and knowledge as 
elements (diSessa 1993; Linn et al. 2004; Hammer et al. 2005). The first one sees 
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naive knowledge as highly organized and interconnected, containing firm beliefs or 
ideas inconsistent with the accepted physics knowledge, known as misconceptions 
or alternative conceptions, and the other one sees naive knowledge as a set of rela-
tively loosely connected knowledge elements, whose activation is very context 
dependent.

In the knowledge-as-elements perspective, the displayed difficulties reflect stu-
dents’ inappropriate or simplified reasoning patterns that originate from using basic 
reasoning elements called phenomenological primitives (p prims), which are in 
themselves neither correct nor incorrect (diSessa 1993). Which knowledge or rea-
soning elements will be activated in a certain situation depends largely on the con-
text of the problem and on students’ framing of the problem (Hammer et al. 2005). 
Framing means that students consciously or unconsciously make choices as to what 
knowledge to activate and use, based on their perception of the situation and on the 
social and cultural expectations. Student responses are dynamically created in 
response to their perception of the task. The question of transfer of knowledge, 
which is usually defined as the ability to extend what has been learned in one con-
text to new contexts (Bransford et al. 1999), is then replaced with the question of 
which cognitive resources will be considered appropriate by the student in a given 
problem and, therefore, activated. That will largely be determined by the context 
and domain of the problem.

 Data Collection and Analysis

In order to investigate and compare student understanding of graphs in different 
contexts, eight sets of parallel mathematics, physics, and other context questions 
about graphs were developed by the authors (Planinic et al. 2013). Five sets of ques-
tions referred to the concept of graph slope and three to the concept of area under 
the graph. Besides giving answers to the questions in the test, students were also 
required to provide explanations and procedures that accompanied their answers. 
Each set of questions referred to the same concept and required the same mathemat-
ical procedure in different contexts—one question was a direct mathematical ques-
tion, one was situated in the context of physics (kinematics), and one was in some 
context other than physics (e.g., variation of total cost of a phone call changes with 
the call duration). An example of one set of parallel slope items is given in Fig. 1, 
and the whole test can be found in the Supplemental Material of the previous paper 
of Planinic et al. (2013).

The test consisting of 24 questions was administered to 385 first year students at 
the Faculty of Science, University of Zagreb, Croatia, who were either prospective 
physics or mathematics teachers or prospective physicists or mathematicians. 
Students were tested at the beginning of the first semester, and the allocated time for 
taking the test was 60 min. In addition, the test was administered to 417 first year 
physics students at the University of Vienna, Austria, who were either prospective 
physics teachers or prospective physicists. Students at the University of Vienna 
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were also tested at the beginning of the first semester, and the allocated time for tak-
ing the test was the same. The test was scored by the authors and Rasch analysis 
(Bond and Fox 2001) was conducted with the WINSTEPS software (Linacre 2006) 
to obtain linear measures for item difficulties. WINSTEPS software preforms logis-
tic transformation on the raw scores of persons and items and in this way transforms 
the raw scores in linear measures of student ability and item difficulty. From the 
individual item difficulties, the average difficulties of each domain were calculated. 
After the analysis of the Croatian students was carried out, the difficulty of nine 
questions was anchored to the analysis of the data from the Austrian students, in 
order to be able to compare these two groups of students and to express all results 
on the same logit scale.

Each student explanation provided with the answers was also carefully analyzed 
and categorized. The categorization process followed the general guidelines for 
analyzing verbal data (Chi 1997). The data were always coded and categorized by 

Fig. 1 Questions P-S2, M-S2, and C-S2: an example of a set of parallel slope items
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both authors separately. The categories were different for different questions, 
although some of them appeared in multiple questions. Different categories reflect 
different student strategies (some correct, some incorrect). Based on the frequency 
of students’ use of different categories, several incorrect strategies have been 
identified.

 Results

 Analysis of Item Difficulties

The functioning of the test as a whole on the University of Zagreb sample was sat-
isfactory with high item reliability (0.99); somewhat lower, but satisfactory, person 
reliability (0.85); and Cronbach alpha (0.88). Overall, the data seemed to fit the 
Rasch model. The analysis of the students at the University of Vienna also gave high 
item reliability (0.99), somewhat lower person reliability (0.86), and Cronbach 
alpha (0.90).

In order to compare the difficulties of items in each investigated context, the 
average values of item difficulties over three different domains (mathematics, phys-
ics, and other contexts) and two investigated concepts (slope, area) were calculated. 
The average difficulty of all items in the test is usually set to zero in Rasch analysis, 
so negative item difficulties indicate items easier than the average, and positive item 
difficulties indicate items more difficult than the average. The results suggest that 
the concept of graph slope in mathematics (M) domain is easier for students than the 
same concept in physics (P) domain, but difficulties of the concept of slope in phys-
ics and other contexts (C) domains, as well as of the same concept in M and C 
domains, cannot be clearly distinguished from one another due to large uncertainty 
of the average difficulty in the C domain. Altogether, the concept of slope appears 
rather homogenous in difficulty (Fig. 2). Error bars indicate the level of dispersion 
of item difficulties from the average difficulty.

The differences among domains are much more pronounced when the concept of 
an area under a graph is analyzed. The concept of area under a graph in M domain 
appears to be much easier than the same concept in P and C domains but also much 
easier than the concept of slope in any of the domains. The concept of area under a 
graph appears to be of similar difficulty in P and C domains and of much higher 
difficulty than the concept of slope in any of the domains.

When looking at the comparison of students at the University of Zagreb and the 
University of Vienna, the quantitative data show small discrepancies between these 
two populations (Fig.  3). The only place where there is discernible difference 
between these two groups of the students is the concept of area under a graph in 
mathematics domain. Students at the University of Zagreb were on average better in 
calculating area under a graph. On the other hand, when analyzing students’ expla-
nations, it was noticed that when calculating slope, students at the University of 
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Vienna predominantly used rise over run (Steigungsdreieck in German) and were on 
average somewhat more successful in determining slope than students at the 
University of Zagreb who mostly relied on formulas.

 Analysis of Student Explanations

In addition to the analysis of item difficulties, student reasoning patterns and their 
frequencies were also analyzed. The summary of the findings is described here.

 Strategies Used in Parallel Questions Are Often Context Dependent 
and Domain Specific

The data presented in Fig. 4 indicate that only a small fraction of students used the 
same strategy in all three questions of the same set. It seems that many students 
perceived the parallel questions as different and used different approaches when 
solving them. In all sets of questions, except one, at most 15% of students used the 
same strategy in all three parallel questions, which suggests that most students prob-
ably saw parallel questions as different. The only exception was the slope set of 
questions S5, where more students used similar strategies in different domains. The 
reason for that could be that the graphs from set S5 were curved and stood out 
among line graphs and enabled students to recognize similarities in the questions.
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Fig. 4 Number of students in each set of questions who used same strategies in different combina-
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 The Preferred Strategy in Physics Seems to Be the Use of Formulas (Often 
Incorrect Ones)

Among Croatian students the preferred strategy for solving the physics questions 
tended to be the use of formulas. On all area problems and on some slope problems, 
the students chose to use a formula for solving physics problems although that strat-
egy was not very productive. The formulas that were used were often incorrect or 
inappropriate, resulting in wrong solutions. When asked to calculate acceleration, 
the students often applied incorrect formula a = v/t. In the question presented in 
Fig.  1, where students needed to compare the accelerations from the two linear 
graphs and where calculations were not necessary, the application of incorrect for-
mula led students to incorrect conclusions. The very extensive use of formula a = v/t 
(41% of all University of Zagreb students in the question where they were asked to 
determine the acceleration from the graph and 22% of all University of Zagreb stu-
dents in the question where they were asked to compare accelerations) led to many 
incorrect solutions. The same was true in area questions, where incorrect and misap-
plied formulas were quite common in physics questions. Some examples of incor-
rect and inappropriate formulas include: Δv = ΔaΔt (18% of Croatian students in 
question P – A2), Δv = v2 – v1 = a2t2 – a1t1 (20% of Croatian students in question 
P – A2), and v = at (6% of Croatian students in question P – A2). These findings 
suggest that students mostly do not see formulas as mathematical models in physics 
situations. Translating physics into mathematics is not an easy task for students, as 
some previous studies on modeling in physics and student understanding of physics 
equation have already shown (Erickson 2006; Sherin 2001).

 Students Use More Creative Strategies on Other Context Problems 
Than on Physics Problems

On other context problems students used different strategies than on physics ques-
tions. Many of those approaches originated from physics (e.g., dimensional analy-
sis) and could have helped them in solving physics questions, but their reliance on 
formulas seemed to prevent students from using those strategies on physics ques-
tions. For example, in area questions, twice as many students came to the idea to 
calculate area under the graph in other context questions than in parallel physics 
questions, where they mostly used incorrect formulas.

 Physics Seems to Provoke More Naive Reasoning Than Mathematics or 
Other Contexts (Interval-Point and Slope-Height Confusion)

Interval-point and slope-height confusion were present in all three domains, but 
they were much more pronounced in physics questions. In this study we have 
observed interval-point and slope-height confusion, while iconic confusions were 
very rare. The slope-height confusion was mostly pronounced in the slope question 
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S4, where the slope of the line was negative. The visual cue in that question was 
very strong (the decreasing height of the graph), and it seems that students relied on 
that when incorrectly concluding that the slope, or some slope-related quantity such 
as acceleration, was decreasing. In physics, 29% of all students concluded incor-
rectly that the acceleration is decreasing because the height of the graph is decreas-
ing, while 20% of students said that the slope was decreasing in the parallel 
mathematics question. Interval-point confusion was mostly pronounced in the ques-
tion where the students were asked to compare the accelerations, where they rea-
soned on the basis of the incorrect formula a = v/t, which suggests that they do not 
distinguish point from interval. In this particular question, many more students 
expressed interval-point confusion in the physics question when asked to compare 
accelerations from the velocity-time graphs (20% of students) than in mathematics 
and other context questions (only 1% of students).

 Slope Is a Vague Concept for Many Students: Calculating Slope Seems 
to Be the Most Difficult Aspect of the Concept

Although the students often referred to slope in their explanations in physics and in 
other contexts, one should not automatically assume that students therefore fully 
understood the meaning of the concept. The students often gave unclear or no expla-
nations on all mathematical slope questions, which suggests that for many of them 
the slope may not be more than a vague notion of how steep the straight line is, 
sometimes identified with an angle that the straight line forms with one of the coor-
dinate axes. That kind of reasoning was often sufficient to produce the correct 
answer in the qualitative comparison of slopes. However, when it came to calculat-
ing slope, these vague ideas no longer helped. Slope calculation was required on the 
first set of slope questions. This was the most difficult slope question in physics and 
other context domain and the second most difficult in mathematics. Only 54% of 
students calculated slope correctly in mathematics domain, which is similar to what 
was found in other studies (Beichner 1994; Wemyss and van Kampen 2013).

 Interpretation of the Meaning of Area Under a Graph Is Very Difficult 
for Students

As one can notice in Figs. 2 and 3, most of the students know how to determine the 
area under a graph when asked directly. But on physics and other context problems 
in order to answer the question correctly, students first needed to interpret the area 
under a graph as the quantity of interest. In contrast to difficulty of area questions in 
mathematics, the much higher difficulty of the questions from the two other domains 
suggests that the interpretation of the meaning of area under a graph is very difficult 
for students. That is also confirmed by the explanations that students gave on area 
questions. It was noticed that only few students can interpret areas under graphs in 
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situations other than those previously encountered. Typically only 10–25% of stu-
dents calculated area in physics and other context questions.

 Discussion and Conclusion

This study attempted to analyze and compare student reasoning on mathematically 
similar problems, which were situated in different domains and contexts. The analy-
sis of student explanations suggested that student reasoning about problems is often 
very much bound by the contexts and the disciplines in which their knowledge was 
acquired. The observed dependence of student strategies on the domain and context 
of the questions seems to support the knowledge-in-pieces framework, which 
explains this dependence through context-dependent activation of cognitive 
resources and the importance of framing. For example, it is possible that when stu-
dents identified (framed) a question as a mathematics question, they felt obliged to 
answer it in a standard “mathematical” way. Students seemed to think more freely 
and creatively in problems in which their perception probably did not fall in the 
category of either discipline (other context problems). The students’ use of physics 
formulas was often superficial and uncritical—students often did not seem to under-
stand the suitability or even correctness of the formula they are using. Students’ 
almost exclusive reliance on formulas in physics presents, in our opinion, a signifi-
cant obstacle for the development of students’ deeper reasoning in physics and 
sometimes even an obstacle for the application of their already existing knowledge 
and reasoning developed in other domains.

The results of the study also reveal some differences between student under-
standing of the concept of the graph slope and the concept of the area under the 
graph. Although we can say generally that the concept of slope seems to be better 
understood than the concept of the area under a graph, we have still noticed that for 
many students the concept of slope may be quite vague and needs refinement and 
strengthening. The area under a graph seems to be very difficult for students to 
interpret. An important implication for physics teaching is that we should work 
more on building student understanding of such interpretations and not only give 
ready-made interpretations for specific cases in physics.

Students seemed to think more freely and creatively and to transfer more of their 
knowledge in other context problems. This finding is in accordance to the findings 
of Wemyss and van Kampen (2013), who found that the number of students’ correct 
answers to a problem involving a water level vs. time graph (which students had not 
encountered in the formal educational setting before) was much higher than the 
number of correct answers to the supposedly more familiar kinematics problem. 
This suggests that other context problems may have a potential to expose and 
develop student reasoning more than the standard domain-specific mathematics and 
physics questions. They should be used more, in both mathematics and physics 
teaching. We should work more on establishing links between common concepts 
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and procedures in mathematics and physics and to promote their integration in stu-
dents’ minds to a much larger extent than is the case now.

This study confirms once again that human knowledge is very complex and mul-
tifaceted. Whenever we are trying to probe or assess student knowledge, we should 
be aware of that fact. The problem lies not only in the quantity and quality of knowl-
edge but also in its accessibility. It is possible to pose basically the same problem 
three times, as we have done in this study, and to get three very different answers 
from the same student. The context and formulation of the question, the students’ 
framing of the question, the procedures and conventions of the domain in which a 
certain piece of knowledge was first acquired, and the existing or missing links 
between the domains, all that and much more contribute to the form and content of 
a student’s answer. Using many contexts during teaching, and constantly building 
links between different domains, could be a good way to building stronger student 
knowledge.

Acknowledgments This research is part of the Lise Meitner Project M1737-G22 “Development 
of Graph Inventory”.

References

Araujo, I. S., Veit, E. A., & Moreira, M. A. (2008). Physics students’ performance using com-
putational modeling activities to improve kinematics graphs interpretation. Computers & 
Education, 50, 1128–1140.

Beichner, R. J. (1990). The effect of simultaneous motion presentation and graph generation in a 
kinematics lab. Journal of Research in Science Teaching, 27, 803–815.

Beichner, R. J. (1994). Testing student interpretation of kinematics graphs. American Journal of 
Physics, 62, 750–762.

Bond, T. G., & Fox, C. M. (2001). Applying the Rasch model: Fundamental measurement in the 
human sciences. Mahwah: Lawrence Erlbaum.

Bransford, J. D., Brown, A. L., & Cocking, R. R. (1999). How people learn: Brain, mind, experi-
ence, and school. Washington, DC: National Academy Press.

Chi, M.  T. H. (1997). Quantifying qualitative analyses of verbal data: A practical guide. The 
Journal of the Learning Sciences, 6(3), 271–315.

Chi, M. T. H. (2005). Commonsense conceptions of emergent processes: Why some misconcep-
tions are robust. The Journal of the Learning Sciences, 14(2), 161–199.

Christensen, W. M., & Thompson, J. R. (2012). Investigating graphical representations of slope 
and derivative without a physics context. Physical Review Special Topics – Physics Education 
Research, 8, 023101.

diSessa, A. A. (1993). Toward an epistemology of physics. Cognition and Instruction, 10(2 & 3), 
105–225.

Dreyfus, T., & Eisenberg, T. (1990). On difficulties with diagrams: Theoretical issues. In G. Booker, 
P. Cobb, & T. N. De Mendicuti (Eds.), Proceedings of the fourteenth annual conference of 
the International Group for the Psychology of mathematics education (Vol. 1, pp.  27–36). 
Oaxtepex: PME.

Erickson, T. (2006). Stealing from physics: Modeling with mathematical functions in data-rich 
contexts. Teaching Mathematics and its Applications: An International Journal of the IMA, 
25, 23–32.

Student Difficulties with Graphs in Different Contexts



178

Forster, P.  A. (2004). Graphing in physics: Processes and sources of error in tertiary entrance 
examinations in Western Australia. Research in Science Education, 34, 239–265.

Graham, T., & Sharp, J.  (1999). An investigation into able students’ understanding of motion 
graphs. Teaching Mathematics Applications, 18, 128–135.

Hadjidemetriou, C., & Williams, J.  S. (2002). Children’s graphical conceptions. Research in 
Mathematics Education, 4(1), 69–87.

Hammer, D., Elby, A., Scherr, R. E., & Redish, E. F. (2005). Resources, framing, and transfer. In 
J. Mestre (Ed.), Transfer of learning from a modern multidisciplinary perspective (pp. 89–120). 
Greenwich: Information Age Publishing.

Ivanjek, L., Susac, A., Planinic, M., Andrasevic, A., & Milin-Sipus, Z. (2016). Student reason-
ing about graphs in different contexts. Physical Review Special Topics – Physics Education 
Research, 12, 010106.

Kerslake, D. (1981). Graphs. In K.  M. Hart (Ed.), Children’s understanding of mathematics: 
11–16 (pp. 120–136). London: John Murray.

Leinhardt, G., Zaslavsky, O., & Stein, M. K. (1990). Functions, graphs, and graphing: Tasks, learn-
ing, and teaching. Review of Educational Research, 60(1), 1–64.

Linacre, J.  M. (2006). WINSTEPS Rasch measurement computer program. Available at http://
www.winsteps.com

Linn, M. C., Eylon, B., & Davis, E. A. (2004). The knowledge integration perspective on learn-
ing. In M. C. Linn, E. A. Davis, & P. Bell (Eds.), Internet environments for science education 
(pp. 29–46). Mahwah: Lawrence Erlbaum Associates.

McDermott, L. C., Rosenquist, M. L., & van Zee, E. H. (1987). Student difficulties in connecting 
graphs and physics: Examples from kinematics. American Journal of Physics, 55, 503–513.

Michelsen, C. (2005). Expanding the domain – Variables and functions in an interdisciplinary con-
text between mathematics and physics. In A. Beckmann, C. Michelsen, & B. Sriraman (Eds.), 
Proceedings of the 1st International symposium of mathematics and its connections to the arts 
and sciences (pp. 201–214). Schwäbisch Gmünd: The University of Education.

Nguyen, D. H., & Rebello, N. S. (2011). Students’ understanding and application of the area under 
the curve concept in physics problems. Physical Review Special Topics – Physics Education 
Research, 7, 010112.

Özdemir, G., & Clark, D. B. (2007). An overview of conceptual change theories. Eurasia Journal 
of Mathematics, Science & Technology Education, 3(4), 351–361.

Planinic, M., Milin-Sipus, Z., Katic, H., Susac, A., & Ivanjek, L. (2012). Comparison of student 
understanding of line graph slope in physics and mathematics. International Journal of Science 
and Mathematics Education, 10(6), 1393–1414.

Planinic, M., Ivanjek, L., Susac, A., & Milin-Sipus, Z. (2013). Comparison of university stu-
dents’ understanding of graphs in different contexts. Physical Review Special Topics – Physics 
Education Research, 9, –020103.

Sherin, B.  L. (2001). How students understand physics equations. Cognition and Instruction, 
19(4), 479–541.

Vosniadou, S. (1994). Capturing and modeling the process of conceptual change. Learning and 
Instruction, 4(1), 45–69.

Wemyss, T., & van Kampen, P. (2013). Categorization of first-year university students’ interpre-
tations of numerical linear distance-time graphs. Physical Review Special Topics  – Physics 
Education Research, 9, 010107.

L. Ivanjek et al.

http://www.winsteps.com
http://www.winsteps.com


179© Springer International Publishing AG 2017 
K. Hahl et al. (eds.), Cognitive and Affective Aspects in Science Education 
Research, Contributions from Science Education Research 3, 
DOI 10.1007/978-3-319-58685-4_14

Students’ Mental Models of Human Nutrition 
from a Literature Review

Aurelio Cabello-Garrido, Enrique España-Ramos, and Ángel Blanco-López

 Introduction

Over the past three decades, a large body of literature has developed around the 
topic of mental models. Although definitions and ideas about mental models vary 
widely, a generally accepted view is that these constructs refer to dynamic and gen-
erative representations which can be manipulated mentally to provide causal expla-
nations of physical phenomena and make predictions about the state of affairs in the 
physical world (Vosniadou 1994). Mental models are built both by scientists and 
learners to interpret their experiences and to make sense of the physical world, and 
they may serve a number of purposes and functions when it comes to providing 
explanations and justifications (Coll and Treagust 2003). A number of authors 
(Johnson-Laird 1983; Norman 1983; Hafner and Stewart 1995), however, consider 
mental models to be incomplete, unstable, unscientific and lacking in firm boundar-
ies. Norman (1983), on the other hand, argues that mental models are held over long 
periods of time and are relatively stable.

Although mental models represent personal constructs, there is consensus that 
they are subject to social influence. As Coll and Treagust (2003) point out, mental 
models are of interest for two reasons. First, such models influence cognitive func-
tioning, and second, they can provide science education researchers and teachers 
with valuable information about learners’ conceptual frameworks, that is, their 
underlying knowledge structures (Vosniadou 1994). Information of this kind could 
be used to improve the design of school curricula.

In the particular case of mental models related to human nutrition, knowledge of 
how they evolve may be useful for encouraging healthy eating habits. Furthermore, 
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understanding the mental models that people build in relation to nutrition is 
 especially relevant at a time when overweight and obesity are becoming a serious 
public health issue worldwide, and schools are being asked to contribute to raising 
students’ awareness of this problem. Recent research (Zeyer and Dillon 2014) has 
also highlighted that health and the environment are increasingly important contexts 
for science education because they are close to students’ interests and needs and, 
therefore, can help to link science education to personally relevant questions. In this 
regard it is worth noting that both these areas have often been neglected in science 
education research.

In light of the above, our aim here was to review the literature in an attempt to 
answer this question: Is it possible to identify and describe students’ mental models 
of human nutrition and to consider how they evolve as students age and gain 
experience?

 Method

The methodology proposed by Prieto-Ruz et al. (2002) and by Talanquer (2009) 
was employed. The study involved three phases (Table 1).

Phase 1 A comprehensive inventory of students’ conceptions about human nutri-
tion was built based on an analysis of the extensive literature published over the last 
three decades on students’ ideas in this domain. Particular attention was paid to 
longitudinal and cohort studies that have explored students’ core ideas at different 
stages of their learning (e.g. Turner 1997; Bullen and Benton 2004), as well as to 
monographs and reviews focused on identifying students’ conceptions and mental 
models about human nutrition and how these change with age and instruction (e.g. 
Francis and Hill 1993; Núñez and Banet 1997). The review of the literature was 
performed together since the models are defined in this paper from the review in its 
whole. Altogether, we have analysed 43 works with the characteristics indicated.

Phase 2 Having built the inventory we were then able to identify the variables 
(aspects) most frequently cited in the literature as being those through which stu-
dents’ ideas about human nutrition seem to evolve with learning. These variables 
were food, nutrients, food energy, food groups and diet (Cabello-Garrido et al. 2009).

Table 1 An outline of the methodology used

Phase 1 Building a comprehensive inventory of students’ conceptions about human nutrition
Phase 2 Identification of the variables (aspects) through which students’ ideas about human 

nutrition seem to evolve with learning: food, nutrients, food energy, food groups 
and diet

Phase 3 Definition of models by grouping the key characteristic of the ideas expressed by 
students of similar ages or with similar level of experiences regarding the variables 
identified
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Phase 3 We defined different types of mental model by grouping the key character-
istics of the ideas expressed by students of similar ages or with similar levels of 
experience regarding the variables identified.

 Results

As shown in Table 2, the method described above led to the identification of three 
mental models of human nutrition, which we labelled ‘vitalist’, ‘dualist’ and 
‘dynamic’. In what follows, we describe the features of each model and illustrate 
them with examples or quotations taken from the literature.

 Vitalist Model

This model is characteristic of younger people. Its main features are:

• Vitalism: Foods are considered to contain something natural that gives vitality or 
life force to the person who eats them: “Bread and milk have natural energy” 
(Francis and Hill 1993: 83). This characteristic is neither physical nor chemical 
but is something that transmits wellbeing and dynamism (Brophy et al. 2001). 
Physiological effects on the body are attributed to the foods themselves. 
Sometimes, this ‘strength’ obtained from food is called ‘energy’, but only in the 
colloquial sense, perhaps because an energetic person is seen as someone healthy.

• Predeterminism: This is the belief that what makes something a food is estab-
lished in advance, because foods are composed of what people need to be healthy. 
Thus, if you eat what people have always eaten, then it is impossible to suffer any 
food-related disorder. The following quotations illustrate this idea:

Food is food because it is edible (Lee and Diong 1999: 83).

Table 2 Main features of the three proposed models

Model Characterised by Main features

1. Vitalist Vitalist thinking about food. It is believed that they are 
preset and ideas concerning food are based on 
information obtained directly from the sensory organs

Vitalism
Predeterminism
Sensoriality

2. Dualist Categorical thinking splitting food and nutrients into 
those that are good vs. bad for one’s health

Duality
‘Monotonic mind’ belief
Dose insensitivity
Bijectivity

3. Dynamic Flexibility in thinking about food, hence its name Dynamic ideas
Abstract reasoning
Dose sensitivity
Multicausal thinking
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We eat things because they are food and food is food because we eat it (Brophy et al. 
2001: 170).

En mi casa siempre se comió así [In my house, that’s what we always ate] (Rivarosa 
and De Longhi 2006: 543).

From this perspective, human foods are preset and cannot be changed: they 
contain what a person needs and they are eaten and have always been eaten in 
that person’s environment (Brophy et al. 2001). This viewpoint leads to certain 
foods not being considered as food:

Highly processed foods are not really food (Francis and Hill 1993: 83).
If you can’t chew it, it is not a food. Liquids are not food (Francis and Hill 1993: 83).

• Sensoriality: Ideas concerning food are based on information obtained directly 
from the sensory organs. The taste, shape, colour and texture of food are the main 
qualities which young children consider when assessing and classifying foods 
(Turner 1997). Concepts that cannot be perceived do not feature in this model. 
For instance, nutrients may solely be understood as visible or palatable parts of 
food, as illustrated in the following quotations:

Fat is on bacon and it’s all white and it’s all wobbly (Turner 1997: 499).
I would consider corn beef high in fibre because it is often stringy (Francis and Hill 

1993: 81).

It is frequently thought that vitamins and minerals are pills. Turner (1997) 
notes that the belief that vitamins in the form of tablets/pills equated with health, 
or were good for you, was widespread among the children she studied. Likewise, 
the children in the study by Oakley et al. (1995) mentioned vitamins and iron as 
examples of healthy food. McKinley et  al. (2005) also reported that children 
associated the word ‘vitamins’ with supplements (pills) more than with food.

 Dualist Model

As young people gain knowledge about food and nutrients and their causal thinking 
improves, a more sophisticated model replaces the vitalist one. This model largely 
coincides with the heuristics described by Rozin et al. (1996), who found it to be 
very common among the American adult population. Oakes and Slotterback (2004) 
claim that the general public have acquired the belief that some foods promote 
healthfulness while others cause disease and death. Outlined below are the main 
features of the proposed model, along with some quotes that illustrate them.

• Duality. The defining characteristic of this model is categorical thinking, whereby 
food and nutrients are dichotomised into those that are good for one’s health 
(such as fruit and vegetables) and those that are bad (e.g. high in salt, sugar and 
fat). Categorising foods as good or bad was first described in people with eating 
disorders in the early 1980s, but a decade later the phenomenon was observed to 
be widespread (Oakes and Slotterback 2004), with numerous studies  documenting 
it in people of all ages. Chapman and Maclean (1993) characterised the two types 
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as follows: bad foods, sometimes referred to as fast or junk food, contain a lot of 
fat, sugar, cholesterol, calories, salt and additives. Many people are unable to 
stay away from these foods because of their good taste, convenience and afford-
ability. Conversely, healthy food is seen as something natural, providing nutri-
ents that the body needs and as not containing the aforementioned ‘bad’ 
substances. These ‘good’ foods are often perceived as healthy but as not very 
tasty, and they are only eaten as a means of improving health or of achieving 
weight goals (Birch 1998). In this context, the word ‘energy’ is used to denote 
some positive feature of a food, whereas the term ‘calorie’ is associated with 
negative characteristics such as weight gain.

People’s use of this mental model appears to take into account the latest 
research findings as reported by the media. For example, the students investi-
gated by Bledsoe (2013) tended to divide carbohydrates into ‘good’ and ‘bad’ 
categories, which would reflect the latest research on the relationship between 
metabolic disease and carbohydrates that are quickly absorbed versus those 
which are gradually absorbed in the intestine.

• ‘Monotonic mind’ belief. This type of reasoning, when applied to food, leads to 
the belief that if something is harmful at high levels (e.g. dietary fat), then it is 
also harmful at low levels. A consequence of this belief is the magical principle 
of contagion (Rozin et al. 1996), whereby the presence in food of an ingredient 
considered ‘bad’ (e.g. fat) will, whatever the dose, infect all of the food:

Sugar is bad for you and watermelon is good, so it gives you more energy (Francis and 
Hill 1993: 83).

Foods bad for you like fats and oils don’t have fibre (Francis and Hill 1993: 83).
...a few students classified sodium as a fat because they associated it with unhealth-

ful foods (Bledsoe 2013: 28).

A corollary of this belief is that if a nutrient is healthful, then it is good for any 
function. This is particularly the case for vitamins and proteins:

Proteins were universally viewed in a positive light as a source of energy and strength 
for muscles (Bledsoe 2013: 28).

• Dose insensitivity (Rozin et al. 1996). A major problem for many people is the 
inability to gauge correctly a certain amount of food (e.g. the amount recom-
mended by the authorities or the amount ingested on a given day):

...the overestimation of calories in perceived unhealthy foods and the underestimation of 
calories in perceived healthy foods appears to be a pervasive error in the general popula-
tion (Carels et al. 2007: 457).

Several studies have also examined the difficulties that many adults have in 
understanding the amounts stated on food labels:

Almost a third of the recipients thought that “mg” means a millionth of a gramme 
(Abbott 1997: 47).

• Bijectivity. In mathematics, a bijection or one-to-one correspondence is a func-
tion between the elements of two sets, where every element of one set is paired 
with exactly one element of the other set and every element of the other set is 
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paired with exactly one element of the first set. This kind of bijective or one-to- 
one correspondence can be observed in this mental model, since a single function 
is attributed to each type of nutrient (Francis and Hill 1993). Likewise, it is con-
sidered that a certain food can only provide a single nutrient, or it is believed that 
each nutrient can only be found in one food group.

This is a unicausal view which suggests that certain foods must be eaten to 
avoid deficiency diseases or that a particular food which is known to contain a 
certain nutrient cannot also provide other nutrients:

Milk contains calcium, fruit has vitamins, veggies have minerals and meat has protein 
(Francis and Hill 1993: 83).

He doesn’t drink much milk so he’s short (Wellman and Johnson 1982: 141).
Quien no bebe mucha leche, en general tiene bastante flojos los huesos [People who 

don’t drink much milk tend to have weak bones] (España-Ramos 2008: 272).

 Dynamic Model

In the above-mentioned study by Rozin et  al. (1996), 48% of American adults 
showed categorical thinking, similar to that described in our proposed dualist model. 
This would appear to highlight the difficulty that people experience in moving 
beyond this second model towards a more complex conception of human nutrition. 
In the third or dynamic model, the main emphasis is placed on diet rather than on 
individual foods, which are no longer seen simply as good or bad. In this model, 
nutritional value is associated with other factors, such as how foods are cooked, the 
amounts eaten, the other types of food in the diet, etc.

Recommendations and messages in the media frequently reinforce the dichot-
omy of good and bad foods, and this is one reason why it is important for young 
people to begin building more complex mental models. Wellman and Johnson 
(1982) observed many years ago that some children needed to create categories 
other than good or bad to refer to some foods. Similarly, Rawlins (2008) describes 
how some high-school students argued that whether or not a food was good or bad 
depended on how it was cooked and eaten.

The boiled egg is in the centre cos ... it’s basically healthy and unhealthy as well (Rawlins 
2008: 141).

The third model is the closest to the one that people would ideally achieve, a 
model that would enable them to understand nutrition messages and be able to apply 
them in order to improve their diet and health. The dynamic model is labelled as 
such because it is characterised by flexibility in thinking about food, and its main 
features are as follows:

• Dynamic ideas. This refers to the capacity for flexible thinking and the recogni-
tion that concepts related to food are constantly changing, not only through the 
emergence of new scientific knowledge but because our physiological balance is 
never static, its elements interacting to generate different situations over time.
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In this model, therefore, nutrients are no longer classified in absolute terms as 
good or bad, but rather they are evaluated in relation to the person’s overall diet 
and circumstances and even according to their interactions with one another:

...increased amounts of oat bran may inhibit the uptake of iron (Schibeci and Wong 
1994: 292).

Vitamin C... assists in iron absorption (Schibeci and Wong 1994: 292).

• Abstract reasoning. The ability to make inferences about unseen aspects of real-
ity enables us to understand complex ideas, such as food being the source of 
nutrients and energy. Ideas of this kind form the basis of the food groups and 
most recommendations in nutrition guides.

[to form groups of food] ...younger children used nutrient-specific criteria less fre-
quently than older children (Bullen and Benton 2004: 361).

• Dose sensitivity. Acquiring this skill is what allows us to understand the meaning 
of the quantities of food and nutrients recommended in nutrition guides (Francis 
and Hill 1993), in prescriptions and on food labels.

...only 32% of patients could correctly calculate the amount of carbohydrates in a 20-oz 
bottle of soda that had 2.5 servings in the bottle (Rothman et al. 2006: 393).

One participant gave ice cream as an example of junk food but said that it does have 
some nutritional value so ‘it depends on how much you use it’ (Chapman and Maclean 
1993: 111).

• Multicausal thinking. This is the ability to understand the multiple relationships 
between nutrients and the functions they perform, as well as between different 
foods and the nutrients they provide. Individuals now understand that there are 
many types and combinations of foods that can satisfy the body’s needs, which 
in turn leads to the idea of a ‘balanced diet’ (Freeland-Graves and Nitzke 2002).

Fay said that a high BMI value meant that people were either eating too much or not 
exercising enough (Schibeci and Wong 1994: 291).

 Discussion and Conclusions

By examining the existing literature in the domain of human nutrition, we were able 
to organise students’ ideas about food into three mental models that follow one 
another chronologically as young people develop their knowledge.

The first model, which we labelled ‘vitalist’, is typical of young children and 
results from the combination of their intuitive beliefs, social interactions and early 
educational interventions. In this model only readily perceptible aspects are consid-
ered, such as the organoleptic properties of food (flavour, shape, colour, etc.), where 
or when it is eaten and obvious physiological consequences of eating (satiation, 
growth, fattening). Abstract concepts, such as nutrients, cannot yet be understood 
and therefore do not feature in this model.

As young people gain knowledge about food and nutrients and their causal think-
ing improves, a more sophisticated ‘dualist’ model replaces the vitalist one. 
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Gradually, through educational instruction and social experiences, young people 
become familiar with the names of different types of nutrients and the value ascribed 
to them. Although not all nutrients will be known about to the same extent (Turner 
1997; Bullen and Benton 2004), the second, dualist model represents an important 
step forward in people’s ability to understand that foods are composed of chemical 
compounds, each of which performs important functions in the body.

According to Rozin et al. (1996), a sizeable proportion of the adult population 
continues to show categorical thinking, similar to that described in our dualist 
model. This kind of thinking is often reinforced by the media and advertising 
(Girón-Gambero et al. 2015), and even some influential nutritional authorities seem 
to support a good versus bad dichotomy concerning food (Oakes and Slotterback 
2004). Consequently, there are few opportunities for people to move beyond such 
beliefs about food. In addition, the progression to a more complex model is subject 
to a number of cognitive constraints, many of which will be familiar to teachers of 
chemistry, for example, difficulties understanding the idea of chemical energy or the 
concepts of compound and chemical change, among others (Talanquer 2009). All 
this could explain why people find it difficult to progress to the third of our proposed 
mental models.

In what we have labelled the ‘dynamic’ model, ideas about human nutrition are 
no longer categorical or absolute, and the value of food and nutrients is seen as 
being dependent on a person’s circumstances at a particular time. Nutrition is under-
stood in a holistic way, and what matters is diet, not individual foods. Furthermore, 
people who have progressed to this kind of mental model are able to understand 
nutritional messages expressed in quantitative terms. Therefore, a goal for any soci-
ety that wishes to improve levels of health in the population is to ensure that the 
majority of people are able to develop this dynamic mental model about food and 
nutrition. Hence, this model reflects the level of skill and knowledge that students 
will ideally have acquired by the time they leave school.

It is important to note that because learning is a nonlinear process, a given indi-
vidual may show an overlap of ideas from different models at a particular point in 
time (Blanco-López and Prieto-Ruz 2004; Talanquer 2009), depending on which 
aspect of knowledge is being considered (food groups, nutrients, etc.). New ideas 
may replace some but not all of the old ones, and thus a student may simultaneously 
show characteristic features of two or even three models across different aspects of 
his or her nutrition knowledge. It must also be stressed that the three models we 
have proposed here should be considered as hypotheses to explain progress in learn-
ing in the domain of human nutrition. If they are confirmed through further empiri-
cal research, then our findings could be useful not only in studies of conceptual 
progression but also for informing curriculum sequencing.

With respect to nutrition education in schools, the current consensus is that this 
should not merely provide students with scientific knowledge but also aim to foster 
the development of skills and behaviours relevant to the buying, preparation and 
conservation of food, to achieving a balanced family diet and to the adoption of a 
healthy lifestyle (España-Ramos et  al. 2014; Cabello-Garrido et  al. 2016). 
Nonetheless, knowledge of food and nutritional processes provides an important 
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foundation and cannot be separated from the attitudes and other psychosocial  factors 
that may influence people’s eating habits (Worsley 2002; McCullough et al. 2004). 
In the school context, therefore, an understanding of the mental models that students 
may have about food could help teachers to select the most suitable teaching strate-
gies. This could play a key role in encouraging young people to develop healthy 
eating habits, a goal of considerable importance given that overweight and obesity 
now constitute a serious public health problem in Western societies.
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The PISA Science Assessment for 2015 
and the Implications for Science Education: 
Uses and Abuses

Jonathan Osborne, Magnus Oskarsson, Margareta Serder,  
and Svein Sjøberg

 Introduction

For many national governments, the outcome of the triennial OECD PISA tests mat-
ter. For instance, in a survey conducted of the impact of PISA for 17 countries, PISA 
was seen to be “very influential”, 11 others identified it as “moderately influential” 
and only 5 countries saw PISA as “not very influential” (Breakspear 2012). The 
director of PISA, Andreas Schleicher, sees PISA as a tool for identifying poor per-
formance in any countries’ educational system. Indeed performance on PISA has 
been shown to correlate with economic growth (Hanushek and Woessmann 2012). 
Along with the results of the TIMSS study, these tests have become an international 
benchmark that enable a country to judge the performance of its education system 
against that of other countries. Germany, for instance, suffered a severe blow to its 
sense of self-esteem when the 2000 results showed that their performance was 
merely mediocre (Breakspear 2012). As a result, both Germany and Switzerland 
initiated significant programs of reform in response to lower than expected perfor-
mance. However, PISA is not without its critics. In a series of articles, Meyer and 
colleagues argue that PISA has become part of “a pervasive normalizing discourse, 
legitimizing historic shifts from viewing education as a social and cultural project to 
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an economic one engendering usable skills and ‘competences’” (Meyer et al. 2014). 
Labaree has argued that PISA assesses what nobody teaches (Labaree 2014) which 
Münch details in his exploration of how an Anglo-Saxon model of education has 
been forced on the German system (Münch 2014). To what extent are these criti-
cisms justified? As science is the major focus of the tests in 2015, the findings will 
be particularly salient for the science education community. This chapter therefore 
offers a summary of a set of papers presented at a symposium at ESERA 2015 and 
seeks to explore the value of PISA and the legitimacy of such criticisms.

 The PISA Science Assessment Framework: Advancing What 
It Means to Teach and Learn Science?

 Jonathan Osborne

The goal of PISA is to define a set of competencies in reading, mathematics and sci-
ence. Competencies are seen as “more than just knowledge and skills” requiring the 
ability “to meet complex demands, by drawing on and mobilising psychosocial 
resources (including skills and attitudes) in a particular context” (Rychen and Salganik 
2003: 4). Thus the assessment framework for PISA offers an opportunity to define what 
constitutes a leading-edge conception of what the outcomes of formal education might 
achieve. In the case of PISA, the operationalization of what should be assessed in these 
programs is a product of a dialogue between the OECD directorate, the PISA govern-
ing body, and small panels of experts who draft the framework for consideration. For 
science, these outcomes are defined by the frameworks written for assessment in 2000, 
2006 and 2015. The 2015 framework (OECD 2012) is the first revision since 2006 and, 
hence, can be seen as an important contribution to defining an international perspective 
on what the outcomes of formal science education should currently be.

The PISA framework draws on the view of many countries that an understanding 
of science is so important that it should be a feature of every young person’s educa-
tion (Confederacion de Sociedades Cientificas de España 2011, Millar and Osborne 
1998, National Research Council 2012, Sekretariat der Ständigen Konferenz der 
Kultusminister der Länder in der Bundesrepublik Deutschland, KMK 2005). Many 
of these documents and policy statements give pre-eminence to an education for citi-
zenship. Likewise, the emphasis in the PISA frameworks is on science for citizen-
ship seeking to assess the competency of 15-year-old students to become informed 
critical consumers of scientific knowledge – a competency that all individuals are 
expected to need during their lifetimes. The particular focus of the PISA science 
framework is on scientific literacy which is defined for 2015 as the competency to:

 1. Explain phenomena scientifically.
 2. Evaluate and design scientific enquiry.
 3. Interpret data and evidence scientifically.

These competencies are seen to lie at the heart of what it means to reason scien-
tifically and require a knowledge of science or what is commonly called content 
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knowledge. PISA defines this very vaguely in terms of what it might be reasonable 
to expect a 15-year-old student to know. To do more would be impossible given that 
over 70 countries participate in the test. The second and third competencies, how-
ever, require more than a knowledge of what we know. Rather, they depend on an 
understanding of how scientific knowledge is established and the degree of confi-
dence with which it is held. Historically, specific calls have been made for teaching 
what has variously been called “the nature of science” (Lederman 2007), “ideas 
about science” (Millar and Osborne 1998) or “scientific practices” (National 
Research Council 2012). Within PISA, the 2006 framework operationalized this 
aspect of science using the term “knowledge about science”. The major innovative 
feature of the PISA framework for 2015 has been to demarcate a knowledge of the 
standard procedures of the diverse methods and practices used to establish scientific 
knowledge – what is commonly called procedural knowledge from what is called 
epistemic knowledge. The latter is needed to understand the rationale for the com-
mon practices of scientific enquiry, the status of the knowledge claims that are gen-
erated and the meaning of foundational terms such as theory, hypothesis and data.

Procedural and epistemic knowledge are necessary to identify questions that are 
amenable to scientific inquiry, to judge whether appropriate procedures have been 
used, to ensure that the claims are justified and to distinguish scientific issues from 
matters of values or economic considerations. What then might be the constructs of 
procedural knowledge and epistemic knowledge? How might they be defined and 
how might they be demarcated from each other? The first major contribution of the 
PISA assessment framework for 2015 has been to clarify these forms of knowledge 
required for science literacy. In addition, it is the first document to bring into being 
the construct of epistemic knowledge as an explicit feature of assessment and, by 
inference, an explicit feature of teaching and learning.

Second, the new framework has introduced a means of assessing the cognitive 
demand of items using a definition which defines the depth of knowledge required 
for any task – a feature which was absent from the previous frameworks (Webb 
2007). Finally, 2015 will be the first year in which the assessment will be under-
taken using a computer-based platform. Computer-based assessment not only offers 
some adaptive testing but also a wider and more diverse form of assessment of stu-
dent competency – producing a more valid assessment of student competency.

However, this view of the positive value of PISA is challenged in the following 
section by an argument that there are negative policy implications for educators, 
teachers and students.

 PISA: A Global Educational Arms Race?

 Svein Sjøberg

Since the first publication of PISA results in 2001, the results have become a kind 
of global “gold standard” for educational quality – a single measure of the quality 
of the entire school system. An OECD report on the policy impact of PISA proudly 
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states that “PISA has become accepted as a reliable instrument for benchmarking 
student performance worldwide, and PISA results have had an influence on policy 
reform in the majority of participating countries/economies” (Breakspear 2012: 4).

Similarly, Andreas Schleicher (2012), director of PISA and recently also of 
Directorate of Education and Skills in OECD, in a TED talk starts his presentation 
by stating that PISA is “really a story of how international comparisons have global-
ized the field of education that we usually treat as an affair of domestic policy”.

The intentions of PISA are, not surprisingly, related to the overall political aims 
OECD and the underlying concern for economic development in a competitive 
global free market economy. PISA is constructed and intended for the 30+ industri-
alized and wealthy OECD countries but has later been joined by a similar number 
of other countries with developing “economies”. When the PISA results are pre-
sented, they are seen as an indicator for future competitive edge in a global economy 
(Sjøberg 2016). Governments are blamed for low scores, and governments are quick 
to take the honour when results are improving. In many countries, educational 
reforms have been launched as direct responses to the PISA results. While some try 
to copy the PISA winners, others do just the opposite of what high-achieving coun-
tries actually do.

The PISA undertaking is also a well-funded multinational “techno-scientific” 
exercise, undoubtedly the world’s largest and costliest empirical study of schools 
and education. Given the size and importance, PISA has to be understood not just as 
a study of student learning but also as a “social phenomenon” in its wider political, 
social and cultural context, as also acknowledged by people who played a key role 
in the OECD preparations of PISA. As chair of Centre for Educational Research 
and Innovation (CERI) in the OECD, Professor Ulf P Lundgren had until 2000 a key 
role in the preparation of PISA. Ten years later, he writes:

The outcomes of PISA we hoped could stimulate a debate on learning outcomes not only 
from an educational perspective but also a broad cultural and social perspective. Rarely has 
a pious hope been so dashed. (Lundgren 2011: 27)

PISA rankings create anxiety and discomfort in practically all countries, even in 
high-scoring countries (Alexander 2012). This produces an urge for politicians and 
bureaucrats to do “something” to rectify the situation. But since PISA cannot tell us 
much about cause and effect, creativity blossoms and educational reforms that are 
not empirically founded are introduced, often overnight. National curricula, cultural 
values and priorities are pushed aside.

Consequently, in many countries new curricula have been introduced, caused by 
“PISA shocks”, (e.g. Norway, Denmark, Sweden, Germany and Japan). In many 
countries new national standards as well as new systems of obligatory national test-
ing have been introduced. Some of these are directly influenced by PISA docu-
ments, as also proudly noted in a comprehensive report by the OECD itself 
(Breakspear 2012).

Many countries publish their own national test scores as league tables using them 
to rank school districts and schools. Some countries have introduced incentives such 
as salary systems that use test scores for teachers and (in particular) principals. Free 
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choice of schools further exacerbates the importance of the rankings, often  widening 
the gap between schools, as well as creating ways to “improve” test rankings. Such 
rankings have several consequences, like the obvious “teaching to the test”, but the 
rankings also influence the price of neighbourhood housing, thereby widening 
socioeconomic gaps between districts.

The strive for better test scores also serves commercial interests. Companies 
deliver products such as tests and teaching materials that are supposed to increase 
scores, and cramming schools make substantial profit from preparing students to 
achieve higher test scores. The largest PISA contractor is the US-based non-profit 
assessment and measurement institution ETS. Maybe more important is that the 
world’s largest commercial educational company, Pearson Inc., was involved in 
PISA 2015 and won the bid to develop the framework for PISA 2018. The joint 
press release from OECD and Pearson explains:

Pearson, the world’s leading learning company, today announces that it has won a competi-
tive tender by the Organisation for Economic Co-operation and Development (OECD) to 
develop the Frameworks for PISA 2018. […]. The frameworks define what will be mea-
sured in PISA 2018, how this will be reported and which approach will be chosen for the 
development of tests and questionnaires. (OECD and Pearson 2014)

The partnership with PISA/OECD is also a strategic door opener for Pearson 
“with 40,000 employees in more than 70 countries” into the global educational 
market. In company with the OECD, Pearson also produces “The Learning Curve”, 
a ranking of nations according to a set of test-based indicators. PISA leader Andreas 
Schleicher sits on the Advisory Panel of The Learning Curve. These rankings get 
media coverage and further create anxiety among politicians and policymakers. The 
result is a further pressure towards doing “something” to climb in the league tables.

PISA is now used to legitimize neoliberal policies and reforms that are duly 
labelled New Public Management (Møller and Skedsmo 2013). The PISA outcomes 
are also leading to an emerging global governance and standardization of education, 
as also noted by key educational experts (Ball 2012). The process is also called 
“governing with numbers” and the “PISA effect in Europe” (Grek 2009).

The PISA testing framework (OECD 2012) is a most interesting document that 
could be used to inspire discussions about the purpose and contents of science cur-
riculum and teaching. However, problems arise when the brave intentions of the 
PISA framework are translated to concrete test items to be used in a great variety of 
languages, cultures and countries. It is, of course, impossible to construct a test that 
in a fair and objective way can be used across countries and cultures to assess the 
quality of learning in “real-life” situations with “authentic texts”. The requirement 
of “fair testing” implies by necessity that local, current and topical issues must be 
excluded. This runs against most current thinking in, e.g. science education, where 
“science in context” and “localized curricula” are ideals promoted by, e.g. UNESCO, 
science educators as well as in national curricula.

The use of PISA for political purposes is very selective. While the rankings of 
nations get a lot of attention, other results are ignored. It seems, for instance, that 
pupils in high-scoring countries develop the most negative attitudes to the subject. 
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It also seems that PISA scores are unrelated to educational resources, funding, class 
size, etc. PISA scores also seem to be negatively related to the use of active teaching 
methods, the inquiry-based instruction and the use of ICT. The fight to improve 
PISA rankings may conflict with the work to make science education relevant, con-
textualized, interesting and motivating for young learners. Whether one “believes in 
PISA” or not, such intriguing results need to be discussed.

As a contribution to that discussion, the next two sections draw on data from 
Sweden – one country whose performance on PISA has declined in recent years. 
These papers explore to what extent there is, or is not, a positive value to the out-
comes of PISA and the comparisons that are made.

 School Science in a Market-Driven School System

 Magnus Oskarsson

Sweden’s results in PISA have shown the largest drop of all countries in all three 
subjects over the last 12 years. From results which were above the OECD average 
and with a high degree of equity in PISA 2000, these have fallen by 2012 to results 
which were below average in science as well as in math and reading and with a 
sharp increase of low-performing students and low-performing schools. One impor-
tant reason behind this seems to be the decentralization and market adaptations of 
the Swedish school since the mid-1990s. A free choice of school and a voucher 
system were introduced together with new legislation that allowed private schools 
to be fully financed by public means through the vouchers. This was followed in the 
mid-2000s by new control and steering mechanisms with an expanded grading sys-
tem, a vast increase in the number and occasions of national tests, and a school 
inspectorate.

Sweden like the other Nordic countries has a long history of successful efforts to 
create a comprehensive school system with good results and a high degree of equity. 
The differences between high and low achievers and the difference between differ-
ent schools have been smaller than in many other countries, and the same has been 
true for the impact of social background. The first PISA study 2000 showed that 
Swedish students were above mean in all subjects (OECD 2001).

From the 1990s Sweden has developed a more decentralized school system with 
a new curriculum and a benchmarked grading system. Influenced by New Public 
Management theories, a school voucher system was established and the students 
were free to choose their school. Private schools were allowed, fully financed by 
public means. The effects of the reforms were minor during the 1990s and during 
the first years of the following decade. From around 2003, however, changes have 
become more noticeable (Lundahl et al. 2013).

The majority of the schools are still public, but PISA shows that Sweden has had 
the fastest growth in the proportion of private schools between 2003 and 2012 of all 
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OECD countries. One effect is that differences between schools have increased. 
A number of schools seem to have been abandoned by the most ambitious students, 
and segregation both by socioeconomic background and ethnic background has 
increased – a finding which supports Sjøberg’s critique.

Since 2006 many new school reforms have been introduced. Examples of reforms 
are a formation of a national school inspectorate, increased quality control, more 
national testing and again an expanding grading system. A new mandatory national 
test in science for grade nine was piloted in 2009 and fully operational in 2010. A 
number of partly government-funded school development and in-service pro-
grammes have been offered to schools, and several of these programmes have been 
directed to math and science.

When the PISA 2012 results were presented, it showed that the performance of 
Swedish students was below the international average in all tested domains. The 
drop was the largest in OECD in all three domains since the start of PISA. A closer 
look at the science results from 2006 and onwards reveals not only a drop in mean 
result but also an increasing difference between low and high achievers (OECD 
2014a). The decline has been more rapid since 2006 and especially after 2009 
despite all efforts by the government.

There was, however, no significant change either in the number of top- 
performing schools or in the number of top-performing students in science. Rather, 
it is the number of low achievers that has increased, and the same is true for the 
number of low-achieving schools, where the proportion of schools with a mean 
below 450 in PISA science has increased from less than 5% in 2006 to 20% in 2012. 
Results for both boys and girls have dropped, but there was a larger deterioration in 
boys’ results.

Ambitious students choose schools with high reputation, while other students are 
left behind in less advantaged schools. And as PISA shows, there are few winners 
and many losers. Several reports show that the school choice system and the voucher 
system are two important reasons (Skolverket 2012). A study by Östh et al. (2013) 
shows that the cause of increasing differences between schools is school choice 
rather than increasing residential segregation. Another recent study shows covari-
ance between increased between-school variance and decreasing PISA science 
results in a number of countries (Davidsson et al. 2013).

While the Swedish science results have dropped not only in PISA but also in 
TIMSS, the same is not true, however, for national grading or the national testing. 
Data for national test results and for final grades in science neither show increasing 
numbers of failing students nor increasing differences between boys and girls, and 
there is growing evidence that neither the national tests nor grades are stable over 
time (Lundahl et al. 2013).

A recent report has pointed out that participation in school development pro-
grammes varies greatly between different regions. Larger cities and towns with uni-
versities have participated in a majority of these programs, while smaller 
communities in more remote areas only have a participation rate at around 15% or 
less in the national school development programmes.
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These large differences between schools and regions also have the effect that 
teachers’ employment choices are more diverse. For instance, it becomes more 
attractive to work at schools with not only high-achieving students but also good 
in-service training and strong support for professional development. This means that 
schools, that for a variety of reasons do not or cannot take part in development pro-
grammes, are likely to show decreasing results and increasing difficulties in recruit-
ing teachers. This is exactly what has been pointed out in a recent report from OECD 
(2014b) where Sweden is one of the countries where low-performing schools report 
both lack of resources and the largest difficulties in recruiting competent teachers.

Moreover, there are not only increasing differences in students’ results but also 
in students’ attitudes. Some students feel more motivated while others feel increas-
ing social exclusion, and several of these background factors have strong correla-
tions with students’ results. More control and testing seem to have increased the 
extrinsic motivation among some students, while others show more negative 
response to the greater pressure.

The value of PISA, however, is that it can reveal this kind of important informa-
tion about national school systems, such as the Swedish – a point which Sjøberg 
does not consider. In a period with many reforms, the pros and cons of such change 
are often unknown when the next reforms are introduced. The Swedish example 
shows that when a nation’s assessment system is not stable over time, international 
comparisons give invaluable data to educators and policymakers about the state of 
the educational system.

The final section looks not at the national data but at how students interpret the 
assessment tasks and their cultural specificity arguing that the assessments are too 
culturally specific to offer valid cultural comparisons.

 An Interpretation of PISA Results from a Science  
Classroom Perspective

 Margareta Serder

In Sweden, a series of educational reforms have been launched in the last 10 years, 
often explicitly addressing the decreasing results of the Swedish students in interna-
tional assessments and PISA (Ringarp and Rothland 2010). A few recent examples 
of reforms intended to strengthen the outcomes of Swedish students are a new 
teacher education, a new grading system, a new curriculum and 1 h more of math-
ematics for all students. Still, the negative Swedish trend has not shifted.

In the academic conversation about PISA, several concerns with the assessment 
have been raised. Those address, for instance, the increasing impact that OECD/
PISA has on educational policy (Sellar and Lingard 2013), methodological weak-
nesses (Allerup 2007) and translation issues that affect international comparability 
(Arffman 2010). Meanwhile, in science education, researchers have argued that the 
concept of scientific literacy as articulated in PISA might have a positive effect in 
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offering a good example of the goals and emphases of science education (Fensham 
2009). Other scholars argue that the role that literacy in its more fundamental, lin-
guistic sense (Norris and Phillips 2003) plays in the PISA results needs to be more 
clearly emphasized in the scientific literacy framework (Olsen 2012).

While the reforms above are uses of PISA on a policy level, this paper leaves 
behind the statistical assumptions that inform policy to offer, instead, an empirical 
investigation of the effects of PISA from a pedagogical (classroom) perspective. 
More specifically, it describes a study that seeks to understand the interaction 
between the students and the items used for testing. It assumes that observation of 
problem-solving in action can give us information such as: What impediments or 
difficulties develop in students’ encounters with specific test questions? What mean-
ings are offered by and produced from the science problems as presented in the test? 
The focus of these questions is more on the validity of the data.

 A Design to Explore Test Items in Scientific Literacy

To explore these questions, a study was designed in which 15-year-old students col-
laboratively answered 11 PISA test questions in scientific literacy (OECD 2007) 
during a science lesson (this design is thoroughly described in, e.g. Serder and 
Jakobsson 2015). Three PISA units were included: Greenhouse, Acid Rain and 
Sunscreens (PISA units S114, S447, S485). In total, 21 groups of 3–4 students were 
formed. This collaborative design was chosen based on a sociocultural understand-
ing of knowledge construction (Wertsch 1998) which emphasizes that knowledge/
knowing is shaped in action and obtains meaning from real-life situations. The 
interactions were video recorded producing 16 h of video data for further observa-
tion and semantic analysis (Mäkitalo et al. 2009). The focus for the analysis pre-
sented here was what specific problems the students experienced with the test 
questions.

 A Stereotyped Portrayal of Science to Resist and Terms  
with Hybrid Meanings

In the analysis of the data, two main themes were discerned: (1) how the students 
discussed science as it was portrayed in the test items and (2) how words and for-
mulations of the test items were used in the student conversations. PISA scientific 
literacy test items are required to address “real-life issues” (OECD 2012: 102) 
which infer that the problems are contextualized in everyday life situations. 
According to the analysis, this condition seems to affect how the students in this 
study approached the problems. A common difficulty for the groups was to identify 
the intended meaning of various words. Words with hybrid meaning, that have dif-
ferent meanings in different contexts, were found to be frequently negotiated by the 
students (Serder and Jakobsson 2016). The Swedish words, e.g. pattern, factor, ref-
erence, constant and better  are examples from the study, all with differing 
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meanings depending upon whether they are used in an everyday, science or mathe-
matical context. In order for the groups to respond successfully in the test, it 
appeared to be crucial to ignore all alternative, possible contexts – including the 
inferred everyday context. Two examples from the observed student conversations 
are the word “pattern” that could be discussed as a mathematical term (in the sense 
regularity) instead of as (intended) a result of a scientific experiment and the word 
“factor” used to denote a “sun cream”, instead of a scientific variable. The results 
also indicate that some meaning is likely to be added, or lost, in translation (Serder 
and Jakobsson 2016). The second analytic theme concerned meaning in a different 
sense, namely, the meaning of science itself. The students tended to discuss the 
manner in which the fictive characters of the test items were speaking and approach-
ing the scientific problems presented to them in their imaginary everyday life. While 
so doing, the students often expressed resistance towards the image of science that 
they were presented and interacted with. However, in order to approach the test 
questions productively, the students need to accept the artificial aspects of the “real-
life” problems, as well as the authoritative, highly stereotyped way in which science 
was (implicitly) portrayed in those items (Serder and Jakobsson 2015).

 Use or Misuse?

The group situations used for the purpose of this study were different from indi-
vidual testing situations. However, the design permits an insight in the interactions 
that possibly take place in the test situation, of which very little is known. The rea-
sons for the decreasing Swedish results are likely to be various. This research poses 
questions about comparability between different national versions of the PISA test 
because the hybrid meanings of the words that were negotiated by the student 
groups are unlikely to be overlapping in different languages (see Arffman 2010). 
This is a finding that merits further exploration. As for the testing of “real-life 
skills”, the work shows that the everyday aspects of the test questions invite a num-
ber of various discourses and meanings. The conclusions support previous research 
that suggests that scientific competence is intimately linked to students’ discursive 
knowledge (Norris and Phillips 2003; Olsen 2012). Moreover, the inferred everyday 
contexts in PISA seem to enhance the way science gets portrayed as a very particu-
lar – and peculiar – human culture with certain norms and values (cf. Aikenhead 
1996). For instance, the students questioned “everyday” situations inferred in the 
test items such as conducting experiments outside school, putting marble chips in 
vinegar or discussing graphs in a library (Serder and Jakobsson 2015).

Sweden may be an exceptional case, both in the decline in its PISA scores and 
the number of rapid education reforms in recent years. Unfortunately, there might 
be little correspondence between national school reforms launched to address the 
political anxieties of PISA shock and the actual problems lived by students and 
teachers in the school system that need addressing. In order to reduce misuse of the 
PISA scores, these findings raise the question of whether there is a need for the 
scholarly community to stress less the need to attend to the general outcomes and 
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superficial interpretations of the results and attend more to a fine-tuned analysis of 
the results and their implications. This study, in which the interactions of students 
and test items were studied, was an attempt to show what such analyses reveal and 
why they might be valuable.

 Postscript

What conclusions then can be drawn from these somewhat disparate perspectives? 
The first is to recognize that there are both positive and negative aspects to PISA. The 
positive is that this international test attempts to measure competency – not just 
knowledge and understanding but the ability to use scientific knowledge to under-
take science-specific tasks which might reasonably be expected of a science literate 
15-year-old. These competencies are defined in a manner which represents the best 
thinking about what should be the outcomes of a contemporary science education. 
Moreover, the testing for PISA is undertaken in 72 countries in a manner which is 
as rigorous and systematic as can be given the constraints of producing one test in 
multiple languages in a short time scale. As a consequence, it produces an enormous 
quantity of data which raises issues for individual countries rather than definitive 
answers. Embedded within the data are some clear trends and patterns. For instance, 
Canada, Estonia, Germany and Hong Kong (China) have all attained high levels of 
performance with high or improving levels of equity in the 2015 results. What these 
countries would appear to share to a greater or lesser degree is (OECD 2016: 7):

 1. A clear education strategy to improve performance and equity.
 2. Rigorous and consistent standards are applied across all classrooms.
 3. Teacher and school leader capacity has been improved.
 4. Resources are distributed equitably across schools  – preferentially to those 

schools and students that need them most.
 5. At-risk students and schools are proactively targeted.

If such findings succeed in raising questions or providing pointers to where we 
might concentrate our efforts to improve the quality of the education that each coun-
try might offer its young people, then PISA has value. If, in contrast, PISA is simply 
seen as part of an international educational arms race from which little can be learnt, 
then all will have been in vain.
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 Introduction

Research on quality of instruction is an important facet of educational research 
(Abell 2007; Arnold 2007; Clausen 2002). Teaching is considered as a highly com-
plex activity and several different models have been developed to describe the rela-
tion between different elements of teaching, as there are teachers’ and students’ 
characteristics and attitudes, teachers’ knowledge in different forms, general condi-
tions of teaching and classes, as well as students’ learning achievement and motiva-
tion (Bauer 2011; Baumert et al. 2010; Berry et al. 2015).

Though these models vary in complexity and focus, teachers’ characteristics are 
regarded as fundamentally important for students’ learning outcome (Krauss et al. 
2008). Findings of recent empirical studies on teachers’ professional knowledge 
(e.g., COACTIV or MT-21) document a connection between teachers’ professional 
knowledge and students’ learning achievement (Kunter et al. 2013).
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 Theoretical Framework

 Professional Knowledge

Following Shulman’s (1987) initial operationalization, teachers’ professional 
knowledge comprises at least seven dimensions: content knowledge (1), general 
pedagogical knowledge (2), curriculum knowledge (3), pedagogical content knowl-
edge (4), knowledge of learners and their characteristics (5), knowledge of educa-
tional contexts (6), and knowledge of educational ends, purposes, and values (7). 
Recent research focuses on three distinct dimensions of professional knowledge:

• Pedagogical knowledge (PK)
• Content knowledge (CK)
• Pedagogical content knowledge (PCK)

Following Shulman’s description of pedagogical knowledge (PK), this type of 
knowledge comprises strategies and principles of classroom management and class-
room organization and is generally regarded as not subject-specific (König et al. 
2011; Shulman 1987).

Content knowledge (CK) comprises the in-depth knowledge of a particular sub-
jects’ content (Kleickmann et  al. 2012; Riese and Reinhold 2012). Findings in 
recent studies in mathematics education indicate that teachers’ repertoire of actions 
and explanations is related to the depth and range of their CK (Kunter et al. 2013).

Over time, PCK has been described by many approaches, and while there is no 
consistent conceptualization of PCK (Abell 2007, 2008; Berry et al. 2015; Loughran 
et al. 2012; Park and Oliver 2007), it is considered to be important for teaching. 
Several national and international studies focus on and discuss the meaning of 
teachers’ PCK for teaching (Park et al. 2010) and the development of PCK (Abell 
et al. 2009; de Jong and van Driel 2005). PCK can be described in various models 
like the model of teacher professional knowledge and skill (TPK&S) which inte-
grates the construct PCK in a very complex structure of teaching and learning 
(Gess-Newsome 2015). Research operationalizes PCK in various forms and 
nuances. General professional knowledge and topic-specific professional knowl-
edge (TSPK) can be seen as a knowledge base and are quite static. In a PCK sum-
mit, the conception of PCK was extended taking classroom action into account. 
Personal PCK is described as “the knowledge of, reasoning behind, and planning 
for teaching a particular topic in a particular way for a particular purpose to particu-
lar students for enhanced student outcomes (Reflection on Action, Explicit)” (Gess- 
Newsome 2015, p. 36). Personal PCK&S is operationalized as “the act of teaching 
a particular topic in a particular way for a particular purpose to particular students 
for enhanced student outcomes (Reflection in Action, Tacit or Explicit)” (Gess- 
Newsome 2015, p. 36).

These descriptions suggest that teachers’ PCK has manifold aspects and facets. 
As PCK is a highly complex construct, any investigation requires an emphasis on 
certain aspects of PCK. In this study, the focus is on pedagogical content knowledge 
about technical language (PCKTL).
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 Technical Languages

Language is of central importance for learning. Language is not only the primary 
medium of interpersonal communication used to transfer information like thoughts, 
beliefs, or knowledge (Bußmann 2002; Eunson 2012), but it is also deeply con-
nected to cognition and thinking (Childs et al. 2015; Johnstone and Selepeng 2001). 
Technical languages (TL) are an artificial form of language (Bußmann 2002) used 
with the specific purpose to communicate on a subject-specific level (Grucza 2012; 
Roelcke 2005; Schmölzer-Eibinger 2013). Although technical languages are not 
clearly defined in detail, their common characteristics can be derived. Technical 
languages have a specific lexis, commonly known by the expression technical terms 
(Özcan 2013; Taber 2015) and more complex syntactic structures. In addition, more 
compositions and nominalizations are used than in everyday language (Schmölzer- 
Eibinger 2013). In chemistry, technical language is central for a meaningful com-
munication as it also comprises formal and pictorial elements of language like 
symbolic expressions (e.g., structural formulas, chemical equations) which are 
chemistry immanent. These are considered as of fundamental importance to com-
municate about chemistry (Childs et al. 2015; Taber 2015).

Students’ knowledge of and proficiency in language and technical language are 
deeply and inseparably connected to their subject learning as well as their develop-
ment of scientific literacy (Özcan 2013; Taber 2015; Yore 2012; Yore et al. 2003). 
Both are regarded as central aims of present science education. Deficiencies in this 
field might lead to the development of misconceptions, inadequate representations 
of scientific concepts, as well as misunderstandings (Barke 2015; Johnstone and 
Selepeng 2001; Taber 2015).

Teachers have to deal with their own and their students’ technical language in 
class as it is an integral component of subject-specific teaching. Therefore, the han-
dling of technical language is seen as an important aspect of PCK is this study.

 Research Objective

Studies in the field of educational research consider the connection between teach-
ers’ professional knowledge and their students’ learning outcome as well as the 
development of teachers’ or student teachers’ PCK. However, research lacks findings 
on the relation between teachers’ professional knowledge, their actual action in class, 
and their students’ learning. This study is part of the joint research project ProwiN 
(Professionswissen in den Naturwissenschaften) [Professional Knowledge in 
Sciences]. The joint research project explores teachers’ professional knowledge and 
its connection to students’ achievement and classroom action in biology, chemistry, 
and physics (e.g., Cauet et al. 2015; Förtsch et al. 2016). This study’s objective is to 
shed light on the aforementioned desideratum. It focuses on the investigation of the 
relation between chemistry teachers’ subject-specific professional knowledge regard-
ing technical language, their classroom action, and students’ learning achievement.
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 Research Design

Chemistry classes of German secondary school teachers (German Gymnasium) in 
North Rhine-Westphalia and Bavaria took part in this study. The lessons cover the 
topic atomic structure and periodic table of the elements. In general, this topic is 
taught in the eighth grade at German Gymnasium (upper secondary school).

There are four points of measurement (MSP) in order to collect all required data 
(see Fig. 1).

The first testing had taken place before the teaching sequence on the aforemen-
tioned topic began. During the first testing, students’ prior content knowledge and 
their general interest in chemistry as well as teachers’ CK and background informa-
tion had been ascertained. Then, two successive lessons were videotaped. At the end 
of the teaching sequence, students’ post content knowledge and teachers’ pedagogi-
cal content knowledge regarding the handling of technical language (PCKTL) were 
assessed.

 Test Instruments

Students’ learning achievement was examined using a multiple-choice single-select 
test in a pre-post design. The applied test was specifically developed in order to 
measure students’ content knowledge regarding the topic atomic structure and the 
periodic table of the elements and it has been evaluated in a pilot study. The piloted 
test comprised 40 items in two test booklets using a multi-matrix design and was 
answered by a total of 149 students. The items were analyzed using Rasch measure-
ment. Evaluation shows good values for item (.92) and person (.77) reliability. 
Thirty items were selected based on item discrimination (>.75), item fit (.80 < mean 
square (MNSQ) > 1.2), and criteria of validity and were included in the final test 
instrument.

Fig. 1 Course of testings
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Students’ interest in chemistry was assessed by a questionnaire. Students 
answered to several statements on a 7-point Likert scale (subscales, e.g., regarding 
their personal interest in chemistry, the perceived importance of chemistry for their 
personal future).

Teachers’ CK was examined using an evaluated multiple-choice-single-select 
test (Tepner and Dollny 2014). The test instrument was carefully developed in a 
previous study (Dollny 2011) and validated in a subsequent assessment. This test 
comprised 29 items covering distinct aspects of the subject’s content taught in 
school.

Teachers’ PCKTL was assessed by a questionnaire which was specifically devel-
oped for this project (Strübe et al. 2014). Fifteen items have been constructed and 
evaluated in a pilot study. Each item comprised a fictional dialogue between a stu-
dent teacher and one or more of his students and four statements describing possi-
bilities of action or judgments of the dialogue. All dialogues were constructed based 
on theoretical assumptions and video data of a prior study. The participants were 
asked to rate each statement on a Likert scale from 1 (very appropriate) to 6 (not 
appropriate at all). All ratings were treated as answers to a dichotomous knowledge 
test and scored on the basis of expert ratings. Nine university professors for chem-
istry education answered the same statements as the teachers. Teachers’ answers 
were scored based on their accordance with the experts’ opinion on the statement. 
Experts showed a good agreement on the statements. In consensus with expert notes 
and discussions, statements showing less satisfying item characteristics were 
adapted and 12 items were selected to form the final test instrument.

Teachers’ classroom action regarding their handling of technical language was 
examined using video coding. Each video was analyzed in two coding procedures. 
A low inferent basis rating provides insights on the general structure of the teaching 
and distribution of shares of speech in class. Following this, a highly inferent coding 
covers specific elements of teachers’ and students’ use of technical language in 
class. The coding manual was developed based on theory and video data at hand and 
comprised categories regarding the technical language and the content (e.g., cor-
rectness of utterance or content-related complexity of the turn). Subcategories 
regarding the language include, e.g., the language-related complexity (form of lexis, 
composition of syntactic structure) and the inducement for the utterance. 
Subcategories regarding the content comprise the content-related complexity and 
the correctness of the utterance. Using the coding manual, teachers’ and students’ 
use of technical language should be described from a perspective of subject-specific 
education.

The category correctness of utterance addresses the bare subject-specific cor-
rectness of the utterance (right, wrong, indecisive, e.g., with questions or hypothe-
sis), while the content-related complexity addresses the content in relation to 
cognition and differentiates whether the utterance is on a level of mere facts (e.g., 
“Hydrochloric acid is an acid”) or refers to a relation (e.g., “Hydrochloric acid is an 
acid because it is a proton donor”) or even a major concept in chemistry (e.g., 
“Hydrochloric is an acid according to the Arrhenius theory of acids and bases”). 
This differentiation is supposed to shed light on possible difficulties to comprehend 
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the utterance as studies found a connection between the content-related complexity 
and, for example, the item difficulty in paper-pencil tests on content knowledge 
(Ropohl 2010). The category language-related complexity is operationalized closely 
to the content-related complexity as a connection between the complexity of used 
language and comprehension can be assumed. Additionally, each utterance is rated 
regarding the form of lexis (technical term(s) or everyday language) and its syntac-
tic complexity (Word, Sentence(s), or Dependent Sentences). Using these codings, 
structure- and content-related reasons for students’ difficulties in comprehension 
could be identified.

Moreover, utterances are rated regarding their technical language-related cor-
rectness as video data at hand shows that utterances might be correct from a subject- 
related perspective but wrong from the perspective of technical language (e.g., a 
student could describe hydrochloric acid as HCl instead of as the correct HCl (aq). 
A teacher might accept HCl as an answer but the answer remains wrong).

Using these aforementioned categories, ten videos of chemistry lessons from a 
prior video project were rated by two trained raters. Each utterance of the teacher or 
his students was rated on the basis of the coding manual. Evaluation shows a very 
good interrater reliability (on average κ = .88), ranging from nearly perfect (κ = 1.0) 
to good agreement (κ = .72). Based on experts’ opinion and theoretical assumptions, 
the manual can be regarded as valid.

 Results

All reported performance measures were analyzed using Rasch measurement, tak-
ing item difficulty into account. According to this, for example, results for teachers’ 
CK do not reflect their raw scores but their ability in CK. Raw scores highly corre-
late to Rasch-scaled measurements (e.g., CK: r = .97, p < .001). Since Rasch mea-
surement takes into account varying item difficulty and the test subjects’ ability, it 
is considered as an appropriate way to measure ability (Boone et al. 2014). It should 
be mentioned that a negative score for a person’s ability does not reflect “negative 
knowledge” but indicates a lower than 50% probability for the person to answer an 
item of average difficulty correctly (Boone et al. 2014).

 Teachers

Twenty-eight (28) chemistry teachers participated (♀ = 50%) in this study. The 
teachers are, on average, between 42 and 43 years old and have spent between 12 
and 13 years in school service (SD = 11.52). The teachers show very good content 
knowledge and variance in their PCKTL. A comparison of this study’s teacher 
sample (ProwiN 2 sample) to the prior study’s and subsequent assessment’s sample 
of teachers of the same school form (validation sample) indicates that the ProwiN 
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2 teachers have significantly better CK than the validation sample (t(201) = 3.32, 
p < .001, g = 1.08). This fact might explain the mediocre person reliability of the CK 
test items. The reliability of the PCKTL test is good (see Table 1).

 Students

Reported results are based on the complete datasets of 764 students (♀ = 49.1%). 
The 764 students come from 34 classes taught by the aforementioned 28 teachers 
and are, on average, between 13 and 14 years old. Students show a significant devel-
opment of their personal ability regarding their content knowledge on the topic 
atomic structure and periodic table of the elements with a strong effect size t(763) 
= 36.14, p < .001, d = 1.4. This reflects their actual development in content knowl-
edge (see Table 2). Students show only little prior knowledge, explaining the poor 
person reliability of the pretest. Posttest person reliability is good.

Regression analyses indicate that students’ prior knowledge is the strongest pre-
dictor for students’ learning, followed by their interest in chemistry. Teachers’ CK 
and their PCKTL contribute to variance explanation (see Table 3). Under consider-
ation of all four aforementioned predictors, a total variance of 26% can be explained.

Comparative analyses of students’ learning achievement with high and low prior 
knowledge show a distinct change in the variable predictive power and amount of 

Table 1 Teachers’ CK and PCKTL

Scale NTeachers NItems Ability (M) SD Person reliability Item reliability

CK 28 29 2.62 1.35 .58 .58
PCKTL 28 35 1.42 1.14 .78 .84

Table 2 Students’ development of content knowledge

Scale NStudents NItems Ability (M) SD Person reliability Item reliability

Pretest 764 30 −.77 .60 .40 .97
Posttest 764 30 .27 .90 .73 .99

Table 3 Predictors for students’ learning achievement

B SE ß R2 ΔR2 p

Student variables

  Prior knowledge .63 .05 .43 .22 – <.001
  Interest in chemistry .01 .00 .24 .02 .02 <.001
Teacher variables

  CK .07 .02 .25 .01 .01 <.001
  PCKTL .08 .03 .26 .01 .01 .004
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explained variance. For this purpose, the student sample was differentiated by their 
prior knowledge. Only the 25% with the highest and the 25% with the lowest prior 
knowledge make up the data basis for the following analyses. For students with low 
prior ability, 24% of variance can be explained, while for students with high prior 
ability, explained variance decreases remarkably to 13%. Analyses also show that 
the significance and predictive power of each predictor changes considerably (see 
Fig. 2). Results for students with low prior ability retain the results of the entire 
sample; prior knowledge remains the strongest predictor followed by interest in 
chemistry. Findings indicate that students with low prior knowledge benefit more 
from teachers’ CK and PCKTL than students with high prior knowledge. For stu-
dents with high prior knowledge, only their prior knowledge itself and their interest 
in chemistry are significant predictors and even equally strong.

 Teachers’ Acting in Class

The reported results of qualitative analyses focus on extreme classes: the class with 
the highest post knowledge (class A) and the class with the lowest post knowledge 
(class B). Both classes are taught by trained chemistry teachers (teacher A and 
teacher B) and comprise 20 students each. Qualitative analysis is conducted based 
on the aforementioned evaluated overall rating questionnaire and covers both video-
taped lessons of each teacher. Though their PCKTL does not differ strongly, analysis 
of videotaped lessons shows a distinct difference in their actual handling of techni-
cal language in class. Both teachers show a strong use of technical terms, complex 
syntactical structures when giving monologue or explanations and rather simple 
syntactical structures with ellipses and other characteristics which can be expected 
in spoken language when confronted with spontaneous situations (e.g., questions). 

Fig. 2 Predictors for students’ post knowledge differentiated by prior knowledge
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Although both teachers show a strong use of technical terms, teacher A uses fewer 
and more specific technical terms, while teacher B shows a high frequency and vari-
ance of technical terms. Teacher A fosters a more dialogic structure in class. 
Confronted with spontaneous situations, teacher B reacts faster than teacher A but 
uses technical terms less precisely. On the contrary, teacher A takes more time to 
answer and uses his technical language very precisely. In addition to that, teacher A 
pays attention to his students’ correct use of technical language, while teacher B 
barely reacts to inadequate utterances. Students in both classes use technical lan-
guage sometimes wrong, but while teacher A corrects students’ use of technical 
language and additionally pays attention to the correctness of the utterances from a 
content-related perspective, teacher B pays more attention to his students’ content- 
related correctness of utterances and seems indifferent to their technical language- 
related correctness. Teacher B seems to anticipate what his students want to say but 
not what they actually say as several utterances are right from a content-related 
perspective but wrong from a technical language-related perspective. Although the 
aforementioned results are based on the comparison of the two classes differing 
most in learning achievement, subsequent qualitative analyses of the entire sample 
sustain the reported observations. Teachers of varying successful learners differ 
strongly in their technical language-related behavior in class.

 Summary and Perspectives

Teachers’ professional knowledge is a central subject to educational research and 
regarded as an important aspect of quality of instruction. National and international 
studies indicate a positive relation of teachers’ professional knowledge and stu-
dents’ learning outcome albeit most studies focus on theoretical aspects of PCK and 
types of knowledge. Teaching is a highly complex and dynamic activity which 
makes it necessary to consider teachers’ actual acting in class when examining the 
connection of teacher traits and students’ learning.

This study uses paper-pencil tests, questionnaires, and video analyses to investi-
gate the relation between teachers’ content knowledge (CK), pedagogical content 
knowledge regarding technical language (PCKTL), teachers’ acting in class, and stu-
dents’ learning achievement in chemistry. The sample consists of 28 German sec-
ondary school chemistry teachers teaching the topic atomic structure and the 
periodic table of the elements in eighth grade.

The findings show a significant development in students’ content knowledge and 
confirm a significant relevance of teachers’ CK and PCKTL for students’ learning 
outcome. Especially students with low prior knowledge benefit from high teacher 
CK and PCKTL. Preliminary results of video analyses indicate a disparity between 
teachers’ theoretical professional knowledge and their actual acting in class. Albeit 
teachers’ theoretical knowledge about the handling of technical language differs 
only slightly for the entire sample, teachers of the classes with the highest and lowest 
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learning outcome show a divergent handling of technical language in class and their 
students’ learning achievement varied strongly.

Further investigations will focus on the quantitative analyses of classroom action 
in order to consider teachers’ actual acting in an explanation model for students’ 
learning outcome. Classroom action could mediate between teachers’ CK and 
PCKTL and students’ learning achievement. The study’s final results might contrib-
ute to a better understanding of the relevance of technical languages for teaching 
and learning and the complex construct of PCK. In addition, the connection between 
PCK, teachers’ actual acting in class, and students’ learning will be examined, and 
findings will make a contribution to this complex and foremost important relation 
for teaching.
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in Co-taught Science-and-English CLIL 
Classrooms
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 Introduction

Our society and schools are multilingual and multicultural contexts embedded in a 
globalized world. European educational institutions are promoting new teaching 
approaches related to bilingual education in order to encourage every citizen to 
acquire a command of at least three languages through compulsory education 
(Eurydice 2006, UNESCO 2003). An understanding of Science is considered a 
competence that also needs to be promoted so that everyone can participate actively 
and critically in the functioning of our society (Eurydice 2011, COSCE 2011).

Within the context of a multicultural and globalized world, the European 
Commission has promoted Content and Language Integrated Learning (CLIL) proj-
ects to improve the learning of a foreign language (Eurydice 2006). The acronym 
CLIL is used as “a generic term to describe all types of provision in which a second 
language (a foreign, regional or minority language and/or another official state lan-
guage) is used to teach certain subjects in the curriculum other than languages lessons 
themselves” (Eurydice 2006: 8). In Catalonia, a bilingual autonomous community of 
Spain, English is taught as a foreign and a third language. CLIL projects in this region 
often aim to integrate the teaching and learning of Science and English.

The teaching of Science in English has been widely studied by the international 
educational research community (Escobar-Urmeneta et  al. 2011; Gajo 2007; 
Valdés–Sánchez and Espinet 2013b), which has documented the benefits to both 
language and Science teaching and learning. In the case of Science teaching, the 
approach encourages teachers to strengthen the focus on language through increased 
dialogue and negotiation (Moate 2011). This enhances the development of scientific 
competences, since learning Science means learning to use the language associated 
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with school Science (Edwards and Mercer 1987; Espinet et al. 2012; Lemke 1990; 
Mortimer and Scott 2003; Sanmartí 2002).

However, from the perspective of Science Education, it should be noted that, in 
order to initiate this kind of project, teachers must go far beyond simply explaining 
the subject in English. Indeed, it highlights the need for new professionals who are 
capable of integrating the teaching of Science and English without compromising 
the educational quality of either discipline (Escobar-Urmeneta et al. 2011). It also 
involves collaboration between teachers in different specialized disciplines, and 
reflection on how best to achieve real integration between the learning objectives of 
the two subjects (Dalton-Puffer 2007; Valdés–Sánchez and Espinet 2012).

Within this context, co-teaching emerges as a strategy with great potential to help 
build discipline integration projects. Understood as a process in which two or more 
teachers plan, instruct, and evaluate together (Davis-Wiley and Crespo 1998), it 
involves collaborative work based on dialogue between disciplines that occurs 
inside and outside the classroom, enriching learning environments through the 
knowledge and experience of two experts. Davis-Wiley and Crespo have compiled 
some of the benefits of this practice, as documented by several researchers. Roth 
and Tobin (2004) advocate this model as a tool for teachers’ professional develop-
ment. They argue that teachers who work together in the classroom expand their 
identities through cooperation based on established goals and interests. Siry and 
Martin understand it as a “method for learning how to teach, as well as a method-
ological approach to learn about teaching” (Siry and Martin 2010: 57).

This chapter presents part of a broader study that explores the potential of co- 
teaching as a strategy to build a Science-and-English CLIL project in public pri-
mary schools. By analyzing the discourse of several pairs of co-teachers, the broader 
study aims to shed light on certain aspects of the interaction that takes place in such 
CLIL classrooms. Its objectives are to reflect on how the integration of Science 
teaching and English teaching occurs in the classroom and how the co-teachers’ 
discursive collaboration develops.

In the following pages, we present the methodology developed to analyze the 
interaction between co-teachers and the findings from the analysis of their discur-
sive participation while co-teaching Science and English. These findings give us 
some insights into (a) how CLIL co-teachers manage their participation in a shared 
classroom, (b) how CLIL co-teachers’ participation changes, and (c) how diverse 
co-teachers’ participation is.

 Methodology

 Study Design

This exploratory qualitative study is based on assumptions shared by the discourse 
studies community in relation to Language and Science Education. We are inter-
ested in contributing to the understanding of “how learning occurs through 
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language, how access to knowledge derives from participating in the social and 
symbolic worlds, and how disciplinary knowledge is constructed through language” 
(Kelly 2007). The methodological approach draws on Science Education discourse 
studies from a sociocultural perspective (Edwards and Mercer 1987; Lemke 1990; 
Mortimer and Scott 2003).

We have studied the discursive interaction that occurs between co-teachers from 
different disciplines while they try to integrate foreign-language teaching and 
Science Education. We understand discursive participation in the classroom as a 
social act that implies the use of spoken language (or the choice to remain silent) 
under certain social rules that all the participants situate and continually negotiate 
within the interaction. Although we specifically focus on spoken language for the 
purposes of our study, it is not our intention to underestimate non-spoken language 
or other means of interaction, as we understand that participation occurs through 
multimodal means.

There is a long tradition of classroom Science Education discourse studies from a 
sociocultural perspective, though they usually refer to classrooms with only one 
teacher interacting with pupils. The interaction of two teachers in a classroom has 
been analyzed within different contexts, such as classrooms with one teacher and one 
special educator supporting certain pupils or classrooms where co-teaching has been 
used as a tool for preservice teacher training. Within our context, however, two expert 
teachers collaborate in an attempt to integrate the teaching of two disciplines.

The data collection strategies included video recordings of full classroom inter-
actions. In 2012/2013, we recorded the classroom interactions of four primary 
school teachers (one English teacher and three Science teachers) that were grouped 
into three pairs of co-teachers. Each pair was formed by the English teacher and one 
of the Science teachers, and they all did the same activity in the third grade 
(8–9-year-olds), within the subject entitled Knowledge of the Natural and Social 
Environment. The recorded material related to a hands-on activity about the proper-
ties of materials used for a given technological purpose (building a mud-brick 
house) in a historical context (prehistory). In addition, we collected video record-
ings of a Science workshop on the topic of air, which the co-teachers who initiated 
the project held in 2010, when they began working together.

We performed two types of analysis: (a) a longitudinal study of one pair of co- 
teachers (from 2010 to 2013) and (b) a cross-sectional analysis of three pairs of 
co-teachers doing the same activity in 2013. Data analysis was performed in two 
phases: macroanalysis and microanalysis.

The macroanalysis phase started with a selection of activity fragments in which 
the co-teachers were constructing a collaborative discourse, that is to say, those sec-
tions of the video when the co-teachers were interacting with each other and with 
the whole class. The second step was the transcription of the selected fragments. 
Finally, we segmented the transcriptions by their semantic patterns (Lemke 1990) in 
order to create our units of analysis: episodes. An episode is a transcribed interac-
tional sequence in which the co-teachers collaborated to complete a specific task 
with the whole class. In the longitudinal study, 85 episodes were identified: 36 epi-
sodes correspond to the workshop that the initial pair of co-teachers (Pair 1) devel-
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oped during their first year of collaboration (2011), and 49 episodes belong to the 
activity that the same pair did in 2013. In the cross-sectional study, 132 episodes 
were analyzed, 49 from the co-teachers Pair 1, 49 from Pair 2, and 34 from Pair 3.

Having completed the macroanalysis and identified the units of analysis, we 
began the microanalysis phase. Through an iterative process of analysis and discus-
sion of certain episodes, we developed an inductive-deductive analytical tool. This 
tool was validated by other researchers in the field of Science Education and 
Language Education through several data sessions held at the Autonomous 
University of Barcelona and the University of Luxemburg. This tool enabled us to 
perform a qualitative analysis of each episode and to generate a coding system using 
ATLAS.ti software.

 Analytical Tool

We developed an inductive-deductive analytical tool that guided the process of cod-
ing. Based on the analysis performed in a preliminary study (Valdés–Sánchez and 
Espinet 2012, 2013a), this tool was subsequently expanded during data analysis as 
a result of new theoretical and empirical contributions. The analytical tool charac-
terized the episodes into three dimensions: (1) semantic pattern, (2) participation 
pattern, and (3) linguistic pattern. It also characterized how alternations among dif-
ferent categories occurred within each pattern (Table 1).

In the analysis of the semantic pattern, the teacher’s interventions were classi-
fied, in terms of their objectives, into three categories: (a) objectives related to 
Science teaching, (b) objectives related to English teaching, and (c) objectives 
related to the management of the group. The participation pattern emphasized and 
characterized moments of individual or shared leadership and the role of each 
teacher in the participation. Finally, in the analysis of the linguistic pattern, we 
looked for the moments when the co-teachers changed the agreed linguistic pattern, 
and we analyzed the types of linguistic alternation and their causes.

Table 1 Analytical tool for the qualitative analysis of episodes

EPISODE: Code:
GOAL: Co-teacher’s position:
TURNS: Number of turns:
QUALITATIVE DESCRIPTION:

Content Participation pattern Linguistic pattern
Semantic pattern Science

English
Management

Alternations
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 Results

The preliminary study focusing on the co-teachers’ questioning interactions (Self- 
references 1; 2; 3) showed that co-teaching generated reciprocal learning between 
teachers. Such learning promoted change in the structure of the activity, shared 
responsibility in the classroom, and transfer between teachers of the ability to for-
mulate scientific questions. The study presented in this chapter provides a more in- 
depth analysis of co-teachers’ participation models and their development.

 Co-teachers’ Discursive Participation Models

The first objective of our discursive participation analysis was to describe how two 
co-teachers – and experts in different disciplines – having the same responsibility 
within the classroom interacted with the pupils in a Science and English integrated 
learning context. The analysis of the participation patterns revealed three main mod-
els of participation that all pairs of co-teachers enacted in the classroom: (1) pas-
sive, (2) supporting, and (3) co-constructing. We identified these models and 
characterized the most relevant participation strategies associated with each of them 
(Table 2).

The passive model identifies a co-teaching method in which one co-teacher 
interacts with the pupils and the other decides to remain silent. The model in which 
one co-teacher leads the teaching and the other offers her/him support is called the 
supporting model. The co-teacher who is not leading can help with the management 
of the classroom or contribute with repetitions, reformulations, extensions, and 
feedback. We have exemplified this model with the classroom episode extract shown 
in Fig. 1, in which the English teacher (ET) is leading the dialogue and the Science 
teacher (ST) is helping with the management of the classroom. As the Science 
teacher and certain pupils (A) are speaking in Catalan, the translation into English 
is included in gray.

Finally, in the co-constructing model, both co-teachers lead the classroom 
together, acting as if they were one teacher, that is to say, both of them decide how 
the classroom discourse should be developed, and they collaborate on the construc-
tion of a fluent dialogue with the pupils. This shared leadership was constructed 
using different discursive strategies, such as dialogue co-construction with the 
pupils, talking to each other as teachers or acting as if one were a teacher and the 
other were a pupil. An example of a dialogue co-construction strategy is shown in 
Fig. 2. In this episode extract, both teachers are trying to encourage pupil A4 to use 
English in order to communicate to a visitor about the materials they are going to 
collect to build a mud-brick house.
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 Changes in Co-teachers’ Discursive Participation Models

Pair 1 of the co-teachers taught a Science-and-English CLIL classroom for 3 years, 
and changes were expected after this long period of collaboration. Table 3 allows us 
to compare the distribution of the different discursive participation models in their 

Table 2 CLIL Science and English co-teachers’ discursive participation strategies associated with 
discursive participation models

Participation 
model Participation strategy Description

Passive Silence The co-teacher who is not leading classroom 
interaction remains silent

Supporting Repetition The co-teacher who is not leading repeats what the 
other co-teacher has said with the same words, 
either in the same language (English or Catalan) or 
a different language (English or Catalan)

Reformulation The co-teacher who is not leading repeats what the 
other co-teacher has said using other words

Extension The co-teacher who is not leading adds some new 
information to what the other co-teacher has said

Feedback The co-teacher who is not leading gives some 
feedback on the interventions of the pupils or on 
what the other co-teacher has said

Management 
assistance

The co-teacher who is not leading helps the other 
co-teacher with the management of the classroom, 
e.g., attracting the pupils’ attention, offering help 
with the materials, etc.

Co-constructing Dialogue 
co-construction

Both co-teachers decide how the classroom 
discourse should be developed, and they 
collaborate on the construction of a fluent dialogue 
with the pupils

Open dialogue The co-teachers talk to each other in order to 
communicate something to the pupils

Open dialogue with 
teacher-pupil roles

Co-teachers talk to each other while one of them 
acts as if he/she were a pupil

Fig. 1 Example of the supporting participation model with a management assistance strategy
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initial stage of collaboration with the distribution of these models 3 years later. The 
percentages indicate the number of discursive turns associated with each model 
with respect to the total number of turns for each activity. The total number of turns 
was 1703 for the first year activity and 1792 for the third year activity.

From the beginning of their co-teaching, these teachers spent most of their time 
collaborating through discourse, enacting Supporting or Co-constructing participa-
tion models. In fact, sequences of turns in which only one co-teacher talks and the 
other remains silent were less frequent. After 3 years of collaboration, as shown in 
Table 3, the distribution of participation models had developed in two ways.

On the one hand, there is an important change regarding who remains silent. In 
the first year, the passive model was only enacted by the English teacher, i.e., while 
the Science teacher talked to the classroom, the English teacher remained silent. In 
contrast, after 3 years of collaboration, the two co-teachers enacted the passive 
model with a similar frequency, i.e., both teachers assumed full responsibility in 
guiding the dialogue with pupils at different moments of their interactions. However, 
within the classroom interactions occurring in the third year, the Passive model was 
enacted less frequently when compared to the first year.

Fig. 2 Example of the co-constructing participation model with a dialogue co-construction 
strategy

Table 3 Longitudinal study of co-teachers’ participation models

Stage of collaboration

Participation model
Being (Science 
teacher) (%)

Being (English 
teacher) (%)

Supporting 
(%)

Co-constructing 
(%)

1st year of co-teaching 
(2011)

0 15 58 27

3rd year of 
co-teaching (2013)

5 6 45 44

Analyzing Teachers’ Discursive Participation in Co-taught Science-and-English CLIL…



226

On the other hand, there is an evolution with respect to how these co-teachers 
collaborated through discourse, which corresponds to an increase in the 
Co-constructing model and a decrease in the Supporting model. In addition, in the 
third year, they incorporated new strategies like the one shown in Fig. 3. In this 
episode extract, the Science teacher (ST) is explaining to the English teacher (ET) 
that mud bricks were used in prehistory to build houses instead of huts.

The episode extract exemplifies how the co-teachers talk to each other in order to 
communicate something to the pupils. Although talking to each other, they use a 
rhythm that is normally used with the pupils rather than between them. That is what 
we call an Open dialogue. What makes this Open dialogue special is the fact that 
they assume different roles, i.e., while the Science teacher acts as a teacher, the 
English teacher assumes a pupil role. In this activity, we located various moments 
when the co-teachers used the Open dialogue with teacher-pupil roles strategy, with 
either acting as teacher or pupil.

Fig. 3 Example of the open dialogue with teacher-pupil roles strategy associated with the co- 
constructing participation model
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To sum up, after 3 years of collaboration, these co-teachers used more developed 
co-teaching models, as they interacted through various participation models and 
they incorporated new co-construction discursive strategies. The changes observed 
were (a) the passive model was less frequent and was used by both teachers as 
opposed to by the English teacher only in the first year, (b) the co-constructing 
model gained in importance over the supporting model, and (c) they incorporated 
new co-construction strategies.

 Diversity of Co-teachers’ Participation Models

In 2013, the initial pair of co-teachers started their third year of collaboration, and 
two new Science teachers joined the project. They formed two new pairs of co- 
teachers with the same English teacher (Pair 2 and Pair 3). As the school had three 
third grade classrooms, the activity consisting of building a mud-brick house was 
carried out by the same English teacher co-teaching with three different Science 
teachers in three different classrooms.

The distribution of the participation models of the three different pairs of co- 
teachers is shown in Table 4. If we look at the distribution of the models of co- 
teacher Pairs 2 and 3, we can see that although they were in their first year of 
co-teaching, they had some features that are typical of a developed co-teaching 
model. We must bear in mind that these Science teachers started co-teaching in 
2013, but the English teacher they co-taught with was an expert co-teacher in her 
third year of practice.

The features that these new pairs of co-teachers shared with the developed co- 
teaching model were the low frequency of the Passive model and its distribution 
between co-teachers. In contrast, the distribution of the Supporting and 
Co-constructing participation models for the new co-teacher Pairs 2 and 3 was 
 typical of an initial collaboration, and they did not use all the co-construction strate-
gies that the English teacher was able to use in Pair 1 after 3 years of co-teaching.

Table 4 Cross-sectional study of co-teachers’ participation models

Pair of co-teachers

Participation model
Passive 
(Science 
teacher) (%)

Passive 
(English 
teacher) (%)

Supporting 
(%)

Co-constructing 
(%)

Pair 1 (2013 – 3rd year 
of co-teaching)

5 6 45 44

Pair 2 (2013 – 1st year 
of co-teaching)

4 2 66 28

Pair 3 (2013 – 1st year 
of co-teaching)

7 1 74 18
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 Discussion and Conclusions

Co-teaching in Science-and-English CLIL classrooms is not a common teaching 
strategy in primary education. The study presented in this chapter is based on data 
obtained from the unique, stable, and diverse co-teaching experiences under scru-
tiny. The interaction between two co-teachers trying to teach primary Science and 
English is complex and diverse. In fact, co-teaching can be understood as a situated 
social act that occurs inside the classroom, which is continually negotiated by the 
participants in the interaction, both the two teachers and the pupils. Within our spe-
cific context, co-teaching implied the collaborative orchestration of the language 
used (Catalan, Spanish, or English), the discipline to support the construction of 
meaning (Social Sciences, Natural Sciences, Technology, and English), and, finally, 
the way teachers participated, sharing their leadership within the classroom.

This study focused solely on one of these three dimensions: the participation pat-
tern of co-teachers’ discursive collaboration. The teachers in our study used a vari-
ety of discursive participation strategies that can be classified into three types of 
discursive participation models ranging from less to more collaborative: passive, 
supporting, and co-constructing. However, those teachers seemed to feel more com-
fortable creating and enacting participation strategies for discursive collaboration 
by either supporting the leading teacher or sharing leadership by co-constructing a 
dialogue with the pupils. This was possible thanks to two types of process: (a) the 
learning of one pair of co-teachers through 3 years of shared practice (Pair 1) and 
(b) the transfer of one expert co-teacher’s discursive participation competence to 
new co-teachers (Pairs 2 and 3).

The first conclusion drawn from this study was that co-teachers’ participation 
strategies progressed, through practice, toward the acquisition of a more co- 
constructed discourse. This result is in line with the findings from a study by Roth 
and Tobin (2004), which emphasized an improvement in Science teachers’ co- 
teaching through practice, an expansion of their agency, and a change in their praxis. 
The knowledge and experience of two experts from different disciplines, in this case 
Science teaching and English teaching, led to a more co-constructed dialogue that 
enriched the classroom (Davis-Wiley and Crespo 1998). One of the most interesting 
co-construction participation strategies that we identified was the way in which 
teachers managed their expertise and positioned themselves in CLIL classrooms. In 
fact, the most expert co-teachers were able to share their lack of knowledge by posi-
tioning the English teacher as a Science apprentice, and the Science teacher as a 
foreign-language learner. By openly expressing and sharing their lack of knowl-
edge, the co-teachers created a context in which pupils felt safe to express their 
doubts or needs and were able to observe models of how to manage their learning 
and their relationship with the teacher. In addition, it created a context within which 
teachers also felt safe to express their lack of knowledge of a discipline outside their 
respective fields of expertise. We consider this discursive participation strategy to be 
an indicator of a more developed collaborative discourse through which pupils are 
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able to expand their learning, and co-teachers are able to expand both their learning 
and their professional development opportunities.

The second conclusion drawn from this study was that more developed discur-
sive participation strategies could be transferred to some extent from expert to nov-
ice co-teachers. The comparison between different pairs of novice co-teachers’ 
interactions showed that they used the same participation models and similar strate-
gies. However, their interactions were characterized by a lower presence of less 
collaborative participation models such as the Passive participation model. This 
could be interpreted as an indicator of transfer from the side of a co-teacher with 
3 years of experience in co-teaching. Another feature of novice co-teachers’ interac-
tions was the distribution of Supporting and Co-constructing participation models, 
which were typical of an initial collaboration characterized by a lower presence of 
co-construction participation strategies. This might indicate that even though expert 
teachers could easily establish discursive collaboration in the classroom with the 
help of an expert co-teacher, the elaboration of more sophisticated co-construction 
strategies may require more time teaching together.

The authors of this study advocate the need to include co-teaching as a beneficial 
approach to the teaching of Science-and-English CLIL programs in primary educa-
tion. However, this alone might not be sufficient to support the dynamics of change 
that primary schools currently need. The establishment of stable and interdisciplin-
ary partnerships could provide a context to support innovation either in preservice 
or in-service primary Science teacher training (Espinet et al. 2016). These partner-
ships could involve actors from different institutions such as local authorities, uni-
versities, and schools, as well as from different disciplines of reference such as 
foreign-language education and Science Education. Today, Science teacher training 
requires practitioners to be able to work through difference and come up with 
boundary-crossing practices that facilitate authentic partnerships for change.
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Multilingual Contexts: A New Positioning 
for STEM Teaching/Learning

Philip Clarkson and Lyn Carter

 Introduction

Multiple cultures and languages are represented in most classrooms worldwide. 
Hence the majority of teachers may now expect to work with at least some pupils 
from ethnic, linguistic, and/or cultural groups distinct from their own. Cultural, lin-
guistic, political, and social issues in learning have until recently been seen as dis-
tant to and have had little impact on the teaching and learning of STEM. But the 
problems of “others” that are “different” from “us” are now a reality (Babaci-Wilhite 
2016; Markic and Abels 2016). If STEM education is to become an equitable prac-
tice, there is a continuing need for research that takes seriously an understanding of 
the complexity of the teaching and learning in multilingual situations and the pos-
sible benefits these may have.

Research into the teaching and learning of STEM in multilingual situations is 
normally closely linked to the phenomena of worldwide refugee migration that 
many recipient societies see as a problem (Australia and Germany as two examples 
among many) rather than as an opportunity as Atweh and Clarkson (2001) have 
argued. But this is only one context that gives rise to multilingual classrooms. Other 
contexts include Papua New Guinea where one of the official languages, English in 
a land of 820 languages, is deemed to be the language of teaching, although few 
students understand English when entering school, and many beginning teachers are 
still learning the language (Clarkson 2016). In the USA the long-term multiple- 
generation Latino populace often has to learn in English. Hence the learning/teach-
ing is more complicated than supposed in much of the research literature when a 
monolingual context is normally assumed. There is a clear need for research that 
understands the complexity of the teaching and learning of STEM in multilingual 
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situations and an exploration of the possibilities this may have for more equitable 
societies. A new positioning for STEM teaching/learning is needed.

In this chapter we review some assumptions often made in research. We then 
explore some different language contexts that give rise to diversity. We first look at 
the diversity that exists within the teaching language and how this can impact on 
different students. We then turn our attention to language diversity that arises 
because of the different languages that may be present within a classroom. Finally 
we turn our attention to researching STEM in the midst of such diversity.

 Some Assumptions and Inherent Complexity

The narrow focus of much STEM research stems from related assumptions of a 
“monolingual” context, students belonging to the dominant culture, and that they 
possess the social habitus of the middle class (Clarkson et al. 2001). Thus it is 
often assumed that mathematics and science can be taught in the absence of a 
common language because STEM subjects are “universal” and independent of 
language. For those who make this assumption, a STEM classroom is not the best 
place to learn the language and the norms of the school. It is taken for granted that 
students have already a mastery of the language of instruction and its subtleties, 
and this is somehow automatically linked by the students to the discourses of dif-
ferent subjects taught in the school. It is also a common assumption that the stu-
dents know the “norms” of the school. But such is just not the case for many 
students, particularly those from migrant communities. Compounding this con-
text, it is particularly difficult for children from a non-Western background, 
migrating to a Western or Westernized country, to learn Western science and 
mathematics when these are understood as part of Western culture. Further, these 
curricula are embedded in the wider school curriculum, and are intended for 
monolingual, middle-class students, belonging to the dominant social group. 
Often neglected is the reciprocity of this dynamic: Learning is influenced by lan-
guage and culture is accepted, but language and culture also influence what is 
taught and what is researched, and indeed the research methods used are not 
always understood (Chellougui et al. 2015).

In fact we know STEM teaching/learning is a process where cognitive, affective, 
emotional, social, cultural, and linguistic factors are deeply intertwined (Bishop 
1988; Lave 1988; Lee 2005). Further, the multiple links among these factors make 
the teaching of STEM a complex task even in a monolingual context, let alone in 
multilingual/multicultural contexts. In a classroom, neither the teacher nor the 
researcher may now assume that they are part of, or with, a homogenous group. 
Indeed there should be recognition by teacher and researcher that there is a great 
heterogeneity among the several multilingual and/or multicultural situations that 
can, and probably are, present in any one classroom. The complexity of the research 
contexts requires the use of multilayered theoretical perspectives and a deep sensi-
tivity for different cultures present.
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One advance that goes beyond the above stereotypical assumptions interestingly 
focuses on achievement and assessment. For a long period, most of the research 
concerning ethnic, cultural, or linguistic minorities and their learning of STEM sub-
jects focused on the achievement of those groups. It is only recently that research-
ers’ interests have turned to the understanding of how and why it is for many of 
these students that they normally obtain low achievement scores and why it is that 
there are very interesting exceptions for a particular small group of such students 
who gain above average scores in STEM (Clarkson 2007; Cummins 2000). This 
new direction for research has not been at the expense of a focus on achievement per 
se. The societal need for high achievement in STEM is normally present when there 
is an emphasis on schooling, and hence achievement outcomes cannot be neglected 
by education research. The new direction is more of opening up, another parallel 
line of investigation, with the belief that both are interrelated. However, there is also 
an understanding with this new direction that “achievement” should no longer be 
looked upon as the sole arbiter of whether students are “succeeding” or a particular 
program is “performing well.”

So gradually the notion of “achievement” as the ultimate measure of quality in 
all things is coming under challenge, although whether this change can be brought 
about in the understanding of society in general is more problematic. One inter-
esting example comes from work with small groups in classrooms. In the search 
for an understanding of the STEM learning of individuals belonging to groups 
that are culturally different to the dominant one, the idea of “participation” seems 
to be crucial. Participation refers to both participation in verbal conversation and 
in the broader discourse that takes place in the small group, within the classroom, 
as well as participation in the wider school culture (Clarkson 1992). All seem to 
be crucial. Participation is an essential process for inclusion. It has to be mediated 
at least in part by the teacher and has to take into account both the students’ back-
grounds and foregrounds. The formal STEM education of an individual requires 
his/her participation in an institutional network of practice where empowerment, 
recognition, and dialogue are tools to face conflict in a positive way. Conflict 
should be understood not only as cognitive conflict but also as cultural, social, and 
linguistic conflict. Within this broader sense, it must be seen also as a tool for 
learning. Indeed it may turn out to be the critical strategy for learning. Once this 
type of thinking is entered into, achievement seems to be a very gross measure-
ment for a conglomerate of interconnected processes that function when a student 
is learning.

 Diverse Contexts

As noted above, it is a given that linguistic diversity exists in most classrooms, in 
most schools, throughout the world. But there are a variety of linguistic contexts of 
multilingual STEM classrooms that are generated by different societal determi-
nants. Such situations include classrooms where the language of instruction is 
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different from the first language of the students: For example, the teaching of 
recently arrived immigrant students. At least in some places, for example, the south-
ern states of USA, there are complete Latino classes of students who speak the same 
language, although it is a non-English language, but in a school system where 
English is designated as the language of instruction (Cuevas et al. 1995).

However the situation can be more complicated than this. In some European 
countries, the new influx of migrants mean that schools are admitting students who 
come from a number of different language groups, and they sit with students who 
speak the language of instruction as their first language: For example, in Germany, 
many classes have a majority of Turkish-speaking students in various regions but 
who share classes with mono German-speaking students (Markic 2013). In the 
Catalan region of Spain, it is even more complicated. Catalan is the language of 
instruction, although Spanish is also an important language in use. Clearly local 
students speak both. But there are now migrant students attending these schools 
who speak neither language as their home language (Espinet et al. 2015). In some 
other countries such as Australia, there is yet again a different variation. There is a 
continuing flow of new migrants from different language groups being added to 
older migrant families who speak other languages. For example, many schools that 
still have first- or second-generation migrant families who came from southern 
European countries and still speak Greek, Italian, Croatian, etc. in their homes are 
being joined by students from Vietnam, India, and Cambodia, but the teaching lan-
guage for all is English (Wotley 2001). Recently the authors were working in a 
school that has 50% Chaldean students (very recent arrivals), about 30% Vietnamese 
(both first- and second-generation migrants), and an assortment of other groups 
including some Somali students who attended school for the first time at this school 
although they were aged 10 or 11.

A further scenario is when the teaching of STEM may be in a language which 
is not the first language of the teacher or students. In Papua New Guinea, this hap-
pens often where the teaching language is English, but students and teachers may 
well speak multiple non-English languages in their homes (Clarkson 2016; Muke 
and Clarkson 2011). And yet another situation was found in Malay schools until 
recently. The policy from 2003 was for mathematics and science to be taught in 
English, but all other subjects were still taught in the language common to both 
teacher and students, Bahasa Malay (Clarkson and Indris 2006; Heng and Tan 
2006). Interestingly that policy was changed abruptly in 2011 to revert to the use 
of Bahasa Malay for all subjects including science and mathematics (Lim and 
Presmeg 2011).

How communication and learning take place when the languages spoken are 
not shared, how the fluency of the language of instruction is related to the mas-
tery of the broader notion of scientific discourse, and how using a particular lan-
guage is linked to different ways of learning are all questions that need further 
exploration. But the quite different possible contexts – only some of which are 
listed above – in which such questions arise, need to be taken seriously in our 
research.
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 Diversity Within the Same Language

The impacts of other social factors such as social class also impact classrooms. 
Even within monolingual classrooms, this creates diversity. The communication 
patterns of the middle class are dominant within most classrooms, in Australia at 
least. During the authors’ many decades of working in schools, it is noticeable that 
most teachers are drawn from this sector of society. Even if the teacher is from a 
lower class, they enter the teaching profession as a way of progressing “up” away 
from the lower class, and hence utilization of the middle-class patterns of commu-
nication for such teachers is accepted as the norm. But for students from the lower 
class, this can be a barrier for their ease of communication. Hence knowing when to 
ask questions, of whom it is appropriate to ask questions, and how to respond to 
questions in todays’ STEM classrooms are important for quality learning. So even 
though the language of teaching may well be an official language of the society and 
may be shared as the home language of both teacher and most students, this class-
room context can be described as multilingual and can impact on students’ perfor-
mance and their sense of belonging in the STEM classroom.

For example, in the Australian context, students from the western suburbs of 
Melbourne, by and large a lower socioeconomic status area, tend to speak fast, run 
words together, truncate words, and use an inordinate amount of slang terms. 
Although all of these characteristics may well be noted by non-Australian speakers 
of English as partly what denotes “Australian English,” the extent of all these char-
acteristics is much more noticeable in schools in the west of Melbourne. The authors 
have noted young beginning teachers completing their school practice as part of 
their preservice degree, trying to understand the “English” these western suburban 
students are talking. Clearly this “English” is not spoken in the homes the young 
teachers grew up in.

Another “within a language” diversity is the specific STEM language embedded 
in the official teaching language. This crucial variation is probably the most studied 
aspect of this complicated question (Ryan and Childs 2013) and at times seems to 
be the only consideration given to issues of language and STEM. As implied in the 
argument presented here, that is far too limiting a context to understand the messy 
language complexity of most STEM classrooms. But nevertheless “STEM lan-
guages” are a critical aspect of this complexity.

Within an official teaching language, there is the obvious science vocabulary, 
more or less exclusive to one or more of the subjects that make up STEM. Clearly 
students need to master these. You will not get far in chemistry without understand-
ing “pH,” “acids and bases,” and so on. It is more complicated with other words. For 
example, a common logical connective “or” changes meaning slightly when shift-
ing from ordinary, everyday English to mathematical and scientific language, and 
hence vocabulary whose meaning is context specific, can make life complicated for 
students. There are also shifts between written and verbal language. Common ver-
bal Australian English heard from students such as “gotta” or “yer” is rarely written 
down. Some researchers and/or teachers might say such language is not proper 
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English, and yet it is the verbal language of many students. On the other hand in 
STEM written vocabulary, words like “explain” or “therefore” can be found, but 
they are much less frequent in STEM verbal language.

It is just not vocabulary that students have to come to understand in the context 
of STEM learning. To some extent, grammar and other aspects of the language also 
change. In English there is more use of logical connectives in STEM than in other 
subjects (Gardner 1975; Wellington and Osborne 2001). Often diagrams are incor-
porated into text, not just as beautifying elements, but as important fundamental 
aspects of the text without which students will not understand what is being com-
municated (Clarkson 1981, 1994). The incorporation of many symbols and the trun-
cating of sentences are also elements of the written STEM language quite different 
to everyday language and can be confusing (Thomas 1986). Again in English, 
“words” that sound the same in verbal language but can have different spellings 
(sine, sign, sin) can also be a cause of difficulty. Although some or all of these 
aspects of language seem to occur in languages other than English, it would be 
interesting to know whether they cause similar problems for understanding science 
or whether other characteristics of specific languages cause or mitigate confusion 
and any promotion of or lack of understanding.

 STEM Languages Across Languages

More research concerning the interactions between STEM languages embedded in 
different languages spoken by students in the same classroom is needed. All lan-
guages have embedded within them specific language that deals with this area of the 
culture. Some STEM languages are more elaborated than others depending on how 
a culture has met the needs it has faced. Hence, Tok Pisin, a pervasive lingua franca 
in Papua New Guinea, has measurement language that can be used for wholes and 
halves but has not been elaborated for further fractions.

Across languages, there may be analogous vocabulary, but symbolism may well 
differ. For example, “.” (a “full stop” in ordinary “Australian English” but a “period” 
in “US English”) is a decimal point used to separate the whole number part of a 
number from the decimal part; hence 100.98 would be written. In Australia the deci-
mal point is normally placed on the line of writing, but can be used above the line. 
In Greece and Malta, this decimal marker must be on the line. In Hong Kong and 
Singapore, it is used above the line. In Chile and Italy, “.” is used to separate thou-
sands and hundreds, but in Australia a gap is left to show this, and in a number of 
countries such as Greece and Holland a “,” is used. Actually in Australia “.” can also 
be used to notate a product. So for migrant students, a statement such as “3.4 + 4 = …” 
may well have different meanings for students who might be sitting in the same 
classroom in Australia (some of these uses of symbols may have changed in the 
intervening years since Thomas 1986).
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 Teachers’/Students’ Research Questions

In developing important research questions, one avenue that should perhaps be taken 
far more seriously is what teachers are saying. The changing and complex role teach-
ers are asked to live out in STEM classrooms has already been noted. What teachers 
have to contend with in their day-to-day teaching experiences may not readily match 
the theoretical thinking and rhetoric expounded on at various research conferences 
and in research journals. This could lead to a gap between accepted theoretical 
knowledge and teacher knowledge. Such a gap can give rise to potential dilemmas, 
but if problematized these in turn can lead to insightful questions. To this end, we 
need good practical descriptions of teaching within multicultural classrooms which 
may be best generated by teachers. This would give researchers the classroom con-
text as seen by teachers in order to inform the research questions developed perhaps 
by teachers in consultation with researchers. In other words, the culture of the prac-
tice of teaching should be a rich resource for research questions and may well lead 
to possible ways forward in our theorization as well as in our attempts to help gener-
ate more insightful practice. It is probable in this dialogue that the researchers’ per-
spective with its wide-ranging resources and knowledge of theory may well give a 
general frame for such teacher-generated questions. Hence a dialogue between the 
two is needed, as both teachers and researchers stand in the overlap of their domains.

Students do not always behave as we anticipate. This is particularly so when it 
comes to language. They use their language abilities as they wish in order to com-
municate among other things their understandings, confusions, delights, and annoy-
ances, at a specific point in time with each other and the teacher. They do this in 
various ways including gestures and using their language(s). Students live their lives 
without recourse to knowledge of the way researchers have interpreted other stu-
dents’ behaviors in the past. Barwell et al. (2015) have critiqued the way researchers 
have formalized switching codes and how this can inform future research. They sug-
gest, although many insights have been gained, that one needs to remember that this, 
as all research, is an interpretation of reality. Barwell (2016) goes further with such 
a critique and wonders whether if we could really view the context as a student sees 
it, and with all the nuances and possibilities they see, we might well choose to ask 
different research questions than those we ask at present. Clearly we cannot see the 
world as a student sees it. But attempting to may well foreground different aspects of 
the language context of learning in multilingual situations that never occur to us and 
hence in turn suggest research questions that would be well worth pursuing.

 Framing Research More Broadly

The recognition of complexity, sketched out above, when producing insightful 
research questions may well prove to be important. However there are other 
approaches that might also prove to be useful, such as the mapping out of different 
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types of broad contexts within which research questions focused on multilingual 
STEM classrooms could sit. Two such sets of contexts are noted here. The first is the 
complexity of language linked to STEM education. This gives rise to at least four 
practical issues:

• Different “levels” of language (families of languages, distance between 
languages)

• Different language contexts (indigenous, multilingual, immigrants)
• Contexts within language (speaking, listening, writing, reading) as well as the 

immediate context (conversational compared with academic)
• Content realities (cultural, social, political)

There are also at least four theoretical issues that seem to be relevant and impor-
tant, although there are clearly more:

• The structural relation between language and STEM
• The registers and discourses relating to STEM
• The interactions in STEM classrooms
• The different theoretical tools and approaches (e.g., linguistic approach, 

Vygotsky’s social/cultural approach, education didactic approach)

The interplay between such broad descriptors as these may well be a framework 
for generating useful research questions.

 Conclusion and Implications

This chapter has underlined the fact that many classrooms in which STEM is taught 
are multilingual. With the recognition that STEM, and more clearly what and how 
STEM is taught, is influenced by culture, language, and the social milieu of the 
classroom, school, and the wider society, deeper and complex issues for research 
immediately become the foreground. There are implications with such recognition 
for some traditional markers of what makes a successful student and/or program. 
For example, assessment may no longer be considered the only marker of success. 
However, an analysis of these issues shows that there are differing contexts that may 
be important in such research. The complexity that comes with the recognition that 
multilingualism is the norm for most students engaging with STEM suggests that 
this must become a normal aspect of our research and indeed becomes a fundamen-
tal that must be foregrounded for preparing teachers to teach STEM.

In this chapter different contexts and situations that arise with language have 
been briefly explored, but the same can be also undertaken for culture and other 
influences. There was no attempt here at deeply analyzing the implications of such 
complexity. The crucial aim of this chapter is to draw attention to such complexity 
and argue that it is undoubtedly important. Hence our research needs to accommo-
date this complexity, as suggested above, even though this undoubtedly will make 
out research more complex and messy. Likewise, we need to ensure that teachers 
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become aware of the complexity that language issues give rise to in teaching STEM 
(Martin et al. 2016) and engage with strategies designed to cater for such diversity 
(Markic 2016).
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Models and Modelling in Pre-service Teacher 
Education: Why We Need Both   

Digna Couso and Anna Garrido-Espeja

 Introduction: Scientific Practices for Teacher Education

Viewing science learning as participation in the practice of science is a framework 
gaining momentum in both the science education research literature and recent pol-
icy documents (NRC 2007). Within this framework, both science and school sci-
ence are viewed as discursive, cognitive and social activities consisting of developing 
explanations, carrying out investigations and evaluating and arguing with evidence 
(Osborne 2014). This signals the key role of the scientific practices of modelling, 
inquiry and argumentation in school science.

The introduction of scientific practices in the science classroom can be justified 
in terms of both epistemic adequacy and learning potential. On the one hand, there 
is the growing recognition that epistemic knowledge is part of scientific knowledge 
(Osborne 2014) and needs to be actively considered in teaching and learning. On the 
other hand, there are the sociocultural and historical perspectives of learning, in 
which learning is seen as participation in the social activities and pursuits of com-
munities (Lave and Wenger 1991). The two ideas combined call for new perspec-
tives for teaching and learning able to overcome ‘the traditional methods that ignore 
both the epistemic frameworks used when developing and evaluating scientific 
knowledge, and the social processes and contexts that shape how knowledge is cre-
ated, communicated, represented, and argued’ (Grandy and Duschl 2007: 144). 
Teaching science within the scientific practice framework is proposed as an alterna-
tive in which students participate in ‘school science’ activities that are socially 
embedded (both discursive and cognitive in nature) and which are coherent with 
those of real science (analogous to but not the same as those done by scientists). In 
our view, promoting students’ participation in scientific practices is allowing 
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 students to experience what makes science different from other ways of knowing in 
a genuine manner that facilitates their learning.

These school scientific practices, however, are not taking place in schools. As 
some authors have pointed out, in most science classrooms a focus on the products 
rather than the processes of science is prevalent (Duschl and Grandy 2008). When 
referring to the elementary school, we usually face a dichotomy between a tradi-
tional transmissive teaching approach, mostly conceptual and textbook-centred, and 
a supposedly innovative one, founded on inquiry-based teaching that follows a ste-
reotypical ‘scientific method’ (Windschitl et al. 2008). In particular, the practice of 
modelling is rarely incorporated into the educational experiences of elementary 
school pupils (Schwarz et al. 2009), in part because models, as abstract entities, are 
often considered inadequate for young children.

Introducing the framework of scientific practices, and particularly modelling, in 
primary school is necessarily a matter of teacher education that should start in pre- 
service training. For teachers to be able to involve their pupils in scientific practices, 
they should first be able to engage themselves in such practices actively and ade-
quately (Davis 2003), experimenting at first-hand the details and characteristics of 
an adequate way of learning science. However, this new framework poses great 
challenges for pre-service teachers, and it demands well-designed teacher education 
courses (Reiser 2013). Research shows that teachers will need specific support both 
with the practices (modelling) and with the scientific ideas addressed by those prac-
tices (scientific models) (NRC 2007). With the aim of contributing to this line of 
research, in this study, we design and investigate a teacher education course for pre- 
service primary school teachers (PTs) who are asked to construct scientific models 
by participating in modelling practices.

 Our Vision of Models and Modelling

 In agreement with last century developments in philosophy of Science, most schol-
ars agree that models are ‘essential to the production, dissemination and acceptance 
of scientific knowledge’ (Gilbert 2004: 116). In consequence,  science education 
ascribes a very important role to models and modelling practices.

Modelling is not only a privileged scientific practice to be learned (a new con-
tent) but also can refer to a way of learning it: a didactic approach that views learn-
ing of a scientific practice as a matter of participating in it. We agree with Schwarz 
and colleagues that modelling should be understood as a social and personal engage-
ment in ‘sensemaking around developing ideas’ (Schwarz et al. 2009: 637), rather 
than the common approach to modelling as the sharing or usage of finalised scien-
tific ideas. Within this view, the aim of ‘epistemologically adequate’ school science 
is to put students in the situation of building themselves ‘adequate enough’ explana-
tions of how the world works. How to develop these explanations by pupils (and 
therefore first by pre-service primary school teachers) has been discussed widely in 
the literature.
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According to different authors, school modelling encompasses the practices of 
co- and self-construction and evaluation of models, following iterative cycles of 
generation, evaluation and modification (GEM) of models (Clement 2008; Khan 
2007). In this vein, the well-known proposal of Schwarz et al. (2009) on modelling 
encompasses the processes of construction, use, evaluation and revision of models. 
Our own approach elaborates on these ideas but considers that the generation or 
construction of models is actually the global process of modelling rather than a 
particular stage in the modelling practice. From this perspective, the construction of 
increasingly sophisticated models is seen as the overarching activity in which pupils 
are engaged when using their mental models to predict or explain phenomena, when 
explicitly expressing their mental models, when  evaluating their mental models 
against available evidence and when revising their mental models accordingly.

Our view of modelling also stems from the assumption that participation in sci-
entific practices is not only to learn to engage in these practices (the procedural 
dimension) or to learn about these practices (the epistemic dimension) but also to 
learn the conceptual knowledge in which to frame them. In recent literature devel-
opments, this conceptual knowledge is seen rather as a small number of big (Harlen 
2010) or core ideas (NRC 2012) than as a set of many concepts and theories. In our 
view, these ideas are structured in school-based scientific models that have the 
potential to explain a lot of different phenomena (Izquierdo-Aymerich and Adúriz- 
Bravo 2003). Without entering into the current discussions within model-based 
views of science education about the nature and actual definition of models (Oh and 
Oh 2011), we conceive school-based scientific models as school-adequate versions 
of scientific models which are conceptual in nature and have representational, 
explanatory and predictive power (Hernández et al. 2015; Izquierdo-Aymerich and 
Adúriz-Bravo 2003). Examples of such models are the particle model of matter or 
the model of Newtonian interactions.

Acquisition of these school-based scientific models by students is not an easy 
task. Students come to the classroom with their own ideas about phenomena, which 
are structured in their own mental models (DiSessa 1988; Norman 1983). These 
mental models can be more or less in agreement with the targeted school-based 
scientific models to be learned, and as such, they can be interpreted as different ver-
sions or levels of the school-based scientific models (Gutierrez and Pinto 2010), 
which are expected to evolve and increase their complexity alongside instruction. 
The analysis of this evolution, which is an aim of this research, can help us identify 
the common intellectual path or empirical learning progression of students’ ideas 
(Corcoran et al. 2009; Duschl et al. 2011).

 Research Aims and Context

To introduce these views of modelling and models in elementary school, PTs should 
start by experiencing this teaching and learning scenario themselves, adequately 
engaging in modelling practices and constructing good-enough versions of key 
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school-based scientific models. In order to evidence how these two learning objec-
tives are being accomplished in a teacher education programme, the aim of this 
research is to analyse the modelling practices in which PTs engage and the versions 
of the model that can be inferred from their discussions and productions in an 
instructional context that promotes both.

The teaching scenarios that provide opportunities for PTs to engage fruitfully in 
modelling practices to learn the aforementioned school-based scientific models are 
those that promote interaction within a classroom culture that motivates students to 
‘figure things out’ (Reiser 2013). A plausible context is that of small-group 
laboratory- based discussions where the need for an explanation arises from work on 
phenomena that can be interpreted with key scientific models.

To organise this teaching, we have defined an instructional modelling cycle con-
sisting of six phases (Fig. 1). This instructional cycle is based on different proposals 
for model-based instruction available in the literature (Baek et al. 2011; Clement 
2008; Hernández et al. 2015; Schwarz et al. 2009; Windschitl et al. 2008), which 
divide the teaching sequence into phases according to the modelling practice with 
which the students are expected to engage (learning objectives, inner cycle). In 
addition to this, we include in our modelling cycle details of the instruction or 

Fig. 1 Modelling cycle followed in the pre-service teacher education course
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 teaching activity that will promote these modelling practices (instructional phases, 
outer cycle).

The context of this research is an existing teacher education course called 
Didactics of Science, which is part of the third year of the primary school teacher 
education degree in Catalonia, Spain. The course is compulsory and divided into 12 
lecture and seminar sessions of between 2 and 4 h during one trimester. The course 
was originally designed collaboratively by a group of science education researchers 
based on the literature on model-based instruction for primary school teacher edu-
cation (Mikeska et al. 2009) and subsequently modified specifically to follow the 
modelling cycle included in Fig. 1.

To exemplify how this is done in the teacher education programme, we outline 
here part of a teaching and learning sequence to promote PTs’ construction of the 
particle model of matter. In an initial task, PTs were asked to predict what would be 
the final total volume when we mix 50 ml of water and 50 ml of alcohol and to draw 
how they imagined the ‘inside’ of water and alcohol in order to justify their predic-
tion. The aim was for PTs to express their initial mental model (phase 2 of the 
modelling cycle). Then, PTs carried out the actual experiment of mixing water and 
alcohol in order to evaluate their initial model (phase 3 of the modelling cycle); 
finally, they were asked to discuss the results and improve their initial drawings by 
revising their models (phase 4 of the modelling cycle).

 Methods

To analyse how PTs’ modelling practices and their versions of the school-based 
scientific model evolved over the aforementioned teaching and learning sequences, 
we video and audio recorded all the course sessions of a sample of six PT working 
groups from the cohort of 2014–2015, a total of 80 PTs being enrolled in the course. 
Each small group was formed by four to six pre-service teachers who worked 
together in the university lab. We also collected each participant’s written produc-
tions and tasks.

Data shown in this chapter belong to two of the small groups participating in the 
already described teaching sequence about the particle model of matter. The first 
group was formed by six PTs (identified as S1, S2, S3, S4, S5 and S6) and the sec-
ond group by five PTs (identified as S7, S8, S9, S10 and S11).

In a first stage of data analysis, we selected video episodes of PTs’ discussions 
and lab work activity that were rich in terms of the modelling practice taking place 
and/or the level/version of the school-based scientific model being built. Later, these 
video episodes were transcribed and coded using qualitative analysis software 
(Atlas.ti). To code the data, we followed discourse analysis techniques, selecting as 
the unit of analysis any piece of discourse (utterance, intervention or a short part of 
a discussion) where a particular modelling practice was taking place, and/or a new 
version of the PTs’ model could be inferred (Lemke 2012).
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Following our theoretical framework for modelling practices, PTs’ discourse 
when using, expressing, evaluating or revising their models was categorised accord-
ingly. The definition of the categories used in our analysis is included in Table 1.

A parallel analysis was carried out to identify the versions of the school-based 
scientific model (PTs’ mental models) that could be inferred from the PTs’ discus-
sions and productions. These versions were organised in levels as a four-step pro-
gression, from initial or naïve understandings  (level 1) to a more adequate or 
sophisticated versions of the target model (level 4), to identify the most common 
learning pathway. These levels were initially predefined taking into account the lit-
erature on students’ ideas and learning progressions of the studied models, in this 
case about the particle model of matter (Smith et al. 2006; Talanquer 2009). The 
initial levels were empirically and iteratively modified and refined, identifying in 
our data the ideas that act as stepping-stones in the PTs’ construction of the key 
target models. The different levels were labelled with a letter referring to the spe-
cific target model (e.g. M for the particle model of matter) and a number for the 
level of the version of the model (e.g. M3 for level 3). Table 2 shows the levels and 
their progressive evolution (empirical learning pathway), which were identified and 
used to interpret PTs’ versions of the model in each episode analysed.

To share the analysis carried out both in terms of modelling practices and levels 
of the model, Table 3 shows an example of the transcript and analysis of a section 
of a video episode from the second group analysed (PTs S7–S11). In this episode, 
PTs are involved in the task previously described, explaining through the particle 
model of matter the reduction of volume when mixing alcohol and water. The cat-
egorisation includes the modelling practice taking place (USE, EXP, EVA or REV) 
and the version of the target model that PTs’ hold (level of the empirical learning 
pathway: M1–M4).

Table 1 Categories used to codify the modelling practices of PTs

Modelling 
practice

Definition of category (actions and 
discourse to…) Examples (transcript extracts)

Use the 
model (USE)

Use their version of the scientific 
model to describe, explain or 
predict phenomena

‘Water [goes] down because it is more 
dense, and alcohol [goes] up because it is 
less dense’ (S7, Final written production)

Express the 
model (EXP)

Explicitly express, either orally or 
in writing/drawing, aspects of their 
version of the model in an abstract 
or general form

‘I would put some A particles, some B 
and in the middle some AB’ (S7, 
discussion in Episode 1)

Evaluate the 
model (EVA)

Test their model, analysing the level 
of adjustment of their ideas with 
reality

‘Okay, but then why do they occupy less 
space?’ (S7, discussion in Episode 1)

Revise the 
model (REV)

Make more sophisticated and 
improve specific aspects of their 
model to increase its descriptive, 
predictive and explanatory power

‘But I think that we should make clear 
that A is water and B is alcohol so we can 
show that it is not mixed water at the 
bottom and it is not mixed alcohol at the 
top’ (S7, discussion in Episode 1)
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To analyse the influence that the modelling activity had on each participant’s 
learning, we also analysed their individual written and graphical productions fol-
lowing a typical qualitative analysis framework (Miles and Huberman 1984) to 
identify which versions of the model were expressed. Table 4 exemplifies this analy-
sis, showing one example of each level of the model inferred in PTs’ productions 
(M2, M3 and M4). To be able to identify possible modelling patterns and the evolu-
tion of the levels of PTs’ versions of the model during the activity, we integrated the 
previous analysis into a more visual representation tool we have called the models 
and modelling evolution graph (MMEG). The graphs have been elaborated for each 
identified episode. These are particularly rich moments of PTs’ discussions charac-
terised by (1) PTs’ focus on the task and (2) their ideas being expressed and moved 
forward.

Figures 2 and 3 in the results section are examples of MMEG. In these graphs, 
each unit of analysis (fragment of PTs’ discussion) is represented as a box with a 
code for the participating PTs (S7, S8, etc.). The boxes are situated vertically regard-
ing the modelling practice in which the PTs are engaged and shaded according to 
the version of the model expressed in or inferred from their intervention (following 

Level of 
the model

Definition of category 
Examples 

(transcript extracts)

M4

Specific disposition/interaction 
between particles causes the 
properties of the material. 
Concrete microscopic 
configuration (disposition, 
velocity of vibration…) causes 
concrete macroscopic 
properties (density, 
temperature…).

“The mix of water and alcohol is not 
100 ml, but a little bit less. This is due 
to the different densities of alcohol and 
water that make that alcohol (which is 
less dense) occupy the spaces that water 
molecules leave empty. The interaction 
of these two liquids causes this result.” 
(S3, Final production).

M3

The internal disposition of 
particles somehow affects the 
properties of the material. 
Microscopic configuration is 
related to macroscopic 
properties.

“The particles of alcohol occupy the 
spaces between particles of water.” (S5, 
Final production)

M2

Particles have the same 
properties as the material. 
Microscopic and macroscopic 
properties are the same.

“The new particles created occupy less 
space.” (S9, discussion in Episode 1)

M1
Only macroscopic properties 
are taken into account.

“Alcohol goes up and water goes down 
and there is a part in the middle that 
mixes, because the water accepts 
alcohol.” (S8, discussion in Episode 1)

Table 2 Empirical learning pathway obtained from the iterative analysis of the literature and data. 
The levels of the particle model of matter in the learning pathway are used to classify PTs’ versions 
of the model displayed in their discussions or productions
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the shade used in Table 2). Horizontally, the graphs show time evolution within an 
episode. This sort of representation allows for an analysis of modelling patterns and 
the evolution tendency regarding the level of PTs’ (mental) models over the group 
discussions.

 Results and Discussion

The results discussed in this chapter refer to two episodes during teacher education 
where two groups of PTs engaged in modelling practices for constructing the par-
ticle model of matter. The two episodes were selected because they represent a 

Teaching scenario: Demand from the teaching sequence to express the model (drawing)

Transcription of PTs’ group work dialogue
Modelling 
practice

Version of 
the model

S8: "Alcohol goes up and water goes down and there is a part in the 
middle that mixes, because the water accepts alcohol. In the middle they 
have the same density, right?"

USE M1

S9: "But we have seen that when alcohol is mixed with water, the total 
volume is less than the total amount that we put. One of the two, alcohol 
or water, must have gone inside alcohol or water. There should be empty 
gaps here, because if not, where this has gone?"

S8: "Water also accepts alcohol, I think. It's like the 'holder'."

S11: "But in fact we have lost... a little bit [of volume]."

S9: "Yes, 2 ml."

S7: "That’s why I said that if it is left longer, the volume would drop even 
more... If they [water and alcohol] would end up mixing [completely] or 
not.”

EVA M3

S9: "But the mixture has already been done, and therefore I do not 
believe that it will go further down. One or two ml. There comes a point 
that it no longer... [mixes]."

S7: "Mmm... [nodding] no more. [...] What I mean is that… if it happens 
the same as with water and salt, it’s not that one is placed inside the 
other, it’s just that some of the particles join. But it is not that something 
goes within the other, right? Neither alcohol enters in water nor water 
enters in alcohol, but instead... "

S9: "The new particles created occupy less space...?" [Trying to finish the 
sentence]

S7: "Yes... I do not know the process followed by the particles, but ..."

S8: “Ok, I think the same. Do we answer that? Because we should go a 
little bit faster…”

REV M2

Table 3 Analysis of one section of transcript of the video episode regarding the modelling practice 
and version of the model of the second group of PTs (S7–S11)
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discursive sequence of laboratory-based group talk where (1) PTs engaged in a 
diversity of modelling practices (use, express, evaluate and revise) and (2) different 
versions of PTs’ (mental) models emerged.

Figure 2 represents the discussion between the first group of PTs (S1–S6), and 
Fig. 3 represents the same discussion in the second group (S7–S11). The specific 
task proposed required that PTs evaluate their initial models in the light of new 
evidence (phase 3 of the modelling cycle, Fig. 1) and revise their models to produce 
a final representation (phase 4 of the modelling cycle, Fig. 1). Figures 2 and 3 also 
include (in the last part of the graph) the models expressed by PTs in their final 
individual written productions (as detailed in Table 4).

 Regarding the Modelling Practices of Pre-service Teachers

The results in both episodes show that engaging PTs in the analysed tasks allows a 
diverse range of modelling practices to emerge—that is, that PTs engage in use, 
expression, evaluation and revision of their models. This shows the adequacy of the 
aforementioned modelling instructional sequence of Fig.  1 and the context of 
laboratory- based small group discussions as fruitful scenarios for developing scien-
tific practices in initial teacher education.

Table 4 Examples of PTs’ final individual written and graphical productions to express their 
model (particle model) when interpreting the reduction of volume in a water and alcohol mix. The 
version of the model identified in the analysis is included

Models and Modelling in Pre-service Teacher Education: Why We Need Both
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Interestingly, across these tasks PTs participate in all modelling practices, from 
the more simple (expression and use of models) to the more sophisticated  (evaluation 
and revision of models). This occurs in spite of the fact that the tasks are designed 
as specific phases of the teaching and learning sequence and thus intend to promote 
particular modelling practices within the modelling cycle (e.g. the evaluation and 
revision of models). This has also been observed by us in other tasks across all 
phases of the modelling cycle, where all modelling practices were also present 
(Garrido 2016). These results are in line with results obtained by previous authors 
who already identified that students do not engage in each modelling practice only 
at the phase of the instructional cycle in which that practice is promoted (Louca and 
Zacharia 2015). Unlike these authors, however, we do not think this fact implies that 
some phases of the instructional cycle are not necessary but that students need to 
continually engage in diverse modelling practices to make sense of phenomena and 
construct their models.

Our results also diverge from the literature in the identification of an important 
role for the particular practice of expressing the model. In the literature, this practice 
has been either neglected or considered part of the practice of model construction 
(Achér and Reiser 2010; Clement 2008; Khan 2007; Louca et al. 2011; Schwarz 
et al. 2009). For these authors, the construction (or generation) of the model is seen 
as a specific modelling practice that occurs while students build a physical model, a 
drawing, a simulation, etc., generally at an initial phase (the beginning of the instruc-
tion or the beginning of each iteration of the modelling process). Apart from engag-
ing in the elaboration of these artefacts as initial expressions of the model, students 
from these studies are not reported to engage in other expressions of their models 
along the process. In our case, on the contrary, data show that PTs express their 
models, in more or less abstract forms, across all phases of the modelling cycle and 
even when this is not explicitly demanded from the instructional task. We therefore 
consider that the expression of the model is a crucial modelling practice for the 
overall construction of the school-based scientific models in which PTs need to 
engage and do engage autonomously.

The results also show that PTs continually engage in the different modelling 
practices without following any specific order but in a quite dynamic and complex 
way. This is in agreement with the lack of a pre-established order in PTs’ engagement 
in modelling found by other authors (Louca and Zacharia 2015). However, different 
constructs of the literature—such as the well-known GEM iterative structure of 
generation, evaluation and modification of models (Clement 2008; Khan 2007) or 
the empirically based sequence of construction, use, evaluation and revision (CUER) 
of models (Campbell and Oh 2015; Louca et al. 2011; Schwarz et al. 2009)—seem 
to describe the modelling process as a more ordered and structured one than we and 
other authors have found. A possible explanation for this apparent discrepancy 
could be the use of different granularities or scales of analysis. In mesoanalysis at 
episode level, we find a global tendency in modelling practices that resonate with 
both the GEM and the CUER structures. This tendency shows discussion time being 
devoted increasingly to the evaluation and revision of models and decreasingly to 
the use of the model along the modelling cycle (see also the results of Garrido 
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2016). Despite agreement with this global tendency, the microanalysis at utterance 
level conducted here enables us to describe the actual modelling process within 
each episode as less structured and considerably more complex than previously 
found.

The above-described tendency in modelling—that of episodes starting with PTs 
involved in the simpler modelling practices of using/expressing the model and pro-
gressing towards more complex ones (evaluation and revision)—is not the only 
modelling pattern identified in our study. As we have reported elsewhere (Garrido 
2016), an iterative pattern of evaluation-revision of the model emerges through PTs’ 
discussions, in particular for some student groups. This pattern is slightly identifi-
able in the two examples of Figs.  2 and 3, at the beginning of both episodes. 
Interestingly, these modelling patterns, despite reflecting increased sophistication in 
the modelling practice, do not necessarily relate to evolution towards the construc-
tion of higher versions of the school scientific model. In other words, a rich model-
ling practice does not always produce equally rich conceptual learning. As can be 
seen in Fig. 3, most PTs do not immediately improve the initial version of their 
model (some of them even step back to less sophisticated versions of the model), 
although they engage in successive patterns of rich modelling practice: use-express- 
evaluate-revise. From our viewpoint, this signals the different natures of modelling 
and models in a teacher education course and why we need both: while engaging in 
modelling practices is needed to construct models and happens quite autonomously 
among PTs whenever the teaching and learning scenario is designed to promote it, 
for these models to be adequate (a version of the model closer to the targeted one), 
additional teaching strategies are needed.

 Regarding the Models Constructed by Pre-service Teachers

Figures 2 and 3 show that for both episodes and regarding two different discussion 
groups, there is change and evolution in PTs’ versions of the models towards the 
school-based scientific target ones. This evolution, however, is disorganised: it 
shifts back and forth from more simple to more complex ideas during PTs’ activities 
and discussions. This back and forth movement—and even the clear setbacks that 
some PTs experience during the discussions—seems to have some learning poten-
tial in the desired evolution from PTs’ initial models towards more sophisticated 
ones. An example of this can be appreciated in Fig. 3, where the explicit discussion 
of non-adequate models seems crucial in allowing a step forward towards a more 
sophisticated one. In this example, the discussion around M1 and M2 by S7–S11 
(while they had already expressed higher versions of the model) produces a return 
to previous versions of the model, which in the end allows for the emergence of bet-
ter versions of the model: M3 (for S10 and S7) and even M4 (for S8).

However, the emergence of more sophisticated versions of the model at a certain 
moment in the small-group discussions does not necessarily imply that this specific 
version of the model is mastered by all PTs at that moment. An example is S8 in 
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Fig. 3, who expresses sophisticated versions of the model (M3) that led him/her to 
an upper level in his/her final productions (M4) but did not imply this sort of 
 evolution for her/his peers, who remain in M2 or M3 in their final productions. In 
fact, our data show that during the teaching activities and for different student 
groups and models, many emergent high-level ideas are not productively discussed 
and even get lost for those who expressed them. For example, in Fig. 3, S7, S8, S9 
and S11 expressed a high version of the model (M3) at the beginning of the episode, 
but the group did not take advantage of this, and some of them (S9 and S11) even 
used a less sophisticated model (M2) in their final written productions.

All of these findings signal the difficulty of self-guided scenarios benefiting from 
the rich modelling activity that is taking place, again suggesting the need for the 
teacher’s specific guidance and help in some crucial moments of the discussion. As 
seen in the last part of the episode in Figs. 2 and 3, the teacher intervention triggers 
the emergence of more sophisticated models in both groups. This is especially 
important if we want PTs to construct key school-based scientific models that are 
generally complex and challenging but also central to science education (Izquierdo- 
Aymerich and Adúriz-Bravo 2003; NRC 2012). The role of the teacher in these 
scenarios proves crucial and needs to be further explored.

 Conclusions and Implications

As a main conclusion, our research shows that the model-based instructional 
sequence followed, based on a modelling cycle (Fig. 1) in an educational context of 
small-group laboratory-based discussions, is a fruitful scenario for a rich modelling 
activity and a positive evolution of PTs’ models to emerge in pre-service teacher 
education. We see this experience of learning both in terms of modelling practices 
and scientific models as a prerequisite for PTs to be able to use a model/modelling- 
based approach to science education. However, this experience is surely not enough: 
explicit reflection on this process would be necessary for PTs to acknowledge and 
master the used instructional approach in the future, as other authors have interest-
ingly discussed (Schwarz and White 2005; Schwarz et al. 2009).

Despite the disorganised participation of PTs in the modelling practices and the 
role of expression of the model, which to some extent challenges previous literature 
findings, we have found some interesting modelling patterns coinciding with previ-
ous research (such as the use-express-evaluate-revise) that are not directly or imme-
diately related to an improvement of the version of the mental models of PTs. From 
our viewpoint, these results indicate that the modelling process is much more 
dynamic and complex than we initially thought (and was suggested in the litera-
ture): although some interesting patterns arose, PTs need to engage in all the prac-
tices throughout time to be able to construct a key school-based scientific model.

Regarding models, the evolution is not easy for PTs who, instead of moving 
forward level by level, actually move back and forth on multiple occasions. However, 
there is a global tendency of evolution and increased richness in terms of the ver-
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sions of PTs’ models towards the targeted ones. As a consequence, we can conclude 
that a lot of discussion and activity time is needed to reach higher levels of the 
model, in general in a non-permanent fashion and with strong individual 
differences.

Our research also suggests the key influence that some teaching scenarios may 
have on the modelling practice and the evolution of PTs’ versions of the model, 
namely, the teacher’s role in group discussions (e.g. when asking participants to 
explain their final conclusions), which seems to be crucial to let PTs move to more 
complex versions of their model. Nevertheless, more research is needed to deter-
mine what type of influence the different teaching scenarios (whether driven by the 
task, the teacher educator or the students themselves) have on the modelling prac-
tices and on the evolution of the PTs’ models. We will continue this type of analysis 
in further work, aiming to determine what types of teaching scenarios, mechanisms 
or strategies have an influence on promoting modelling practices and the evolution 
of models.

Finally, we would like the reader to know that we have used the knowledge 
gained in this study to redesign some aspects of the PT course, which has been ana-
lysed in depth and published elsewhere (Garrido 2016).

Acknowledgement This research was partially funded by the Spanish Government 
(EDU2015-66643-C2-1-P).

References

Acher, A., & Reiser, B. (2010). Middle school students and teachers making sense of the model-
ing practices in their classrooms. Paper presented at the annual conference of the National 
Association for Research in Science Teaching (NARST), Philadelphia, PA.

Baek, H., Schwarz, C., Chen, J., Hokayem, H., & Zhan, L. (2011). Engaging elementary students 
in scientific modeling: The MoDeLS fifth-grade approach and findings. In M. S. Khine & I. M. 
Saleh (Eds.), Models and modeling (pp. 195–218). Dordrecht: Springer.

Campbell, T., & Oh, P. S. (2015). Engaging students in modeling as an epistemic practice of sci-
ence: An introduction to the special issue of the Journal of science education and Technology. 
Journal of Science Education and Technology, 24(2–3), 125–131.

Clement, J. J. (2008). Student/teacher co-construction of visualizable models in large group dis-
cussion. In J. J. Clement & M. A. Rea-Ramirez (Eds.), Model based learning and instruction 
in science (pp. 11–22). Dordrecht: Springer.

Corcoran, T., Mosher, F. A., & Rogat, A. (2009). Learning progressions in science: An evidence- 
based approach to reform. CPRE research reports. Philadelphia: Consortium for Policy 
Research in Education.

Davis, K.  S. (2003). ‘Change is hard’: What science teachers are telling us about reform and 
teacher learning of innovative practices. Science Education, 87(1), 3–30.

DiSessa, A. A. (1988). Knowledge in pieces. In G. Forman & P. B. Pufall (Eds.), Constructivism in 
the computer age (pp. 49–70). Hillsdale: Lawrence Erlbaum Publishers.

Duschl, R. A., & Grandy, R. E. (2008). Teaching scientific inquiry: Recommendations for research 
and implementation. Rotterdam: Sense Publishers.

Duschl, R. A., Maeng, S., & Sezen, A. (2011). Learning progressions and teaching sequences: A 
review and analysis. Studies in Science Education, 47(2), 123–182.

Models and Modelling in Pre-service Teacher Education: Why We Need Both



260

Garrido, A. (2016). Modelització i models en la formació inicial de mestres de primària des de la 
perspectiva de la pràctica científica [Models and modelling practices in primary-school initial 
education from the Scientific Practices perspective]. Doctoral thesis. Universitat Autònoma de 
Barcelona, Barcelona, Spain.

Gilbert, J.  K. (2004). Models and modelling: Routes to more authentic science education. 
International Journal of Science and Mathematics Education, 2(2), 115–130.

Grandy, R., & Duschl, R. A. (2007). Reconsidering the character and role of inquiry in school sci-
ence: Analysis of a conference. Science & Education, 16(2), 141–166.

Gutierrez, R., & Pinto, R. (2010). From mental models to scientific models: Similarities in 
structures and its importance in scientific knowledge construction. In Proceedings of the 
GIREP-ICPE-MPTL 2010 international conference (pp. 80–81). Reims: University of Reims 
Champagne-Ardenne.

Harlen, W. (2010). Principles and big ideas of science education. Hatfield: ASE.
Hernández, M.  I., Couso, D., & Pintó, R. (2015). Analyzing students’ learning progressions 

throughout a teaching sequence on acoustic properties of materials with a model-based inquiry 
approach. Journal of Science Education and Technology, 24(2–3), 356–377.

Izquierdo-Aymerich, M., & Adúriz-Bravo, A. (2003). Epistemological foundations of school sci-
ence. Science & Education, 12, 27–43.

Khan, S. (2007). Model-based inquiries in chemistry. Science Education, 91(1), 877–905.
Lave, J., & Wenger, E. (1991). Situated learning: Legitimate peripheral participation. Cambridge: 

Cambridge University Press.
Lemke, J. L. (2012). Analyzing verbal data: Principles, methods and problems. In B. J. Fraser, 

K.  Tobin, & C.  J. McRobbie (Eds.), Second international handbook of science education 
(pp. 1471–1484). Dordrecht: Springer.

Louca, L. T., & Zacharia, Z. C. (2015). Examining learning through modeling in K-6 science edu-
cation. Journal of Science Education and Technology, 24(2–3), 192–215.

Louca, L. T., Zacharia, Z. C., & Constantinou, C. P. (2011). In quest of productive modeling-based 
learning discourse in elementary school science. Journal of Research in Science Teaching, 
48(8), 919–951.

Mikeska, J. N., Anderson, C. W., & Schwarz, C. V. (2009). Principled reasoning about problems 
of practice. Science Education, 93(4), 678–686.

Miles, M. B., & Huberman, A. M. (1984). Qualitative data analysis: A sourcebook of new meth-
ods. Los Angeles: SAGE publishing.

Norman, D.  A. (1983). Some observations on mental models. In D.  Gentner & A.  L. Stevens 
(Eds.), Mental models (pp. 7–14). Hillsdale: Lawence Erlbaum Associates Inc..

National Research Council. (NRC). (2007). Taking science to school: Learning and teaching sci-
ence in grades K-8. Committee on Science Learning, Kindergarten Through Eighth Grade. 
R. A. Duschl, H. A. Schweingruber, & A. W. Shouse (Eds.). Board on Science Education, 
Center for Education. Division of Behavioral and Social Sciences and Education. Washington, 
DC: The National Academies Press.

National Research Council. NRC. (2012). A framework for K-12 science education. Practices, 
crosscutting concepts and core ideas. Committee on a conceptual framework for new K-12 
science education standards. Board on science education, division of behavioral and social sci-
ences and education. Washington, DC: The National Academies Press.

Oh, P. S., & Oh, S. J. (2011). What teachers of science need to know about models: An overview. 
International Journal of Science Education, 33(8), 1109–1130.

Osborne, J.  (2014). Teaching scientific practices: Meeting the challenge of change. Journal of 
Science Teacher Education, 25(2), 177–196.

Reiser, B. J. (2013). What professional development strategies are needed for successful imple-
mentation of the next generation science standards? Paper presented at invitational research 
symposium on science assessment. K-12 center at ETS, Washington, DC.

Schwarz, C., & White, Y. (2005). Metamodeling knowledge: Developing students’ understanding 
of scientific modeling. Cognition and Instruction, 23(2), 165–205.

D. Couso and A. Garrido-Espeja



261

Schwarz, C.  V., Reiser, B.  J., Davis, E.  A., Kenyon, L., Achér, A., Fortus, D., et  al. (2009). 
Developing a learning progression for scientific modeling: Making scientific modeling acces-
sible and meaningful for learners. Journal of Research in Science Teaching, 46(6), 632–654.

Smith, C. L., Wiser, M., Anderson, C. W., & Krajcik, J. (2006). Implications of research on chil-
dren’s learning for standards and assessment: A proposed learning progression for matter and 
the atomic-molecular theory. Measurement: Interdisciplinary Research & Perspective, 4(1–2), 
1–98.

Talanquer, V. (2009). On cognitive constraints and learning progressions: The case of ‘structure of 
matter’. International Journal of Science Education, 31(15), 2123–2136.

Windschitl, M., Thompson, J., & Braaten, M. (2008). Beyond the scientific method: Model-based 
inquiry as a new paradigm of preference for school science investigations. Science Education, 
92(5), 941–967.

Models and Modelling in Pre-service Teacher Education: Why We Need Both



263© Springer International Publishing AG 2017 
K. Hahl et al. (eds.), Cognitive and Affective Aspects in Science Education 
Research, Contributions from Science Education Research 3, 
DOI 10.1007/978-3-319-58685-4_20

Designing a Course for Enhancing Prospective 
Teachers’ Inquiry Competence

Marios Papaevripidou, Maria Irakleous, and Zacharias C. Zacharia

 Introduction

Inquiry, which refers to “the diverse ways in which scientists study the natural world 
and propose explanations based on the evidence derived from their work” (NRC 
1996: 23), is at the core of scientific endeavor. Numerous research reports (e.g., 
Abd-El-Khalick et al. 2004, Bartos and Lederman 2014, Capps et al. 2012) indi-
cated that learners can similarly benefit from this approach through their engage-
ment in learning activities centered on inquiry, and the resulting outcome is the 
development of inquiry learning. Inquiry learning is considered as an approach to 
learning that entails “a process of exploring the natural or material world, and that 
leads to asking questions, making discoveries, and rigorously testing those discov-
eries in the search for new understanding” (NRC 2000: 2). The key for a successful 
design and implementation of science instructional settings through which learners 
will be scaffolded in developing inquiry skills is the teacher, given that teachers are 
considered to be the “linchpin” in any effort to change science education across 
nations (NRC 2012).

Consequently, reform documents in science education have underlined the 
increasing importance of preparing teachers, who will play key roles in guiding 
students through cognitive activities centered on inquiry (NRC 2000). Davis et al. 
(2006) indicated that to design and enact science instruction centered on inquiry, 
teachers must have strong understandings of inquiry and abilities to teach inquiry. 
Similarly, the National Research Council stressed that “for students to understand 
inquiry and use it to learn science, their teachers need to be well-versed in inquiry 
and inquiry based methods” (2000: 87).
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Despite this persistent call, evidence from the literature revealed that a vast 
majority of teachers have unsophisticated understandings of inquiry and do not rou-
tinely adopt inquiry-based instruction within their practices due to a number of 
systemic and other barriers (Crawford 2000, 2007; Davis et al. 2006; Kazempour 
and Amirshokoohi 2014; Saad and BouJaoude 2012). Consequently, the key to 
overcome this gap is to invest on teachers’ professional development (PD) both at 
pre- and in-service level. A critical challenge that emerges is to identify the key 
features that PD programs should entail in order to succeed in changing teachers’ 
epistemic knowledge of the nature of scientific inquiry, helping teachers appreciate 
the impact of inquiry-based learning to students’ scientific literacy, and assisting 
them in understanding how to design inquiry-oriented instruction in their class-
rooms (Capps et al. 2012), and consequently influencing the development of their 
pedagogical content knowledge for scientific inquiry (Davis and Kracjick 2005).

Additionally, it is equally important to identify the role of teachers within such a 
program in order to maximize their professional expertise on teaching science 
through inquiry. Prior research (e.g., Clarke and Hollingsworth 2002, Kazempour 
and Amirshokoohi 2014) indicates that positioning teachers in the role of active 
learners rather than as information gatherers and letting them experience them-
selves the same learning journeys that their students are expected to follow could be 
beneficial for their professional development; this role might result in teachers’ con-
struction of meaningful knowledge about inquiry and skills for inquiry teaching 
(Loucks-Horsley et al. 1998). A second role that is important for teachers to encoun-
ter during their participation in a PD program is the role of thinkers of both the 
learning experiences gained through the inquiry hands-on activities and the under-
lying design principles of the curriculum materials they engaged with as learners. 
Theoretical readings, class discussions, and other reflective activities may facilitate 
this role of teachers, as they allow themselves to reflect on their developing under-
standings, enhance their knowledge about certain aspects of inquiry-based learning, 
and can shed light on prior established misconceptions about inquiry and science in 
general (Akerson et al. 2007). Lastly, given that reflective practice, which refers to 
the capacity to reflect on action that leads in engagement in a process of continuous 
learning (Schön 1983), can be a beneficial form of teachers’ professional develop-
ment (Ferraro 2000). Hence, a third role that is considered essential for teachers to 
follow during a PD program is that of reflective practitioner. This role is facilitated 
through allowing teachers to implement curriculum materials they developed or 
received within the context of a PD program into their own practice, make necessary 
adjustments to their teaching according to situations occurred at a particular time, 
collect evidence to evaluate and reflect on the effectiveness of their teaching, and 
bring reports of their field experiences to the course and analyze teaching strategies 
with their mentors and colleagues.
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 Purpose and Research Question

We present the structure of a PD program through which we aimed at impacting 
teachers’ development of inquiry competence, namely, inquiry skills, views and 
definitions of inquiry, and pedagogical content knowledge (PCK) for teaching sci-
ence as inquiry. Our approach draws on the constructs of constructivist learning 
(Driver et  al. 1994) and situated cognition (Brown and Campione 1990). It also 
builds upon nine critical features1 of effective inquiry PD suggested by Capps et al. 
(2012) and follows the recommendations for positioning teachers as learners (Phase 
1), thinkers (Phase 2), and reflective practitioners (Phase 3) within the context of a 
PD program. The development of the curriculum materials incorporated within the 
course was grounded on the inquiry-based learning framework suggested by Pedaste 
et al. (2015).

The research question that we aimed to address was: How did teachers’ (i) devel-
opment of inquiry skills, (ii) views and definitions of inquiry, and (iii) PCK for 
teaching science as inquiry change along the course? Specifically, what learning 
outcomes did teachers gain during participating in each of the three consecutive 
phases of the PD program?

 Methodology

The participants were 72 preservice elementary teachers who attended a science 
method course in Cyprus, within which the PD program was implemented. During 
the previous semester, all teachers attended a content course that made use of the 
Physics by Inquiry curriculum (McDermott 1996), whereas none of them taught 
science during their school practicum.

The PD course, taught by two university instructors and three graduate assis-
tants, was organized into twelve 1.5-hour sessions and split in three phases. During 
Phase 1, a curriculum titled “Boiling and Peeling Eggs” was implemented, through 
which the teachers (groups of four) engaged in multiple inquiry cycles to answer 
“How to make perfect hard boiled eggs that are easy to peel?” Specifically, the 
teachers as learners defined the problem that merited solution; identified variables 
that might affect the boiling and peeling of eggs; formulated investigative questions 
and hypotheses; designed and performed experiments; collected, analyzed, and 
interpreted data; drew conclusions; and presented their findings in posters. During 
Phase 2, the teachers as thinkers were asked to study the curriculum they previously 
worked with to identify the phases of inquiry and their interconnections, in order to 
inductively formulate the underpinnings of the inquiry-based framework that 
guided the design of the curriculum. Next, the inquiry-based framework was intro-

1 All nine critical features are presented in the Discussion section in relation to how they were 
addressed in the design and implementation of the PD program of the present study.
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duced, and the teachers compared their perceived frameworks with the original 
one. Finally, during Phase 3, the teachers were assigned the role of reflective prac-
titioners and were asked to design lesson plans and curriculum materials on a par-
ticular topic that they would use to engage an elementary student in inquiry-based 
activities. Throughout the meeting with their student, the teachers maintained 
reflective journals to record their student’s inquiry-based learning progress, and all 
phases of inquiry were reported on a poster that was presented during a science fair 
organized in collaboration with the teachers and a local school. At the end of the 
course, the teachers made presentations of their science fair projects, shared their 
reflections and lessons learned with their peers, and received feedback from the 
instructors and peers.

We collected multiple forms of data: (a) teachers’ written definitions of inquiry, 
as documented in questionnaires administered during the first, the seventh, and the 
last course meeting; (b) reflective diaries, in which teachers were asked to document 
their evolving understanding of inquiry-based learning (used as means for capturing 
their PCK for scientific inquiry); (c) pre- and post-assessment of teachers’ inquiry 
skills; (d) science fair project work; and (e) end-of-course individual interviews.

An open coding scheme refined through the use of the constant comparative 
method (Glaser and Strauss 1967) was followed for answering study’s research 
question. Specifically, teachers’ responses on the various data collection instru-
ments were classified along a three-level inquiry advancement scheme, namely, 
novice inquiry, basic inquiry, and advanced inquiry. Novice inquiry pertains to 
teachers’ responses that revealed the presence of naïve ideas and misconceptions 
about inquiry. The second category (basic inquiry) reflected the presence of a lim-
ited number of ideas that point to informed understandings about inquiry combined 
with instances of naïve ideas, whereas the third category (advanced inquiry) evinced 
the presence of ideas consisted with informed understandings about inquiry.

 Findings

The findings are presented in Table 1 and are discussed in the subsequent three sub-
sections in relation to teachers’ inquiry competence development along the three 
phases of the PD program. Representative examples are also included within each 
subsection as evidence of how we reached these results.

 Inquiry Skills

The findings revealed that in the beginning of the course, the level of teachers’ 
acquisition inquiry skills was at a moderate level (79%, 82% – basic inquiry – see 
Table  1). With regard to teachers’ identification of experimental flaw skill, the 
majority of teachers’ responses indicated that they failed to identify all experimental 
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Table 1 Percentage of teachers’ inquiry competence classification across three levels of inquiry 
(naïve, basic, advanced) during each phase of the PD program

Phases of the PD

Phase 1: 
Teachers as 
learners

Phase 2: Teachers as 
thinkers

Phase 3: 
Teachers as 
reflective 
practitioners

Final 
assessment 
(4 weeks 
after the 
end of the 
course)

Pre Post/pre Post/pre Post
Na Bb Ac Na Bb Ac Na Bb Ac Na Bb Ac Na Bb Ac

% % % % % % % % % % % % % % %
Percentage of teachers’ 
inquiry competence 
classification across three 
levels of inquiry
Assessment of
1. Inquiry skills
1.1.Application of the 
control of variables 
skill-data interpretation

5 79 16 0 8 92 xd X x 0 4 96 0 3 97

1.2.Identification of 
experimental flaws – 
revision of experimental 
design

9 82 9 0 10 90 x X x 0 6 94 0 3 97

2. Definition of 
scientific inquiry

87 13 0 12 58 30 2 26 72 0 13 87 0 4 96

3. PCK for teaching 
science as inquiry
3.1.Understanding of the 
instructional strategies 
and tools for supporting 
inquiry

96 4 0 33 67 0 31 56 13 11 12 87 5 7 88

3.2. Knowledge of 
children’s understandings 
and misunderstandings 
associated with inquiry

98 2 0 91 9 0 88 12 0 0 31 69 1 8 91

3.3. Knowledge of 
appropriate curriculum 
for inquiry

75 25 0 35 62 3 11 25 74 1 11 88 0 4 96

3.4. Knowledge of 
assessment techniques 
for inquiry

84 16 0 15 79 6 15 78 7 2 8 90 0 4 96

aNovice inquiry: presence of naïve ideas and misconceptions
bBasic inquiry: presence of a limited number of ideas that point to informed understandings about 
inquiry combined with some instances of naïve ideas
cAdvanced inquiry: presence of ideas consistent with informed understandings about inquiry
dNo administration of assessment tasks
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flaws in a given experimental design. We present below a task that was administered 
to evaluate this specific inquiry skill followed by a representative quote from a 
teacher’s response to document this finding:

Marina conducted an experiment to test if the material a hammer nail is made of affects its 
rusting time when placed inside a liquid. She used three test tubes, three different hammer 
nails and two types of liquids. In the first tube she put an iron hammer nail and water. In the 
second tube she put a cuprum hammer nail and vinegar. In the third tube, she put a steel 
hammer nail, vinegar and water. Then, she left them in the kitchen for a week. At the end of 
the week, she observed that only the iron nail rusted. Therefore, she concluded that water 
affects the rusting of a metal pin in a better way than the vinegar. Do you agree with 
Marina’s conclusion? Explain the reasoning behind your response. (Adapted from 
Constantinou et al. 2004)

A representative response that documents the majority of teachers’ failure to 
identify all experimental flaws and thus their classification in the basic inquiry level 
is as follows:

I don’t agree with Marina’s conclusion, because she should have put the same type of liquid 
in each tube in order to find out if the type of the material of a hammer nail affects its rusting 
when placed inside a liquid. (Teacher #14)

The abovementioned response indicates that this particular teacher identified 
only the type of liquid as the variable that should have been kept constant in the 
given experimental design and failed to identify other variables (e.g., the volume of 
the liquid in each tube, the size and material of each tube, etc.) that should have been 
kept constant. In addition, the teacher did not notice that the conclusion derived 
from the experimental design is irrelevant to the investigative question being 
researched (i.e., the investigative question pertains to the type of material of the 
hammer nail, whereas the conclusion focuses on the type of the liquid).

At the end of Phase 1, teachers made a significant shift in terms of the develop-
ment of their inquiry skills (90% and 92% in advanced inquiry level), which was 
slightly increased by the end of the course (97% in advanced inquiry level, see 
Table  1). Almost all teachers were able to identify all experimental flaws in the 
given experimental design and proposed revisions of the experimental design in 
order to perform a controlled experiment to answer the investigative question under 
study. Teachers’ slight inquiry skills improvement by end of the course might be 
attributed to the teaching experience they gained during working with their students 
for the science fair project, since they had to help their students develop inquiry 
skills themselves through the curriculum materials and the assessment tasks they 
developed.

 Definition of Scientific Inquiry

At the beginning of the course, all teachers held uninformed views of inquiry and 
teaching science as inquiry (87% – novice inquiry – see Table 1). A representative 
quote with regard to the definition of inquiry-based learning, provided by a teacher 
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at the beginning of the course and categorized in the cluster of naïve inquiry, is as 
follows:

Inquiry is a learning situation during which students and teacher interact, discuss, and 
experiment with an appropriate problem and at the end they reach a mutual response. 
(Teacher #43)

Their definitions of inquiry were continually changed and improved throughout 
the course, since they progressed from 0% of advanced inquiry at the beginning of 
the course to 30% at the end of Phase 1, 72% at end of Phase 2, 87% at the end of 
Phase 3, and 96% at the final assessment which was performed 4 weeks after the 
end of the course. The following is a representative example of a comprehensive 
definition of inquiry (clustered as advanced inquiry) provided by teacher #43 at the 
end of the course:

Inquiry is a process, similar to the one scientists follow in their daily work, though which a 
learner engages with a problem and performs several actions for solving the problem. 
Inquiry involves defining the problem of interest, making some research on getting insight 
on the concepts that relate to the problem, formulating a question and generating a hypoth-
esis based on the question, designing a controlled experiment to answer the question, col-
lecting and interpreting data, and drawing conclusions in relation to the initial question. The 
process is not a linear one, since one can follow different paths depending on the type of 
problem, the conceptualization of the problem, etc., and you can always go back to further 
investigate your question or formulate and test new research questions. (Teacher #43)

 PCK for Teaching Science as Inquiry

Teachers’ PCK for teaching science as inquiry was found to be significantly 
enhanced only after the end of Phase 3, since at the end of Phases 1 and 2, the major-
ity of teachers’ PCK was clustered as either naïve or basic inquiry. For instance, 
with regard to the aspect “Knowledge of assessment techniques for inquiry” prior to 
the course, a teacher provided the following response:

During the first lesson with electric circuits, I would ask students to form groups of four and 
then I would give them a wire, a light bulb and a battery and I would challenge them to find 
a way to make the bulb to lit. Hence, I would be able to observe their reactions, if they are 
able to collaborate with each other, and with appropriate guidance I would keep notes if 
they can learn something new by themselves. (Teacher #66)

At the end of the course, teachers’ knowledge of assessment techniques for 
inquiry was significantly increased (96% – advanced inquiry – see Table 1). An 
indicative quote from a response by teacher #66 is provided below:

I would ask students to describe what they should do if they wanted to learn whether the sun 
is essential for plants to growth. In scaffolding their work, I would present 6 different pic-
tures that varied in the type of the plant, the size of the pot, the presence/absence of sun, and 
the amount of water that is added in each pot, and I would ask them to choose which two 
they should choose in answering the posed question. (Teacher #66)
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Similarly, teachers’ knowledge of appropriate curriculum for inquiry was sig-
nificantly improved. The following extracts from a teacher’s lesson plans provided 
at the beginning and end of the course, through a task that sought to evaluate teach-
ers’ knowledge of appropriate curriculum for inquiry, are particularly revealing:

The objective of an inquiry-based lesson is to give students the opportunity to familiarize 
themselves with magnets, and especially with their magnetic poles. Initially, the teacher 
problematizes his students, and then students experiment and test their hypotheses. The 
teacher does not provide ready-made responses, but evaluates students through appropriate 
questions. (Teacher #29, before the course, cluster of inquiry: basic)

The teacher introduces students to a problem that relates to why some objects sink and 
some others float in water. She prompts students to pose their initial ideas (these might 
relate to the identification of variables that might affect the sinking/floating of objects), and 
helps students to formulate hypotheses that would later test through experiments. Before 
formulating hypotheses, the students formulate investigative questions in the form “Does 
variable A affect variable B?”, and for each question they formulate a hypothesis. Next, the 
students are asked to choose a question and design a controlled experiment (only one vari-
able is altered while the rest are maintained constant) for answering it. During their experi-
ment, they collect data, organize them in a table, and when they have collected enough data, 
they proceed in interpreting their data in relation to their initial hypothesis and investigative 
question. The students follow the same procedure for answering all investigative questions, 
and the support from the teacher faints out, as she observes that the students are able to 
transfer the experimental design strategy for investigating the effect of new variables in the 
sinking/floating of objects. (Teacher #29, at the end of the course, cluster of inquiry: 
advanced)

Teachers’ knowledge of children’s understandings and misunderstandings asso-
ciated with inquiry has improved by the end of the course. During Phases 1 and 2, 
the majority of teachers were classified in the naïve inquiry level (see Table 1), and 
it was at the end of Phase 3 and 4 weeks after the course that they made a significant 
progress to the advanced inquiry level (69% and 91% in advanced inquiry, respec-
tively, see Table 1). For instance, in a task that teachers were prompted to refer to 
the inquiry skills a student should master in order to engage in inquiry, a teacher in 
the beginning of the course stated the following:

It is essential that students should be able to collaborate with each other and follow specific 
instructions. Also, it is important that students are not used of receiving ready-made knowl-
edge, but be able to formulate conclusions themselves. (Teacher # 11, cluster of inquiry: 
naïve)

Based on the abovementioned response, it is obvious that this particular teacher 
failed to reflect and name some of the inquiry skills that a child should have already 
developed in order to meaningfully engage in inquiry activities. After teachers’ par-
ticipation in the three consecutive phases of the PD program and specifically after 
working with an elementary school student for the purposes of the science fair proj-
ect, the majority of teachers appeared to be able to make statements on the skills that 
are fostered within an inquiry-oriented instruction. The following quote from a par-
ticipant’s response documents this assertion:
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A student should have mastered several inquiry skills in order to enrol in inquiry activities. 
These skills are as follows: (i) identification of variables skill; (ii) formulation of investiga-
tive questions skill; (iii) control of variables skill; (iv) data interpretation skill; (v) hypoth-
esis generation skill; (vi) hypothesis testing skill. (Teacher # 3, cluster of inquiry: advanced)

As far as teachers’ understanding of the instructional strategies and tools for 
supporting inquiry is concerned, a similar pattern of improvement was revealed. 
Specifically, to evaluate this aspect of PCK for inquiry, we administered to the 
teachers a set of scenarios that illustrated how different teachers approached the 
teaching of the same topic with their students. The teachers were prompted to 
choose which of the scenarios involved instructional strategies and tools for sup-
porting students’ engagement in inquiry. One of the scenarios was as follows:

Mr. Lowe is a 3rd grade teacher. One of his eventual objectives is for students to learn (at a 
simple level) about the relationship between form and function. He begins a specific lesson 
on fish by showing an overhead transparency of a fish, naming several parts, and labelling 
them as shown. (Adapted from Schuster et al. 2007)

Prior to the course, the majority of teachers’ responses were clustered as naïve, 
since they considered this lesson as inquiry-related and provided arguments like:

This is a good lesson, because the teacher aims to introduce the terms in a systematic way 
that the children will need while studying the fish.

Or,

I consider this a good lesson, because learning about fish function should start by introduc-
ing the names of the fish parts to students, and then proceed on studying how these affect 
the function of the fish.

At the end of the course, teachers’ evaluations of the same lesson scenario 
appeared to have changed since they considered it as not an inquiry-oriented one. To 
document their evaluations, they provided responses like the one below:

This lesson is not appropriate, because it follows a content delivery approach (e.g. the 
teacher provides the names of parts of the fish to the children) and there is no evidence to 
show that the teacher aims to prompt students to develop questions and hypotheses of how 
and why each part of the fish affects its function.

This finding can also be attributed to the rich teaching and learning experience 
they received during their efforts to engage their students with inquiry-based activi-
ties and scaffold the development of their inquiry skills and understandings about 
critical aspects of inquiry (Phase 3 of the PD program).

 Discussion

The purpose of this study was to investigate the effect of a PD program on teachers’ 
development of inquiry competence. The findings demonstrate significant shifts of 
teachers from naïve to advanced inquiry in all three aspects of their inquiry compe-
tence (inquiry skills, definitions of inquiry, and PCK for teaching science as inquiry). 
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These promising findings can be attributed to two important aspects of the PD program 
that was designed and followed for the purposes of the present study. The first relates 
to the features of the course, such as, the format and structure, the curriculum materi-
als, and the teaching approach. The second one is associated with the three distinct 
participatory roles that teachers were assigned to during their engagement in the three 
consecutive phases of the PD program. We briefly elaborate on each of them below.

 Features of the Course

All nine critical features of effective inquiry derived from Capps et al. (2012) were 
addressed in the design and were successfully implemented during the course. As 
far as the structural features of the course are concerned, the total time of the course 
(12 weeks) compared with the duration of the reviewed studies by Capps et al. (from 
1 to 6 weeks) provides a significant time difference that allowed both instructors and 
participants to work out several important learning and teaching activities without 
being constrained by the time factor. Consequently, PD programs should provide 
teachers with adequate time frames to deconstruct their understandings about learn-
ing and teaching through inquiry (Capps et al. 2012) and eventually to modify their 
teaching practices (Supovitz and Turner 2000).

Also, the extended support provided to teachers at various instances during each 
phase of the course might also account for the significant inquiry gains that were 
evidenced in their reports and presented in the Findings section. For instance, dur-
ing Phase 3 (teachers as reflective practitioners), the teachers received feedback on 
their science fair project proposals by the instructors of the course. They also met 
with the instructors once a week on a volunteer basis to pose questions, discuss 
problems encountered during the meetings with their students, and get support on 
their future steps. The support received was also extended and enhanced via online 
communication; a social network page was created to offer teachers the opportunity 
to exchange ideas with their peers, to share learning experiences and discuss the 
lessons learned from the meetings with their students, and also to receive feedback 
on their lesson plans and curriculum materials from the science teachers of the local 
school that their students came from. Hence, it appears that extended support is vital 
during teachers’ professional development. This is in agreement with the literature 
of the domain, which postulates that the provision of support influence teachers 
willingness to change their teaching practices (Simon et al. 2011).

The third structural feature of the course, namely authentic experiences, is also 
considered as an important factor for teachers’ inquiry learning achievements. For 
instance, during Phase 1 (teachers as learners), the teachers were engaged with a 
curriculum developed for the purposes of this course titled “Boiling and Peeling 
Eggs,” and they were prompted to answer “How to make perfect hard boiled eggs 
that are easy to peel?” Specifically, the teachers (working in groups of four) defined 
the problem that merited solution; identified variables that might affect the boiling 
and peeling of eggs; formulated investigative questions and hypotheses; designed 
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and performed valid experiments to answer their questions and test their hypothe-
ses; collected, analyzed, and interpreted data derived from their experiments; drew 
conclusions from the data; and presented their findings in posters to communicate 
with the rest of their peers. They neither received lecturing on what inquiry is and 
how it is performed nor were given ready-made experiments to follow in answering 
their questions. Instead, they worked in the science lab for an extended amount of 
time aiming to produce reliable knowledge on the topic of boiling and peeling eggs 
that could not be found in books, the Internet, etc. Accordingly, teachers who receive 
authentic inquiry experiences – similar to those they will implement at a later stage 
in their classroom – are expected to be able to better translate their learning experi-
ences to their students, better communicate and relate concepts to their students, 
and have a higher impact on enhancing students’ interest and achievement in sci-
ence (Dubner et al. 2001).

As far as the core features of the course are concerned, we took into account the 
five features introduced by Capps et al. 2012. Firstly, with regard to the feature of 
coherence, a serious attempt was made to follow the inquiry paradigm while design-
ing the course, given that inquiry-based learning is manifested in the national cur-
riculum of Cyprus and the science textbooks’ units are considered to have been 
developed on the tenets of the inquiry-based approach. Thus, the compatibility and 
coherence of the aims and content of the course with the national curriculum 
(Ministry of Education and Culture 2016) was expected to facilitate and support 
teachers’ teaching practice when entering the school for the purposes of their school 
practicum the following academic year. This conjecture is in line with what Grant 
et al. (as cited in Garet et al. 2001: 927) claimed; namely, if the sources used for 
teachers’ training “…provide a coherent set of goals, they can facilitate teachers’ 
efforts to improve teaching practice, but if they conflict they may create tensions 
that impede teacher efforts to develop their teaching in a consistent direction.”

Secondly, the developed lessons feature might account for teachers’ significant 
development of their PCK for teaching science as inquiry (Akerson et  al. 2009; 
Basista and Mathews 2002). Specifically, during Phase 3 (teachers as reflective 
practitioners), the teachers were asked to develop lesson plans and curriculum mate-
rials that they would use in engaging a student in inquiry-based activities for the 
purposes of the science fair project. In developing their lesson plans, the teachers 
formulated learning objectives and designed activities that were aligned with the 
principles of inquiry-based learning (e.g., students would learn how to formulate 
investigative questions, test hypotheses, develop and apply the control of variables 
skill, design and perform controlled experiments, make inferences from the data 
collected, use evidence to develop explanations, etc.).

Thirdly, the modeled inquiry feature enabled teachers to experience firsthand 
how inquiry-based instruction looks like in practice and thus to appear more ready 
and confident in their own field of practice for scaffolding their students’ learning 
pathways while involved in inquiry-based activities (Putnam and Borko 1997; 
Radford 1998). Specifically, the participating teachers (working in groups of four) 
were assigned to the role of learners during Phase 1 of the course and followed the 
specially designed curriculum to complete activities and evaluation tasks in an 
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attempt to learn firsthand how inquiry-based learning looks like in the curriculum. 
The teachers discussed the progress of their work with the course instructors during 
“checkout points” placed in specific stages of the curriculum. The instructors aimed 
to engage teachers in semi-Socratic dialogues during the checkout points, instead of 
merely answering questions or providing the correct answers to the activities of the 
curriculum.

Fourthly, the reflect feature enabled teachers to become thinkers of their evolved 
conceptualizations of various aspects related to inquiry along the course and thus to 
develop sophisticated understandings of inquiry and inquiry-based learning (Clift 
et  al. 1990). This was accomplished in Phase 1 during which the teachers were 
asked to keep reflective diaries to record their evolved understandings of inquiry, the 
questions and problems that emerged during working with the curriculum to answer 
the investigative questions they formulated, and their impressions from the course. 
In addition, when teachers were involved in the teachers as thinkers phase (Phase 2), 
they were asked to reflect on the curriculum in which they were engaged in the pre-
vious stage as learners from the lens of its pedagogical rationale and discuss how 
inquiry skills and knowledge were fostered within specific learning activities. 
Through reflection – which is considered of pivotal importance for the success of 
teachers’ professional development courses  – teachers are empowered to apply 
changes in both the content and the pedagogy of their practices (Fenstermacher 
1994).

The fifth core feature of the course, namely, transference (which might be associ-
ated with the development of teachers’ PCK for teaching science as inquiry), was 
integrated in the course when teachers adapted the format and structure of the cur-
riculum they were engaged with (Phase 1), in order to design their own curriculum 
to be used during the engagement of an elementary school student in inquiry-based 
activities for the purposes of the science fair. During the design of their curriculum 
materials, they received feedback from the instructors on certain aspects of their 
work, which was proven beneficiary in transferring the PD materials and experi-
ences in their own field of practice.

Lastly, the course not only focused in engaging teachers in inquiry-based activ-
ities but also on helping them develop specific content knowledge, including 
understanding of certain aspects of the nature of science, the nature of scientific 
inquiry, and the science concepts that related to the context of the curriculum (e.g., 
boiling, heat and temperature, egg protein denaturation, etc.). Developing teach-
ers’ content knowledge was an important aspect of the study’s PD course. This is 
in accordance with Capps et al. (2012) work, which claims that if teachers’ devel-
opment of adequate content knowledge is neglected within their training, “they 
will likely be uncomfortable with the material they teach and have difficulties 
when they attempt to teach the material” (Capps et al. 2012: 302). Additionally, 
the course gave emphasis on promoting teachers’ development of inquiry skills, 
such as the control of variables, the design of controlled experiments, the data 
interpretation, the identification of experimental flaws in given experimental 
designs, etc. Based on the reported findings that relate to teachers’ development of 
inquiry skills and informed understandings of inquiry, the core feature that relates 
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to content knowledge is another source to take into account when interpreting the 
findings of the present study.

 Participatory Roles of Teachers

Teachers’ learning gains in terms of inquiry skills, definitions of inquiry, and PCK 
for teaching science as inquiry development can also be attributed to the three par-
ticipatory roles that they were assigned to during each of the three consecutive 
phases of the PD program. Firstly, during Phase 1, the teachers as active learners 
experienced themselves how inquiry-based instruction looked like. Their engage-
ment with the specially designed curriculum “Boiling and Peeling Eggs” enabled 
them to walk through the same learning journeys that their students were expected 
to follow, and based on the analysis of their responses in the pre- and post- assessment 
tasks that sought to evaluate the level of their inquiry skills, it appeared that the 
learning experiences received during Phase 1 enabled the significant development 
of inquiry skills (see Table 1 for more details). This finding is in line with Loucks- 
Horsley et al. (1998) claim that engaging teachers as learners in the context of PD 
programs impact on the construction of meaningful knowledge about inquiry and 
skills for inquiry teaching.

Secondly, the designed activities that teachers engaged with as thinkers during 
Phase 2 (e.g., identification of the phases and subphases of the inquiry learning 
framework that the curriculum they worked with during Phase 1 was designed on, 
reflection on the learning objectives that were fostered through certain activities of 
the curriculum of Phase 1, etc.) seemed to have helped them to improve their under-
standings of what inquiry is (see Definition of inquiry, Phase 2, post findings in 
Table 1) and their knowledge of appropriate curriculum for inquiry (see Knowledge 
of appropriate curriculum, Phase 2, post findings in Table 1).

Lastly, the findings at the end of Phase 3, during which teachers were positioned 
as reflective practitioners and were asked to design and implement curriculum 
materials for the purposes of the science fair project and to collect evidence to eval-
uate and reflect on the effectiveness of their teaching, demonstrate significant devel-
opment in all three aspects of their inquiry competence. Hence, as Freese (1999) put 
it, these learning gains that resulted because of teachers’ role of reflective practitio-
ners are expected to affect positively their inquiry practices both during their preser-
vice and in-service teacher placement.

 Lessons Learned

In this study we aimed at developing a PD program that could positively impact 
teachers’ development of inquiry competence. It appears that our approach, particu-
larly the features of the course and the three distinct participatory roles that teachers 
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were assigned to during their engagement in the three consecutive phases of the PD 
program, was particularly effective. The latter has a number of implications on how 
PD programs on inquiry should be enacted. For example, it is apparent that teachers 
would benefit from each of the three aforementioned roles in a way that would 
enable them to capture the inquiry competence in its entirety, because each role has 
something unique to offer that the other two roles do not entail. Of course, further 
research with larger samples is needed for reaching more concrete and generaliz-
able conclusions.
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 Introduction and Aims

The aims of science teaching are gradually shifting from understanding of science 
contents to understanding of science as an interpretative body of knowledge. Thus, 
teachers should stress the importance of common methodologies besides the con-
tents of specific scientific disciplines, to let students be reflective about the proce-
dures they adopt while practicing science. A possible approach to fulfill this aim is 
Inquiry-Based Science Education (IBSE), which is acknowledged as central in 
many curriculum reform documents since the mid-1990s (NRC 1996; NGSS 2013).

Inquiry approaches allow students to emulate the way in which professional sci-
entists carry out their work, by playing the role of researchers and investigating real 
problems grounded in real contexts. The focus of such an approach is to increase 
students’ ability to design experiments and to support/rebut the validity of a particu-
lar thesis or adopted procedure, stressing the importance of teamwork and discus-
sion among peers. However, at secondary school level, the implementation of such 
approach is limited, especially in countries where the curriculum is still content- 
oriented, often due to a lack of appropriate training courses that could support 
teachers (Blanchard et al. 2009; Ortlieb and Lu 2011).
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On this subject, literature has shown that such courses may benefit from the col-
laborative reflection on classroom practice and on how it might be improved 
(Anderson 2002; Crawford 2007). Previous studies investigated how teachers’ 
beliefs and practices evolve in response to professional development programs 
(Carleton et al. 2008; Lakshmanan et al. 2011; Marshall and Smart 2013) and the 
impact on students’ learning of such approaches (Blanchard et al. 2010). However, 
very little is known about the way specific aspects of inquiry teaching are imple-
mented and “transformed” in classroom practice (Pintò et al. 2003). The identifica-
tion of such transforming trends may be useful to inform training courses with 
possible factors that may favor/hinder adoption of IBSE. This paper investigates this 
issue through the following research question: what are the aspects of inquiry teach-
ing that teachers mostly accept or transform?

 Theoretical Framework

 Teachers’ Transformations

By the term “transformation”, we refer to teachers’ selection and re-organization of 
the features of a didactic innovation (Pintò et al. 2003). Such transformations may 
concern original designers’ objectives (Van Den Akker 1998) or the use of specific 
teaching approaches, technologies, and languages (Sassi et al. 2005). Transformations 
naturally occur during class-work, as well as when teachers interact with their peers 
in training courses when interpreting the description/instructions of innovations. 
Our use of the term transformation is therefore different to that used by Marshall 
and Smart (2013: 132) since they focus on how “the beliefs and practices of teach-
ers regarding inquiry-based instruction evolve” with time. Here, we focus on how 
teachers adopt and modify in their practice specific aspects of inquiry when imple-
menting a research-based teaching-learning sequence (TLS; Méheut and Psillos 
2004).

According to the above definition, inquiry-based approaches are particularly 
prone to transformations and modifications since teachers may:

• Find significant challenges in implementing them (Luft and Pizzini 1998)
• Hold contradictory beliefs with respect to inquiry pedagogy (Windschitl 2003)
• Have never experienced themselves this approach (Kleine et al. 2002)

As a consequence, IBSE approaches have often not been naturally adopted by 
teachers but rather transferred from a research or policy level at classroom level. 
Since IBSE is not merely a teaching method but involves also aspects of how Nature 
of Science and Scientific Inquiry are conceptualized (Lederman 2006; Schwartz and 
Crawford 2006), discrepancies between what is expected from teachers and what is 
really implemented by them (Capps et al. 2016) should hence be investigated in the 
wider frame of knowledge transfer.
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 Model of Inquiry Transfer and Adoption

To study teachers’ transformations as defined above, we adopted a modified ARI 
(Adaption and Re-Invention) Model (Rogers 1983), which was originally intro-
duced to describe industrial exchanges between different national contexts. The 
ARI model can be useful to describe how a TLS, developed for a certain educational 
context, is implemented in a different one (Testa et al. 2012).

The framework works as follows: first, “core” and “non-core” elements of a 
given TLS are identified. “Core” elements are those essential features of inquiry 
teaching which, according to designer’s didactic aims, should not be changed while 
implementing a TLS, since they characterize it in a unique way. “Non-core” ele-
ments are complimentary features that mainly concern classroom management and 
activities timing and can be changed to better fit the TLS in school practice. In other 
words, core elements emphasize the extent to which the teacher implements specific 
inquiry-related aspects of a given TLS.  Non-core elements identify whether the 
teacher organizes the classroom context as a place where students actively partici-
pate, work together, and fruitfully discuss the science content among themselves.

Then, after classroom implementations, the TLS, as enacted in teachers’ prac-
tice, is compared with the original one to identify elements that have been adopted/
transformed.

A graphical representation of the model implementation is reported in Fig. 1.

 Methods

 Training Workshops

Before implementing the activities, two groups of teachers were involved in a 30-h 
professional development (PD) course on IBSE, in academic years 2013/2014 and 
2014/2015. Follow-up support during the implementation of the activities was pro-
vided for a total of 60 h in PD duration, which can be considered as satisfactory for 

Fig. 1 The model used to analyze the classroom implementation of the proposed TLSs
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sustaining an inquiry practice (Lakin and Wallace 2015). During course workshops, 
teachers were introduced to IBSE through existing research-based modules (SHU 
2009), properly adapted to the Italian educational context (Table 1). The teachers 
were engaged in the same activities of their students to increase awareness of pos-
sible difficulties their students would encounter when doing such activities (Stofflett 
and Stoddart 1994).

Overall, TLSs were grounded in real contexts and shared common meta- cognitive 
objectives related to the nature of scientific inquiry. More specifically, the aims of 
the TLS designers combined inquiry conceptions from NRC (1996) and NGSS 
(2013):

 (i) To generate research questions and to make predictions, estimations, and/or 
hypotheses about the observed phenomenology

 (ii) To justify the proposed experimental/simulation procedures
 (iii) To use scientific ideas and models to explain phenomena
 (iv) To draw meaningful conclusions from collected evidence

Table 1 Description of the teaching-learning sequences used in the study

Title Context What students do

Plants in 
space

Students, as researchers of a department 
of bio-astronomy, should develop suitable 
plans for a life-sustaining unit to use on 
possible future space flights

Investigations about dependence of 
photosynthesis on electromagnetic 
radiation wavelength

Mars-ology Students, as researchers at the Institute of 
Planetary Research, are asked by the 
NASA to propose a research study to be 
carried out with a space probe on Mars

Investigations about dependence 
between viscosity of lava and shape 
of a volcano

Out of sight, 
out of mind

Students, as members of a city 
committee, are asked to study the risks of 
pollution due to landfills

Investigations about diffusion of 
polluting agents in soil

Green light Students, as consultants of the Energy 
Efficient Lighting Committee, should 
produce a document about the main 
advantages of using compact fluorescent 
lamps

Investigations about energy 
dissipation of a compact fluorescent 
lamp and an ordinary filament lamp

Green 
heating

Students, as researchers of an advertising 
company, are asked to produce a 
document about advantages of solar 
thermal collectors for domestic use

Investigations about the role of 
materials in energy transfers 
between radiation and matter

ET Phone 
Earth

Students, as TV journalists, should 
prepare a television broadcast to discuss 
the possibility of extraterrestrial life

Argument about evidence in favor 
and against the existence of 
extraterrestrial life

Collision 
course

Students, as scientists of the “stellar 
center,” are asked to produce a written 
report for NASA about possible risks for 
Earth due to collisions with asteroids

Investigations about momentum 
and energy of colliding objects
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Corresponding core elements of the TLSs were:

• (CE1) using a meaningful context/problem to introduce the activities
• (CE2) generating research questions and hypothesis
• (CE3) collecting and analyzing data
• (CE4) discussing and communicating results using collected evidence
• (CE5) creating a community of practice

Non-core elements of the TLSs were:

• (NCE1) supporting students in using the materials about the addressed science 
content

• (NCE2) setting up of a fruitful and collaborative classroom culture
• (NCE3) managing time and school constraints
• (NCE4) designing of a suitable homework

After the PD workshops, all teachers accepted to implement at least one TLS in 
their classroom (for a minimum of 5 h). During TLSs in classroom delivery, videos 
and audios were recorded, and field notes were taken. Teachers were also invited not 
to use usual textbooks to avoid possible methodological inconsistencies with what 
was proposed in the TLSs.

 Sample

Twenty volunteer secondary school science teachers participated in the PD in 2 
years. The age of students involved was about 14–15 years. For the purpose of this 
study, the teachers had enough freedom in choosing the TLS, the timing, and num-
ber of teaching hours to match their didactic needs and to smooth the inclusion of 
the proposed activities into the school syllabus. Among the teachers involved in the 
PD workshops, only 13 were observed while implementing the TLS. The reason of 
such a choice was due to external duties and school constraints. Details are reported 
in Table 2.

 Data Collection and Analysis

During classroom delivery, the activities were video recorded (overall about 60 h for 
all teachers). Audio recordings and field notes were also used as support to the 
analysis. Unlike the previous studies (Lakshmanan et al. 2011; Marshall and Smart 
2013), we decided not to resort to observation protocols and self-reports since we 
were interested in teachers’ actions that could reveal transformation of the inquiry 
elements of the TLSs. A five-step scheme was adopted to analyze teachers’ transfor-
mations of inquiry aspects:
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 1. First, a coding category system was inductively developed using the constant 
comparative method (Strauss and Corbin 1998). A unit of analysis consisted of a 
period of 10 min in order to observe significant teachers’ actions and students’ 
reactions to teacher’s triggers. About 30 frames (300 min, 5 h) for each teacher 
were analyzed. After 2 rounds of refinement, 19 categories were adopted. The 
emerging categories exemplify typical actions that the teacher and students car-
ried out during the activities and correspond to specific inquiry aspects.

 2. In the second step, using the ARI model, the categories were assigned to core and 
non-core elements of the implemented TLS. The assignment was made by com-
paring the coded action with the corresponding aims of the TLS.

Tables 3 and 4 display the adopted categories and the correspondence to the 
inquiry element.

 3. In the third step, for each teacher, two raters scored independently the categories 
using a three-level classification. The aim was to evaluate the extent to which a 
specific inquiry aspect, as instantiated by the emerging category, was accepted or 
transformed with respect to TLS designers’ intentions:

• Low if the aspect was completely modified
• Medium if the aspect was partially adopted or modified
• High if the aspect was fully adopted and not modified

Table 2 Sample teachers’ details

Teacher’s short 
name Subject taught Type of school

Teaching experience 
(years)

T1 Math and Physics Scientific Lyceum 20
T2 Biology and Earth Science Scientific Lyceum 30

T3 Physics Vocational School 15
T4 Chemistry Vocational School 20
T5 Biology and Earth Science Vocational School 20

T6 Chemistry Vocational School 20
T7 Biology and Earth Science Scientific Lyceum 20

T8 Biology and Earth Science Scientific Lyceum 20

T9 Biology and Earth Science Scientific Lyceum 25

T10 Math and Physics Scientific Lyceum 25
T11 Biology and Earth Science Scientific Lyceum 15

T12 Physics Vocational School 10
T13 Physics Vocational School 5
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 4. Then, a raw numerical score was assigned to each level (low = 1, medium = 2, 
high = 3). A score of 3 for a given category means that the corresponding inquiry 
aspect was fully adopted by the teacher, with no transformation. A score of 2 
means a partial transformation, while a score of 1 means a complete transforma-
tion of the aspect. A final negotiation between the raters led to a consensual 
agreement with an inter-rater reliability Kappa value of 0.76. The final score for 
each aspect was calculated by averaging scores on all time frames where the 
representative category emerged. Examples of how teachers’ actions in the time 
frames were coded and scored are reported in Zappia (in preparation).

 5. Finally, to investigate whether a specific aspect was transformed across the sam-
ple, we introduced a numerical parameter, Δ. This parameter indicates the differ-
ence between the number of teachers who did not transform that aspect (score = 3) 

Table 3 Categories emerged from the analysis corresponding to core elements of the TLSs

Indicator – the teacher Short name
Core 
element

Encouraged to use elements of abstraction (e.g., 
symbolicrepresentations, diagrams, schemes)

Abstraction CE4

Let students analyze data by themselves Analysis CE3
Let students focus on data collection Collection CE3
Involved students in active communication of their ideas Communication CE4
Introduced the context of the proposed activities Context CE1
Asked to make predictions, estimations, and/or hypotheses Hypothesis CE2
Guided students to develop their own investigations Investigation-II CE2
Guided students to generate their own research questions Investigation-I CE2
Required the students to link phenomena with scientific 
knowledge

Knowledge CE4

Engaged students as members of a learning community Members CE5
Focused on students’ argumentations according to 
research question

Question CE4

Allowed students to be reflective about their 
researchprocedures

Reflection CE4

Table 4 Categories emerged from the analysis corresponding to non-core elements of the TLSs

Indicator – the teacher Short name
Non-core 
element

Stressed the importance of listening what others had to say Discussion NCE2
Required a final work consistent with what was requiredin 
the TLS

Homework NCE4

Was able to manage students’ questions and comments Management NCE2
Informed activities on the provided materials Materials NCE1
Acted as a resource person, working to support student 
investigations

Support NCE1

Gave students enough time to discuss the materials Time NCE3
Focused on the required topic Topic NCE1
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and teachers who partially or fully transformed it (score ≤ 2). Hence, depending 
on the calculated Δ value, each aspect was labeled as heavily transformed, some-
what transformed, or adopted. Minimum and maximum observed values were 
Δ = +7 and Δ = −5, which means that, in the best case (+7), the aspect was not 
transformed by ten teachers and transformed by three teachers, while, in the 
worst case (−5), the aspect was not transformed by four teachers and trans-
formed by nine teachers. To give an idea of the degree of transformation of a 
given aspect, we assumed that if the majority of teachers (more than 7, Δ ≤ −3) 
transformed the aspect, it was transformed by our sample. If half of the teachers 
transformed the aspect, the aspect was partially transformed by our sample. If 
the number of teachers who transformed the aspect was between 5 and 4, the 
aspect was considered adopted by our sample (Table  5). Correspondingly, to 
assess each teacher’s degree of transformation of core and non-core aspects, an 
overall score was obtained by averaging the scores in each aspect, using a three- 
level variable (Table 6).

 Results

Figure 2 shows the Δ values for core and non-core aspects. Among the core aspects, 
Collection (Δ  =  5) was the only one adopted by the majority of teachers. Four 
aspects (Hypothesis, Question, Investigation-II, and Members, Δ = − 1) were par-
tially adopted. The remaining seven aspects (Knowledge, Investigation-I, 
Abstraction, Analyses, Context, Reflection, Communication) were transformed by 
our sample (Δ = −5 and −3). Among the non-core aspects, three were essentially 
adopted by the sample (Support, Homework, Time, Δ = +3), three were partially 
adopted (Discussion, Management, Materials, Δ = +1), and one (Topic) was trans-
formed (Δ = −5).

Average scores for core and non-core aspects for each teacher are reported in 
Table 7. Data show that, for all teachers, scores related to core aspects are generally 
lower than those of the non-core aspects.

Table 5 Scoring of core and 
non-core subscales Δ values

The inquiry aspect 
was

−9 ≤ Δ ≤ −3 Transformed
−1 ≤ Δ ≤ +1 Partially transformed
+3 ≤ Δ ≤ +9 Adopted

Table 6 Scoring of teachers’ transformations subscales

Average score The teacher has made

Score < 2 (majority of lows) Heavy transformations
2 ≤ Score ≤ 2.5 (majority of mediums) Some transformations
Score > 2.5 (majority of highs) Almost no transformations
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Teachers T1, T2, T11, and T12 made heavy transformations in both core (aver-
age score = 1.37) and non-core (average score = 1.62) aspects, while teachers T5 
and T7 did heavy transformations in core aspects (average score = 1.59) and some 
transformations in non-core ones (average score = 2.19). Teachers T3, T6, T10, and 
T13 made almost no transformations in both core and non-core aspects (average 
scores  =  2.80 and 2.91, respectively); teacher T4 made some transformations in 
both core (score = 2.09) and non-core (score = 2.38) aspects. Finally, teachers T8 

Fig. 2 Δ values for core and non-core aspects (see text for the definition of the delta parameter)

Table 7 Teachers’ average scores for core and non-core aspects

Teacher TLS Implemented
Average score
Core aspects Non-core aspects

T1 Green light + green heatinga 1.27 1.75
T2 Plants in space 1.27 1.25
T3 Green light + green heatinga 2.54 2.75
T4 Mars-ology 2.09 2.38
T5 Plants in space 1.73 2.13
T6 Plants in space 2.64 2.88
T7 ET Phone Earth 1.45 2.25
T8 Out of sight, out of mind 2.55 2.50
T9 Collision course 2.73 2.38
T10 Plants in space 3.00 3.00
T11 Out of sight, out of mind 1.45 1.62
T12 Collision course 1.55 1.88
T13 Mars-ology 3.00 3.00

aT1 and T3 implemented two TLSs to reach the same number of implementation hours of the other 
teachers
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and T9 made almost no transformations in core aspects (average score = 2.64) and 
some transformations in non-core ones (average score = 2.44).

Four out of the six Biology and Earth Science teachers (T2, T5, T7, T11) made 
heavy transformations in both core (average score = 1.48) and non-core (average 
score = 1.88) aspects. The three Physics teachers (T3, T12, T13) made some trans-
formation in core aspects (average score = 2.36). The two Math and Physics teach-
ers show completely different performances: T1 made heavy transformations in 
both core and non-core aspects (average score = 1.27 for core aspects and 1.75 for 
non-core aspects), while T10 made almost no transformation (average score = 3 for 
both core and non-core aspects). Chemistry teachers show different performances, 
too: T4 made some transformations both in core (average score = 2.09) and non- 
core (average score = 2.38) aspects, while T6 made almost no transformation in 
both categories (average score = 2.64 for core aspects and 2.88 for non-core aspects).

 Discussions and Conclusions

Overall, the reported evidence suggests that teachers in our sample were more reso-
nant in non-core than in core aspects of the implemented TLS. A plausible reason 
for this result may be that the non-core aspects likely required teachers to make 
changes to their usual way of teaching that could be effectively implemented even 
after a short PD course. On the contrary, the core aspects were much more different 
with respect to the usual school practice and likely needed more follow-up sessions 
of discussion in the training course time to improve embedment in classroom prac-
tice (Marshall and Smart 2013).

At a closer look, the data show that, for the core aspects, only one (Collection) 
was completely adopted by the sample. This aspect refers to CE3 (collecting and 
analyzing data), an important feature of the proposed TLSs. Such result suggests 
that teachers, on average, stressed the importance of quantitative measurements dur-
ing the implementation; however, it could be also that teachers in our sample likely 
viewed inquiry merely as laboratory (Lotter et al. 2007).

The most striking result is that the majority of the core aspects have been only 
partially adopted (Hypothesis, Question, Investigation-II, and Members with 
Δ = −1) or completely transformed by the teachers (Knowledge, Investigation-I, 
Abstraction, Analyses, Context, Reflection, Communication with average Δ = −5). 
In particular, among the transformed aspects, those with the smallest value of Δ 
(= − 7) are Reflection and Communication. Reflection is a quite complex aspect of 
scientific inquiry to be implemented in classroom practice, since it includes both the 
skill of relating the aims of the investigation to experimental evidences and, at the 
same time, giving enough room to the students to analyze data by themselves and 
reflect on the procedures they adopted during the activities (CE4). Hence, this aspect 
measures the extent to which students have actually taken control of their own learn-
ing and self-assessment (Bybee 2006). Similarly, Communication refers to the capa-
bility of the teacher to let students communicate the results of their investigations in 
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an appropriate way, their interpretation of evidences, and their conclusions referring 
to initial research question (CE4). Our result confirms that students, when imple-
menting inquiry tasks, need support on reflective aspects and procedural knowledge 
(Arnold et al. 2014). A possible explanation for partial/non-adoption of such aspects 
by the teachers of our sample could be that investigations/research questions were 
often not proposed by students. In some cases, teachers even introduced the con-
cepts related to the module before doing activities, giving students relevant hints on 
how to work and what to do.

The majority of non-core aspects were partially or fully adopted by the sample. 
In particular, the most adopted non-core aspects were Time, Homework, and Support 
(Δ = 3). These aspects concern (i) a good management of the timings of the class 
activities (NCE3), (ii) the development of a final work consistent with what was 
required in the TLS (NCE4), and (iii) the role of teacher as resource person to help 
students use the TLS materials (NCE1). This was an expected result since the peer 
discussion was also implemented during the PD workshops when teachers acted as 
students, stressing the importance of the delivery of the final work, which was dif-
ferent for each TLS. Moreover, our results confirm those reported by Forbes and 
Davis (2007), which found that inquiry implementation in practice requires the use 
of a variety of resources to fit new materials into existing curricula.

Aspects partially adopted (Materials, Management, and Discussion, with Δ = 1) 
were more related to the actual use of the provided materials and to the ability of 
teachers to create a favorable learning environment, by managing students’ ques-
tions and comments, guiding the classroom discussions, and giving all students 
opportunities to express their ideas (NCE2). Such evidence suggests that effective 
implementation of inquiry requires significant changes in classroom organizational 
practices (Harris and Rooks 2010).

One non-core aspect was heavily transformed by the teachers, Topic (Δ = −5). 
Such aspect concerns the capability of using the inquiry activities to focus on a 
specific scientific content (NCE1). Our findings suggest that most of the teachers 
exploited the activities mainly to introduce topics with which they were more famil-
iar, although not targeted by the TLS.

The analysis of the transformations made by the individual teachers shows that 
T1, T2, T11, and T12 obtained low scores (less than two-thirds) in both core and 
non-core aspects. For the core aspects, in particular, T1 delivered the TLS as teacher- 
centered lessons, for instance, enacting the experimental activities as desk demon-
strations, thus transforming the entire approach of the TLSs (CE2 and CE3). T2, 
T11, and T12 adopted a student-centered attitude, but, to get the “right” result within 
time constraints (Blanchard et al. 2009), poor data analysis was suggested or there 
was little effort to let students reflect on what had been done, again overturning TLS 
aims related to CE4. In the case of T1 and T2, also the fact that their students had 
much more familiarity with a teacher-centered lesson may have influenced the 
delivery of the TLSs. For non-core aspects, in particular, T1 and T2 did not focus on 
the required topic, since they exploited the TLS aiming mainly at students’ assess-
ment of syllabus contents (NCE1). Although relying on provided materials, T11 and 
T12 had difficulty in managing students’ questions and comments (NCE2), so they 
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focused for most of the time on topics not strictly related to what students were 
asked to investigate.

T5 and T7 made heavy transformations in core aspects (average scores, respec-
tively, 1.73 and 1.45). In particular, they gave scarce importance to group work and 
often did not engage the rest of the class in general discussions and in communica-
tion and sharing of ideas (CE5). Moreover, they overemphasized experimental 
activities, with the consequence that students could not reflect on adopted procedure 
and on the validity of collected data (CE4).They also made some transformations in 
non-core aspects (average score = 2.13 and 2.25, respectively).

Only one teacher (T4) made some transformations in both categories while 
implementing the proposed TLS (average score = 2.09 for core aspects and = 2.38 
for non-core aspects). For core aspects, in particular, T4 gave the students too much 
guidance in the formulation of the research questions and in the design of experi-
ments to support the validity of their thesis (CE2). For non-core aspects, T4 did not 
focus on argumentation and general discussions, letting students implement activi-
ties as a sequence of predetermined steps (NCE2).

T8 and T9 adopted all core aspects, since they let students design investigations 
and experiments, to collect and interpret data (CE2 and CE3). These teachers, how-
ever, made some transformations in non-core aspects (average score  =  2.50 and 
2.38, respectively), since they did not give students enough time to discuss the mate-
rials provided, their hypothesis, and possible investigations (NCE3).

Four teachers (T3, T6, T10, T13) obtained high scores (greater than 2.5/3) in 
both core and non-core categories. These teachers after the course seemed more 
proficient in a wide range of inquiry practical skills, especially in managing stu-
dents’ questions and suggestions. They used a motivating context to introduce the 
activities (CE1), enabled students to generate and develop their investigations 
(CE2), and let them analyze data by themselves (CE3). Two teachers (T10 and T13), 
in particular, obtained the maximum score (3 for both core and non-core aspects). 
We note that, although both teachers taught Physics as subject in their classrooms, 
they had a very different teaching experience (25 and 5 years, respectively). A plau-
sible reason for this evidence can be that, although both teachers were never engaged 
in any specific scientific inquiry-training course, they were involved in previous 
training activities in Physics education. In particular, teacher T13 followed a 2-year 
course (1 year was devoted to practicum in a school setting), while teacher T10 had 
been involved in after-class activities at the Physics department for about 30 h.

In conclusion, the present study adds to the research field by answering the ques-
tion about how teachers embed inquiry aspects in their practice. While previous 
studies broadly investigated how PD programs changed teachers’ practice toward a 
more inquiry-oriented one, we analyzed how teachers adopted and transformed 
inquiry approaches to embed them in their practice. Specifically, we provide a list 
of teachers’ actions, extracted from an extended audio/video analysis, which, while 
not exhaustive, can be used to describe in detail the gap between intended aims of 
an inquiry-based TLS and the actual implementation in a classroom. The ARI model 
used in this study may help researchers find out what are the most difficult aspects 
of inquiry for the teachers to implement. More specifically, our findings may inform 
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PD courses by showing to teachers possible transformations of specific teaching- 
learning aspects that could occur when implementing inquiry activities. In such a 
way, teachers may become aware at an earlier stage of the training if their intended 
practice is resonant to core aspects of inquiry, thus avoiding overreporting or over-
rating of their own teaching practices (Capps et al. 2016; Lakin and Wallace 2015).

The separation between core and non-core aspects also allows to interpret and 
justify previous research results, as the apparently contradictory ones by Marshall 
and Smart (2013). They found that teachers after a PD course evolved in their beliefs 
and conceptions about inquiry, but such improvement was only partially reflected in 
their practice. Our theoretical framework explains that, likely, beliefs and concep-
tions concerned mainly non-core aspects of inquiry practice, while to fully adopt an 
inquiry approach, core aspects are essential. Our results may also spread light on the 
factors at the basis of resonant teaching behaviors, which can plausibly favor the 
adoption of inquiry approaches in school practice. To this regard, a first follow-up 
to our study concerns the extent to which teachers’ beliefs and conceptions affect 
implementation of core and non-core aspects of inquiry.

Further steps of this research study involve the analysis of post-implementation 
interviews and teachers’ portfolios to collect more evidence about factors underly-
ing transformations/difficulties in adopting inquiry-based approaches.
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 Introduction

In a recent review, Stuckey et al. (2013) analysed the science education literature of 
the last 50 years concerning the different meanings of the terms ‘relevance’ and 
‘relevant’ when used in connection to science education. They suggested a defini-
tion and a model to understand the different dimensions and characteristics of rele-
vance in science education. The definition is based on the question of whether the 
gain of certain science knowledge and related skills has or will have potential to 
make a difference to the learner’s life and future. Stuckey et al. (2013) also identi-
fied three dimensions of relevance of science education, namely, individual, societal 
and vocational relevance. All of the three dimensions incorporate present and future, 
as well as intrinsic and extrinsic aspects.

In their analysis of the understanding of relevance for the science curriculum, 
Stuckey et al. (2013) showed that the emphasis between the different dimensions in 
science education is not always well balanced. More specifically, the societal dimen-
sion and essential parts of the vocational dimension were found to be neglected in 
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many science teaching curricula worldwide. In an attempt to build up a comprehen-
sive understanding of what makes science education relevant, Eilks and Hofstein 
(2015) edited a first book discussing numerous issues of relevance of science educa-
tion in the case of chemistry education. This work examined 20 different foci in the 
curriculum and practices in chemistry education that were considered valuable con-
tributions to raise the relevance of science education in general and chemistry edu-
cation in particular.

This chapter discusses further perspectives for making science education rele-
vant by considering certain cross-curricular goals from a chemistry education per-
spective. Cross-curricular goals are suggested to be generally accepted educational 
demands across all school subjects and all educational levels. They are not achiev-
able by merely adding another unit to the curriculum. This chapter discusses chal-
lenges by four such cross-curricular goals for raising the relevance of science 
education and students’ perception thereof, namely, (I) education for sustainability, 
(II) critical media literacy, (III) innovation competence and (IV) vocational orienta-
tion and employability. These four exemplary cross-curricular goals were selected 
since the discussion in this chapter emerged from a symposium at the ESERA 2015 
conference covering corresponding issues. Directions for research and curriculum 
development will be also suggested that emerge from more thoroughly taking into 
account the perspective of cross-curricular goals in the science education.

 Education for Sustainability

Education for Sustainability (EfS) builds on the notion that students have to be pre-
pared to shape their society in a sustainable fashion. Sustainability issues have been 
on the political agenda for a long time, and recently the UN decided on ‘17 goals to 
transform our world’ (see www.un.org/sustainabledevelopment/). In line with this 
and other policy documents, EfS offers a framework for an education aiming at the 
younger generation becoming responsible global citizens and professionals (Thomas 
2009). All learning domains, and thus also science education, are asked to contrib-
ute to this demand, as it was explicitly discussed for the case of chemistry education 
by Burmeister et al. (2012). This makes EfS a cross-curricular goal which can con-
tribute to enhancing the relevance of science education, especially its societal and 
individual relevance (Stuckey et al. 2013).

The modern society can be described as a globalized risk society which is char-
acterized by the increasing complexity and unpredictable consequences of techno-
scientific innovations and production. Examples of global environmental issues 
include climate change, ocean acidification, ozone depletion, decreasing freshwater 
quality and availability and distribution of resources (Rockström et  al. 2009). 
Another example is the ‘chemicalization’ of our society, our bodies and nature. One 
could even talk about chemical oppression, where people are exposed to different 
risk-related chemicals, such as additives and contaminants, generally without being 
aware of the fact. Two examples which are sometimes reported on in the public 
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debate include phthalates and perfluorinated chemicals. Our chemicalized society is 
part of the ‘risk society’. Hodges (2015) talks about the ‘chemical life’. Citizens 
must be able to manage health and environmental risks, of which scientific knowl-
edge is only one of several necessary skills (Elmose and Roth 2005). Schooling has 
to focus on such ‘epoch-typical’ issues, which would make education relevant for 
the individual learner as well as for the society as a whole (Sjöström and Eilks 
2017).

Science education, like all other domains of education, has to react to local and 
global challenges (Sjöström et al. 2016). Science education for sustainability needs 
to be interdisciplinary, holistic and value-driven, promoting critical thinking. It 
needs to prepare for critical, democratic, participatory decision-making (Sjöström 
et al. 2015). Decision-making on such complex issues involves taking many differ-
ent aspects into consideration – not just scientific but also economic and ethical 
perspectives and also values and worldviews (Hansson et al. 2011). For this aim 
science education should contribute educating critical-democratic citizens who are 
ready for socio-political action (Bencze and Alsop 2014; Hodson 2011).

The literature suggests different ways to educate students for citizenship. 
Different kinds of action-oriented science education have been suggested (Bencze 
and Alsop 2014). For example, Santos (2009) discussed the implications of critical 
pedagogy (a Freirean perspective). In such education the aim is to teach with the 
goal of change and transformation in the society. It wishes to give students various 
skills of action in order to break different kinds of oppression, such as the chemical 
oppression described above. In education, chemical applications are often treated in 
a non-problematized manner (Sjöström 2013). When focused mainly on benefits but 
not on discussing risks, education acts to strengthen chemical oppression, rather 
than to break it. Critical pedagogy instead opens up for breaking oppression through 
education. By putting emphasis in school on chemical oppression, society will pro-
duce educated citizens who are able to assess and value situations, e.g. information 
about pollutants and chemical risks, and also to take educated action.

EfS includes working with socio-scientific issues (SSIs) in the science class-
room. Starting from chemistry-related issues, Eilks and his coworkers have devel-
oped a framework for socio-critical and problem-oriented science teaching (Marks 
and Eilks 2009; see also Sjöström et al. 2015). The corresponding lesson plans for 
the whole range of secondary science education start with current, authentic and 
controversial problems being debated in public. Such topics include debates about 
alternative fuels, climate change, diets and risky chemicals in consumer products. 
All of the lesson plans integrate the learning of scientific content knowledge and 
experiments with reflections on the authentic handling of scientific information and 
decision-making in society based on authentic issues and media. This kind of lesson 
plan can serve as a starting point for teachers who are to teach for sustainability in 
science class, e.g. along the evaluation of different plastics in their ecological, eco-
nomic and societal impacts as suggested in Burmeister and Eilks (2012). Such a 
teaching could give students a genuine chance to control their own lives and act as 
responsible citizens in society.
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 Critical Media Literacy

Achieving critical (scientific) media literacy is another cross-curricular goal. Mass 
media are one of the main channels which citizens use to access information in their 
everyday lives. Due to the growing role of the mass media in the first half of the 
twentieth century, media literacy was a topic first addressed internationally in 1946 
by UNESCO as an element of fundamental education for everyone (Holmes et al. 
1947). The growing role of the media in our lives has also influenced formal educa-
tion during the past few decades. Media literacy has therefore been suggested as a 
topic to be embedded in school curricula all over the world (Belova et al. 2015).

Different definitions and concepts of media literacy can be traced in the litera-
ture. Two main dimensions of media literacy were outlined by UNESCO (2006) as 
‘reading’ and ‘writing’ media. On the one hand, students need to understand the 
different forms of communication used in the media. On the other hand, they have 
to be able to create their own media products (such as blogs, videos or advertise-
ments). The four concrete goals of media literacy are accessing, analysing, evaluat-
ing and creating media (Hobbs 2003). In line with the growing importance of media 
literacy in general, science in the media currently has also become a field in science 
education research. However, media research in science education still remains 
focused on specific media types, mostly traditional print-based media such as news-
papers or magazines (McClune and Jarman 2012). We believe that science educa-
tion in our modern digital age should expand its perspectives to other types of 
media.

Generally speaking, the objectives for strengthening learning about science in 
the media include both linking classrooms to the outside world and making science 
lessons more relevant in the eyes of the students. The corresponding skills encom-
pass being able to critically evaluate media offers and gaining competence in deal-
ing with understanding socio-scientific issues debated in both the media and the 
public arena; these goals strongly relate to the individual as well as societal dimen-
sion of relevant science education (Stuckey et al. 2013). In summary, dealing with 
science-related media and being able to discuss such items in a profound as well as 
critical way is viewed as a crucial requirement of becoming a modern citizen (Elliott 
2006; McClune and Jarman 2012). Moreover, research has revealed that the media 
strongly affect pupils’ perceptions of both science and its nature (Dhingra 2003).

As one potential step towards a broader view of media implementation in the 
science classroom, Belova and Eilks (2014) recently evaluated and justified the use 
of science-related advertising by conducting teacher interviews on the use of adver-
tising in the science classroom and implementing an advertising-based lesson plan 
on natural cosmetics. Advertising often contains scientific information or is related 
to it, but students lack the necessary knowledge to recognize, understand and evalu-
ate it in many cases. Advertising research suggests that activities intensively dealing 
with advertising and increasing student awareness of the corresponding knowledge 
can lead to a more critical view of advertising (Rozendaal et al. 2012). Anyhow, 
most available teaching ideas so far rarely focus on critical media literacy goals and 
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the critical evaluation of advertising. Science education can bridge the gap between 
science content and advertising. However, such connections are seldom brought 
into being in the science classroom, although corresponding objectives can be 
derived from UNESCO’s concept of ‘advertising literacy’ as a part of general media 
literacy including its scientific component (UNESCO 2011). The teaching ideas that 
have been suggested in the literature mostly focus on motivational purposes or on 
contextualizing content (‘learning with advertising’). A deeper evaluation as well as 
creation of media (‘learning about advertising’) only appears very rarely in science 
education but is possible as the case by Belova and Eilks (2014) shows.

In a lesson plan on natural cosmetics by Belova and Eilks (2015), the students 
start learning chemistry by discussing the credibility of advertising claims such as 
‘Natural cosmetics are chemistry-free’. The students receive authentic slogans, 
which must be rated regarding their attractiveness, scientific background and cred-
ibility. Then the students learn about the composition and components of a generic 
skin cream and also about the use of controversial ingredients in cosmetics. The 
pupils prepare their own skin cream and have to decide whether or not to use various 
ingredients, e.g. parabens. For the final activity, the students receive a summary of 
positive and negative information about ingredients in cosmetics. They have to 
select what they want to use for creating an advertisement for their product. Finally, 
the students present their advertising and reflect the use of science-related informa-
tion and claims in advertising in general.

Advertising used as both a learning tool and as a teaching topic has the potential 
to enhance the relevance of science education. Science education with and about 
advertising can contribute to the development of critical media literacy and critical 
consumerism. Dealing with broad-based advertising methods and with nontradi-
tional media forms like the Internet or social media may open up new opportunities 
for better social contextualization of science learning. Therefore, science teaching 
should more often focus on science in the media. It should take more thoroughly 
into consideration the whole spectrum of today’s media landscape beyond tradi-
tional print-based news media. Case studies on using Internet forums and blogs give 
indications that these media have similar potential as advertising has, even though 
these studies have not yet been fully evaluated and published. They all allow educa-
tors to open new and relevant perspectives in science learning and also contribute to 
a broader view of media literacy.

 Innovation Competence

There is a growing consensus among policy-makers that relevant education for the 
twenty-first century also involves fostering students’ innovation competence 
(EU-Commission 2010). While the term ‘innovation’ often strongly connotes eco-
nomic and pecuniary enrichment (e.g. Nielsen and Holmegaard 2014; 2015), edu-
cational scholars have argued that innovation competence can be given an 
interpretation that is meaningful in a school context. This is meaningful in terms of 
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existing science education and aligns with state-of-the-art learning theory. Roughly 
stated, in this interpretation innovation competence is the ability to address authen-
tic issues from a field of practice from outside of school and work to suggest 
improvements to these issues in a way that can be valuable to the field of practice 
(see also Hobel and Christensen 2012). So science teaching for innovation compe-
tence would be a subtype of what educators know as inductive project-oriented 
learning (Prince and Felder 2006) and authentic science education (Bencze and 
Hodson 1999).

An example of a science teaching activity that aims at developing students’ inno-
vation competence is students in upper secondary school working together with a 
marine biologist from the local municipality. They cooperate in order to (I) identify 
and describe the main factors behind sea water quality, (II) generate solutions to 
improve sea water quality and (III) jointly reflect on the realizability and value 
potential of their suggested solution. In detail, the students are ‘given’ the problem 
by the marine biologist as an authentic problem form of his or her daily work life. 
The students could then start to investigate or explore the problem in order to iden-
tify the main factors – e.g. as an inquiry process. Based on which factors the stu-
dents choose to mainly work with (there could be several, of course), the students 
then start to generate ideas for how these factors could best be alleviated – both from 
the perspective of biology and by drawing on knowledge and methods from other 
disciplines (e.g. chemistry, mathematics, social sciences). The key is that the stu-
dents should be supported both in generating ideas and later prioritizing ideas based 
on their requisite realizability or value creation potential.

Many of the dynamics in such teaching will resonate with the dynamics that are 
ongoing when students address socio-scientific issues (Nielsen 2010, 2013). The 
key is helping students to draw on their science knowledge and skills in order to 
suggest how to handle an authentic issue. This includes self-reflection on the realiz-
ability and value potential of their suggestions. This means that science teaching for 
innovation competence is radical in the sense that the students are not engaged with 
science just because the teacher asks them to (teaching for innovation cannot be 
scholastic). Rather their work is prompted by a real field of practice. When working 
in this manner, reality communicates things to the students.

In a recent empirical study, Nielsen (2015) identified a way to operationalize 
innovation competence as a learning goal. This was done by identifying five dimen-
sions of innovation competence, namely, creativity, collaboration, navigation, imple-
mentation and communication. Together, these aspects comprise innovation 
competence. This can be understood as the ability to ‘individually or together with 
others, and on the basis of relevant knowledge, (a) generate ideas or solutions to an 
issue from an existing practice; (b) to asses these ideas in terms of their utility, realiz-
ability, and value-creation potential; (c) to implement selected ideas, possibly in 
sketch-form; and (d) to communicate ideas to different stakeholders’ (Nielsen and 
Holmegaard 2015: 322). This framework can guide teachers’ formative and summa-
tive assessment of the progressional development of students’ innovation compe-
tence. In order to validate the framework, a study about of the possibility of using the 
framework as an assessment guide in examination settings in five different  disciplines 
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in upper secondary school was conducted, including biology and mathematics. It 
was found that in all five disciplines, three to four independent teacher-assessors 
were able to reliably assess students’ innovation competence in the dimensions men-
tioned above. Cronbach’s alpha values ranging from 0.71 to 0.95 were found.

Studies into the possibility of assessing innovation competence are an important 
first step in making science education more relevant. However, more curriculum 
development and research is needed in order to locate and understand the effects 
which the new learning goals have on teaching practices and students.

 Career Orientation and Employability

Relevance in science education also includes vocational relevance (Stuckey et al. 
2013) that includes career orientation as well as providing students with skills for 
further education and later employment. It has been suggested that high school sci-
ence education needs to provide students with both orientation around and prepara-
tion for science-related careers. In order to become a science literate employee in 
science-related fields, students need to understand basic science. However, they also 
need to understand its related societal and technological applications and implica-
tions. In addition, students should develop skills that are needed for future employ-
ment (CORD 1999).

Over the years, the predominant model for teaching sciences was the ‘structure 
of the discipline’ approach that was developed since the late 1960s and early 1970s 
accordingly. This approach is still widely used in many countries (Gabel 1999). The 
main objectives of such science curricula were to train and prepare future scientists 
(chemists, physicists and biologists). These programmes are centred around a list of 
chemical key concepts with only very minor (if any) societal, environmental and/or 
technological manifestations. This approach was found to be adequate and motivat-
ing to only a small portion of the students. Primarily it attracted students who hoped 
or were already certain that they would embark on professional careers in the sci-
ences and related fields. Unfortunately, until today, many high school science teach-
ers still see their role almost exclusively in preparing their students for future careers 
in science-related professions (Gabel 1999; Eilks and Hofstein 2015).

Context-based and socio-scientific issue-driven approaches have the potential to 
enhance students’ understanding with regard to the central role of the sciences in 
life and in many professions (Holman 1987). It gives them a view that science can 
have an impact on their future lives and potential careers. Suitable professional 
contexts also have the potential to expose the learners to much wider issues related 
to the concepts taught in school. One example that was applied in the context of 
teaching chemistry in Israel was the industrial case study approach. One of the cases 
is based on the Dead Sea industries, namely, ‘bromine and its compounds’ (Hofstein 
and Kesner 2006).

In the teaching and learning module by Hofstein and Kesner (2006), the learning 
about the chemistry of bromine and its compounds is embedded into the learning 
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about the bromine industry in Israel. The students learn the chemical and techno-
logical issues behind the production of bromine compounds from salt from the 
Dead Sea. However, the students are also provided with information about jobs and 
careers in the corresponding industry, and they also reflect the economic, societal 
and ecological implications of operating chemical plants near the fragile ecosystem 
of the Dead Sea. Dealing with bromine plants and other similar industries provides 
learners with orientation on career opportunities in many professions directly or 
indirectly related to the production and use of chemicals. The industrial case studies 
combine subject-matter learning (about the chemistry of bromine and its com-
pounds) with environmental and societal issues, technological applications and 
ideas regarding careers and employment in industry (Hofstein and Kesner 2006).

Connecting science learning with industrial case studies provides ample oppor-
tunities to vary the classroom environment for more relevant science education. 
This allows the development of a wider range of skills and strongly corresponds 
with the vocational dimension of the model of relevance by Stuckey et al. (2013). In 
addition, the students receive many opportunities to discuss the complexity of oper-
ating such industrial plants. It provides insights into the work opportunities for engi-
neers, chemists, lab technicians, geologists, environmentalists, lawyers, marketing 
experts, etc. One of the key elements in the industrial case studies is to provide the 
students with opportunities to experience the industrial environment firsthand. In 
order to accomplish this goal, three strategies were developed. The first brings the 
students to the industrial plant. While visiting the industrial plant, students are pro-
vided with opportunities to interview different employees and to learn about their 
jobs and educational backgrounds. The second strategy is to engage the students in 
industrial ideas by bringing them into the classroom via the Internet. The third 
approach is to bring different lecturers (from the various industries) into the class-
room to describe the various facets of plant operation. All the approaches need to 
teach about industry and its related issues in a holistic manner for providing career 
orientation and raising the employability of future workers.

On the basis of several years of research regarding the teaching and learning by 
industrial case studies, we have come to the conclusion (Hofstein and Kesner 2006) 
that there are two major obstacles that inhibit the effective implementation of these 
teaching strategies. The first hindrance is teachers who genuinely believe that they 
need to employ clear conceptual approaches. The second obstacle is the issue of 
how to exactly assess students’ achievement while learning by industrial case stud-
ies. This is in fact a call for science educators to develop assessment tools and CPD 
initiatives to provide teachers with effective strategies. Although there are obstacles 
in implementation, it is suggested to better connect chemistry learning with issues 
and experiences from outside the classroom for enhancing the relevance of chemis-
try education and as a result increasing students’ interest and motivation.
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 Conclusions

Cross-curricular goals as discussed above represent a great challenge for all the 
school subjects, including science education. Without a doubt, the science educa-
tion curricula in many countries do not consider such cross-curricular demands 
thoroughly, e.g. for the case of EfS (Burmeister et al. 2012; Sjöström et al. 2015), 
nor do many of them attempt to raise the societal and vocational relevance of sci-
ence education sufficiently (Stuckey et al. 2013). The ideas and studies discussed 
above provide evidence-based guidance and first strategies to integrate contempo-
rary cross-curricular goals with science education. From the foci and cases dis-
cussed in this paper, it is suggested to open the chemistry curriculum more towards 
new and societal relevant questions and goals. Issues of sustainable development, 
from business and industry, or the media, have potential to enrich the chemistry cur-
riculum and also to enhance the relevance of chemistry education. Such approaches 
should also be connected to open the chemistry classroom for the inclusion of new 
pedagogies, implementation of new types of media or even leaving the classroom 
for nonformal learning by field trips to chemically relevant sites and businesses. 
However, more thorough research, curriculum development and continuous profes-
sional development of teachers still seem to be needed on these exemplary cross- 
curricular goals as well as on others, e.g. health education. Corresponding research 
and curriculum development need to encompass both cooperation among the sci-
ence subjects and a harmonizing of the science curricula. They also need to connect 
science more thoroughly to the humanities and social sciences. Stronger coopera-
tion between domain-specific educational research and development with more 
general fields like media education or vocational education also needs to be 
addressed. Before this occurs, however, several things must happen. First, we need 
further discussion of which cross-curricular goals are especially challenging for sci-
ence education. We also need to identify what the specific contribution coming from 
science education in general and chemistry education in particular for achieving 
each of the goals is and should be. Finally, we need to address and define exactly 
how the learning process can be started and how learning progress can be outlined 
and evaluated.
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Model
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 Introduction

In today’s fast-changing world, the ability to integrate STEM concepts is said to be 
a prerequisite for solving the complex and multidisciplinary problems society faces 
(Rennie et al. 2012). One of the biggest challenges for second-level education is that 
few guidelines or models exist for teachers regarding how to teach using STEM 
integration approaches in their classroom (Roehrig et al. 2012). Integration of sci-
ence and mathematics, for example, has long been recommended as a way to make 
meaningful connections between these two subjects for students, but models for 
how to integrate them have been found to vary considerably (Czerniak and Johnson 
2014; Pang and Good 2000). Second-level teachers do not often get the opportunity 
to experience integration nor do they have ready access to integrated instructional 
materials (Stinson et  al. 2009). This research therefore was concerned with the 
design, development and evaluation of a curriculum model to assist teachers in sup-
porting student transfer of mathematical knowledge and skills into their learning of 
lower second-level science in Ireland.

The theoretical premise of this research is that disciplines and subjects have epis-
temological and methodological boundaries. Students should become knowledge-
able in the explanatory framework of the discipline of science while nonetheless 
being given the opportunity to draw on and apply interdisciplinary knowledge 
(Moore 2011). This premise formed the basis of the design of the curriculum model. 
The model was evaluated by teachers, principals, subject experts and other curricu-
lum stakeholders across a number of microcycles of research during a doctoral 
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research project (Walshe 2015). The initial analysis of the data indicated that, with 
some minor modifications, the model could support teachers to integrate science 
and mathematics in terms of providing them with a valid mechanism for coordinat-
ing subject planning across the curriculum and for developing their own integrated 
activities. However, attitudinal, structural and affective issues that would impact on 
the likelihood of teachers implementing the model came to the fore across the vari-
ous microcycles of research. This chapter aims to answer the following research 
question: ‘what are the key elements emerging from participants’ perceptions of the 
feasibility of crossing the sociocultural and disciplinary boundaries of school sci-
ence and mathematics?’

 Theoretical Framework

The renewed interest in STEM integration in recent years has sometimes led to 
conflation of desirable outcomes for students (development of their capacities to 
problem-solve and utilise critical thinking in interdisciplinary contexts) with disso-
lution of disciplinary boundaries as a principle for curriculum organisation (Young 
and Muller 2010). However, this can lead to students missing out on critical steps in 
their knowledge of the disciplines (Basista and Mathews 2002; National Research 
Council 2014). The theoretical framework developed in this project locates the 
rationale for interdisciplinary curriculum design within a knowledge-based rather 
than purely applications-led curriculum design (Young and Muller 2010). In this 
framework, interdisciplinarity is not posited as an alternative to disciplinarity in 
curriculum (Moore 2011) but rather builds upon it. In this way students are not 
denied access to the abstract theoretical disciplinary knowledge required in order to 
apply it in real-world and multidisciplinary contexts (National Research Council 
2014). Moreover, the principle of curriculum coherence, which implies progressive 
learning of concepts and practices over time and across subjects, underpins the 
model (Geraedts et al. 2006).

 Curriculum Model

This research focused on designing a curriculum model for integrating mathematics 
into science. Mathematics is integral to the modes of inquiry science employs in its 
unique concern with developing empirically compatible models that allow us to 
explain and predict phenomenon in the natural world (Irzik and Nola 2011; Osborne 
2014). The identification of curricular overlaps and subsequent development of a 
progression of essential mathematical practices relevant to science in the context of 
the Irish lower second-level curriculum (age 12–15 years) is a central aspect of the 
model. Importantly, the integration is focused on the needs of the main subject, sci-
ence in this case, but with explicit integration of mathematical concepts, skills and 
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language, in order to support student transfer of knowledge (National Research 
Council 2014).

The curriculum model is composed of the following curricular artefacts:

• A syllabus map of the Irish lower second-level mathematics curriculum on to the 
lower second-level science curriculum, and an Integrated Science and Mathematics 
Teaching and Learning Sequence for Irish lower second level

• Three exemplary integrated lesson units that explicitly integrate mathematical 
concepts and skills from the mathematics curriculum into lower second-level 
science topics

The model is intended to support curriculum designers, schools and teachers in 
taking a systematic and coherent approach to integrating science and mathematics, 
but which does not deprive students of access to important subject-specific learning. 
The primary purpose of the curriculum model is with providing schools and teach-
ers with a valid and practical mechanism for integrating mathematics into science.

 Disciplinary Disconnect and Boundary Crossing

In order to contextualise the participants’ reactions to the curriculum model, the 
literature on both science and mathematics integration, and on boundary crossing 
between different zones of professional practice, is delineated in this section. The 
integration literature indicates that teachers generally have positive perceptions of 
the value of implementing science and mathematics integration for their students, in 
terms of, for example, the impact it could have on student motivation to learn and 
on student understanding of the utility of these subjects (Czerniak and Johnson 
2014; Lee et al. 2013). However, a number of barriers to integration have been iden-
tified. At the level of the school, these include lack of time for collaborative plan-
ning, lack of resources and lack of supportive school structures (Czerniak and 
Johnson 2014; Pang and Good 2000; Ní Ríordáin et al. 2016). Increasingly impor-
tant are the systemic barriers imposed by the imposition of assessment measures 
that only focus on discipline-based learning (Berlin and White 2012; Lee et  al. 
2013), and which in the Irish context have resulted in an educational culture of 
teaching to the test, with the curriculum narrowed to the highly prescribed subject- 
specific syllabuses (Ní Ríordáin et al. 2016). At the level of the individual teacher, 
the literature emphasises that teacher subject content knowledge can be insufficient 
to integrate both subjects fully (National Research Council 2014; Pang and Good 
2000; Stinson et al. 2009). Moreover, teachers often do not have opportunities to 
experience education for integration (Basista and Mathews 2002). Not surprisingly, 
teachers can have negative perceptions of the practicality of implementing science 
and mathematics integration in the light of these various barriers (Czerniak and 
Johnson 2014).

The literature on STEM integration tends to view the disconnect so often found 
between school subjects as resulting from obstacles such as these that must be 
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 overcome, with a strong emphasis on teacher deficits of knowledge and attitude. 
However, the literature on professional boundary crossing permits a more nuanced 
view of what is at stake for teachers in implementing integration. In addition to the 
disciplinary differences between school subjects, there are also sociocultural bound-
aries of professional practice between science and mathematics teachers (Hobbs 
2013). Teachers’ communities of practice at second level are defined by the subjects 
they teach and their relationship to them (Hobbs 2013). The literature on the con-
cept of ‘boundary crossing’ between different communities of practice (Akkerman 
and Bakker 2011; Kent et al. 2007; Nicolini et al. 2012) provides a framework for 
understanding the mechanisms by which practitioners interact across subject bound-
aries. In their review of this literature, Akkerman and Bakker (2011) define bound-
aries as sociocultural differences that effectively establish and define expertise and 
rights of participation within different domains of professional practice. Boundaries 
between contexts constitute an ambiguous and ill-defined space, but they also rep-
resent opportunities for creativity and learning. Boundary crossing then entails the 
activities of individuals or groups to establish continuity in action or interaction 
across different practices (Akkerman and Bakker 2011). This is often mediated via 
boundary objects, artefacts that perform a bridging function between communities 
(Kent et al. 2007).

Teaching a subject with which you are unfamiliar is not dissimilar to the experi-
ence of teaching out of field. Teachers’ subject identities are formed through partici-
pation in and recognition by the relevant subject subculture (Hobbs 2013). Thus, 
teaching out of field has the potential to disrupt a teacher’s sense of competence, 
self-efficacy and well-being (Pillay et al. 2005 cited in Hobbs 2013). Teachers who 
participate in activities at the boundaries between subjects can have strong emo-
tional reactions to the perceived dilution of their subject and hence their own exper-
tise (Edwards 2011; Olson and Hansen 2012). However, from a boundary-crossing 
perspective the point is not to seek to dissolve subject boundaries; but rather a 
boundary is potentially a site of professional and social learning (Akkerman and 
Bakker 2011). Hobbs (2013) draws on the boundary-crossing literature to theorise 
that out-of-field teachers can establish the action or interaction across subject 
boundaries through the use of boundary objects as professional learning opportuni-
ties that can lead to identity expansion and their reconceptualisation of their practice 
(Hobbs 2013).

In summary, crossing boundaries of professional practice can be a very fraught 
activity for teachers, but boundary objects, such as the curriculum model in this 
project, may support them in negotiating school subject boundaries.

 Methodology

This chapter outlines some of the findings from a doctoral research study (Walshe 
2015). The overarching methodology of the doctoral study was Curriculum 
Development Research, a variant of Educational Design Research, characterised by 
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iterative design and formative evaluation of curricular interventions in complex 
real-world settings (van den Akker 2013). Working with practitioners is an essential 
part of this methodology. Here, this included teachers and also principals in their 
capacity as primary organisers of a school’s curriculum. Figure 1 illustrates the four 
microcycles of iterative design and formative evaluation of the curriculum model. 
Taken together, these microcycles were concerned with evaluating the model’s 
validity, practicality and expected effectiveness (Plomp and Nieveen 2013) as a pro-
cess for assisting schools and teachers to integrate mathematics into science.

This chapter presents data primarily drawn from the convenience samples of end 
users who participated in microcycle 2 and microcycle 4. In microcycle 2, four sci-
ence and/or mathematics teachers and four school principals reviewed the map and 
sequence. Participant data was collected mainly from interviews. In microcycle 4, 
17 science teachers (nine of whom also taught mathematics) reviewed the integrated 
lesson units. Participant data was collected from interviews (n = 9) and a survey  
(n = 16). Table 1 presents a summary of the data collection methods, research focus 
and approach to data analysis in microcycles 2 and 4.

The primary researcher coded and analysed the data, with checks performed by 
the other researchers and with codes reviewed by and discussed with a critical 
friend. The emergent themes and categories from the first cycle of analysis were 
developed deductively, utilising theoretical contributions from the literature on 
boundary crossing, in a second cycle of data analysis (Fereday and Muir-Cochrane 
2008). The themes thus developed are outlined below.

Fig. 1 The four microcycles (MC) of iterative design and formative evaluation of the curriculum 
model
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 Results

The focus in this chapter is on the two major themes that emerged from the second 
cycle of data analysis, ‘disciplinary disconnect’ and ‘boundary crossing’. The ‘dis-
ciplinary disconnect’ between science and mathematics is comprised of subject sub-
culture and teacher subject identity subthemes. The second theme indicated the 
potential of the curricular materials to promote interdisciplinary ‘boundary cross-
ing’, through the conversations they encourage across subject lines – both external, 
when participants consulted their colleagues, and internal, when they began to indi-
cate their reconceptualisation of their subject.

 Disciplinary Disconnect

The factors identified as potentially militating against the implementation of the 
model by schools and teachers are a set of interdependent systemic, cultural and 
attitudinal factors.

 Culture of Subject Separation

The data indicated that there are very insular or closed subject subcultures in some 
of the schools where participants worked. A comment from a science-only teacher 
illustrates this divide: ‘there is no link between the maths and science department in 
the school and we do not plan together’. School factors such as the school size and 
the number of shared personnel across the science and mathematics departments 

Table 1 Summary of data collection methods and analysis

Data collection Semi-structured interviews; survey with 28 Likert items and 3 open 
questions

Focus of the 
microcycles

Participants’ perceptions of strengths, weaknesses and any recommendations 
for change of the particular curricular artefacts under review. More generally 
their perceptions of the feasibility and expected effectiveness of 
implementing the curriculum model in Irish second-level schools and 
classrooms, with a view to refining the model as appropriate.

Sampling 
procedure

Convenience sampling (volunteers)

Type of analysis Thematic analysis (NVivo) of qualitative data. First cycle of analysis: 
evaluation coding strategy (Saldana 2013). Second cycle: developing 
emergent themes from the first cycle deductively (Fereday and Muir- 
Cochrane 2008).
Responses to Likert items: means, medians, standard deviations and 
boxplots generated (SPSS). Quantitative and qualitative data cross- 
referenced to build a deeper picture of teachers’ reactions to the exemplary 
integrated lessons.
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impacted teachers’ perceptions that integration of these subjects would be practical 
to implement in their school. As one teacher pointed out:

Teachers and students work in very atomised/discrete units. This has a cultural and exam 
based root. It will require large effort to change this… Also this is accentuated by the large 
[number] of maths/science teachers in any school. (Science-and-mathematics teacher)

School leadership also emerged as an important factor; of the four principals 
consulted, two indicated that they did not see integration as a practical proposition 
(despite positive reactions to the curricular planning documents). One said ‘the 
school would not put science and maths together usually… The Sequence would 
work if science and maths are [taught by] the same person… Another teacher 
wouldn’t have the interest to find out the science links, etc.’ This principal detached 
herself from any role in leading the implementation of integration in the school; 
locating this within the happenstance of individual teacher interest. These are likely 
to be the kind of incidental factors that will support or prevent teachers integrating 
subjects.

These factors are underscored by the subject-based examination culture in Irish 
schools, as mentioned by the teacher quoted above. One principal was emphatic that 
unless the curriculum model was based on the national subject syllabuses, teachers 
would not implement it, which five teachers also made clear. For some of the teach-
ers, this was compounded by their concern that their lack of knowledge of either 
science or mathematics would make it difficult and time-consuming to plan for 
integration. Similarly, the two principals who were most pessimistic about the pos-
sibility of implementing integration in their schools had no background in either 
subject, suggesting lack of subject knowledge may also be an influencing factor on 
leadership capacity.

 Teacher Subject Identities

All of the above will impact upon teacher subject identity, and there was evidence 
in the data that some teachers had a more insular subject identity. The relevance of 
teaching particular mathematical concepts and skills in science was questioned, if, 
as one teacher said, ‘they're going to do it anyway in maths’. This is not just to do 
with lack of mathematical knowledge as even teachers who teach both subjects had 
strong perceptions of what constitutes science or mathematics. This may be the 
reason why one teacher perceived that the lessons were too mathematical:

Your different ways of doing it I thought was interesting, too. But does this mean that you're 
doing maths in the science class? (Science-and-mathematics teacher)

This teacher is very familiar with the mathematical concepts, but it does not fit 
with his understanding of what science entails to explicitly teach mathematics in 
science.

Teachers also indicated that there are affective factors for them in incorporating 
mathematics into their science teaching, especially if they do not teach  mathematics. 
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A science-only teacher explained that the day when she teaches her first year stu-
dents (age 12–13 years) how to draw a solubility curve ‘is the most stressful day of 
the year, because they haven’t a clue… So then I don’t want to be the first person 
doing this with them’. Several science-only teachers expressed similar anxiety 
about teaching unfamiliar mathematical concepts and skills.

However, some of the attitudes were more negative: a science-and-mathematics 
teacher took the view that teaching mathematics in science class ‘would waste too 
much time on maths side instead of “science” aspect’, indicating a dismissive atti-
tude towards incorporating mathematics into science. Similarly changing the 
sequence of topics to accommodate learning in another subject may be problematic 
for teachers. Another science-and-mathematics teacher did not see why he would 
change the ‘natural order’ of his science topics to suit integration with mathematics. 
These kinds of comments suggest some tension between subject subcultures, and 
some defensive guarding of the subject boundaries, even by some of the teachers 
who have knowledge of both.

 Boundary Crossing

The ‘boundary-crossing’ category delineates those themes in the data that demon-
strate that participation in the review of the model (or one of its elements) provided 
participants with a locus for interdisciplinary dialogue in the sense that it provided 
them with an avenue of entry into the discourses at the boundaries between school 
science and mathematics.

 Facilitating Planning, Coordination and Collaboration

Some participants took tentative steps to cross the subject boundaries of science and 
mathematics as a result of engaging in the review of the map and sequence and/or 
the integrated lessons. Some participants consulted formally with their colleagues 
in staff meetings about these documents, invited the researcher to give a workshop 
on the concepts they embodied or used the ideas to develop their own workshop and 
lesson plans, while two of the principals considered adapting them for implementa-
tion in their school. Participants were also prompted to consult their colleagues 
informally for further explanation and information about the other domain. Two of 
the subject matter experts consulted colleagues about the first- and second-level sci-
ence and mathematics curricula, respectively. One science teacher asked her math-
ematics colleague for a ‘mini-tutorial’ as she put it to explain the mathematics 
concepts to her. They subsequently had an informal conversation about how these 
concepts could play out in either of their subjects. Several teachers indicated the 
casual collegiality that characterised their boundary crossing. An example of this is 
when a science teacher chatted to his colleague about the mathematical topics she 
was teaching to their shared students, when they met at the school photocopier.
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Two science-and-mathematics teachers took on the role of brokers at the bound-
aries of the two subjects. The first of these volunteered to trial run the integrated 
lesson ideas at a very early stage of their development, contributing hugely to the 
design-thinking underpinning the model. The second decided, having being intro-
duced to the integrated lesson units, to recruit four science teachers from her school 
to implement them in their classrooms as part of their formative evaluation. She also 
coordinated the group, dispensing materials and gathering data instruments from 
them to return to the researcher.

It is important to highlight that none of these efforts to cross the subject boundar-
ies were required of the participants as part of their participation in the review pro-
cess but rather were voluntary initiatives they themselves undertook.

 Reconceptualisation of One’s Subject

Most notably, many participants indicated small changes of perspective whereby 
they began to reconceptualise a subject because of their participation in the review 
process:

Stuff like the leaf-and-stem graphs, I’ve never encountered them before. I looked it up and 
I was like…that’ll be brilliant for doing the heart rates, just as an example…. It’s just a 
lovely way of presenting stuff. (Science teacher)

This opening up of new perspectives on one’s subject(s) was not limited to the 
science-only or mathematics-only teachers. Science-and-mathematics teachers also 
remarked on the ways in which the model provided them with new ideas. One 
teacher perceived that the lesson units could provide a useful model for teachers 
who teach both subjects:

Even just to get people- even for me, just to realise there for the first time ever that the data- 
handling cycle is exactly the same thing as the scientific inquiry. I was going, “Oh, yeah. I 
never thought of that before,”…But we don’t go looking for [the connections]. We’re too 
busy teaching in our own little narrow tunnel, you know? (Science-and-mathematics 
teacher)

The quote indicates that having knowledge of both subjects does not imply that 
teachers automatically consider the ways in which they can integrate them together. 
For some teachers, the feedback interview clearly indicated the internal dialogue 
and process of reflection on their practice that had been initiated by their review of 
the model. As one science teacher put it:

I like the idea of the integration of the two subjects but I feel the science course is long 
enough…without adding the maths parts that are not relevant… Maybe I just need to 
embrace it and decide to make it more relevant! (Science teacher)

This teacher has been prompted to consider changing her practice as a result of 
her participation in the evaluation of the curriculum model. She and other teachers 
thus demonstrated the beginnings of an internal dialogue regarding subject 
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 boundaries, suggesting a reconceptualisation of their perception of their subject, or 
subjects.

 Discussion

The categories identified in the second layer of analysis of the data are a combina-
tion of interrelated systemic, structural and personalised factors. The category of 
‘disciplinary disconnect’, for example, indicates that broader systemic issues to do 
with the organisation of the curriculum at the national level (very atomised subject 
curricula) affects how they are organised at the school level and at the teacher level, 
in terms of what is perceived as valid and feasible to implement. Similarly, the cat-
egory of ‘boundary crossing’ indicates that, where schools and teachers have the 
support of a curriculum model to make connections across subject-specific curri-
cula, teachers and principals can, in some instances, begin to change their concep-
tualisations of what is feasible and possible to do in their classrooms.

It is not surprising that teachers who are not well versed in the content and peda-
gogies of an unfamiliar subject would be reluctant to integrate that subject into their 
teaching (Czerniak and Johnson 2014). The findings indicate that this will be com-
pounded by other factors to do with the particular school structures and (lack of) 
leadership (Rennie et al. 2012), in an educational culture with a strong focus on 
subject-specific examinations. There are also affective factors at play in incorporat-
ing an unfamiliar subject into one’s own (Edwards 2011). It can be conjectured that 
lack of knowledge of how to draw a graph is not the cause, for example, of the stress 
one teacher mentioned about teaching graphs to new students, but rather that this 
mathematical practice falls into a liminal zone between the two subjects. 
Mathematical knowledge is clearly required for, but is somehow not part of, the 
particular teacher’s conceptualisation of her subject; therefore, she has not acquired 
the confidence and self-efficacy required for teaching this boundary topic. It is here 
that teacher attitudes and feelings about their subjects are sharpest because their 
professional identities are bound up in their subject teaching (Hobbs 2013). As 
recounted in the introduction, the majority of participants had no major objections 
to the validity of the curriculum model or to the abstract principle of integration of 
mathematics into science as such. Nonetheless, the evidence of the findings 
described in this chapter indicates that for some it conflicted with their identities as 
teachers of science and/or mathematics.

Thus, while lack of subject knowledge will clearly be a constraint, an important 
finding from this research is that knowledge is a necessary but not a sufficient condi-
tion to prompt teachers to incorporate content from another subject into their teach-
ing. Simply because a teacher is familiar with the contents and methods of both 
subjects does not automatically imply that they have a schema of how to integrate 
them and, more importantly, that they believe they should integrate them. Teachers 
have a crucial role as translators across disciplinary systems (Nikitina 2006). 
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However, crossing subject boundaries can be disruptive to a teacher’s identity and 
self-efficacy, even for subject insiders.

On the other hand, through their participation in the review of the curriculum 
model, some participants were indeed prompted to take the first steps into interdis-
ciplinary activities in a variety of ways. The formal and informal consultations they 
initiated with colleagues were indicative of this. The artefacts provided participants 
with a means and motive to have such interdisciplinary conversations. As the dis-
cussion above of the systemic and other factors that contribute to teachers not hav-
ing such conversations indicates, this is not a minor outcome of the review process. 
The willingness of certain participants to support the development of the model, 
though, for example, volunteering to try out lessons and coordinating the activities 
of colleagues, further indicates the interest of teachers in being part of a boundary 
dialogue with their fellow professionals conducted via the design of the curriculum 
model. In this way, the model performed a bridging function as boundary object 
across the different communities of professionals involved (Akkerman and Bakker 
2011).

Most importantly, the moments of reflection captured in the ‘Boundary Crossing’ 
theme signify that, for some teachers, participation in the review process led to pro-
fessional learning at the boundaries of school science and mathematics. There was 
evidence of participants achieving new understandings through reflection and iden-
tity development, considered as essential precursors to any change in practice 
(Akkerman and Bakker 2011). This occurs because engaging with a boundary 
object such as the model stimulates reflection on what is being proposed, on how it 
fits with current practice and on how current practice could change to accommodate 
it, or not, as the case may be. The material artefacts themselves may be adapted by 
teachers and schools in a variety of ways. As boundary objects, they provide a 
motive and an occasion for communication and collaboration to occur (Nicolini 
et al. 2012), and even more importantly, they present an opportunity for participants 
to develop their ideas, perspectives and potentially expand their subject identities. 
Without suitable boundary objects to stimulate this process, change is possible but 
less likely to occur.

 Conclusions

In summary, it may be said that curriculum integration is more than a matter of 
upskilling teachers or providing them with the right kinds of planning tools and les-
son materials. This chapter has shown that curriculum models need to take account 
of the subject subculture, school structural and teacher subject identity issues that 
impact on the curricular choices that teachers make. While the model has the capac-
ity to provide teachers and schools with a practical and coherent approach to inte-
gration of mathematics into science, it was through the review process that teachers 
and other participants in the research project embarked on social and professional 
learning at the boundary. The planning tools and exemplary lessons in and of 
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themselves can always be improved; their main value is in providing a focus for 
‘photocopier conversations’, that is, for opening up new perspectives on one’s sub-
ject and channels of inter-subject dialogue that may ultimately lead to change in 
practice. This, more than the physical materials themselves, is the catalyst needed 
for teachers to take the step into unfamiliar territory and to make it their own.
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Fostering European Students’ STEM 
Vocational Choices

Irina Kudenko, Cristina Simarro, and Roser Pintó

 Introduction

Young people’s competence in Science, Technology, Engineering and Mathematics 
(STEM) education and their interest in related careers have consistently been a 
major concern in Europe. The last assessment of STEM competencies (EC 2013) 
and employability skills (EC 2015a) confirmed the proliferation of negative trends 
and predicted the internal supply of STEM-related professionals in the next decade 
to fall short of the EU labour market needs. These political concerns fuel academic 
research on students’ interest in STEM learning, career aspirations and choices, 
particularly on factors that shape students’ views and influence their actions related 
to STEM education and careers (DeWitt et al. 2014).

Research identifies four basic groups of interrelated factors affecting student 
career choices in STEM (ECB-InGenious 2011a). First, good subject knowledge, 
competence in STEM disciplines and students’ engagement in learning (factor 
group A) are commonly recognised as essential prerequisites to positive attitudes to 
STEM learning and careers. However, on their own these factors are often not 
enough to stimulate career aspirations of students (The Royal Society 2004), and 
researchers point to the importance of students’ knowledge of STEM-related careers 
(group B) and their personal beliefs, values and self-perceived abilities to accom-
plish education and career-related tasks (group C) (Fouad 2007). Finally, social 
views and popular stereotypes of STEM industries and careers (group D) are also 
acknowledged as influential, especially with regard to a damaging role of negative 
stereotypes (Sjøberg and Schreiner 2010).

I. Kudenko 
National STEM Learning Centre, York, UK 

C. Simarro (*) • R. Pintó 
Universitat Autònoma de Barcelona, Barcelona, Spain
e-mail: cristina.simarro.rodriguez@uab.cat

mailto:cristina.simarro.rodriguez@uab.cat


324

Applying this framework to the analysis of educational initiatives and policies 
helps identify which groups of factors these interventions try to influence and how 
they do it. Here, the cooperation between education and social partners (such as 
representatives of STEM industries) is justifiably acknowledged as a potentially 
good approach for updating, enriching and contextualising science education, as 
well as providing valuable expertise and resources (see Wright 1990 for a compre-
hensive account of the origins of these relationships). There is evidence suggesting 
that STEM employers’ involvement in education creates a multidimensional posi-
tive impact on students, affecting their academic outcomes, work and personal 
skills, career awareness and preferences (Burge et al. 2012). Specifically, it has been 
argued that a closer cooperation of school with STEM-related industries could help 
in raising students’ awareness of STEM careers, bringing the world of work closer 
to education (ERT 2009). However, many questions about the process, forms and 
effectiveness of such cooperation remain under-researched (Andrée and Hansson 
2015; Mann 2012).

There have been some advances in researching limitations and gaps in school- 
industry partnerships, which, it has been argued, can seriously jeopardise the effec-
tiveness and actual impact of such arrangements (BSCR 2011). Most of these 
partnerships have a voluntary nature (Marriott and Goyder 2009), which can be 
positive in terms of flexibility and innovation, but may also entail blurred objectives 
and lack of commitment and sufficient expertise in the education field. Evidence 
suggests that this lack of clarity about the main objectives of employer-school inter-
actions as well as a lack of comprehensive evaluation may have a negative impact 
on the success of such programmes (Burge et al. 2012; NCSR 2008). Additionally, 
most of the existing school-industry partnerships are isolated and short term.

It is not surprising, therefore, that those in charge of linking industries with edu-
cation feel concerned by the lack of clear guidance on how to make school-industry 
collaboration as worthwhile as it should be (CBI 2012). This, however, requires a 
good understanding of what makes collaborations effective in promoting STEM 
education and careers and how to maximise their impact on students’ aspirations.

There is an equal need to study and learn from the existing initiatives imple-
mented within the framework of school-industry partnership. This research was set 
up to address some of these concerns and, more specifically, intended to answer the 
following questions:

• What are the common characteristics of European school-industry partnerships 
in STEM education, and how well do they match theories related to STEM aspi-
rations promotion?

• What are the barriers and gaps in school-industry collaboration across Europe, 
and what could be done to resolve them and, consequently, to increase their 
effectiveness?

• What can we learn from evaluating the impact (on teachers’ engagement and 
students’ STEM careers aspirations) of school-industry collaborations imple-
mented under the auspices of a common Europe-wide initiative?
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 Context and Methodology

The data for this paper comes from the European project ECB-inGenious, a multi- 
stakeholder FP7 initiative which involved over 40 partner organisations represent-
ing European industry, policy makers and STEM educators. The overall objective of 
the project was to foster young people’s aspirations towards STEM careers. To this 
aim, we facilitated schools’ engagement with STEM education activities, resources 
and events designed and supported by industry partners. The project ran for 3 years 
(2011–2014) engaging over 1500 classrooms across Europe. Around 160 schools in 
each project year received additional support, professional development and 
resources from industry partners in exchange for their participation in rigorous eval-
uation of project activities. After each project year, these ‘pilot schools’ were able 
to reapply and remain in the project.

The project provided a stable and sustainable platform for an ongoing dialogue 
between schools, industry experts and educational specialists. Specifically, teachers 
had numerous opportunities to engage in professional learning and networking dur-
ing face-to-face activities (three summer schools, three teacher academies and nine 
teacher workshops) and online (through webinars and chats with industry experts, 
themed professional communities and teacher forums). As the project developed, 
they also gained access to an online database of educational resources developed/
supported by industry partners from various EU regions.

ECB-inGenious had multiple research and evaluation activities focusing on the 
role of school-industry partnerships in developing, promoting and supporting STEM 
enrichment activities in schools across Europe. Seeking a broader perspective on the 
research questions, we combined quantitative and qualitative research methods 
(Teddlie and Tashakkori 2009). It commenced with the examination of existing 
school-industry partnerships in Europe, reviewing their aims, methodologies and 
educational policies and sampling their STEM enrichment activities. This examina-
tion was based on the responses collected from STEM industries and industry net-
works to an online survey consisting of both open and closed-ended questions 
(ECB-InGenious 2011a).

A total of 153 different local, regional, national and European STEM enrichment 
initiatives developed by business and industry for schools were gathered from 17 
countries. Due to a varying quality of information provided, only 79 of them, cover-
ing 14 EU and EU partner countries, were included in the next stage of detailed 
quantitative and qualitative examination (Fig. 1). We used descriptive statistical meth-
odology to analyse closed-ended responses, while open-ended questions, containing 
detailed descriptions of initiatives, were analysed using a theory-driven content anal-
ysis (Namey et al. 2008) and categorised by two researchers working independently. 
The first researcher classified school-industry initiatives by types of involved activity 
(e.g. talk) and identified which factors known to influence students’ career aspirations 
(A, B, C and D) were addressed by each initiative. The process was independently 
repeated by the second researcher, and then their results were compared and validated 
by computing Cohen’s kappa (0.80 and 0.82,  respectively), a standard measure for 
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inter-coder reliability (Neuman 1997). To double- check that no important informa-
tion was missing from excluding the incomplete datasets, we applied the proposed 
categorisation to all collected initiatives (n = 153). This exercise confirmed the robust-
ness and validity of the instrument and showed that the subsample of 79 initiatives, 
despite a varying number of activities sampled from each country, was largely repre-
sentative of all collected activities.

In parallel, the project carried out a wider examination of school-industry col-
laboration in STEM education, seeking to identify educational and business needs, 
and existing gaps and various barriers to school-industry partnerships. We organised 
15 national and one European workshop consultations with various stakeholders 
(teachers, industry representatives, policy makers, STEM education experts and 
providers of professional development and resources). The outputs of these work-
shops were summarised in corresponding national ‘needs analysis’ reports and a 
European white paper on the state of school-industry collaboration in STEM educa-
tion in Europe (ECB-InGenious 2013). Again, content analysis was used, this time 
based on data itself.

Finally, the project focused on testing existing and newly created STEM enrich-
ment activities for schools and on assessing their impact on teaching of STEM dis-
ciplines, student views and career aspirations. In total, 35 school-industry initiatives 
were prepared for ‘testing’ and subjected to rigorous evaluation: 14 were available 
in year one of the project, 24 in the second and 29 in the final year. All of them were 
initially available in English and at least one more European language, but, with 
time, most of the activities were translated into five or more of the native languages 
of project participants. Schools participating in evaluation were free to choose any 
of these activities but were expected to implement at least three annually.

Student and teacher online questionnaires were administered before, during and 
after each project year (Table 1) (ECB-InGenious 2011b, 2014b).

All questionnaires mainly consisted of close-ended multi-choice nominal and 
scaled questions. There were both single-choice and multi-choice nominal ques-
tions, while a typical scaled question measured responses on a four-point  Likert- type 
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scale: ‘strongly agree’, ‘agree’, ‘disagree’ and ‘strongly disagree’. For reporting 
purposes this rating scale was often converted into an ‘agree-disagree’ dichotomy. 
When necessary, the four-point scale was expanded to include a fifth option, which 
accounted for either no opinion (‘don’t know’) or inappropriateness of a question 
(‘not applicable’). These answers were discarded when converting to a dichotomous 
scale. Occasionally we required a more sensitive instrument to measure a range of 
participants’ views, so a ten-point semantic differential scale (Osgood 1964) was 
used. For example, to measure students’ perception of project activities in compari-
son to their experience of everyday classroom work, we employed a scale that 
ranged from one (‘much worse’) to ten (‘much better’). Then we used standard 
statistical methods to generate descriptive and inferential statistics and analyse 
quantitative variables and their relationships.

Finally, to capture qualitative, in-depth information and to give more opportuni-
ties for participants to respond in detail, a few open-response questions were added 
to each of the surveys. Answers to these questions were mainly used for illustrative 
purposes, but we also applied basic content analysis techniques to explore their 
range and prevalence of certain narratives.

At the start of each project year, we collected baseline data on schools, teachers 
and students participating in testing of the project activities. We asked about schools’ 
history of collaboration with STEM industries, views on STEM learning, attitudes 
to STEM industries and student career inclinations. At the end of each project year, 
teachers and students completed final questionnaires answering similar attitudinal 
questions and providing feedback on the activities and their impact. In addition, 
teachers also filled in two special forms per each implemented activity: one form 
immediately before the activity to capture details of the intended use and one imme-
diately after the trial to gather implementation details and evaluation feedback. A 
quick and simple survey was used to gather student reflections on the practice.

All questionnaires were translated into 15 European languages, which covered 
most of the project participants’ countries (those not covered had to use an English 
version of the questionnaire). Due to various constrains, we could only collect 
 student responses from a sample of benefitting students, which were nominated by 

Table 1 Evaluation questionnaires and the number of responses in each project year and overall

Questionnaires
N° of responses
Year 1 Year 2 Year 3 Overall

Teachers School baseline information (PA1) 168 170 179 517
Teacher baseline views and expectations 
(PA2)

127 175 176 487

Intended use of a project activity (NA1) 254 444 582 1280
Activity evaluation and feedback (NA2) 206 387 524 1117
End-of-the-year views and feedback (PO1) 104 118 192 414

Students Baseline views (PA3) 3260 5816 5347 14,423
Activity evaluation and feedback (NA3) 3198 6650 9811 19,659
End-of-the-year views and feedback (PO2) N/A 2952 5071 8023
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their teachers. However, teachers had clear guidelines requesting that the same 
 students complete every project questionnaire.

We also collected extensive qualitative data using case studies written by teach-
ers, focus groups and interviews with teachers, students and head teachers, as well 
as other data sources. The evaluation process and instruments are detailed in Fig. 2.

Although data collection and analysis had certain methodological limitations and 
challenges (e.g. duplicate entries), they were mitigated by the volume, geographical 
spread and historical consistency of the collected responses (Ross 1992). We also 
triangulated (Patton 1999) student data with teachers’ views on changes in students’ 
perceptions of STEM, which showed a consistent picture of improving learning and 
career aspirations.

 Results and Discussion

 Common Characteristics of Sampled School-Industry 
Partnerships

The 79 educational initiatives sampled in the project confirmed the existence of 
gaps and limitations in school-industry collaboration identified in the literature. For 
instance, although some of the initiatives were applicable to more than one age 
group, the overwhelming majority of them were targeting secondary school stu-
dents (90%) (Fig. 3).

The duration of the analysed initiatives is another characteristic worth a special 
note. Nearly two thirds of the reviewed initiatives were short-term/one-off activities 

Fig. 2 Project evaluation timeline and instruments
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(64%), whereas long-term activities, i.e. those carried out during 1 month or more 
and which, consequently, would have more opportunities for students to work in- 
depth and jointly with STEM professionals, represented a 21% of the gathered 
activities (Fig. 4).

Most of the existing practices were focused on the production of learning 
resources for STEM subjects (46%), with the involvement of industries being mini-
mal (mostly reduced to funding and project management). Activities with a bigger 
involvement of industry representatives in STEM education, e.g. industry visits/ 
talks or STEM professionals’ involvement in school projects, were less frequent 
(24% and 15% correspondingly). Worryingly, only 6% of initiatives included 
teacher training and professional development (Fig. 5).

Of special interest to our research was the link between the reviewed initiatives 
and the four groups of factors, identified in the literature as influencing student aspi-
rations towards STEM careers. This analysis has shown that most initiatives were 
focused on supporting STEM curriculum learning (factor group A, 62%), giving 
less support for career information (factor B, 41%) and often neglecting personal 
and social attitudinal issues (factors C and D, 25%) (Fig. 6).

Finally, the study also confirmed that impact evaluation, especially with regard 
to pupil outcomes, remains a ‘missing part’ in most of the cases: only 27% of the 
initiatives reported some sort of impact evaluation, and, even then, most of the eval-
uation activities were reduced to counting participants and conducting satisfaction 
surveys.

Overall, the analysis of sampled initiatives identified the following gaps and 
inefficiencies in school-industry partnerships. First, it showed the imbalance in 
addressing the factors that influence career aspirations of students. While research 

Primary school (< 11 years old)

Secondary school (11 to 16 years old)

Post-secondary education (>16 years old)

Other 10%

10%

35%

90%

Fig. 3 Distribution of school-industry initiatives sampled in the project (N = 79) by the age of 
students they targeted (some initiatives were applicable to more than one age group)

One-off events

Short/Medium-term

Long-term

18%

21%

61%

Fig. 4 Distribution of school-industry initiatives sampled in the project (N = 77) by the time scale 
of their application (Note: initiatives aimed only at teachers are not included)
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evidence shows that effective initiatives have to address all (or most) factor groups 
outlined previously (factors A, B, C, D), in reality, career information (B) and psy-
chological (C) and social (D) factors are often neglected. Secondly, it confirmed that 
industrialists prefer to design their initiatives for secondary school students. This 
bias in selecting the target audience also contradicts the research evidence, which 
shows that by the age of 14 students’ attitudes and interests in STEM learning and 
careers are largely formed (Archer 2013).

Learnig resources

Visits

Talks

Teacher training 6%

15%

24%

46%

24%

In-depth studies with STEM
professionals

Fig. 5 School-industry initiatives by the type of involved activities (one school-industry initiative 
could include a few activity types (total sum is greater than 100%))

100%

50%

62%

A B C D

41%

25% 25%

0%

Fig. 6 School-industry initiatives by their focus on the group of factors, which influence students’ 
career motivation. Most activities address more than one factor (total sum is greater than 100%)
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Many STEM industries do not engage with schools on continuous basis and tend 
to offer one-off events and short and simple activities. This is despite a clear warn-
ing coming from academic research, which demonstrates that one-off interventions 
are significantly less likely to have a long-term impact (Savickas et  al. 2009). 
Finally, absence of considerations for impact evaluation undermines their potential 
for self-improvement, which further reduces their effectiveness in raising student 
career aspirations (Burge et al. 2012; Marriott and Goyder 2009; NCSR 2008).

 Current Barriers and Gaps in School-Industry Collaboration

The ‘needs analysis’ data collected within the project proved very useful in inter-
preting and understanding the origin of some of the gaps described in a previous 
section. Specifically, national reports (ECB-InGenious 2013, 2014a) collecting the 
opinion of representatives from the educational, industrial and political sectors 
pointed to the existence of the following four major groups of obstacles:

 1. Structural obstacles (related to partners’ limited availability of resources, sup-
port and infrastructure).

 2. Motivational obstacles (related to disjointed and even contradictory interests, 
goals and motivations of the parts involved).

 3. Procedural obstacles, (related to the way school-industry links are managed, e.g. 
lack of stable organisational and networking structures).

 4. Cultural obstacles (related to different ways in which school and industry 
approach STEM education as well as mistrust/misunderstanding/lack of knowl-
edge of the aims and cultural settings of the other side in a partnership). Table 2 
shows these types of barriers and the frequency of their appearance in the reports.

Table 2 Obstacles and barriers identified by stakeholder representatives as hindering school- 
industry collaborations

Barriers Type of barrier

Lack of resources (economic/human/time) 23% Structural 35%
Lack of support 10%
Geographical closeness between schools and companies 2%
Goals of the collaboration 18% Motivational 33%
Lack of partners interested in collaborating 9%
Lack of continuity/commitment between partners 6%
Communication between partners 13% Procedural 17%
Existing regulations 4%
Different realities of the worlds of industry and education 13% Cultural 16%
Matching of schedules 2%
Negative stereotypes of industry in school 1%
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As we can see from Table 2, most of the identified barriers involve structural 
(35%) and motivational (33%) obstacles. Procedural (17%) and cultural (16%) 
obstacles were less likely to be explicitly mentioned. In reality, however, all groups 
of obstacles are interrelated (e.g. procedural obstacles may cause or contribute to 
the creation of structural barriers, and vice versa). Hence, a sensible approach to 
address any of these obstacles will require a complex intervention strategy, espe-
cially if one takes into consideration the different levels of influence that it would 
involve (strategic, tactical and operational) (ECB-InGenious 2013).

 Project Impact on Schools

Evaluation data collected from teachers and students before their involvement in 
project activities confirmed the existence of serious ‘gaps’ in school-industry part-
nership and demonstrated how the absence of such collaboration negatively affects 
STEM education and students’ career aspirations.

More than half of teachers (60%) were of the opinion that their students were 
unable to connect school lessons in STEM subjects with their everyday lives, while 
the number of teachers who thought their students had a good understanding of a 
variety of STEM-related careers was even smaller (35%). Moreover, four out of ten 
students said that they were not learning about STEM jobs in school, and nearly just 
as much (34%) did not see any practical use for the knowledge they gain in science 
lessons. At the same time, students were well aware that STEM industries are very 
important in the society (84%) and that their achievements in STEM subjects are 
important for their personal future (78%).

Not surprisingly, teachers felt that their current ability to use contextual exam-
ples and career information was limited and that they needed more support in doing 
this. Fifty-one percent of them thought it was ‘hard to provide real-life illustrations 
and present-day industry examples in their lessons’. This conclusion is consistent 
with teachers’ responses to another statement in the baseline survey ‘I often use 
resources from modern industries in my teaching’: only 15% of participants stated 
their strong agreement with this proposition. Interviews with teachers also showed 
that, with a few exceptions, schools’ engagement with industries before the project 
was patchy and irregular. Hence, teachers were very keen to gain access to industry 
educational resources to help improve students’ interest and knowledge of STEM 
subjects by illustrating real-life examples and ‘cutting edge’ industry applications 
of STEM knowledge. Yet, they were less certain of other areas for collaboration, 
e.g. learning about STEM careers (Fig. 7), or forms and activities this relationship 
should involve. At the onset of the project, some teachers questioned motives of 
industry partners’ involvement in education and had reservations about letting them 
in schools.

Teachers needed additional support and more opportunities to learn about project 
industry partners, to understand the ‘inner workings’ of the world of business and 
learn about the fundamentals of school-industry collaboration. They also wanted 
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more networking opportunities to learn from industry experts and other teacher par-
ticipants and share ‘best practice’ in STEM enrichment activities.

…The chance to talk with the facilitators face by face and fix all queries – personal contact 
is really important. Swapping experience with some of the participants, getting inspira-
tion... (Teacher from Czech Republic, project year 1).

Using teacher and student data collected during the 3 years of the project, we 
were able to assess its longer-term impact on the quality of STEM teaching and 
learning in schools as well as on student perceptions of STEM subjects and careers. 
In year one, just over half (54%) of the teachers reported that there had been a high 
to medium increase in their use of industrial materials in their lessons. By year 
three, this was reported by 87% of participating teachers. Initially many teachers 
opted for simpler, less demanding activities, which were relatively easy to imple-
ment and which could be carried as ‘stand-alone’ interventions. They were equally 
very likely to follow a prescribed ‘script’ and refrained from modifying or changing 
the recommended activity.

However, the longer teachers remained in the project, the more confident and 
competent users of industry resources they became: they were implementing more 
activities and they were doing it in a more creative and complex way. In the first year 
of joining the project, teachers on average implemented fewer activities (n = 2.3) 
than in their consecutive years, this raising to 3.4 in the final year. By the end of the 
project, more than three quarters (77%) of teachers reported using inGenious activi-
ties in combination with other school-industry activities (both project-based and 
outside the project). Hence, teachers reported noticeable improvement in their abil-
ity to deliver STEM career learning activities (Fig. 8).

Moreover, the longer schools stayed in the project, the more they became engaged 
with different types of school-industry collaborative activities. Table 3 compares 
engagement in these activities as reported by both new and more experienced 

Q: Please state all the learning outcomes you would like to achieve with this activity

Improve pupils’ interest in STEM
subjects

Improve pupils’ knowledge in STEM
subjects

Improve pupils’ knowledge of STEM
careers

Improve pupils’ positive perception of
STEM in society

Improve pupils’ positive perception of
industry

Raise the profile of STEM subjects in 
school

91%

87%

60%

54%

50%

42%

Fig. 7 Teachers’ expectation of learning outcomes for students from implementing project activi-
ties (N = 1280)
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 participants at the start of the final year of the project. The difference between new-
comers and schools that were in the project from the start is between 20 and 30 
percentage points on most of the activities, especially with regard to actual involve-
ment of industry representatives in school.

This was as much about developing a culture of learning over time as it was using 
particular activities and being familiar with their outputs. This appears to be what 
for many teachers was a pivotal point:

I have thoroughly enjoyed being involved with inGenious over the last 3 years. It has trans-
formed my teaching and shown me the importance of collaborations both with industry and 
with international colleagues. (Teacher from UK, project year 3)

When teachers reflected on how the project was affecting their students, they 
reported a gradual but constant improvement in student learning of STEM subjects. 
More importantly, this was matched by a noticeable increase in their awareness and 
interest in STEM careers, with the highest impact being achieving by the project 
final year (Figs. 9 and 10).

Project Year 1(N=104)

I am better able to advise my puplis
on carrers in science, technology and

industry

My ability to teach STEM subjects in
the context of real life applications

have improved

Project Year 2(N=118) Project Year 3(N=192)

83%
74%

64%

70%
84%

68%

Fig. 8 Teachers’ ability to provide enriched curriculum learning of STEM subjects as reported in 
different years of the project. The percentage of teachers agreeing/strongly agreeing with state-
ments (Likert’s four-point scale), N = 375

Table 3 Comparative effects of different length of project participation on school-industry 
collaboration

School-industry collaboration activities reported by 
schools with different years of project participation

Number of years spent in the project
New 
participants 
(n = 76)

1 year 
(n = 33)

2 years 
(n = 72)

Hands-on activity with industry representative 37% 56% 65%
Running/supporting/engaging in STEM club 41% 53% 65%
Hands-on activity with teacher using industry 
resources

52% 89% 89%

Running competition in STEM subjects 55% 81% 85%
Resources from industry used in normal classroom 
activity

61% 92% 82%

Professional development of teaching staff 65% 81% 83%
Visiting speaker from industry 72% 81% 87%
Visit to industry/resource centre 85% 92% 92%

I. Kudenko et al.



335

In the first project year, slightly more than a half of teachers defined the impact 
on student career learning and aspirations as high or medium, but by the end of its 
third year, this number was more than three quarters. A Finnish primary teacher, 
who participated in all 3 years of the project, described the final impact as follows:

Thanks to this project, I think that I opened a little door to the corporate world and it aided 
their (i.e. students’) interest in profession in general and in relation to their future.

This perception is confirmed by students’ data, which showed a statistically sig-
nificant positive change in young peoples’ inclinations towards STEM-related 
careers (Fig. 11), both for primary and secondary school students.

30%
61%

69%
81%

Pupils are aware that different
types of jobs in STEM require

different personal qualities and...

Pupils have good understanding of
a variety of careers in STEM

Project starts (year one baseline) Project ends (end of year three)

Fig. 9 Students’ awareness of STEM careers reported by teachers before and after the project. The 
percentage of teachers agreeing/strongly agreeing with each statement (Likert’s four-point scale), 
N = 375

students’ interest in STEM
careers

students’ knowledge of
STEM careers

72% 76%

Project Year 1(N=104) Project Year 2(N=118) Project Year 3(N=198)

54%
60%

68%
79%

Fig. 10 Percentage of teachers in each project year who reported high and medium impact on 
student career perceptions (impact was measured on a four-point scale)
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 Conclusions

Considering the complexity and multidimensionality of factors that influence STEM 
career choices, our research has demonstrated that school-industry partnerships can 
provide for this complexity and have a positive role to play. However, our study has 
confirmed that some gaps and barriers present strong challenges to the establish-
ment, effective implementation and sustainability of such kinds of partnership. Our 
analysis of a sample of European school-industry initiatives has demonstrated that 
present-day partnership arrangements can be of diverse nature and have consider-
able differences in terms of their aims, target audiences, duration, type of activities 
and the level of interaction between students and STEM professionals. Importantly, 
they also differ in their capacity to address different groups of factors known to 
impact young people’s interest and career aspirations in STEM-related subjects (i.e. 
factor groups A, B, C, D).

At the same time, we have identified the prevalence of certain biases in the indus-
try offer of educational enrichment activities, which could have a negative effect on 
school-industry collaborative work and create additional gaps in the provision of 
STEM enrichment activities. For example, industry initiatives tend to focus on sec-
ondary students at the expense of primary school groups and often overlook the 
need for rigorous evaluation of outcomes and impacts. Moreover, we also evidenced 
the existence of cultural barriers, which separate the world of education and indus-
try and create misconceptions and suspicions about the motivation, needs and 
requirements of potential partners in school-industry collaborations. This has been 
shown as an additional negative factor that impairs collaboration and reinforces the 
existing gaps.

We have also shown that for a partnership to be effective, it has to be sustainable 
and has a long-term commitment from both sides. But such partnerships are not 
easy to develop and require additional structural and organisational support and 
guidance on how to make collaborative work experiences as worthwhile as they 
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Change by the project’s end (end of year three)

boys

I would like to get a job related
to science and technology
(N=8954)

I would like to to have a job
that use science (N=971)

I would like to become an
engineer or an inventor
(N-973)

boys

girls
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boys

girls 48%

71%

69%

67%

45%

65%

+15%

+9%

+8%

+13%

+11%

+7%

Fig. 11 Improvements in students’ STEM career aspirations. The percentage of students who 
agreed or strongly agreed with each statement (Likert’s four-point scale)
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should (CBI 2012). In this sense, ECB-inGenious has become a successful European 
platform bringing schools and industry stakeholders together and creating opportu-
nities for networking, professional learning, understanding of each other’s needs, 
sharing of good practice and facilitation of school-industry collaboration. The proj-
ect provided a stable sustainable platform for an ongoing dialogue between schools 
with industry experts and educational specialists, which helped to overcome many 
structural, procedural and cultural constraints identified in the needs analysis.

A very important enabler of this success was extensive professional development 
and support offered to teachers within the project. Teachers have noticeably 
improved their use of industry enrichment activities and STEM learning resources. 
However, this was a gradual process. The longer teachers stayed in the project, the 
more confident they became in addressing students’ STEM career aspirations. This 
allowed them to be more creative and experimental in the classroom, engaging stu-
dents in elaborate activities and achieving higher impact on student career aspira-
tions. The evidence gathered in the project showed that it produced wider benefits, 
positively impacting schools’ ability to maintain their current industry partnerships 
and develop new collaborations and links to the world of STEM industries.

Finally, we see the need for further research to identify other actions and policies 
that can tackle structural, motivational, procedural and cultural barriers, helping 
teachers effectively integrate industry support in STEM education and enabling 
schools to open up to real-life challenges (EC 2015b).
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Educational Process in Science Museums
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 Introduction

Museums are considered to be educational institutions, and since their origin they 
have changed their operational focus from caring for the collections to directing 
their attention to the public (Fayard 1999). The move toward the public has been 
acknowledged in the exhibitions as their production involves the transformation of 
scientific knowledge for education and dissemination purposes in order to make it 
comprehensible. In this chapter our goal is to analyze the knowledge presented at 
an exhibition, considering that it is a result of the transformation process from sci-
entific knowledge to disseminated/exposed knowledge at museums (Mortensen 
2010). The theoretical framework was finded in Anthropological Theory of the 
Didactic (ATD), especifically in the concept of praxeology (Chevallard 2007; 
Bosch and Gascón 2006), and it was able to reveal and to identify how the knowl-
edge of biodiversity is presented in museum dioramas. We use praxeology as a tool 
to analyze the production of a diorama in order to answer our research question: 
how does the teaching process occur in an exhibition object – the diorama – in a 
science museum?
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 The ATD and the Educational Proposal of Exhibitions 
in Science Museums

The Anthropological Theory of the Didactic (ATD) studies the manipulation of 
knowledge with didactic purposes. It has become an important instrument to dis-
close the theoretical and practical framework of exhibition activities present in 
museums, because it enables the identification of the tasks (praxis) proposed for an 
exhibition’s object, correlating them with a conceptual body of knowledge (logos) 
that supports its execution (Mortensen 2010). By identifying the tasks of the exhibi-
tion’s objects, such as a diorama, their educational potentials can be revealed, which 
can contribute to the production processes of exhibitions in science museums.

It is important to emphasize that assembling an exhibition, which includes select-
ing its objects and texts, is intended to teach and communicate concepts and ideas 
from a specific format, that is, a museography. The teams that execute this selection 
have control, or vigilance, over the decisions oriented from an epistemological point 
of view (concerning the knowledge to be taught) as well as the museological point 
of view (concerning communication, educational, and artistic strategies that will be 
used). The idea of epistemological vigilance points out that if, on the one hand, the 
knowledge taught or divulged is maintained in the relationship of distance and prox-
imity with the reference knowledge, it should, on the other hand, also correspond to 
a given reality and context and to different social practices (e.g., develop museum 
exhibits). The epistemological vigilance concept highlights that the objects of 
knowledge that will be taught are not misrepresented, replaced, but changed (Souza 
et al. 2012). By “change” we mean that knowledge goes through modifications that 
imply simplifications and adaptations in order to make it understandable to the gen-
eral public. The work of actors who exercise epistemological vigilance is to control 
these changes so that knowledge does not present itself in the wrong way but is 
rather easier understood.

The decision on what will be chosen or not for an exhibition or for producing a 
diorama is associated with the development of an efficient means to communicate 
the selected content (Oliveira 2010). In this sense, we understand ATD as a frame-
work that involves the theory (knowledge) and practice dimensions and which does 
not simply rely on understanding how the transposition of a certain knowledge into 
another occurred. It also allows objective descriptions in order to reveal the various 
steps of transposition as an epistemological reference model. To build this model, in 
order to bring relevant results, this theory proposes an anthropological study of the 
theory and the practice which goes beyond simply modeling and revealing the 
explicit and general forms of how scholarly knowledge turns into knowledge to be 
taught.

Chevallard (2006) developed the notion of praxeology, defined as the basic unit 
that analyzes human action, called praxeological organization (PO). A PO, accord-
ing to the reference subject, can be modeled into two parts: one, the teaching part, 
associated with how to present a particular content  – the didactic organization 
(DO) – and another, the part related to the body of knowledge socially produced by 
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a group, which substantiates a theory and is justified in a technology, the mathemat-
ics organization or biological organization (BO). In the case of museums, we con-
sider that the DO can also be called a museographic organization (MO), since it is 
through museography that the teaching strategies are expressed in a museum.

The study of praxeology in museums has been recently developed in order to 
investigate the learning environment of museum exhibitions, producing practical 
and theoretically grounded principles, with the conditions to be applied to the align-
ment between the design of exhibitions and the educational outcomes (Mortensen 
2010). Such knowledge enables the identification of the tasks (praxis) proposed for 
the exhibition, correlating them with a body of conceptual knowledge that main-
tains its implementation (logos).

Figure 1 shows the identification of the elements that comprise the logos (theory 
and technology) and praxis (task/type of task and technique).

The study of praxeology in museums is relevant because when the tasks that 
involve the exhibition object are identified, it is possible to reveal the educational 
potentials of the diorama and therefore contribute to understanding the didactical 
intentions of the exhibitions at science museums, assuming that teaching and learn-
ing experiences occur in an informal education context.

 Methodology

A long-term exhibition called “Zoology Research: biodiversity in the perspective of 
a zoologist” at the Museum of Zoology of the University of São Paulo, Brazil, was 
open from 2002 to 2011 and allowed the museum visitors the opportunity to get to 
know the aspects involved in the routine and work of zoologists, in order to high-
light the importance of their research, to understand the origins of animal life, the 
natural processes that promoted morphological, genetic, and ecological diversifica-
tion throughout the history of the planet, as well as the patterns that led to the cur-
rent distribution between the different environments and continents. According to 
Marandino et al. (2009), this exhibition was divided into four modules in order to 
show the contents and objects that communicate aspects of ecology (with regard to 

Fig. 1 Schema of a praxeological organization. Based on Machado (2011)
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the ecological relationships between the organisms and the physical world repre-
sented in the diorama) and biodiversity (with regard to the quantity and the diversity 
of animals exhibited). The modules are “Presentation and history of MZUSP;” 
“Origin of the species and large zoological groups;” “Evolution, diversity, and phy-
logeny  – Activities of the zoologist;” and “Neotropical Fauna and Marine 
Environment.” This last module is composed of representations of the Neotropical 
ecosystems and had five dioramas in the following environments: Atlantic Forest, 
Amazon Forest, Cerrado, Caatinga, and marine environment. Also in this module, 
there was a large map of the Neotropical region covering the floor, and taxidermy 
specimens of migratory birds representing a flock were suspended from the ceiling. 
In this chapter we analyze the diorama called “Amazon Forest” that was part of the 
“Neotropical Fauna and Marine Environment” module (Fig. 2).

The methodology of this research was based on a qualitative approach, and it 
includes data obtained by three collection tools:

 (a) Documents: curatorial project and folders of the exhibition were analyzed look-
ing for the concepts of ecology and biodiversity and also the educational and 
communicational purposes of the exhibition. Using the perspective of textual 
discursive analysis (Moraes and Galiazzi 2007), we selected and transcribed 
parts of the documents and classified them in two units: (1) parts of the text 
related to concepts of ecology and biodiversity and (2) parts of the text related 
to the objectives and the scientific and museographic conceptual proposal of the 
exhibition as a whole and about the Amazon Forest diorama. These units were 
used to characterize the logos – theory and technology – of the Amazon Forest 
diorama (as indicated in Table 1).

Fig. 2 Module “Neotropical Fauna and Marine Environment” of the MZUSP exhibition

J. Bueno and M. Marandino



343

 (b) Interviews: conducted with two exhibition designers, following a semi- 
structured questionnaire to identify the intentions related to the understanding 
of ecology and biodiversity and the educational and communicational purposes 
of the exhibition. The interviews were tape recorded and transcribed as a whole, 
and the analysis was conducted using textual discursive analysis (Moraes and 
Galiazzi 2007) where parts of the interviews were selected in relation to the two 
units mentioned before: (1) related to the concepts of ecology and biodiversity 
and (2) related to the objectives and the scientific and museographic conceptual 
proposal of the exhibition as a whole and about the Amazon Forest diorama. 
Data from documents and interviews were used to characterize the logos – the-
ory and technology – of the Amazon Forest diorama, helping to build Table 1.

 (c) Observation: the Amazon Forest diorama was observed, filmed, and photo-
graphed, and a detailed description was elaborated in order to identify ideas of 
ecology and biodiversity in their museographic elements, especially in the 
objects, text, and supporting images. The observation and description of the 
diorama were prepared using a “scanning” technique in order to identify and 
record each object and the ecological relationship in the scene. This procedure 
was based on the work of Oliveira (2010), who in turn based his work on Dean 
(1996) to develop the scanning technique, as this author discusses the produc-
tion and analysis of exhibitions and studies how the public establishes relation-
ships with these elements. Therefore, a description of the diorama Amazon 
Forest was performed, starting from right to left and from top to bottom, always 
starting from the back plane (painting in the bottom and/or on the side) to the 
front (the objects). Because there is a difference in planes between painting and 
objects and due to the size of the studied dioramas, this procedure was frag-
mented into smaller pieces, called quadrants, and each one was described fol-
lowing the procedure indicated (Fig. 3). The use of this technique was critical 
to the analysis, since it provided a detailed and accurate description of the ele-
ments exposed in the scene.

During the description process, a text was produced narrating in detail each ele-
ment that composes the diorama, as the example below of the first quadrant descrip-
tion. The elements cited in the text and the forms that they represent in the scene 
were used to define the praxis or practical block of a praxeology: the tasks, the type 
of tasks, and the techniques in the diorama (as indicated in Table 2).

First quadrant (back to front, top to bottom and right side): In the upper back plane 
there are two trunks without the canopy. The one on the right is darker; the one on the left, 
lighter and thicker. These trunks descend to the ground and from them come vines that are 
entangled with each other with small leaves distributed on the surface. In the previous frame 

Table 1 Intended praxeology of the “Amazon Forest” exhibition set  – MZUSP  – logos 
characterization

Theory Θ Diversity of species and ecosystems of the Amazon Forest
Technology θ An ecosystem composed of different environments and with great plant and 

animal diversity and also different ecology
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there are trunks of cut trees, covered with vines and a model of bromeliad with red flower. 
Next to the bromeliad, 1.5 m from the ground, is a specimen of sauin (Calliithix chrysolena) 
holding a small orange fruit facing the back plane of the diorama. About 10 cm below there 
is a specimen of another species of sauim (Saguinus fuscicollis), and below, about 50 cm 
from the ground, there is a specimen of a monkey (Saimiri boliviensis) holding a piece of 
brown food. Near the ground (10 cm) there are two specimens of squirrels (Sciurus spadi-
ceus) resting on cut logs, one facing the public, holding a yellowish fruit, and another, with 
its back to the public. The soil is sparsely covered by shrubby vegetation 20–30 cm high, 
with some elevations, representing rocks or exposed roots of plants, and the presence of 
moss in some regions.

Fig. 3 Representation of the scanning technique developed by Oliveira (2010)

Table 2 Intended praxeology of the exhibition set of the “Amazon Forest” diorama – MZUSP – 
praxis characterization

Type of task (T)
Support Technique (τ)Tasks (t)

T1: recognize ecological 
relationships

Panel Identify organisms in the legend drawing; compare 
the organisms that are exposed in the diorama and 
raise assumptions about cause and effectt: recognize the epiphytism

T2: distinguish the species 
that compose the animal 
diversity

Diorama Identify the species in the legend; observe, 
recognize, differentiate, and classify taxidermized 
and exposed species in the diorama or display case

Display case

t1: distinguish one iguana
t2: distinguish the insect 
diversity
T4: evidence the plant and 
animal richness

Panel Read the informative text on the panel; identify 
organisms in the legend; observe, interpret, and 
verify observable aspects in the diorama, 
generalizing concepts

Legend
t: evidence the high plant 
and animal endemism

Diorama
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The data obtained through the collection tools were analyzed by selecting and 
organizing them in order to construct the praxeology, understood here as a theoreti-
cal framework that at the same time works as a tool that is informed by the theoreti-
cal perspective of ATD. This procedure was done in a search to reveal the didactic 
potential of the Amazon Forest diorama. Achiam (2013) proposed a scheme that 
was used here as reference to build the praxeology (Fig. 4). Using data from the 
observation and description of each element of the diorama, we identify the task and 
the type of tasks and also, in relation, the technique, as suggested at the scheme. 
Together with the data from documents and interviews, we also interpret the tech-
nology and, in our case, the theory (Fig. 4).

For a characterization of the praxis, the data used were mainly the observation of 
the diorama and its expositive set. In order to identify the task, the type of tasks, and 
the technique, a focal question was used to help. The question defined was: “How 
can the visitor perceive ideas and concepts of biodiversity represented by Amazon 
Forest diorama and its exhibition set?” The identification of a task means determin-
ing the “action to be achieved” in relation to a particular item that is meant to be 
known and which involves human activity. In the case of the diorama, for example, 
it would be the action to recognize in a scene an Amazonian plant or distinguish an 
animal that lives in a given environment. After the tasks were identified, the next 
part involved the characterization of the type of task that groups the actions identi-
fied in the task. For example, actions such as “distinguish,” in the diorama, an iguana 
or the insect diversity, comprise a specific task and can be grouped into a single type 
of task, for example, to “distinguish the species that compose the animal diversity.” 
The identification of the technique represents “how to perform” a certain task and 
indicates the selection of a tool or museographic strategies to accomplish the task, 
that is, how to present a certain content. In our case, the technique in a diorama is 
given by expressions that indicate “how” the visitor accomplishes, for example, the 
task of recognizing the epiphytism, such as “identify” organisms in the legend 
drawing, “compare” the organisms that are exposed in the diorama, and “raise 
assumptions” about cause and effect.

To characterize the logos and the description of theory and technology, the data 
were obtained from interviews, documents, and observation of the exhibition set. 
The logical block of a praxeology comprises technology and theory, which are iden-
tified after listing the tasks, type of tasks, and the technique of the practical block of 

Technology 3. Interpretation of the Technique: Technology

2. Interaction/relation with a Technique

1. Identification of theTask and/or Types of Tasks 

Technique

Type of tasks

Fig. 4 Schema that indicates the construction of a praxeology (Achiam 2013)
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praxeology. To identify the technology means to relate the practical block with the 
logical block (Mortensen 2010). The technology emerges in order to justify the 
choices made; in other words, it requires looking at what is being placed into the 
practical block and theoretical block and can involve more than one exhibition set if 
we consider the MZUSP exhibition as a whole. In this chapter, the theory and tech-
nology were constructed based on the data identified for the diorama of the Amazon 
Forest and its supporting elements.

 The Findings: Teaching with Dioramas in a Science Museum

The dioramas are specially assembled scenes that have been used since the nine-
teenth century in museums, in order to promote a realistic perception and therefore 
combine, in the case of natural sciences museums, scientific knowledge of plant and 
animal species, with reproduction techniques of scenes. These are built through 
light effects, painted backgrounds, and stuffed animals, that is, they exhibit a type 
of motionless theater, which places us in make-believe habitats that impress by their 
degree of realism (Almeida 2012). The history of these elements communicates the 
educational arguments for their inclusion in the exhibition: to contextualize the 
organisms and the environment and to facilitate the public’s understanding of the 
information (Van Präet 1989).

The biological knowledge, in the case of dioramas, is usually connected to the 
observation, identification, and recognition of species of plants, animals, or fungi, 
their relationships with each other and with the environment, and also the identifica-
tion of geophysical phenomena, such as rock formations, soil types, types of biome, 
and other topics.

Ash (2004) shows that a number of studies emphasize the potential of dioramas 
for such exhibitions as a means to promote the understanding of ecology, biodiver-
sity, and conservation issues through contact with environments never before expe-
rienced by the public. In that view, dioramas are teaching objects, produced as a 
result of a museographic transformation which combine scientific, artistic, educa-
tional, and communication knowledge. From the perspective of ATD, it can be 
stated that dioramas have a PO, and this can demonstrate the contents and actions 
intended by their designers and producers.

In our research, the Amazon Forest exhibition set was composed of the diorama 
and of the supporting elements: display case and panel containing text, image, and 
layout with subtitles, as seen in Fig. 5.

According to Fig. 5, the diorama of the Amazon Forest has an “L” shape of about 
3 m high, 4.5 m long, and 2.4 m wide at the larger part of the “L” and 1 m at the 
smaller part. The display case is open and has guardrails. Its illumination is at the 
front and it is directed toward the rear. It comprises stuffed animals and plant mod-
els with flowers and trees.
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There is a display case, at the lower part, 50 cm from the floor with three glass 
covered boxes with light in the background. Two of them include the invertebrates, 
and the other has a legend to identify some of the vertebrates.

Another element is the panel that includes a text, a schematic map of the area, 
and a scheme with the legend, which together display the characteristics of the 
Amazon Forest.

Based on the data obtained, we will now describe the logos, that is, the theory 
and technology identified in the Amazon Forest diorama. To do that, we selected 
two excerpts from the interviews with the exhibition designers of MZUSP. When 
asked about the role of the dioramas at MZUSP, the respondents indicated that:

The purpose of the objects is to provide the contexts of the animals. How these different life 
forms live in the same habitat. (C1)

[...] The diorama of the Amazon, we wanted to show the structural differences of ecosys-
tems [...]. The diorama shows the ecosystem, the animals interacting, it shows the taxo-
nomic biodiversity and the ecosystem biodiversity. (C2)

Considering the aspects cited and the data from the documents, the logos dimen-
sion of the praxeology of the “Amazon Forest” diorama is proposed as the following 
(Table 1):

To characterize the praxis of the diorama, we used the observation of the diorama 
and its exhibition set to answer the focal question: “How can the visitor perceive the 

Fig. 5 Front view of the “Amazon Forest” exhibition set
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ideas and concepts of ecology and biodiversity represented by the diorama of the 
Amazon Forest and its exhibition set?” This question directed us to a specific exer-
cise, aiming to detail each element of the exhibition set, which in terms of praxeol-
ogy meant to identify the tasks, types of tasks, and techniques.

The excerpt below provides part of the description of the diorama, developed 
using the scanning technique, which supported the construction of the praxis:

In the 2nd quadrant, in the center, there is a cut tree trunk with ferns, vines, a pink orchid in 
tree trunks, a cuxui specimen (Chiropotes satanas) facing the back plane, standing on all 
four legs, and immediately below, 15 cm away, a night-monkey specimen (Aotus sp) inside 
a hollow trunk. In the front plane, sitting on a branch of a cut trunk, there is a dusky titi speci-
men (coppery titi) standing on all four legs and facing the public. At the bottom, on a branch 
of the cut trunk, there is an iguana (Iguana iguana) with its tail extending to quadrant 1.

The tasks identified were defined according to the role that each object plays in 
the museographic organization. For example, the task identified by “recognize the 
epiphytism” was determined by the observation and the description of the second 
quadrant of the diorama, shown in Fig. 6. To accomplish this task, the visitor should 
be able to perform the following techniques: observe the diorama; identify and rec-
ognize the plant’s habitat, as the bromeliad and orchid were exposed in the diorama; 
and raise the assumption of cause and effect, i.e., the assumption that the scene 
reveals an example of epiphytism, since this is an ecological relationship that indi-
cates the epiphytic way of life of an orchid growing on other plants.

Fig. 6 Inset of the diorama: tree trunk, ferns, and orchids
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Similarly, with the presence of an iguana (Iguana iguana; Figs. 7 and 8) in the 
diorama, there is a task that reveals the intention to “distinguish species that com-
pose the animal diversity of the Amazon Forest.” For this task the visitor should 
perform the following techniques: read the legend; identify in the legend the popular 
and scientific names of the organisms; observe the diorama; relate the popular and 
scientific names of the stuffed organisms that are exhibited in the diorama; raise an 
assumption of cause and effect, for instance, assume that by exposing a wide variety 
of animals, the diorama reveals a characteristic of this biome, which is animal 
diversity.

Part of the exhibition set includes the preserved organisms presented in the dis-
play cases. Here, the identified tasks mobilize visitors to “distinguish the taxonomic 
diversity of the organisms exposed in the display cases,” such as the organisms 
(invertebrates) in Fig. 9 and that infers the following techniques: read the legend; 
identify the phyletic group written in the text of the legend; observe the display 
case; recognize and relate a taxonomic group to the invertebrate specimens exposed 
in the display case.

Considering the aspects shown, we can express the praxeology in terms of tasks, 
type of tasks, and technique, like in the example above, for the Amazon Forest 
diorama as shown in Table 2.

The characterization of the logos and praxis of the intended praxeology of the 
Amazon Forest diorama allowed to indicate the intentions and choices made by 

Fig. 7 Iguana specimen in the diorama
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Fig. 9 Display case: invertebrate animals. Class: Insecta

Fig. 8 Display case: legend and schema of each animal in the diorama
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designers in the production of this object, in addition to the concepts related to 
 ecology and biodiversity expressed in it. It was also possible to identify the missing 
concepts and simplifications of ideas and concepts and discuss the potential and 
limitations of the teaching and learning process during the visits to the diorama. We 
point out these aspects in the following section.

 Discussion

In this research, we show that the use of praxeology can be useful as a theoretical 
and methodological tool to highlight the different aspects of the educational process 
in museum exhibitions. The knowledge and the educational practices pass through 
in the museographic transposition from an established reference model and help to 
reveal “what is meant to be taught,” “how knowledge is taught,” and “what is actu-
ally taught.” Revealing this process is part of the research program of the ATD, 
which seeks to model the institutional conditions under which a given knowledge 
and its teaching are built, articulated, and operated. Through the praxeology and the 
focal question, it was possible to identify each element of the exhibition set which 
has the potential to inform and teach scientific contents, using the ATD framework 
concepts as tasks, type of tasks, and techniques and hence write in a detailed manner 
how a diorama, as a teaching object, carries out its capacity to teach and disseminate 
aspects of the ecology and biodiversity of the Amazon Forest.

As pointed out by Winslow (2011), building praxeologies and defining epistemo-
logical reference models are not something that is natural or obvious a priori. It is a 
process to model a given didactic situation through description, experiments, and 
analyses, and its validity is determined according to its usefulness to explain the 
didactic phenomenon under study. In this sense, for Winslow, the ATD is an 
extremely descriptive research program, which does not mean it is neutral or disin-
terested, since it reveals flaws and inconsistencies that can inspire interventions or 
curricular reforms.

Achiam (2013) states that while often successful in prompting visitors to carry 
out intended actions, exhibits do not necessarily promote the intended interpreta-
tions of these actions among visitors. In her work she used the notion of praxeology 
as a model to remedy this shortcoming and suggested using it as a means to opera-
tionalize the link between exhibit features and visitor activities. In this work, we 
assume the same perspective, since through praxeology, it is possible to reveal the 
intentions, the presence, but also the absences and simplifications of the conceptual 
and didactic content in the production of a diorama, therefore contributing to inspire 
interventions and reforms in this didactic object in order to ensure that the desired 
discourse is closer to that understood by the public, as we shall see ahead.

The dioramas, in general, as well as other didactic objects, are human works and 
outcomes of didactic transposition processes and thus undergo simplifications and 
reductions but also add information or segregate them according to the teaching and 
learning goals. Without this, according to Chevallard (1991), as teachers (and more 
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broadly as educators), we would be denying access to information and failing to 
exercise a fundamental activity of maintaining societies. In the museum context, 
transpositive processes occur for a broader socialization of knowledge, and in the 
case of museum exhibitions, this is done through objects, images, and texts.

As can be observed from the praxeology analysis, the Amazon Forest diorama 
and its exhibition set represent aspects of the biodiversity and ecology of a particu-
lar ecosystem. The production of this object involves selecting a conceptual content 
on this topic. However, it also fails to consider other conceptual contents that involve 
this subject. To analyze the presence and absence of ideas of the biodiversity and 
ecology in the diorama, we rely on the concept of epistemological vigilance pro-
posed by Chevallard (1991).

Considering the diorama researched here, our study indicates that epistemologi-
cal vigilance was present during its assembly, controlled by the agents of the noo-
sphere. To Chevallard (1991), the noosphere is a central concept of this theory, and 
it is the space occupied by actors who are involved in the didactic work, and within 
it the actors face each other and seek to equate problems that emerge from the 
demands that come forth from society. Noosphere is the place where conflicts are 
developed, where negotiations are conducted, and where solutions mature. 
According to Brockington and Pietrocola (2005), the subjects of the noosphere pro-
ceed, mediating the needs of both society and the school system. In our case, the 
museum noosphere is formed by individuals who are involved in the production of 
the exhibition and who negotiate the objectives and purposes, that is, the “what” and 
“how” to exhibit the objects within the studied diorama. The actors of the museum 
noosphere had control of the knowledge defined to be presented through the objects, 
texts, and images. As the exhibition designers (C2) pointed out, they wanted to show 
the structural differences of ecosystems, using the diorama to show the ecosystem, 
the animals interacting, the taxonomic biodiversity, and the ecosystem biodiversity. 
However, it can be noticed that some ecological relationships were not shown in the 
exhibition set and some animal classes were also not represented.

The absence of some conceptual aspects in the exhibition set may give the impres-
sion that only those ecological relationships and species of plants and animals repre-
sented comprise the biodiversity of the Amazon Forest ecosystem. On the one hand, we 
understand that it is not possible to express all these elements through a single diorama 
and this is also pointless. On the other hand, these absences express the choices made 
by the designers, which can be justified both from an epistemological point of view and 
from a museological point of view. In this context, our study indicates that in addition 
to the epistemological control, there was also a museological control performed by the 
actors of the noosphere, based on the notion of how communication will be achieved in 
museums through dioramas. We call this museological control as museographic vigi-
lance, which reveals that designers have intentions and constraints not only in terms of 
content but also on how to teach and disseminate in museums.

Our data allowed to identify how the choices made by the noosphere actors 
reveal the action of museographic vigilance on the production of the diorama, show-
ing the regulatory capacity of this institutional sphere in the preparation of dioramas 
in science museums. As one of the exhibition designers (C1) stated, “The intention 
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was to provide a context for the animals and the diorama was chosen as a museo-
logical object that best expressed this proposal,” indicating the action of the design-
ers, who selected the particular way for the exposition: through models of plants and 
animals conserved in a scene.

Oliveira (2010) states that the noosphere mediates the museographic transposition 
process through discussions between researchers, educators, curators, and technicians 
of the institution in the decision-making regarding what is more important to expose 
to the public. These areas of knowledge and their actors exert “pressure” that can influ-
ence how the content will be composed of the knowledge to be exposed. Therefore, the 
limitations of the exhibition space, the characteristics of the collection, and the spatial 
and temporal design of the scene determine “how” the dioramas will be constructed so 
that they can come close to or remain far from the reference knowledge.

The epistemological and museographic vigilance are complementary. As pointed 
out by Mortensen (2010: 323), “one key insight that may be drawn from this collec-
tive work is that exhibit content and exhibit form are not mutually independent.” 
The choices of concepts and of objects and scenarios impose possibilities and 
restrictions on what and how to exhibit in science museums and then reveal the 
educational implications of the exhibits.

In that perspective, a diorama is an important topic to address in the educational 
activities of museums because of its ecological relationships and the organisms rep-
resented. A diorama helps to understand the limitations of the representations and 
how the teaching processes occur in the exhibition as selected by the actors and 
reflected from the choices and the power relations that occur in the production of 
objects in the exhibitions of museums (Marandino et al. 2015).

Another observation based on the identification of the praxeology of the diorama, 
from the point of view of epistemological and museographic vigilance, concerns the 
diversity of plants represented in the scene. Plants were not identified in the legends 
in the exhibition set. On the one hand, it is known that the research and the activity 
of the zoologist at MZUSP were related to animal diversity and it was also the focus 
of the exhibition. On the other hand, the Amazon Forest biome had many character-
istics that defined it beyond the animals, and thus other organisms that composed it 
could also be identified, as was done with the invertebrates, for example. Furthermore, 
the phylogenetic identification of plants can be relevant to zoology research as it 
reveals aspects about behavior and ecology of a given organism, and therefore the 
presence of more explicit information could be significant. In that perspective, we 
consider that the plants in the scene could have been identified with labels in the 
legend, which would have helped the visitor characterize this ecosystem in a more 
intricate manner. However, showing the conceptual ideas about plants in detail was 
not the choice of the team that planned this exhibition, which reveals the options and 
the selections of the designers during the diorama production, as an evidence of the 
museographic transposition and the museographic vigilance process.

Dioramas are very interesting objects, with a great educational potential but with 
some conceptual and museographical limitations. Insley (2008) in his studies about 
long-term exhibitions points out that the conceptual content represented in dioramas 
that remain in place for a long period of time can become outdated, as they are 
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designed to communicate information in a given period of time. The message then 
becomes outdated; therefore it would be useful to replace the objects with more 
contemporary ones. However, this can be a problem in terms of developing educa-
tional activities in museums because making changes in these objects represents 
high costs. According to Tunnicliffe and Scheersoi (2015), many long-term exhibi-
tions of dioramas were disassembled and even demolished in the second half of the 
twentieth century, in part because they were considered old-fashioned. However, the 
researchers argued that we are experiencing the rebirth of these objects in the pres-
ent day and that new dioramas are also being built with techniques to enhance the 
quality of reality, a typical characteristic of these objects.

We believe that the potential and limitations of dioramas should be elements for 
discussion and analysis by the public, which can be done during museum visits and 
in the teacher education programs, for example. In that perspective, museum educa-
tors and researchers can use praxeology as a tool to study and evaluate how the 
public reaches the logos and the praxis of dioramas and other type of exhibition 
(Mortensen 2010). In this context, Bueno et al. (2015) developed a guide to help 
teachers to analyze exhibitions in science museums and to help them to identify and 
reflect on the possibilities and limitations of these expositive objects. Bueno et al. 
offer a tool to analyze dioramas based on praxeology, which shows the great poten-
tial of this concept for the development and study of teaching and learning processes 
in museums.

The exhibition of the Museum of Zoology, which contained the Amazon Forest 
diorama, was discontinued in 2012 and reopened in August 2015 with another focus 
and a new title: “Biodiversity: know to preserve.” This exhibition contains reno-
vated dioramas conceived in a more modern museographic design. To do that, the 
organizing team of the museum proposed a new conceptual and museographic 
approach, which implied new choices related to content and objects, as well as new 
challenges regarding the “what” and “how” to teach and disseminate the conserva-
tion of biodiversity. Certainly, this new exhibition involves the work of the noo-
sphere, revealing the fascinating potential of the dioramas as teaching objects in 
science museums.

References

Achiam, M. (2013). A content-oriented model for science exhibit engineering. International 
Journal of Science Education, Part B, 3(3), 214–232.

Almeida, A.  P. (2012). Realismo e Fotografia: Dioramas de Hiroshi Sugimoto do Museu de 
História natural de Nova Iorque [Realism and photography: Hiroshi Sugimoto Dioramas of the 
New York museum of natural history]. E-journol of Museologia & Interdisciplinaridade, 1(2), 
114–133. Retrived from http://periodicos.unb.br/index.php/museologia/issue/view/774.

Ash, D. (2004). How families use questions at dioramas: Ideas for exhibit design. Curator, 47(1), 
84–100.

Bosch, M., & Gascón, J. (2006). Twenty-five years of the didactic transpositions. ICMI Bulletin, 
58, 51–63.

Brockington, G., Pietrocola, M. (2005). Serão as regras da transposição didática aplicáveis aos 
conceitos de física moderna? [Are the rules of didactic transposition applicable to the concepts 

J. Bueno and M. Marandino

http://periodicos.unb.br/index.php/museologia/issue/view/774


355

of modern physics?]. In Investigações em Ensino de Ciências. Universidade Federal do Rio 
Grande do Sul, Rio Grande do Sul, 10(3), 1–17.

Bueno, J. P. P., & Oliveira, A. D., & Vidal, F. K. (2015). Identificando o potencial de objetos expos-
itivos para ações educativas em museus de ciências [Identifying the potential of exhibition 
objects for educational activities in science museums]. In M. Marandino, & D. Contier (Eds.), 
Educação Não Formal e Divulgação em Ciência: da produção do conhecimento a ações de 
formação (pp. 37–44). São Paulo: Faculdade de Educação da USP.

Chevallard, Y. (1991). La transposición didáctica: del saber sabio al saber enseñado [The didac-
tic transposition: from science knowledge to knowldge taught]. Buenos Aires, Brazil: Aique 
Grupo Editor S.A.

Chevallard, Y. (2006). La théorie anthropologique des faits didactiques devant l’enseignement de 
l’altérité culturelle et linguistique: Le point de vue d’un outsider. [The anthropological theory 
of didactic facts before the teaching of cultural and linguistic otherness: The point of view 
of an outsider]. Paper presented at the Conférence plénière donnée le 24 mars 2006 au col-
loque Construction identitaire et altérité: Créations curriculaires et didactique des langues, 
Université de Cergy-Pontoise, Cergy-Pontoise, France. Retrieved from http://yves.chevallard.
free.fr/spip/spip/IMG/pdf/La_TAD_devant_l_alterite_culturelle_et_linguistique.pdf.

Chevallard, Y. (2007). Readjusting didactics to a changing epistemology. European Educational 
Research Journal, 6(2), 9–27.

Dean, D. (1996). Museum exhibition: Theory and practice. London: Routledge.
Fayard, P. (1999). La sorpresa da Copérnico: El conocimento gira alredor del público [Copernicus’s 

surprise: Knowledge revolves around the public]. Alambique. Didáctica de las Ciencias 
Experimentales 21, 9–16.

Insley, J. (2008). Little landscapes: Dioramas in museum displays. Endeavour, 32(1), 27–31.
Machado, V. M. (2011). Prática de Estudo de Ciências: Formação Inicial docente na Unidade 

Pedagógica sobre a Digestão Humana [Practice of science study: Initial teacher training in 
the pedagogical unit on human digestion] (Unpublished doctoral dissertation). Universidade 
federal de Mato Grosso do Sul, Campo Grande, Brazil.

Marandino, M., Martins, L.C., Gruzman, C., Caffagni, C.W.A., Islaji, C., Campos, N.  F., ... 
Bigatto, M. A. (2009). A abordagem qualitativa nas pesquisas em educação em museus [the 
qualitative approach in research in museum education]. In VII Encontro Nacional de Pesquisa 
em Educação em Ciência. ABRAPEC. 1, 1–12.

Marandino, M., Achiam, M., & Oliveira, A. (2015). The diorama as a means for biodiversity edu-
cation. In S. D. Tunnicliffe & A. Scheersoi (Eds.), Natural history diorama: History, construc-
tion and educational role (pp. 251–266). Dordrecht: Springer.

Moraes, R., Galiazzi, M. C. (2007). Análise Textual Discursiva [Discursive textual analysis]. Ijuí: 
Unijuí.

Mortensen, M. (2010). Exhibit engineering: A new research perspective. Unpublished doctoral 
dissertation. University of Copenhagen, Copenhagen, Denmark.

Oliveira, A. (2010). Biodiversidade e museus de ciências: um estudo sobre transposição museográ-
fica nos dioramas [Biodiversity and science museums: a study on museographic transposition 
in dioramas]. Unpublished master’s thesis. Universidade de São Paulo, São Paulo, Brazil.

Souza, W. B., Ricardo, E. C., Paiva, J. R., Neto, P. A.; Corrêa, R. W. (2012). A vigilância epis-
temológica de Chevallard aplicada ao espalhamento das partículas alfa [The epistemological 
vigilance from Chevallard applied to the scattering of alpha particles]. In XIV Encontro de 
Pesquisa em Ensino de Física. Maresias, São Paulo, Brazil, 1-9.

Tunnicliffe, S. D., & Scheersoi, A. (2015). Diorama as important tools in biological education. In 
S. D. Tunnicliffe & A. Scheersoi (Eds.), Natural history diorama: History, construction and 
educational role (pp. 133–143). Dordrecht: Springer.

Van-Praët, M. (1989). Contradictions des musées d’histoire naturelle et évolution de leurs exposi-
tions [Contradictions of natural history museums and their changing exhibitions]. In B. Schiele 
(Ed.), Faire voir, faire savoir – la muséologie scientifique au présent (pp.  25–34). Québec: 
Musée de la Civilisation.

Winslow, C. (2011). Anthropological theory of didactics phenomena: Some examples and princi-
ples of its use in the study of mathematics education. Un panorama de TAD. CRM Documents, 
10, 117–138.

The Notion of Praxeology as a Tool to Analyze Educational Process in Science Museums

http://yves.chevallard.free.fr/spip/spip/IMG/pdf/La_TAD_devant_l_alterite_culturelle_et_linguistique.pdf
http://yves.chevallard.free.fr/spip/spip/IMG/pdf/La_TAD_devant_l_alterite_culturelle_et_linguistique.pdf


357© Springer International Publishing AG 2017 
K. Hahl et al. (eds.), Cognitive and Affective Aspects in Science Education 
Research, Contributions from Science Education Research 3, 
DOI 10.1007/978-3-319-58685-4_26

Expanding the Scope of Science Education: 
An Activity-Theoretical Perspective

Yrjö Engeström

 Introduction

Two major forces demand an expansion of science education beyond the traditional 
focus on well-defined concepts codified in textbooks and transmitted within the 
classroom. The first force is students’ increasing involvement in knowledge-related 
practices outside the school, in social media, and various life activities that question 
the authority of school knowledge and challenge the motivation of students. The 
second force is the increasingly problematic and societally contested character of 
natural phenomena, such as climate change, biodiversity, and sustainability of natu-
ral resources. This second force also puts authoritative scientific knowledge into 
problematic light as researchers and politicians heatedly argue on what is true and 
what is not.

Going beyond the classroom is usually framed as widening the context of learn-
ing. But how should we understand the notion of context? From the point of view of 
cultural-historical activity theory, human activity weaves its own context. Activity is 
in and for itself a relatively durable systemic and collective formation. The durabil-
ity of activity stems from its object. The object of activity is not just a goal – it is the 
materially grounded long-term purpose that gives meaning and motive to the 
activity.

Activity theory suggests that learning is best analyzed and promoted as embed-
ded in collective activity systems and their networks facing important challenges of 
change and renewal (Greeno and Engeström 2014). This means that learning and 
instruction are most effective and consequential when they are intertwined with 
community-level efforts of transformation.
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Such transformation may be examined as processes of expansive learning 
(Engeström 2015). Expansive learning is understood as creation of new patterns of 
activity. There are three main dimensions in expansion, namely, the socio-spatial 
dimension, the temporal-historical dimension, and the ethical-political dimension. 
In expansive learning, the object of the activity is expanded so as to involve wider 
circles of participants and domains of influence, a longer time perspective, and qual-
itatively new demands of social and political responsibility.

In this chapter, I will not aim at a comprehensive overview of activity-theoretical 
research in science education (for such overviews, see Lee 2015; Plakitsi 2013a). 
Instead, I will draw on a range of activity-theoretical and conceptually closely 
related studies to discuss five layers of expanding the focus of science education. 
This endeavor is closely related to that of Penuel (2016: 1) who states: “I argue that 
education research is needed that focuses on how people use science and engineer-
ing in social practices as part of collective efforts to transform cultural and eco-
nomic production.”

In the following, the first layer of expansion of science education consists of 
bringing elements of societal practices into classroom science instruction. The sec-
ond layer of expansion consists of taking an entire school as an activity system and 
community of learning. The third layer consists of analyzing and promoting science 
learning in activity systems outside the school. The fourth layer consists of involv-
ing indigenous and other communities as funds of knowledge and alternative epis-
temologies with powerful potential for science learning. Finally, the fifth layer 
consists of taking local, regional, and global social movements as dynamic contexts 
of activist science learning. At the end of the chapter, I will discuss a set of theoreti-
cal and methodological openings for research in science education in its expanding 
contexts.

 First Layer of Expansion: Bringing Elements of Societal 
Practices into Classroom Instruction

This mode of expanding the scope of science education is exemplified in the recent 
work of Prins et al. (2016). These authors point out that one of the challenges of 
science education is the transformation of authentic scientific practices into contexts 
for learning. Bringing merely isolated techniques of observation, measurement, and 
experimentation from scientific practices into classroom instruction can easily lead 
the students to ask: Why are we doing this?

For Prins et al. (2016), this limitation may be overcome by building on activity 
theory:

Activity theory is aimed at understanding the totality of human work and praxis, that is, 
collective activity systems in society. This implies not only examining what kinds of activi-
ties people engage in, but also who is engaged in that activity, what their goals and inten-
tions are, what objects or products result from the activity, the rules and norms that 
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circumscribe that activity, and the larger community in which the activity occurs. (Prins 
et al. 2016: 2)

The authors chose the chemical practice “modeling drinking water treatment” as 
the focus of their study. This practice sought to represent the complete water treat-
ment process using a series of mathematical models that enable the prediction of the 
quality of drinking water after various treatments, given a certain raw water quality. 
The practice was carried out by experts on water treatment working at the National 
Institute of Public Health and the Environment in the Netherlands; civil servants 
from the Ministry of Infrastructure and the Environment and the Ministry of Health, 
Welfare and Sport; process engineers employed at universities involved in the pro-
duction of drinking water; and technologists from drinking water companies. This 
practice was modeled and turned into a curriculum unit by a group of six chemistry 
teachers. The curriculum unit was taught to 36 students of grades 10 and 11.

The curriculum unit was carefully designed. However, as might be expected, 
transplanting a scientific practice of this complexity into a classroom is problematic. 
For example, the students were addressed as junior employees of the Institute for 
Public Health and the Environment and given the assignment of modeling turbidity 
removal by coagulation and flocculation. The students appreciated the clear assign-
ment, but “the appointment of students as junior employees was regarded as artifi-
cial in their school environment” (Prins et  al. 2016: 19). The authors also note 
having found indications that the students perceived reflection on their learning as 
not meaningful: “Students are aware that they will not encounter a similar modeling 
problem in their school career” (Prins et al. 2016: 27).

While attempts such as the one reported by Prins et al. (2016) are valuable and 
may lead to impressive learning outcomes, they are limited by the somewhat sim-
plistic idea that school instruction should reproduce or imitate scientific practice 
outside school. School instruction and school learning are driven by different objects 
and motives from those of scientific work, for example, in the Institute for Public 
Health and the Environment. Also the community, the division of labor, and the 
rules are foundationally different in these activity systems.

Therefore, rather than reproducing or imitating, it might be more meaningful to 
build on the very differences between the activities. Teachers and students might 
compare and contrast, for example, standard textbook accounts of drinking water 
treatment and the practices actually conducted in the responsible agencies. As 
Marton (2015) points out, difference is the mother of all learning. In activity- 
theoretical terms, we might push this observation a step further and argue that a 
conflict of motives is the mother of all expansive learning.

This line of research within the first layer of expansion, focusing on differences 
and tensions as potentials for expansion, is exemplified in the work of Tomaz and 
David (2015) in the tradition of everyday mathematics. They analyzed classroom 
events following from the introduction into instruction of everyday mathematical 
situations related to water consumption. The authors point out that negotiation 
between formalized knowledge and common knowledge is not free from conflicts 
and tensions (Tomaz and David 2015):
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In the case of the rule of three, when the procedures of the students and the teacher came 
into contact, this contradiction prompted an expansion of the meaning of this rule, both for 
the students and for the teacher. This expansion happened when the students started ques-
tioning the mechanical use of the rule of three and considered it to be one of the possible 
procedures to solve problems involving proportional reasoning. […] some students under-
stood both the similarities and differences between school and everyday procedures, what 
we have considered as an expansion of meanings for school procedures. (Tomaz and David 
2015: 490)

 Second Layer of Expansion: The Entire School as an Activity 
System and Community of Learning

Studies of science education – including those inspired by activity theory – mostly 
focus on events inside the classroom. The classroom is commonly taken as the focal 
and exclusive microcosm of learning. Studies that encompass the whole school are 
surprisingly rare. Yet, as indicated above, the school is a peculiar activity system 
that has its own historically formed characteristics that constrain and shape what is 
possible within a classroom.

A step toward analyzing the whole school as a context of science education was 
recently taken by Barma et al. (2015) in a study of two science teachers’ effort to 
teach climate change. The teachers were being asked to: (1) change their teaching 
style to engage students to respond to open-ended questions, (2) address the topic of 
environment as a controversial issue, and (3) meet the principal’s and the parents’ 
expectations. These different demands translated into clashing motives. Building on 
the acceptance of the possibility that a controversial environmental issue would be 
discussed at school, the teachers decided to engage in planning a new teaching 
sequence. In a nutshell, students would have to engage in a quest to answer: What is 
global warming about? The evaluation assessment would be centered on their abil-
ity to debate the question in front of their peers, not on the degree of appropriation 
of related scientific concepts. The teaching sequence would ultimately aim at pro-
moting the students’ autonomy in relation to societal debate.

This expansive resolution of conflicting motives by the two teachers led to new 
ones which involved the values and culture of the entire school. The values of the 
teachers were clashing with the parents’ expectations. Both teachers were strug-
gling with the fact that they did not feel supported by their institution, using the 
analogy of a “pierced umbrella” when talking about the protection they were get-
ting from their institution. Although the teachers criticized the “knives being 
thrown,” they also expressed the need “to fit in the school frame.” As the authors 
point out, “perhaps it is inevitable that bold actions of transformative agency require 
the involvement of communities beyond individual practitioners” (Barma, et  al. 
2015: 36).

Science education will increasingly face contested issues that spill beyond the 
boundaries of “pure science.” Such issues are best dealt with in collaboration across 
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the boundaries between different school subjects. This requires active support and 
encouragement from principals and parents at the level of the entire school.

 Third Layer of Expansion: Science Learning in Activity 
Systems Outside the School

When science education is extended beyond the boundaries of the school, the next 
step is typically instruction and learning in science museums and science centers 
(Plakitsi 2013b). Also other contexts have recently been analyzed. The work of 
Mattos and Tavares (2013) in a Brazilian children’s hospital is an interesting 
example.

In the hospital, the spatial arrangements, temporal rhythms and artifactual 
resources differed radically from those of a regular classroom. Unlike regular 
schools, the hospital school had to conduct its instruction fully linked with students’ 
needs. Teaching included continuous negotiation of objectives among all parties 
involved in the activity. Contradictions emerged when a teacher, student-patients, 
families, and doctors attributed different meanings to this informal but supervised 
teaching activity. The classes were part and parcel of the child’s medical treatment. 
Hospital instruction became a novel activity developed around the hybrid subject 
student-patient-child.

More elaborate arrangements of expanding beyond the school include partner-
ships between schools and various communities of scientists and technologists 
(France and Compton 2012). The Dutch Technasium schools are a prominent exam-
ple of such partnerships. In these schools, students study a core subject called 
‘Research and Design.’ By collaborating with business communities and higher 
education institutions, Technasium schools aim at showing pupils how versatile and 
interesting science and technology-related studies and professions can be. 
Cooperation with companies and institutions for higher education is embedded in 
the Research and Design subject. Technasium students work as a team on tasks and 
projects that lead to concrete results.

Technasium schools create partnerships with companies. This brings in the ten-
sion between education for the common good and the quest for private profit, usu-
ally not problematized in enthusiastic accounts of such partnerships. This may be 
balanced with partnerships with communities and citizen groups. Citizen science 
and participatory mapping are two prominent examples of possibilities for schools 
to work with communities for the common good rather than for private profit.

Citizen science is scientific work undertaken by members of the general public, 
often in collaboration with or under the direction of professional scientists and sci-
entific institutions. Citizen scientist, in the modern sense, is defined as a scientist 
whose work is characterized by a sense of responsibility to serve the best interests 
of the wider community. Recent activity-theoretical research on citizen science 
includes the studies of Benavides (2016) and Vallabh et al. (2016).
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The Third Finnish Breeding Bird Atlas (Valkama et al. 2011) is an example of 
citizen science. It was produced on the basis of observations reported by over 5000 
volunteers around the country. The aim of the third atlas is to examine present dis-
tributions of birds and compare them with those published in the previous atlases. 
The atlas data can be utilized together with other long-term bird monitoring and 
other environmental data to investigate changes in biodiversity.

Participatory mapping – also called community-based mapping – is a general 
term used to define a set of approaches and techniques that combines the tools of 
modern cartography with participatory methods to represent the spatial knowledge 
of local communities. It is based on the premise that local inhabitants possess expert 
knowledge of their local environments which can be expressed in a geographical 
framework which is easily understandable and universally recognized. Participatory 
maps often represent a socially or culturally distinct understanding of landscape and 
include information that is excluded from mainstream or official maps (Belay 2012; 
Chambers 2006; Literat 2013).

A film Mapping for Change: The Experience of Farmers in Rural Oromiya, 
Ethiopia, edited by Jess Phillimore (2011), documents a participatory mapping 
experience of Ethiopian farmers in the Oromia Region. In a relatively degraded 
environment where soil fertility plummeted after the clearance of the natural forest, 
villagers collectively constructed a large three-dimensional map of their area. As the 
map was constructed and completed, it was invested with meaning that showed the 
situation in a new light, with potential for expansive transformation. The map helped 
both the villagers and the outside experts to identify the temporal and spatial pat-
terns of deforestation and soil degradation and possible focal areas in which a rever-
sal of these processes could be successfully initiated. The very building of the map 
included the important learning actions of questioning, analyzing, and modeling. 
The map was not merely a cognitive tool. It was above all a means for volitional 
breaking out of a paralysis. It was a representational device that allowed the villag-
ers to expand their vision beyond the here-and-now, both in space and in time, and 
to start building a model for the future.

In the industrialized north, participatory mapping will most likely take the form 
of counter-mapping (Taylor and Hall 2013; Villaseca 2014). This implies critically 
examining dominant “official” maps and generating alternative maps that make vis-
ible resources that may otherwise remain inaccessible to those in need. For exam-
ple, school students may learn to identify new biking routes, skateboarding spots 
and scenes of street culture, as well as locations of potential danger such as hotspots 
of drug dealing. Such geography from the ground up may be effectively blended 
with powerful digital tools such as Google Maps.
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 Fourth Layer of Expansion: Indigenous and Other 
Communities as Funds of Knowledge and Alternative 
Epistemologies

In scientific communities, there is increasing recognition that indigenous communi-
ties have access to knowledge that may be of crucial importance for the understand-
ing and sustainable management of ecological change, human health, and use of 
natural resources (Breidlid 2013). Dialogue and collaboration between scientists 
and indigenous communities may become a model for responsible scientific prac-
tice (Alexander et al. 2011). Science educators may examine and foster such dia-
logues and use them as means to engage students in socially responsible science 
learning (Botha 2012). More generally, communities of different ethnic and cultural 
composition are important potential funds of knowledge (González et al. 2006) that 
can significantly enrich, sometimes also challenge, the knowledge included in stan-
dard science curricula of schools.

The work of O’Donoghue (2015) in the Environmental Learning Research 
Centre at Rhodes University in South Africa offers an example of cross-fertilizing 
indigenous knowledge and western scientific knowledge in community develop-
ment projects and in classrooms. Over a seven-week module, science student teach-
ers worked to differentiate key propositions in the science curriculum and to align 
these with the everyday knowledge practices and prior knowledge of school learn-
ers. The students worked in groups to unpack the science curriculum in relation to 
daily life and the issues of the day, in this case, focusing on fermentation 
chemistry.

A patchwork of fermentation practices were described, with side notes on pat-
terns of how things had changed in ways that shaped emerging environmental issues 
that are included as topics in the science curriculum. Evidence for the Nguni mas-
tery of fermentation that preceded the colonial era was gathered. The learners dis-
covered that Nguni knowledge practices were not static. Notable innovations were 
the making of amarewu with cooked maize meal (introduced by the Portuguese) and 
later with a wheat ferment starter (wheat was introduced by the British). A similar 
trajectory of innovation was tracked in the making of dumplings and steam bread. 
Isonka (oven bread) was mastered in Dutch and later Africana trekboer kitchens. 
Dutch oven bread was later used by amaHlubi groups excluded by apartheid from 
the mainstream economy. Evidence for this was found locally in amaHlubi oral 
histories in the Herschel District. The isiXhosa knowledge practices were demon-
strated in the science classroom and were discussed in terms of the diverse cultural 
practices found among the participating student teachers. These activities provided 
a cultural capital of knowledge practices that allowed the commensurable integra-
tion of western chemistry and indigenous knowledge in the student teachers’ own 
teaching practices.

The demonstration of Xhosa fermented foods was followed by brainstorming 
and Web search activities to map out ideas and open up information on health risk 
issues that had arisen with the advent of the modern diet. Obesity, diabetes, and 
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gluten allergies were highlighted here, as it was noted that bread is now the staple 
diet of modern South Africa. The group then did a “back analysis” of changing food 
production practices to identify how changed fermentation practices were, over 
time, shaping modern health risks. These activities served to open up environmental 
matters of concern to be included in teaching and learning materials.

Another important source for this layer of expansion is the work of Bang and 
Medin on possibilities of building science education on the logics of the indigenous 
knowledge of Native American tribes in the United States (Medin and Bang 2014). 
The authors show convincingly that the indigenous conception of the relationship 
between nature and culture as a whole is deeply different from that of the dominant 
western logic. They invite us to study carefully the cosmologies and epistemologies 
of non-dominant groups as a source of questioning, rethinking, and hybridization of 
science education based on standard western notions (Bang et al. 2013). Similar 
work on mathematics among indigenous people is conducted in Brazil by Tomaz 
(2013).

It is true that indigenous communities may quite rarely be encountered in regular 
school-based science education in the industrialized north. However, the increas-
ingly multicultural composition of societies calls attention to diverse funds of 
knowledge and alternative epistemologies that reside in various ethnic and religious 
groups as well as among subcultures and cultural traditions more broadly.

 Fifth Layer of Expansion: Social Movements as Dynamic 
Contexts of Activist Science Learning

Social movements around the world are increasingly challenging the ways large 
corporations and governments use science to exploit natural resources and to elimi-
nate traditional, often ecologically sound practices of production and consumption. 
A prominent example is the Zapatista movement in Chiapas, Mexico.

Zapatistas are an indigenous social movement and self-governing community in 
southern Mexico. They resist the intrusion of genetically modified corn into Mexico, 
“the heartland of maize diversity.” Their efforts include a seed bank, a genetic test-
ing program, and a seed distribution program. In this quest, they collaborate with 
scientists and NGOs around the world – the Zapatista corn is distributed and culti-
vated in different parts of the world as an act of solidarity and support.

Zapatista corn performs the biocultural link between Zapatistas’ political project 
and their maize plants. By creating alternative networks for corn circulation, the 
project allows international recipients to participate in Zapatistas’ political biocul-
ture, that is, to relate to seeds as potential food or plants that are deeply infected with 
the values of promoting self-sufficiency and resisting governmental and economic 
dependence (Brandt 2014: 876).

My own research group is currently conducting a study of learning in productive 
social movements in different parts of the world. Movements focused on sustainable 
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and equitable uses of land and other natural resources, as well as those focused on 
food sovereignty, agroecologically informed sustainable farming, and more gener-
ally locally produced healthy food, are growing around the globe. These movements 
typically need to acquire and implement in practice concepts and principles that are 
grounded both in solid scientific research and in an understanding an appreciation 
of traditional methods and practices that have proven to be ecologically 
sustainable.

Such learning challenges generate collaboration across various types of expertise 
as well as new models of horizontal peer-to-peer instruction (Holt-Giménez 2006). 
Science education in schools could benefit greatly from involvement in such learn-
ing practices in social movements. For example, in France, community-supported 
agriculture movement has rapidly spread in the last 10 years in response to the over-
use of provisioning services by intensive agriculture, the deterioration of product 
quality, the fluctuation of prices, and the disconnect between producers and consum-
ers (Pelenc et al. 2013). In Japan, school students and teachers joined a successful 
community movement to revitalize the cultivation of a traditional local vegetable 
(Yamazumi 2009). As Roth (2010) points out, activism needs to be understood as a 
key quality of learning in science education engaged in societal transformations.

 Theoretical and Methodological Openings

The five layers of expansion of science education presented above are not to be seen 
as a hierarchy leading toward universally “better” or more desirable forms. The lay-
ers represent emerging opportunities and practices highly dependent on specific 
cultural and historical circumstances. What works in one place and time may not 
work in another one. Thus, it may be wise to take these layers as a repertoire of pos-
sibilities that may be combined and hybridized in various ways.

The layers invite the reader to imagine science education in which classrooms 
and whole schools actively draw on the funds of knowledge of local communities, 
engage in participatory mapping and educate their students as citizen scientists, and 
collaborate with social movements in bringing about changes toward sustainable 
use of natural resources. Such partnerships and coalitions can make education a real 
force of societal transformation.

The layers of expansion were worked out on the basis of published research on 
science education in novel contexts and connections, still emergent but already sig-
nificant enough to warrant a fairly optimistic perspective. However, another dimen-
sion of expansion is much more in an embryonic phase. This is the expansion of 
theoretical and methodological understandings that guide research in science edu-
cation. Because of the embryonic state, I will here only briefly point out some pos-
sible openings that may be taken to pursue this dimension of expansion.

The first opening is that of analyzing the emergence of transformative agency as 
a decisive quality and outcome of science learning. In activity theory, this opening 
is grounded in Vygotsky’s (1997) principle of double stimulation. A problematic 
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situation (1st stimulus) often involves a paralyzing conflict of motives. Human 
beings can break out of such a paralysis by constructing and using material artifacts 
(2nd stimuli) that become meaningful signs and allow them to expansively trans-
form the situation (Sannino 2015; Sannino and Laitinen 2015). Sannino’s (2015) 
model of the principle of double stimulation was used as a conceptual lens by Barma 
and her coauthors in the study discussed earlier in this chapter. Also, the collectively 
created map of the Ethiopian farmers in the Oromia Region discussed earlier may 
be regarded as an effective second stimulus that empowered the participants to take 
agentive actions toward transforming the ways in which they as a community were 
using the natural resources of their environment.

The second opening is that of analyzing science education as concept formation 
in the wild (Engeström and Sannino 2012; Greeno 2012). Concepts are increasingly 
polyvalent, open-ended, and contested. Complementarity and movement between 
different modes or levels of conceptualization is of crucial importance for the 
robustness and continuous development of concepts.

The functioning of a theoretical concept may be seen as stepwise movement 
from a diffuse concrete phenomenon to an abstract model and then to rich, expand-
ing concreteness – a process called ascending from the abstract to the concrete. The 
earliest, smallest, and simplest unit of such a complex totality is called a germ cell. 
It carries in itself the foundational relationship and contradiction of the complex 
whole (Engeström et  al. 2012). It is ubiquitous, so commonplace that it is often 
taken for granted and goes unnoticed. It opens up a perspective for multiple applica-
tions, extensions, and future developments. It can be represented in multiple modal-
ities, including artistic images and symbols. The Zapatista corn, discussed earlier, in 
its many representations may be regarded as a germ cell of an expanding concept of 
food sovereignty in the Zapatista context.

The third opening is that of analyzing learning as involving boundary crossing 
and hybridization between multiple worlds or domains. A powerful lens of this is 
the notion of third space, put forward by Gutiérrez et al. (1995). The third space is 
understood as a meeting point and negotiation arena between radically different, 
potentially conflicting perspectives and understandings. Negotiations in a third 
space can lead to powerful new hybrid conceptualizations and practices. The way 
O’Donoghue and his students brought into critical dialogue indigenous and modern 
scientific understandings of fermentation, discussed earlier, may be seen as a pow-
erful example of boundary crossing and, at least potentially, creation of third spaces. 
The work of Tomaz and David on bringing together everyday mathematics and 
formal school mathematics is another powerful example of boundary crossing and 
third spaces.

The fourth opening is methodological. A good amount of design-based research 
is currently conducted in science education. From the point of view of activity the-
ory, much of design-based research is limited in that learners and teachers are basi-
cally recipients of instructional solutions designed by researchers. In spite of recent 
more promising developments, design-based research still largely follows the linear 
model of intervention in which desirable outcomes are determined ahead of time 
and the agency of learners is thus minimized (Engeström 2011). To go beyond such 
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linear models of intervention, a methodology of formative interventions is being 
worked out (Engeström et al. 2014). The most well-known formative intervention 
method is the Change Laboratory (Sannino et al. 2016). A group of practitioners 
analyze and redesign their activity in successive meetings with the help of concep-
tual tools from activity theory. The process is designed to trigger and support an 
intensive cycle of expansive learning that generates new models of activity not 
known by the interventionists ahead of time: learning what is not yet there 
(Engeström 2016).

These four openings are opportunities for enriching the theoretical and method-
ological resources available for research in science education. The expansion of 
contexts of science education will inevitably call for such new theoretical and meth-
odological concepts.

 Conclusion

In this chapter, I have proposed an expansive approach to science education, stem-
ming from the theory of expansive learning developed within cultural-historical 
activity theory (Engeström 2015). My argument is that we should not restrict 
research in science education to classrooms and other settings of formal education. 
I have suggested five layers of expansion, starting from the bringing of elements of 
societal practices into science classrooms and ending with social movements as 
dynamic contexts for activist science learning. I am not arguing that a wider context 
is somehow better or more advanced than a more compact context. I am arguing for 
movement, negotiation, and hybridization between the contextual layers. This kind 
of inter-contextual movement has the potential to revitalize also classroom learning 
in science education.

I have also suggested four theoretical-methodological openings that may facili-
tate and enhance inter-contextual movement in science learning. These openings – 
transformative agency, concept formation in the wild, boundary crossing and third 
spaces, and formative interventions – are all under way as initiatives to sharpen up 
the theoretical and methodological frameworks of empirical educational research. 
Cultural-historical activity theory and the theory of expansive learning are signifi-
cant resources in the development of these initiatives. Drawing on dialectical epis-
temology, they call attention to the object-oriented, contextually embedded, 
internally contradictory, and historically changing character of science learning and 
instruction.
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