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Chapter 1
Issues and Challenges in Science
Education Research

Kim Chwee Daniel Tan and Mijung Kim

1.1 Science Education Research

In contemporary society, the rapid advances in science and technology, newly
established societal and cultural norms and values, changes in the climate and envi-
ronment, occurrences of natural and anthropogenic disasters, as well as the depletion
of natural resources greatly impact the lives of people, their ways of viewing the
world, experiencing phenomena around them, and interacting with others. Issues
and challenges such as sustainable development, conservation and efficient use of
energy and resources, the influence of ubiquitous information and communication
technologies, and the ever greater impact of the developments in science and technology
in daily life require science educators to rethink the epistemology and pedagogy
employed in science lessons today.

Science is no longer a body of objective, value free, and separated knowledge
from the challenging issues in the world. Knowledge is interdependent, collective,
and emerging from dynamic interactions (Varela et al. 2000). In the reciprocal
relationship between scientific knowledge and the world, teaching science is
something more than an instructional activity to transmit content knowledge in the
curriculum to students. It is an enactive action to interpret and build relationships
between humans and the world through scientific knowledge and methods rather
than locating scientific knowledge into an independent realm of cognition from
the world. The question is how science education can help build a sound, sustainable
relationship among knowledge, humans, and the life world.
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2 K.C.D. Tan and M. Kim

Introducing the notion of science-in-the-making as opposed to ready-made
science, Latour (1987) explains scientific knowledge as a process not a product. In
ready-made science, knowledge is certain, fixed, and unquestionable truth, whereas
in science-in-the-making, knowledge is open to challenges, contestable, and therefore
tentative. Science as a process opens the possibilities of interactive and emerging
scientific knowledge and the use of creativity in science work in our current society.
The notion of science-in-the-making suggests the importance of questions in
science education and research such as what and how to teach science in order to
build better world to dwell in. The practice of science education needs to be proactive
and relevant to the contexts that we live in today so that students are better prepared
for the changes and challenges in the present and the future (Hodson 2003). To help
students become critical thinkers and problem solvers, it is essential to nurture
and support scientific habits of mind and inquiry skills, critical thinking skills and
creativity, interdisciplinary investigations, and collaboration.

However, the level of science literacy is low in many countries, even in the indus-
trialized nations (Miller 2004). School science abides in the domain of ready-made
science rather than science-in-the-making, and students learn theories, laws, and
formulae as the truth of the world out there (Kolsto 2001). Science teaching is still
content oriented rather than context-bound. The effectiveness of teachers’ practice
is evaluated based on students’ performance and assessment results. Given that
traditional ways of understanding and teaching science, linearity of knowledge
transmission, and content-based curriculum and assessment are no longer accepted
as effective teaching and learning to address the complexity of problem solving in
the lifeworld (Davis 2004), science education research is required to understand
what and how to teach science in more effective and meaningful ways for students’
lives and the whole society.

To bring forth the interdependent relationships among science, human and the
society, science education research needs to pay more attention to the lifeworld contexts.
It needs to produce insights to guide the teaching and learning of science in formal
and informal contexts and to inform decision making on issues of science education
(Millar et al. 2006; Treagust 1995) as well as teacher education; it needs to challenge
practices which are ineffective as well as irrelevant in the present times, validate and
support those which are sound and effectual, and appraise innovations to be
implemented in the classrooms (Millar et al. 2006).

1.2 The Structure of the Book

With the concerns above in our mind, we address issues of scientific literacy, teacher
knowledge and education, technologies in science teaching, and informal contexts
of science education in this book. We highlight thought-provoking papers including
the keynote lectures which were presented at the International Science Education
Conference in November 2009 and which address the current issues and challenges
in science education and science teacher education. The book is divided into four
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sections: learning and teaching of science, science teacher education, innovations
and new technologies in science education, and science teaching in informal settings.

Part I concentrates on the learning and teaching of science. Larry Yore proposes
Vision III of Science Literacy for All to provide a framework for the teaching and
learning of science and science education research and reform. Scientific inquiry is
an essential component of scientific literacy and Barbara Crawford discusses ways
to support teachers to teach science as inquiry and help students to develop the
essential skills required as well as learn science through inquiry and argumentation.
Reinders Duit and David Treagust revisit conceptual change perspectives and argue
that conceptual change, when multiple epistemological perspectives of teaching and
learning are taken into account, is still a relevant and potent framework for instruc-
tional design and for improving students’ learning of science. The learning of
science requires students to be competent in the interpreting and using multiple
representations, and how students demonstrate their understanding of organic
chemistry through speech, inscriptions, and gestures is described by Shien Chue
and Daniel Tan. To complete Part I, Helena Nas makes a case for alternative modes
of assessment as her study shows that students are better able to demonstrate
their understanding of photosynthesis and respiration in oral interviews compared
to written tests, and Niwat Srisawasdi gives an example of the use of computer-
based laboratory environments to support students engaging in authentic scientific
investigations.

Science teacher education is the focus of Part II. This section discusses the devel-
opment of teachers’ pedagogical content knowledge and skills through sharing
strategic models of teacher education program, teachers’ challenges and dilemmas
in assessment and inquiry, and the need to prepare teachers to teach science for
sustainable development. Syh-Jong Jang proposes a peer-coaching model, PCK-
COPR (PCK Comprehension, Observation, Practice, and Reflection), for enhancing
the pedagogical content knowledge of preservice science teachers. Benny Yung dis-
cusses teacher professional development in the context of mandated school-based
practical assessments, documenting the struggles of teachers with the issues of
assessment requirements and student learning during practical work. This section
continues with the accounts of teacher practices as well as interventions put in place
to help teachers develop the knowledge and skills required for classroom teaching.
A creative and cooperative science and technology teacher education course to
foster problem solving and the development of novel pedagogies among teachers
is described by Ossi Autio and Jari Lavonen, followed by Christine Howitt and
colleagues who illustrate the challenges of helping preservice early childhood teach-
ers acquire science content, pedagogical skills, and confidence to teach science to
very young children through a collaborative approach. Mijung Kim, Yong Jae Joung,
and Hye-Gyoung Yoon examine teachers’ difficulties in science-inquiry teaching
through rethinking the meanings of hypothesis and challenges of hypothesis con-
struction test and data interpretation in elementary science classrooms. This section
concludes with Kathryn Paige and David Lloyd introducing pedagogical strategies and
practices to enhance preservice teachers’ expertise and confidence to teach primary
and middle-school science for sustainable development in the current society.
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Part I1I discusses the use of innovations and new technologies in science teaching
and learning. Susan Rodrigues describes research findings from a series of her
previous research projects and summarize the opportunities and challenges of using
multimedia-based simulations to support chemistry education. Karen Murcia dis-
cusses case studies on the impact of interactive whiteboard technology on science
learning and teaching and teacher professional development. Yam San Chee and
colleagues introduce the Legend of Alkhimia, a multiplayer computer game for the
learning of chemistry, and discuss the epistemological and pedagogical bases of
design-for-learning with computer games. Finally, Julie Crough, Louise Fogg, and
Jenni Webber summarize the affordances of educational technologies and the barriers
to adopting these technologies in schools in sparsely populated and remote areas
where the infrastructures to support such technologies are inadequate.

Part IV presents science learning in informal settings, an increasingly important
area of science education. Elaine Blake and Christine Howitt explore how very
young children learn science in early learning centers and the importance of providing
play time, resources, and adequate space as well as the role of a significant adult to
facilitate the children’s learning of science. Junqing Zhai examines how two botanic
garden educators’ pedagogical practices support visitors’ learning of ecological science
and proposes how such educators’ professional development can be supported.
Jennifer Yeo and Yew Jin Lee focus on knowledge building and describe students’
learning of environmental science concepts during a nature learning camp.

We conclude this book with our articulation of and reflection on how research
needs to impact practice and policy. We hope this book is taken as all the conference
participants’ collaborative efforts to question where we are now, as science educators
and researchers, and where we need to venture in order to address the issues and
needs of a changing world.
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Chapter 2
Science Literacy for All: More than a Slogan,
Logo, or Rally Flag!

Larry D. Yore

2.1 Introduction

During the early years of my long career, educational research and instruction was
dominated by B. F. Skinner’s stimulus-response conditioning and behavioralist
interpretation of learning, the distillation of complex events into simple sequential
tasks, and skill-and-drill approaches to teaching. Language was restricted to one-
way communication and knowledge transmission functions. Science education and
language arts programs of this time reflected these influences with controlled vocab-
ulary, decontextualized direct instruction, and programmed learning. Later, Jean
Piaget’s model of cognitive development, logico-mathematical operations, and
developmentally appropriate, hands-on, learner-centered instruction dominated
educational research and practice. Language and social transmission functions,
although mentioned, were not fully considered. Science education and language
instruction became experiential activity-oriented (discovery learning, whole lan-
guage, etc.) leading to activity mania where researchers and teachers believed that
when one activity does not result in understanding, you should provide additional
activities. Direct teaching and explicit instruction in all contexts were bad words!
The current science education reforms in many countries, unlike the 1960s
reforms based on a Cold War political agenda to produce more scientists and
engineers, promote Science Literacy for All, constructivist teaching, and authentic
assessment (Ford et al. 1997; Hand et al. 2001). Constructivist teaching and authentic
assessment will be considered by other authors in this book (Duit 2012 (this book);
Yung 2012 (this book)); therefore, I will not spend a great deal of time or space on
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these important ideas other than to paraphrase and elaborate the two most important
ideas from cognitive psychology: First, find out what students know, challenge or
use these ideas to facilitate their meaningful understandings. The centralist views of
constructivism (interactive-constructivism, social constructivism) enacted as teaching
approaches involve sociocognitive or sociocultural interpretations, group dynamics
and negotiations, individual reflection and sense making, and a balance of self-
directed and teacher-guided activities. Specific instruction choices are based on
students’ and teachers’ ontological assumptions, epistemological beliefs, prior
knowledge, concurrent sensory experiences, available information sources, and
interactions within the learning environment. Language assumes a wider variety of
representative modes (forms) and constructive, persuasive, and communicative
roles (functions) in science inquiry and learning. Direct instruction and modeling
are provided as just-in-time teaching on an as-needed basis and consider the
metacognition necessary to facilitate students’ explorations and learning. Second,
assessment must reflect and be aligned with instruction and the target-learning
outcomes to empower learning and inform instruction (assessment for learning) as
well as to evaluate understanding (assessment of learning).

Over the last five decades, various science educators have advocated or critiqued
science/scientific literacy that involved some form of economic, democratic, or
social action rationale (Arons 1983; Bauer 1992; Bybee 1997; Coll and Taylor 2009;
DeBoer 2000; Fensham 1985; Hurd 1958; Laugksch 2000; Linder et al. 2007; Miller
1983; Pella et al. 1966; Shamos 1995; Shen 1975)—but they all emphasized
scientific knowledge, processes, or applications. Roberts (2007) developed a binary
classification of these definitions (which did not emphasize the literacy component)
of science/scientific literacy—Vision I is “rooted in the products and processes of
science [while Vision II involves] the character of situations with a scientific
component, situations that students are likely to encounter as citizens” (p. 730).
Unfortunately, there is a real danger that the lack of a contemporary definition and
shared understanding of Science Literacy for All will allow popularity of this slogan,
logo, or rally flag to dissipate without realizing its full potential and worldwide
cachet. McEneaney (2003) stated it has been “embraced worldwide as a worthy
educational goal even though there is no consensus about what counts as scientific
literacy” (p. 218), but she cautioned to avoid defining literacy as a “litany of facts
known by literate individuals” (p. 230).

This lack of agreement has allowed diverse groups to agree about science literacy
at the surface level since very few people would support science illiteracy, without
really engaging the critical attributes and fine structure of this central and essential
goal necessary to influence science education policies and practices! The diversity
of these views and their goals will likely (a) reduce the creditability within the
academic science and school-based education communities, (b) inaccurately reflect
the nature of contemporary scientific enterprises, and (c) not provide a defensible
foundation for school curricula and achievable goals for instruction. Vision III of
Scientific Literacy for All proposed in this chapter is based on a sociocognitive
framework, anchored in science education reforms, curricula, and schools, and
reflective of the language in science research that integrates the nature of science,
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learning, language, and teaching. This interpretation provides theoretical and practical
foundations on which to base future elementary and secondary school (kindergarten
to grade 12 in North America—K-12) science education policies, reforms, and
classroom practices.

2.2 Background

There is an emerging consensus within parts of the science (Alberts 2010; Hines
et al. 2010), literacy education (Fang and Schleppegrell 2010; Moje 2007; Pearson
et al. 2010), and science education (Carlsen 2007; Kelly 2007; Yore et al. 2003)
communities about the need to focus on the literacy aspects of science literacy. This
interpretation of science literacy (Vision III) is taken as being composed of two
interacting clusters of cognitive, affective, communicative, and technological abilities
related to science—fundamental sense of being a literate person in science—and
knowledge of science and the scientific enterprise—derived sense of understandings
flowing from human endeavors related to nature and naturally occurring events that
allow for fuller participation and engagement of science in a social context. Here,
science literacy is taken as a specific illustration of disciplinary literacy in which the
literacy component is recognized and valued for its functional roles in constructing
understanding, persuading others of the veracity of these ideas, and reporting
knowledge claims (Fang 2005; Moje 2008). Shanahan and Shanahan (2008) outlined
adevelopmental progression involving basic generic practices that elementary (K-3)
school students should use across all texts, more sophisticated contextual practices
that upper elementary and middle school students should use in certain textual
situations, and technical and nongeneric practices that high school and university
students should use with discipline-specific texts. Convergence of contemporary
views of science, learning, and pedagogy has led to Vision III of scientific literacy.
This vision emphasizes science as inquiry, argument, and constructing knowledge
claims and explanations of patterns in nature and naturally occurring events; the
essential constructive, persuasive, and communicative functions of languages in
doing science; the unique conventions, traditions, and metalanguage in scientific
discourse; and the functionality of language in teaching and learning science.

2.3 Disciplinary Literacy in Science Education Reforms

The Science Council of Canada conducted a deliberative inquiry involving diverse
stakeholders during the 1979—1984 period that led to Report 36—Science for Every
Student: Educating Canadians for Tomorrow’s World (Science Council of Canada
1984). This report laid much of the foundation for an interpretation of scientific
literacy focused on all students, underserved populations, authentic science and
technology, and science-technology-society-environment (STSE) issues. Analyses
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Table 2.1 Interacting senses of scientific literacy (Yore et al. 2007a, p. 568)

Fundamental sense Derived sense

Cognitive and metacognitive abilities Understanding the big ideas and unifying
concepts of science

Critical thinking/plausible reasoning Nature of science

Habits of mind Scientific inquiry

Scientific language arts (reading, writing, speaking, =~ Technological design
listening, viewing, and representing in science)
Information communication technologies (ICT) Relationships among science, technology,
society, and environment (STSE)

of current reform documents, standards, benchmarks, and learning outcomes from
the USA (Ford et al. 1997), English-speaking countries (Hand et al. 2001), and
Canada (Yore et al. 2007a) were used to articulate Vision III of scientific literacy
that considers the interactive roles of language, learning, and understanding and
started to elaborate the fundamental literacy cluster and the derived scientific under-
standing cluster anchored to the expectations of schools (Table 2.1).

Furthermore, the achievement of science literacy has a citizenship focus that
leads to fuller participation in the public debate about STSE or socioscientific issues
(SSI) leading to informed solutions and sustainable actions. Cross (1999) stated
“it is recognized by all that this is only the beginning, and citizens will, one way or
another, be involved in lifelong education if they are to participate in the ongoing
debates about the changes occurring in society” (p. 699). The specific issues cannot
be predicted for inclusion in long-lasting curricula; however, to remain literate about
developments in the technocratic society, people will require critical knowledge,
emotional dispositions, thinking ability, and literacy strategies.

Vision III integrates the cognitive, linguistic, pedagogical, and philosophical
aspects of science and disciplinary literacy within a constructivist interpretation of
learning and teaching in science. Many curricula do not explicitly mention science
literacy, but they emphasize common features to the curricula analyzed above,
which provide an implicit basis for using Vision III as the foundation for second-
generation science reforms. The clusters and components in Table 2.1 vary in
degrees of specificity, consistency, and clarity across curriculum documents in
English-speaking countries; but this framework captures the material and social
practices of scientists and disciplinary conventions and traditions embedded in the
contemporary scientific enterprise (Ford 2008; Ford and Forman 2006).

The extant literatures in literacy education and science education are steadily
increasing the clarity and evidential support for these clusters and in refining the
characteristic of the entries in each cluster (Fang and Schleppegrell 2010; Holbrook
and Rannikmae 2007; Pearson et al. 2010; Webb 2009, 2010). The science-
understanding cluster is reasonably well defined by the curricular documents in
each nation with some degree of agreement across jurisdictions; however, the speci-
ficity of the fundamental-literacy cluster is somewhat vague. This concern is being
addressed by the rich and diverse research agenda related to science literacy,
language arts in science, and public understanding of science reported in a number
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of special issues and reviews (Coll and Taylor 2009; Hand et al. 2006; Phillips and
Norris 2009; Prain and Waldrip 2010; Yore et al. 2003, 2007a). Research literatures
are also clarifying the mechanisms involved in the cognitive symbiosis within and
between these clusters (diSessa 2004; Gunel et al. 2007; McDermott and Hand
2010; Snow 2010; van den Broek 2010). Exploratory talk, argument, transforming
representations, writing-to-learn, and reading-to-learn instruction have distinctive
effects on science understanding; metacognition and content and discourse under-
standing influence language performance in science.

The underlying backings for this vision of science literacy are found in the nature
of science (ontological assumptions and epistemological beliefs) and the communi-
cative, constructive, and persuasive functions of language for scientists doing and
students learning science. Language is not only used to report understandings; it
and the publication process (knowledge construction cycle) shape what is known
and persuade others about the validity of these claims arising from discussion,
negotiation, and argumentation.

2.4 Derived Sense of Scientific Literacy

The derived sense of scientific literacy illustrated in Table 2.1 is reasonably well
understood and accepted in the science education community and international
science education reform documents as understanding the critical principles and
foundations of science (Hand et al. 2001). There is some disagreement on the
specific ideas that would be considered critical and foundational as illustrated by the
specifics identified in various reform documents, curriculum standards, and bench-
marks. This 50-year-old ongoing debate is likely to continue, but at least it has
progressed beyond a laundry list of trivia to a reasonable collection of big ideas
(see A framework for K-12 science education: Practices, crosscutting concepts,
and core ideas. http://www7.nationalacademies.org/bose/Standards_Framework_
Homepage.html), which taken at the general level, illustrate a reasonable degree
of consensus.

2.4.1 Big Ideas and Unifying Concepts

The big ideas and unifying concepts are the major content for biological, earth and
space, and physical sciences that apply across domains and topics or provide a foun-
dational basis for work in a specific domain. A quick comparison of national stan-
dards, frameworks, or curricula that follow illustrates the variations in alignment
among what is believed to be essential and foundational. The Science for All
Americans: Project 2061 (American Association for the Advancement of Science
[AAAS] 1990, 1993) identified these common themes: constancy and change, models,
scale, and systems. The Pan-Canadian Framework for Science (Council of Ministers
of Education 1997) identified these unifying concepts: constancy and change,
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energy, similarity and diversity, and systems and interactions. The US National
Science Education Standards (NRC 1996) identified these unifying concepts:
change, constancy, and measurement; evidence, models, and explanations; evolution
and equilibrium; form and function; and systems, order, and organization. The lower
secondary science curriculum (Singapore Ministry of Education 2010) identified
these big ideas: diversity, cycles, energy, interactions, models and systems, and
measurement. The framework for science education in the USA (NRC 2011) have
proposed these crosscutting concepts, namely, cause and effect: mechanism and
prediction; energy and matter: flows, cycles and conservation; form and function;
patterns, similarity, and diversity; scale, proportion, and quantity; stability and
change; and systems and system models.

2.4.2 Nature of Science

Science is frequently promoted in the science education reforms as inquiry, but it could
equally well be defined as argument. Scientists use unique patterns of exploration
to investigate defined problems and hypotheses and argumentation that attempt
to establish clear connections among claims, data, backings, warrants, evidence,
counterclaims, and rebuttals regarding those problems or hypotheses. Science is
people’s attempt to systematically search out, describe, and explain generalized
patterns of events in the natural world and, also, that the explanations stress natural
physical causalities and cause-effect mechanisms (Good et al. 1999). “Explanations
about the natural world based on myths, personal beliefs, religious values, mystical
inspiration, superstition, or authority may be personally useful and socially relevant,
but they are not science” (NRC 1996, p. 201). Science distinguishes itself from
other epistemologies (ways of knowing) and from other bodies of knowledge
through its metaphysics (ontology), the use of empirical standards, canons of
evidence, logical arguments, plausible reasoning (abduction, induction, deduction,
hypothetico-deduction), and skepticism to generate the best temporal explanations
possible about reality.

2.4.3 Scientific Inquiry and Technological Design

Scientific inquiry is a creative, dynamic, and recursive process. There is no universal,
lockstep scientific method. Authentic inquiry involves a cycle of false starts, unpro-
ductive moves, repeated trials, and revised procedures leading to knowledge claims
and explanations. Technological design differs from scientific inquiry in its goal and
procedures. Technology adapts the environment to people’s needs, alleviates prob-
lems, or increases capacity (International Technology Education Association [ITEA]
2007; United States National Academy of Engineering [NAE] 2002). Therefore,
technology is not just an applied use of known scientific ideas; sometimes, designs



2 Science Literacy for All: More than a Slogan, Logo, or Rally Flag! 11

occur before the science is understood. Technological design values both tinkering
and the trial-and-error approaches of the inventor. It involves identifying needs and
opportunities, material and production limitations, generating designs, planning,
making, testing, evaluating, and communicating. Interestingly, greater compatibility
is found between technology and traditional knowledge than science and traditional
knowledge across indigenous cultures (Yore 2008).

2.4.4 Relationships Among Science, Technology, Society,
and Environment

“Science and technology are like conjoined twins. While they have separate identities,
they must remain inextricably, connected in order to [flourish]” (ITEA 2007, p. 44).
Furthermore, society influences science and technology, and science and technology
influence society (STS issues). Less well understood is the influence science and
technology have on the environment—the silent “E” in early interpretations of STS.
Clearly, some of the most pressing and relevant issues facing people today involve
various combinations of scientific, technological, and societal demands and influences
on the environment. Climate change, population, clear-cut forestry, pollution,
genetic modifications, and many other science discoveries and technical innovations
are major concerns. “From a philosophical point of view, democratic principles
imply that decisions affecting many people or the entire society should be made
with as much public input as possible.... Increased citizen participation would add
legitimacy to decisions about [science and] technology and make it more likely that
the public would accept those decisions” (NAE 2002, p. 4).

2.5 Fundamental Sense of Scientific Literacy

The fundamental sense of being literate in a discipline involves the abilities to
understand and communicate specific discourses associated with the discipline and
then to construct understanding from those discourses for the purpose of fuller par-
ticipation in the public debate (Moje 2008). Furthermore, fundamental literacy in a
discipline is contextualized and plays an interactive role with the derived sense of
literacy dealing with the knowledge of the domain. When these ideas are applied to
scientific literacy, there is a cognitive symbiosis within and between the fundamental
and derived senses with each stimulating and enabling growth in the other. Users of
science discourse (oral or written) cannot fully comprehend the discourse without
appropriate knowledge of the nature of science, scientific inquiry, and the content of
science. A contemporary evaluativist, naive realist view of science will influence and
limit the language and metalanguage used; it differs from the discourse associated
with an absolutist, realist or relativist, idealist views of science (evidence supports, not
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proves, tentative claims, not truths, etc.). Utilization of information communication
technologies (ICT) will require development of a critical stance as a habit of mind
and will likely change how learners make sense of multimodal electronic text, as
compared to writing-reading and representing-interpreting with more traditional
forms of text.

Scientists working on authentic inquiries and engineers working on authentic
design problems and innovations demonstrate and use both well-developed funda-
mental and derived senses of scientific or technological literacy to create their
insights and innovations. The fundamental sense of scientific literacy involves more
than the ability to read and write discourse in the science domains and communities;
it embellishes a variety of cognitive, thinking/reasoning, linguistic, and technical
abilities and strategies (clusters of complementary skills directed at achieving the
same outcome). These abilities and strategies deal with human learning and construc-
tion of understanding focused on doing, epistemological practices, and knowledge
about and executive control of inquiry, design, problem solving, troubleshooting,
and argumentation.

2.5.1 Cognitive and Metacognitive Abilities

The construction of scientific understanding involves a variety of ontological
assumptions and epistemological principles that define the nature of science and
how scientists go about doing science. The actions (verbs) applied correctly and
effectively produce knowledge claims and explanations (nouns). These cognitive
and metacognitive abilities and strategies include but are not limited to (Yore et al.
2007b):

e Making sense of the world and building and monitoring knowledge claims

 Critical analysis of claims, procedures, measurement errors, data, and so forth

» Justifying data as evidence for/against a claim based on the theoretical backings/
warrants

* Planning, conducting, evaluating, problem solving, troubleshooting, and regulating
inquiries and designs

2.5.2 Critical Thinking/Plausible Reasoning

Deciding what to believe or do about a challenge is central to most descriptions of
critical thinking (Ford 1998). Scientific-literate people faced with a worthwhile
challenge, issue, or problem deserving consideration will conduct appropriate
deliberations of evidence, criteria, and opinions to make a judgment about what to
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do/believe and will openly justify the claim/judgment. Critical thinkers reflect on
the deliberations as they are being done (reflection in action) and on the results of
the deliberations (reflection on action). Furthermore, critical thinking from a
metacognitive perspective can be viewed as thinking about your thinking as you
are thinking to improve the quality of your thinking. Clearly, there appears to be a
convergence of critical thinking, metacognition, and reflection (Ford and Yore 2012).
Plausible reasoning (induction, deduction, abduction, hypothetico-deduction) within
the scientific enterprise and the public consideration of scientific claims has regained
a central emphasis in science learning, curricula, and teaching (NRC 2007).

2.5.3 Habits of Mind

Emotional dispositions (habits of mind) toward science inquiry and technological
design reflect the nature of science and technology (AAAS 1993). These habits
of mind (beliefs, values, attitudes, critical stance, processes, and skills) regarding
science include dispositions, such as skepticism, tentativeness, certainty, trust, self-
efficacy, willingness to seek solutions, buttress claims with evidence, evaluate data,
information, reasons, and arguments; and view science and technology thoughtfully,
being neither categorically antagonistic nor uncritical; openness to compare and
consider trade-offs; and appreciate the roles of chance and errors in relationships
(Yore et al. 2007b).

2.5.4 Scientific Language

Scientific-literate people speak-listen, write-read, and represent-interpret using
natural and mathematical languages; follow directions; state a purpose for stepwise
procedures; produce compelling arguments, sound explanations, clear descriptions,
or mathematical expressions; and use the metalanguage of science in a proper and
appropriate manner that reflects an accepted view of science. A synergy exists
between science and language learning; purposeful integration of science, language,
and rhetoric results in an understanding of both science and language beyond the scope
of when either is used separately (Stoddart et al. 2002). Constructive/interpretative
functions of language (talking-listening, writing-reading, representing-interpreting)
are paired tasks that help users acquire information; compare, classify, and analyze
ideas; persuade others; and construct understanding—language shapes as well as
reports what we know. These functions mirror the science processes, cognitive
procedures, and metacognitive strategies used by scientists doing science, cognizing
and recognizing their understandings, and communicating and reporting these ideas
to others, which are different from social language and cannot be assumed to develop
without explicit support (Yore et al. 20006).
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2.5.4.1 Talking-Listening in Science Literacy

“[L]anguage is the primary medium through which scientific concepts are understood,
constructed, and expressed” (Bialystok 2008, p. 109). Talking about science with
peers and with the teacher provides students with opportunities to make sense of
their thinking, listen to others’ ideas, become aware of multiple perspectives, rethink
ideas, evaluate others’ ideas, and frame their ideas. Unfortunately, K-12 teachers
dominate classroom discussions and do the majority of talking (Mercer et al. 2009;
Wyse 2002). Consequently, students do not spend sufficient time producing language
and interacting with others in exploratory talk, which allows them to process both
language and content more deeply and to negotiate meaning and adjust their language
to make it comprehensible to their audience.

2.5.4.2 Writing-Reading in Science Literacy

Research demonstrates that neither reading about science nor hands-on science with
no reading or writing is a sufficient method for effective conceptual learning. Writing
about science creates opportunities to propose, reinforce, and revise conceptual
knowledge and to model different genres (forms/functions) of writing, thereby
building the experiential foundations necessary for reading various modes of infor-
mational texts (descriptions, cause/effect, problem/solution, procedures, etc.).
Integrating science, writing, and reading through authentic inquiry allows for a more
engaging, purposeful, reflective, efficient, and effective approach, which improves
reading comprehension, conceptual understanding, and academic writing.

2.5.4.3 Representing-Interpreting in Science Literacy

Recently, there has been increased recognition and interest in the ways science ideas
are represented (e.g., using a multimodal approach or modes other than words).
Research indicates that constructing multiple representations and transforming
representations between modes improves representational competence, depth of
processing, and conceptual understanding (Yore and Hand 2010). Scientific-literate
people construct and use multiple representations (including sketches, diagrams,
models, tables, charts, maps, pictures, and graphs), use visual and textual displays
to reveal relationships, locate and evaluate information from various textual and
digital sources, and choose and use appropriate vocabulary, spatial displays, numerical
operations, and statistics.

2.5.5 Information Communication Technologies

Scientists do science with technologies and are limited by the available technologies.
ICT allow scientists to cooperate and share databases at a distance, construct new
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knowledge, and coauthor research reports without being in the same room. Scientists
and students use and read calculators, analog/digital meters, digital records, cameras,
and videos; troubleshoot common problems; and determine potential causes of
malfunctions (AAAS 1993). They use twenty-first century ICT—not to be confused
with instructional technologies—for accessing, processing, managing, interpreting,
and communicating information; understanding, managing, and creating effective
oral, written, and multimedia communications; exercising sound reasoning; making
complex choices; and understanding connections among systems and are able to
frame, analyze, and solve problems (http://www.21stcenturyskills.org).

2.6 Closing Remarks

This revitalized Vision III of Science Literacy for All has implications for general
literacy for citizenship and daily life—engaging in (participation) and with
(confrontation/dialogue) science—but it does not exclude elite literacy of science-
related academic studies and careers, which may be political priorities in some
countries. This framework provides theoretical and practical guidance for enhancing
scientific literacy proficiency; for updating and refreshing second-generation science
education reforms, standards, and benchmarks; for anchoring and conceptualizing
research agendas; and for evaluating classroom practices and instructional resources.
The success of this vision to achieve these goals involves convincing policy makers,
administrators, and teachers of the essential nature of scientific discourse in doing
and learning science and its functional role in the public debate about STSE issues.
Furthermore, it is important to convince them of the cognitive symbiosis between
fundamental and derived senses of scientific literacy, the relationships among
cognition, metacognition, inquiry, and language; the critical attributes of promising
classroom practices; and guidance for enhanced success and uptake of future science
education reforms that are achievable by K-12 general and specialized teachers
of science.

2.6.1 Relations Between Language in Science
and Understanding Science

Several pressing and practical questions arise when you suggest that Science
Literacy for All or being literate in science involves a serious consideration of lit-
eracy and components of language and not just knowing your science! Parents,
students, science professors, and science teachers have concerns about the validity
of the language-science claim; they want to know the mechanics between language
and knowing, and how acceptance of the language-science claim would influence
their instructional time and classroom practice. A practical example of media’s
potential effects on public awareness and understanding of science may illustrate
this process: Articles in Nature or Science, announcements of Nobel Prize recipients,
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journalistic reported versions (JRV) of recent research findings in Popular Science,
and opinion editorials in newspapers are clear tests of out-of-school science literacy
and can provide most parents’ insights into what is involved in being literate in
science and the effects of popular media. Few of us would understand all the intricacies
of the physics in charge-coupled devices (CCD) that was the basis for Willard
Boyle’s and George Smith’s share of the 2009 Nobel Prize in Physics (Charles Kao
also shared in this prize for his development of high-efficiency optical fiber).
Nevertheless, with some degree of insight into how language is used in science and
the nature of science, we can appreciate this electronic light detector discovery and
its related impact on electronics and digital cameras. Clearly, the time between dis-
covery (1969) and application of the CCD in digital cameras (1986) is far longer
than many JRV's make it seem. Furthermore, we realize that much evidence, explicit
reasoning, and uncertainty have been stripped from television clips and JRVs.
However, many knowledgeable students do not realize these differences, and they
overgeneralize and ascribe greater certainty than intended by the authors or justified
by the evidence (Norris and Phillips 1994; Phillips and Norris 1999).

Underestimating the importance of language in doing science has been a critical
barrier to convincing scientists and science teachers of the value of the literacy com-
ponent in Science Literacy for All. Many scientists and science teachers view the
functionality of language simply as a reporting device for what is known. It is a
much harder task to convince them that language, especially written language, has
cognitive and rhetorical functions in constructing understanding and persuading
others and that the choice of language can shape what we know. The history of science
is rich with examples of how word choice or metaphor selection influenced the
understanding of science ideas (explore Frozen Stars and Black Holes). Furthermore,
others posit that in cultures without written forms of language, the knowledge about
nature and naturally occurring events is drastically different from those cultures that
have written language (Yore 2008).

2.6.2 Promising Classroom Practices

Over the last 20 years, many science educators have realized that hands-on activities
are necessary but, when used alone, are insufficient in supporting student learning
and meaningful science understanding. Activity mania, the uncritical belief that
additional hands-on sensory experiences automatically leads to understanding, has
been replaced with the realization that minds-on experiences—including exploratory
talk, argumentation, and negotiations—need to scaffold these hands-on activities.
Analysis of language-in-learning articles from science-teaching journals indicates
high popularity of these ideas, but most recommendations lack supportive theoretical
foundations and empirical evidence (Hand et al. 2010). Many second-generation
science inquiry programs have adopted a learning cycle or 5E approach that engages,
explores, explains, extends, and evaluates students’ learning with embedded literacy
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tasks or instruction focused on knowledge construction, requisite abilities, and
metacognition to enhance understanding and develop discipline-specific language
functionality.

Romance and Vitale (1992) conducted one of the first programs to explore a
systematic integration of language arts and science instruction by replacing the
separate basal reading and science programs with a textbook-based, science-content
reading program that emphasized hands-on inquiry activities, science processes,
and comprehension of informational text. They found that combining instructional
times for reading and science using a science textbook program led to improved
reading and science test scores and improved affective measures toward these
subjects. Their current research has taken the earlier work, expanded its focus to
include science writing, and scaled the efforts to include most elementary and middle
schools in two very large school districts with similar promising effects on student
performance (Romance and Vitale 2006, 2008). Others have demonstrated the value
of explicit reading instruction, literacy tasks, and different types of texts and explicit
comprehension instruction embedded in science programs to enhance reading
comprehension and metacognitive awareness (Holden and Yore 1996; Pearson et al.
2010; Shymansky et al. 2000; Spence et al. 1999).

Embedded literacy instruction and tasks have been successful in addressing the
needs and utilizing the cognitive resources of diverse learners in elementary,
secondary, and postsecondary settings. Klentschy and Molina-De La Torre (2004)
integrated inquiry science and literacy activities around science notebooks involving
low socioeconomic elementary schools with a high percentage of English language
learners (ELL). Science notebooks were used by students to record their inquiry
experiences; collect and interpret data; process and reprocess experiences, mental
images, and representations; document construction of ideas in writing; and monitor
and regulate their understanding. They found significant differences between
participating students and nonparticipating students and significant improvements
for grades 4 and 6 science achievement and grade 6 writing; the performance gaps
in reading, writing, and science between native English language and ELL students
narrowed and became nonsignificant after 5 years of participation (Klentschy et al.
n.d.). Revak and Kuerbis (2008) expanded this approach by integrating literacy and
mathematics strategies (graphing, writing, reading) with second-generation inquiry
modules across five school districts. Analyses revealed that teacher beliefs, self-
reported classroom practices, and teaching proficiency had significant effects on
grade 5 students’ performance in science, mathematics, reading, and writing on a
state-wide test.

The Science Writing Heuristic (SWH) approach, a theoretical orientation that
emerged from writing-to-learn research, is a practical shift from laboratory work as
replication and production of typical reports to a student-focused experience and the
construction of knowledge that integrated the nature of science, inquiry, and argu-
mentation (Hand 2007; Hand and Keys 1999). This approach requires learners to
pose questions, make claims supported by evidence, consult with experts, and reflect
on changes to their original thinking. The SWH emphasizes students’ learning role
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(student template) and the teacher’s service role to support and scaffold these
negotiations (teacher template) (Hand et al. 2009; Norton-Meier et al. 2008). Hand
(2007) summarized the benefits gained in terms of student performance on
standardized tests. Furthermore, a meta-analysis of six quantitative studies (Gunel
et al. 2007) and a metasynthesis of ten qualitative studies (McDermott and Hand
2010) demonstrated consistently positive evidence for the SWH approach across
science topics and educational levels (primary school to university).

Recent research on the promising role of representational competence in learning
science has focused on two broad areas: designing and interpreting effective texts
for students and student-generated representations as a basis for science learning
(Ainsworth et al. 2011; Prain and Waldrip 2010). Research on the first area was
originally structured around dual-coding models for print and visual information, but
it is now exploring new issues regarding changes in representational options with ICT,
multimedia resources, and out-of-school experiences on student learning. Research
in the second area has identified the increased demands on teachers’ knowledge base
and their teaching, assessment, and identification of representational challenges
and opportunities posed by different sequences, combinations, and integrations of
representational modes in topics. Furthermore, it has become apparent that existing
theories and models of multimodal representations do not fully predict or explain
the semiotics, systemic functions, cognition, and metacognition observed or involved
in learner-constructed representations (Tippett 2011; Yore and Hand 2010).

2.6.3 Second-Generation Science Education Reforms

The new framework for science education in the USA (NRC 2011) propose a new
organization of target proficiencies within four strands of knowing, using, and inter-
preting scientific/technological explanations; generating and evaluating scientific/tech-
nological evidence; understanding the nature and development of scientific/
technological knowledge and capacities; and participating productively in the
practice and discourse of science and engineering across the discipline-specific core
ideas in life, earth-space, and physical sciences and technology and engineering.
This document identified crosscutting concepts that provide connections among
life, earth-space and physical sciences, and science, technology, and engineering:
patterns, similarity, and diversity; cause and effect: mechanism and prediction; scale,
proportion, and quantity; systems and system models; energy and matter: flows,
cycles, and conservation; form and function; and stability and change. This effort to
revitalize the science education reforms of the 1990s is much needed and may
reenergize the implementation of common standards across diverse K-12 state and
local science curricula and instruction.

I was somewhat disappointed that this effort does not capitalize on the cache and
social justice of Science Literacy for All and the growing and compelling evidence
of the essential roles of language (reporting, constructing, persuading) in doing and
learning science, the cognitive symbiosis between fundamental literacy in science
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and scientific understanding, and citizenship leading to fuller participation in the
public debate about STSE issues. Bruce Alberts (2010), editor in chief of Science,
past president of the National Academy of Sciences, and internationally recognized
biochemist, stated:

In this special issue on education, Science focuses on the connection between learning
science in school and the acquisition of language and communication skills, emphasizing
the benefits of teaching science and literacy in the same classrooms whenever possible. In
the United States, this would be a radical proposal. Unfortunately, the great majority of
Americans are accustomed to science classrooms where students memorize facts about the
natural world and, if they are lucky, perform an experiment or two; in language arts classes,
students generally read fictional literature and write about it in fossilized formats.... [When
embedding literacy tasks and instruction in science inquiry], it is helpful to distinguish
between factual (or informational) and fictional (or narrative) text. Science reading and
writing is largely of the former type, and it is this factual, informational text that dominates
today’s knowledge-everywhere world. (p. 405)

Vision 11l of Scientific Literacy for All provides an integrated framework based
on the nature of modern science, constructivist models of learning, and practical
classroom pedagogy that could lead to improved student performance and more
effective instruction by generalist and specialist teachers of science. The Lawrence
Hall of Science’s Seeds of Science/Roots of Reading at the University of California,
Berkeley (Pearson et al. 2010; http://lawrencehallofscience.org/seeds/) is an excellent
example of a program designed to embed literacy tasks and instruction in science
inquiry and to capitalize on the functionality of language in constructing under-
standing, reporting these ideas, and persuading others about these ideas using a
multimodal approach. Seeds of Science/Roots of Reading uses an instructional cycle
that incorporates inquiry and specific literacy tasks (do-it, talk-it, read-it, write-it).
People looking to revitalize the current reforms would be well served to take Vision
IIT and this program seriously.
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Chapter 3

Moving the Essence of Inquiry

into the Classroom: Engaging Teachers
and Students in Authentic Science

Barbara A. Crawford

3.1 Introduction

How can teachers help children understand what science is, what science is not, and
develop images of how scientists think and work? How can we create science class-
rooms where children use observations as evidence and creatively try to understand
the world? My long-time career interests involve trying to figure out how we can
change the way science is taught in most classrooms across the United States. First
and foremost, I am a teacher. As a former public school science teacher, I taught life
science and biology, physical science, chemistry, and physics to children aged
12-18 in the United States for over 16 years. For the past 15 years, I have worked
with preservice and in-service science teachers in designing classrooms that provide
children an opportunity to gain an interest in science, use science inquiry, and learn
about nature of science. My passion is to engage children in actively understanding
what science is, not by trying to memorize the massive amount of facts in science
textbooks but through investigation, by grappling with data, and in becoming critical
thinkers. Ultimately, I would like all children to be motivated to learn about science
and how to do science and to develop into lifelong learners of science. The main
question driving this chapter is how can we move science as inquiry into the science
classroom?

Decades ago, inquiry had been posed as an effective method of engaging students
in real-world experiences (Dewey 1938). Although the U.S. reform documents
(American Association of the Advancement of Science [AAAS] 1989, 1993;
National Research Council [NRC] 1996, 2000) emphasize inquiry as a central strategy

B.A. Crawford (1)

Department of Mathematics and Science Education, The University of Georgia,
212 Aderhold Hall, Athens, GA 30606, USA

e-mail: barbarac @uga.edu

K.C.D. Tan and M. Kim (eds.), Issues and Challenges in Science 25
Education Research: Moving Forward, DOI 10.1007/978-94-007-3980-2_3,
© Springer Science+Business Media B.V. 2012



26 B.A. Crawford

for teaching science, the reality is that most teachers do not use inquiry-based
instruction in their classrooms. Further, there is little empirical evidence of effective
ways to support teachers in understanding the nature of scientific inquiry and how
to implement inquiry in science classrooms.

My view of teaching science as inquiry, at its most basic level, involves helping
children to find answers to questions using logic and evidence. Inquiry involves
going beyond the simple asking of questions, to trying to figure out how to make
sense of data to answer a scientifically based question. Aligned with guidelines in
education reform documents in the United States, the learner asks and answers
scientifically oriented questions about the natural world, gives priority to evidence
in responding to questions, comes up with explanations using data as evidence, con-
nects explanations to scientific knowledge, and communicates and justifies explana-
tions (NRC 2000). Similar to what a scientist does, the student figures out something
by himself/herself, with the guidance of the teacher, by making sense of observations,
the text in a book, the images on a computer screen, or the data gathered during an
investigation. At the heart of inquiry is the learner herself, grappling with data and
making sense of some event or phenomenon in a social environment.

Inquiry-based teaching is a complex and sophisticated way of teaching that requires
the teacher to have an adequate understanding of scientific inquiry and the nature of
science and inquiry-based teaching approaches (Crawford 2000, 2007). The kinds of
inquiry conducted in classrooms should reflect a range of scientific work beyond that
of experiments, including using observational methods and historical reconstruction
(Duschl et al. 2007; Millar 1989). This kind of teaching requires significant profes-
sional development and support. Many teachers do not have adequate preparation in
science to create a successful inquiry-based environment (Krajcik et al. 2000), or
they simply may not understand what inquiry is (Anderson 2002), or not have beliefs
and views that support this kind of teaching (Gallagher 1991; Lederman 1992; Luft
2001). The problem is more acute at the elementary and middle school levels, where
teachers generally have little or no formal science training and lack familiarity with
the fundamentals of scientific inquiry (Loucks-Horsley et al. 2003).

3.2 Theoretical Framework
The theoretical framework guiding the design of my research and assertions offered
in this chapter include two main areas, social constructivism and authenticity.

3.2.1 Social-Constructivist Perspectives of Learning

This view of learning aligns with the recent framework and assessments in the PISA
project (see Bybee et al. 2009) in which context is important. I view learning from
a social-constructivist perspective, taking the position that knowledge is developed
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in the context of personal experiences in collaboration with others (Driver 1989;
Driver et al. 1994; Vygotsky 1978). In a process of grappling with data to make
sense of it and through negotiation of ideas with peers and experts in a social context,
the learner gains an individual and internalized understanding of science.

3.2.2 Authenticity

The construct of authenticity is an important theoretical construct that underpins my
views of teaching science as inquiry in classrooms. Authenticity relates to class-
room practices similar to those in which scientists engage, including epistemological
and reasoning aspects (Chinn and Malholtra 2002). Authenticity in the science
classroom demonstrates or replicates the kinds of work scientists do and is relevant
to students (Braund and Reiss 2006; Dewey 1938; Hodson 1998; Roth 1995). Just
moving a scientist’s science into classrooms without some modification of the
science content and methods to match the developmental level of students is not
appropriate. The authentic aspect of the science classroom-based instruction
includes transforming the traditional static classroom instruction to include a more
dynamic interaction between the teacher and the learner, as suggested by Rahm
et al. (2003). The importance of the time, place, and situation related to the authentic
nature of a science-learning environment is highlighted by educational learning
theorists (Brown et al. 1989).

An example of authenticity in school science is provided by Rosebery et al.
(1989) in the Cheche Konnen project, a study that provided some evidence for the
importance of connecting inquiry to the lives of diverse children. The learning envi-
ronment was transformed from traditional worksheet-driven instruction to authentic
inquiry for these Haitian middle-level students when they investigated the drinking
water in their school and came up with their own questions. Important consider-
ations include the following: what are the goals of science instruction? For whom
is science authentic? What kinds of developmentally and culturally appropriate
experiences are feasible in classroom situations? How can teachers address aspects
of the nature of scientific inquiry and attend to the developmental and cultural needs
of learners?

3.3 Building upon a Research Agenda Focused on Inquiry

The centerpiece of my research agenda is understanding and developing viable
ways to support teachers and students in using and understanding inquiry.
Together with colleagues, I have carried out a series of empirical studies over the
last several years, investigating how learners, in a range of settings and levels,
gain understandings of the processes, nature, and subject matter of science
through inquiry.
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3.3.1 The Nature of the Studies

These studies include (1) A Middle School Community of Learners, a qualitative
study of my own middle-level students engaged in open-ended projects designed by
the students in collaboration with experts outside the classroom (Crawford et al.
1999); (2) The Community Slough Project, a case study of an experienced high
school ecology teacher who engaged his students in an authentic investigation of a
local river slough with university experts (Crawford 2000); (3) High School Students’
Authentic Summer, a study investigating high school science students participating
in a summer-long research internship at a university and the influence of the experi-
ences on their ideas about scientific inquiry and nature of science (Bell et al. 2003);
(4) The Authentic Research Seminar for Preservice Teachers, a study of adults in a
graduate-level science teacher education course that integrated an authentic research
experience with a campus-based, theory-driven seminar, rich in opportunities for
discussion and reflection (Schwartz et al. 2004); and (5) Teaching Methods and
Modeling, a study of undergraduate college students preparing to teach secondary
science, as they designed investigations of real-world phenomena, then built and
tested models of scientific phenomena using modeling software (Crawford and
Cullin 2004).

3.3.2 Assertions from These Studies

Drawing from these studies, there is growing evidence for a proposed model of
inquiry learning and teaching science in classrooms incorporating three compo-
nents: active investigation, authenticity, and reflection. A summary of some key
assertions based on prior work includes:

* Authenticity, in its various forms, can provide a valuable context for reflection on
aspects of the nature of scientific inquiry (i.e., Schwartz et al. 2004; Schwartz
and Crawford 2004).

* Authentic contexts are those that support the learner in making sense of naturally
occurring events and constructing compelling explanations that justify the time,
resources, and effort needed to set inquiry into action (Crawford et al. 2005).

» Authentic science in classrooms enables students to engage in investigations that
are meaningful to them (e.g., Crawford et al. 1999; Crawford 2000; Krajcik
et al. 1998).

* Guidance by the classroom teacher to facilitate students in collaborating with
others is critical (Crawford 2000; Crawford et al. 1999).

* Authority of the teacher may impede, rather than support, the process of negoti-
ating ideas, and the willingness of the teacher to shift authority to students is
critical for success (Crawford et al. 1999).

In our research team’s recent efforts to understand how to effectively support
teachers and facilitate students in learning to do scientific inquiry, through inquiry,
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and about inquiry, we designed a multiyear project that combines an authentic
scientific investigation, innovative inquiry resources and tools, an interactive data-
based website, and teacher professional development. The basic idea is to immerse
teachers (as learners) and their students in an authentic science investigation. In this
case, the investigation involves classroom students helping scientists learn about
past environments. The learning of science in this project includes core concepts
related to geology and evolutionary theory (Catley et al. 2004). Teachers involve
their students in contributing data to the authentic scientific investigation and in
learning about multidisciplinary concepts such as uniformatarianism, superposi-
tion, diversity, structure-function, deep time, environments, change over time, find-
ing patterns in data, and aspects of nature of science.

In this chapter, I will present some of our preliminary findings from a project
designed to provide authentic experiences for teachers and students and to help
teachers bring their inquiry experiences into their classrooms. I will present evidence
of the kinds of things teachers learned and how teachers began to translate their
knowledge of inquiry to their classrooms and, in turn, how students were engaged
in authentic science experiences and what students learned about scientific inquiry
and key science concepts.

3.4 The Fossil Finders Project: Research to Practice

In January 2008, researchers from the Cornell University Department of Education
and the Paleontological Research Institution (PRI) in Ithaca, New York, collabo-
rated to actively support teachers and children in learning about science inquiry and
concepts related to evolutionary theory. The Fossil Finders project strives to bridge
research to practice by engaging teachers and children in classrooms carrying out an
authentic investigation of Devonian fossils. The goals of the project include helping
children and teachers to understand how scientists use evidence to build theory,
enhance abilities to do inquiry, and stimulate interest in paleontology, biology, and
geology in target demographics (females, low socioeconomic status [SES] and
English language learners [ELL] students). Ultimately, the Fossil Finders project
aims to provide a viable national model for creating effective partnerships between
science museums, science education researchers, and teachers and children in
classrooms. These partnerships could be effective in supporting teachers in providing
inquiry-based, authentic science to their students. The theoretical framework guiding
our work is that learning is associated with meaningful activities. This view is
embodied in the constructs of social constructivism, situated cognition, and cognitive
apprenticeships (Brown et al. 1989; Lave and Wenger 1991).

In the Fossil Finders project, children from two grade spans (5th/6th and 7th/9th)
receive samples of rock (i.e., samples of shale from an Upstate New York State
outcrop) shipped to their classrooms. Teachers help children look for the fossils in
the rock, identify the fossils they find, and measure the fossils and fossil fragments
and note other characteristics (see Appendix for a sample lesson). Teachers and
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Table 3.1 Roles in creating an authentic inquiry-based science classroom

Collaborators Various roles

Scientists Provide research question
Develop protocols for analyzing the fossil data
Use student-contributed data to develop scientific explanations
Provide tools and materials
Develop explanations (reconstruct the geologic past of central New York)
Science education Provide inquiry teaching strategies
researchers Explicit nature of science support
Curriculum development
Liaison between scientists and teachers
Teachers Engage with scientists (in studying past environments)
Facilitate students in gathering and analyzing data (identifying and
measuring fossils, analyzing aggregate data)
Help students understand key science concepts and NOS
Provide feedback on lessons and pedagogy
Change agents in classrooms
Students Identity fossils in rock samples
Enter their class data into an online database
Analyze data
Work with their peers
Help scientists develop explanations (reconstruct the geologic past of
central New York)
Ask their own questions

students use an interactive website and submit their own data to an emerging
database. A key focus is on classrooms with a high proportion of underrepresented
groups of children (whose race and gender are not well represented in the sciences).
The idea of authenticity is front and center in the instructional materials. For example,
teachers are encouraged to say to their students, “We will be the first ones to collect
this (fossil) data. Nobody else has looked at these samples and knows what will be
found! We will use this data to learn about science, share with scientists and other
classes, and perhaps answer some questions of our own or questions posed by
other classes.”

The Fossil Finders project provides a context for students to learn about how the
Earth has changed throughout time. Students begin to piece together an understanding
that New York State (in the northeastern part of the United States) once had very
different environmental conditions from today. Teachers help students to understand
that the area where people live now was not always as it is today. In fact, instead of
fresh water lakes and farmlands, there is evidence of a warm shallow sea. This
understanding of a past environment serves to lay the groundwork to develop more
sophisticated understandings of environmental change.

Teachers, scientists, science education researchers, and students all collaborate
to answer a driving question and enter data on a website (www.fossilfinders.org).
See Table 3.1 for the various roles of collaborators.
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3.5 Supporting Teachers Through Professional Development

To support teachers in understanding inquiry, we planned and carried out a summer
institute in Ithaca, New York. We used the research on professional development
programs (i.e., Loucks-Horsley et al. 2003) and our own research on inquiry-based
teaching (Crawford 2000, 2007) to inform the design of our teacher professional
development. In particular, Loucks-Horsley et al. (2003) describe strategies that
include immersion in inquiry into science and mathematics and immersion into the
world of scientists. In the Fossil Finders project, the focus of our designed profes-
sional development involves an authentic scientific setting conducive to translation
to a science classroom, combined with modeling an inquiry approach with explicit
connections to aspects of nature of science. The centerpiece of the Fossil Finders
project is the authentic paleontological investigation examining how sea life
responded to changes in the environment during the Devonian Period in central
New York.

During the first summer of the project, ten New York State teachers participated
in the 5%2-day summer institute. During this time, we involved teachers in four field
trips; lessons and discussion in a Geology classroom of how to find, identify, and
measure fossils; how to translate ideas of inquiry and nature of science into class-
rooms; sessions of the various versions of inquiry in the national science education
standards; a tour of the Museum of the Earth in Ithaca, NY, highlighted by a behind-
the-scenes look at the work of paleontologists and the world class PRI fossil collections;
and evening discussions of ELL strategies and a session on how to deal with
controversial issues of teaching about evolution.

3.6 Collecting Multiple Forms of Data

To track changes in teachers’ and students’ views of inquiry, NOS, and evolutionary
concepts and of teachers’ practice in their classrooms, we used a mixed methods
approach consisting of a qualitative, interpretive approach informed by Creswell
(1998) and Miles and Huberman (1994), and quantitative data based on pre-post
questionnaires (Woodruff et al. 2011). The data on teacher change included multiple
sources. First, we administered the pre-post teacher questionnaire to all ten teachers
on the first day of the summer institute and immediately following the institute. The
pretest was administered the afternoon the teachers arrived on campus. The pre- and
posttests were identical. Teachers completed the pretest using laptop computers pro-
vided to them the first day and the final day of the summer institute. We asked teachers
not to use outside sources in responding to questions. Second, we conducted a semi-
structured postinstitute teacher interview. Third, we obtained videotape data of all
ten teachers in their classrooms, taken prior to the summer institute as a baseline for
inquiry teaching. Fourth, our team videotaped all teachers in their classrooms as
they carried out the Fossil Finders inquiry-based instruction. Fifth, we used the
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teacher application materials to determine initial views and motivation for
participating in the project. We triangulated analyses of the multiple data sources.

To assess children’s views of inquiry and nature of science and knowledge of
science concepts, the research team and external evaluation team identified and
developed student instruments that specifically addressed the goals and content of
the Fossil Finders project. Several valid and reliable items were identified and used,
with permission, to construct instruments for the project. Additional items were
developed by Fossil Finders project personnel in order to assess content for which
no appropriate existing, valid items were available. The Fossil Finders Student
Questionnaire Form E was developed for elementary students (Grades 5 and 6) and
included two subscales and six questions collecting demographic data. The first
subscale, “Content Form E (elementary level),” addressed Fossil Finders science
content knowledge and included 14 multiple-choice items. The second, “VNOS
Form E,” subscale was adapted with permission from the Views of Nature of Science
Elementary School Version (VNOS-E) (Lederman and Lederman 2005) and included
six open-response items. Form S (secondary level) and Form E of the student
questionnaire can be available from the author upon request.

3.7 Teachers’ Changes in Views and Knowledge and Practice

In our preliminary data analyses, we detected positive changes in all ten teachers’
views of inquiry, NOS, and of earth and evolutionary concepts, pre to post. Following
the Fossil Finders professional development experience, teachers demonstrated a
more informed understanding of some aspects of NOS and science inquiry, includ-
ing how scientists reach different conclusions from the same evidence, and the
importance of data and its relationship to evidence. For example, one Sth-grade
teacher, WK developed a more informed understanding of the nature of scientific
inquiry, in addition to targeted science concepts. There is evidence that at the begin-
ning of the professional development, WK held the naive idea that there is a single
scientific method — in other words, scientists always follow one particular set of
steps (a misconception depicted in many science textbooks). Evidence of this view is
the response on the prequestionnaire. WK wrote, “Yes, I think it does need to follow
these steps to ensure an accurate result.” Through her experiences in the summer
institute, WK developed a more informed understanding that scientists use multiple
methods, and they selected a particular research method, depending on the type of
research question investigated. Regarding inquiry, many teachers, at first, demon-
strated a “confused” view of inquiry and equated inquiry with simply, “hands-on
teaching.” For example, a teacher initially stated, “inquiry teaching is hands-on
work, that includes questioning and discovering (VM).” The problem with this view
is that teachers may miss the important aspect of inquiry-based teaching in which a
teacher moves students from simply collecting data, to using data as evidence in
developing explanations, and connecting their explanations to scientific views.
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3.8 Teachers Translating Their Views to Their Classrooms

Moving beyond enhancing teachers’ knowledge, our research team is interested in
the question, what is the evidence of teachers translating their knowledge and views
of inquiry to their own classrooms? Following the summer institute, we visited
teachers’ classrooms and videotaped several lessons associated with the Fossil
Finders curriculum. Representative examples of how students engaged in essential
features of inquiry in their science classrooms during the Fossil Finders project
appear in Table 3.2.

To assess changes in teaching practice, we videotaped a lesson suggested by each
teacher earlier that spring. We used this lesson as a baseline to detect changes, if any,
in their teaching approaches, by comparing with postvideos. Preliminary analyses of
pre-post lessons revealed that all teachers demonstrated at least some positive move-
ment toward using more reformed-based ways of teaching, including using more
than one or two features of inquiry-based instruction (see Capps and Crawford
2010). Given the complexity of teaching, we understand the limitations of using one
videotaped lesson (pre) as a means to assess a teacher’s practice. Videotapes of
single lessons cannot capture all the nuances of teaching. However, we also ana-
lyzed teacher responses to written questions and conversations to triangulate our
data and attempted to portray the most accurate representation of these teachers’
view of teaching science.

Table 3.2 Essential features of inquiry in the Fossil Finders classroom (Adapted from NRC
2000)

Feature (abbreviation) Description of feature

Example in classroom

SQ scientific question

DE data as evidence

EE evidence-based
explanations

SE scientific

explanations

CD communicating
and defending

Learner engages in answering a
scientifically oriented
question

Learners gathers (or is given)
data to use as evidence for
answering the question

Learner grapples with and
analyzes data to develop
evidenced-based explanations
and answers by looking for
patterns and drawing
conclusions

Learner connects the explana-
tions with those explanations
and concepts developed by
the scientific community

Learner communicates, justifies,
and defends explanations

Learner asked to help answer, how
did sea life respond to the
environment in New York State,
nearly 400 million years ago?

Learner identifies and measures
brachiopods, clams, trilobites,
and other fossils he or she finds
in shale samples

Learner makes graphs of kinds and
size of fossils, enters his or her
data into an online database, uses
data as evidence, using fossils as
clues to what the area was like
nearly 400 million years ago

Learners connects her explanations
of the past environment with
those of paleontologists and
geologists

Learners discuss class findings
among peers and post a report on
the project Fossil Finders website
in the student-scientists area
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In observing teachers enacting the Fossil Finders curriculum and investigation,
there were many instances of teachers delving deeper into the use of evidence with
their students. Prior to the PD, one fifth-grade teacher, Kristen, involved her students
in “hands-on” activities; however, the use of essential features of inquiry was limited
to that of “asking students questions.” For many teachers, we observed them asking
primarily closed-ended, “yes” or “no” questions to their students. Many questions
were not scientifically oriented. After the professional development, there was
evidence that teachers made a point to ask students to think about the difference
between observations and inferences. Specifically, Kristen began to ask more scien-
tifically oriented questions. She began to press her students to consider the use of
data as evidence for their explanations.

3.8.1 Kristen’s Teaching Practice: Pre

Prior to the professional development, Kristen’s teaching was characterized as
hands-on and issue-based instruction, with an emphasis on vocabulary words. In
her application to the program, Kristen described a unit on recycling. Her main
objective was to instill lifelong stewardship. She explained that “The Kickoff
Lesson” was presented by a guest speaker from our community — Greta Garbage
who visited our class and spoke about the significance of recycling and the conse-
quences of landfills. The lesson included several read aloud mini-lessons, which led
to small group discussions and independent reflection. What Kristen called
“experiments” in her unit were indeed interesting, but not aligned with our view of
inquiry-based teaching. Classroom videotape data showed Kristen asking her
students questions; however, these questions were generally fact-based questions, such
as “What are the differences between reptiles and amphibians,” or questions that can
be answered by looking up information in textbooks: “Can amphibians breathe
water? That’s the question we need to answer.”

Analysis of Kristen’s prevideo showed her 5th-grade students working at various
lab stations. Students moved from one station to the next, after completing tasks.
At the stations, students made observations of dragonfly wings under a microscope,
looked at reptiles (live turtles), completed a worksheet on photosynthesis, and a
worksheet on amphibians. Students worked quietly in groups of three. In the video,
one can hear an aide speaking Spanish with a student in the background. At the
photosynthesis station, Kristen asked students to write down definitions and copy
the chemical equation for photosynthesis. However, the teacher did not probe students
for their understanding of photosynthesis or encourage them to ask questions at the
various stations.

In this prelesson, although students were busy “doing things,” there was lim-
ited evidence of the essential features of inquiry in this classroom. The teacher did
begin her instruction by asking questions of her students. Beyond the initial ques-
tions, the teacher did not scaffold her students in answering these questions (unless
she expected them to go to outside resources, but this was not discussed in the
video).
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3.8.2 Kristen’s Teaching Practice: Post

Videotaped classroom observations following the Fossil Finders professional
development showed evidence of Kristen involving her students in inquiry beyond
that of asking them closed-ended questions. In the lesson description below, Kristen
helps students to distinguish between observations and inferences.

MV_093008_TrickyTracks.wmv
Teacher puts Tricky Tracks transparency slide on overhead projector. Students write in their
journal responses to the prompt, “What do I see?”

Students make Journal entry; included some illustration, and students discussed with peers
what they observed.

~8:46 — Teacher Prompted Group Discussion

Tell the size or nature of the organism?

Teacher asks students to recount their inferences. How many of you thought there were two
types of animals? Why? Are you making inferences about size of animal based on size of
footprints? Are there two individuals?

~10:39 — Connecting observations to stories. Past experiences — walking in the snow.

Journal Entry: Sequence of events explaining what is observed on the slide.

Following class discussion, teacher asks, if they are dinosaurs, then what were the dinosaurs
doing? Teacher (class consensus?) speaks of the tracks as representing dinosaur tracks.
She asks, why are the dinosaurs fighting? For food?

If they are fighting over food, what did environment look like? What did these dinosaurs eat?

In the lesson segment above, Kristen, through a series of questions and follow-up
prompts, facilitates her students in developing explanations based on evidence, an
essential feature of scientific inquiry. She also scaffolds her students in distinguishing
between observations and inferences, a tenet of nature of science. One of the
misconceptions that can get in the way of children understanding evolutionary
theory is the lack of understanding how scientists develop a theory. A scientific theory
is a way to explain a phenomenon and is not just an educated guess, but built on a
great deal of evidence over time.

These preliminary findings from the first year of the Fossil Finders project provide
evidence of improvement in teachers’ views of science, understandings of nature of
science, and understandings of some evolutionary concepts, and abilities to use inquiry-
based approaches in their teaching practice following the professional development.
We cannot claim cause and effect, but it is likely teachers’ growth and apparent changes
in practice are associated with their professional development experiences and use of
the Fossil Finders curricular materials. We are beginning to find more evidence of these
changes in teacher practice, and our current studies reveal more robust findings.

3.9 Impact on Student Learning of Scientific Inquiry

Ultimately, we are interested in the impact of inquiry-based instruction on student
learning of science concepts, principles, and nature of science. Specifically, do
students understand more about what science is, from engaging in the Fossil Finders
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Table 3.3 Form E (elementary) respondent student gender and race/ethnicity

Participant Comparison
Race/ethnicity Female Male Total Female Male Total
African-American 16 17 33 26 21 47
Native American/Alaskan Native 1 2 3 3 1 4
Asian or Pacific Islander 1 2 3 0 1 1
Hispanic/Latino(a) 3 0 3 22 10 32
White (not Hispanic/Latino)(a) 11 16 27 17 25 42
Other 10 7 17 8 13 21
Total 42 44 86 76 71 147

inquiry-based instruction? To assess the effectiveness of the Pilot Fossil Finders
materials, we constructed student assessments (pre and post). The developed instru-
ments have three scales: content science knowledge items, NOS items, and inquiry
items. We administered these assessments to students in our Pilot teachers’ classrooms,
at the beginning of the school year 2008 and near the end of the school year Spring
2009. Additionally, we asked our teachers to select a comparison teacher (not involved
in the project, but teaching similar classes in the same grade level and in the same
school) to provide a control group of students. The comparison teacher administered
the pre- and posttests to classes similar to those of the Fossil Finders teachers.

In total, 86 fifth-grade students participated in the first year of the Fossil Finders
program, representing a wide range of race/ethnicity (see Table 3.3 for displays of
respondent race/ethnicity and gender for participant and comparison groups). As
shown in Table 3.3, most of the Form E (elementary) prequestionnaire respondents
indicated either African-American (32% of participant; 38% of comparison) or
White (29% of participant; 31% of comparison) as their race/ethnicity. Male and
female respondents were relatively evenly distributed for each group.

Significant differences were found between the Fossil Finders elementary students’
and comparison students’ postcontent knowledge scores and understanding of certain
aspects of the nature of science and inquiry (see Woodruff et al. 2011). In an effort to
provide a control in the study, the students in the comparison classrooms had science
lessons during the same time period as the children in the project classrooms, and
these lessons related to similar subject matter. But we did not have specific informa-
tion on the exact lessons used in each comparison classroom, only that the subject
matter was similar. While comparison group students’ performance improved on the
content knowledge subscale, no improvement was seen in their understanding of
inquiry and NOS. Further, ANOVA results suggest that differences in gains between
Fossil Finders students and comparison students were attributable to exposure to
Fossil Finders materials. See Fig. 3.1 for a display of students’ pre- and post-Rasch
mean scores of change in views of nature of science by Fossil Finders participation.
A summary of the preliminary, first-year data analyses appears below:

* Fossil Finders elementary student mean scores improved on all but one item on
the subject matter knowledge assessment, with 4 (of 13) items demonstrating
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Fossil Finders: Students’s Views of the
Nature of Science_Form E
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Fig. 3.1 Students’ pre and post Rasch mean scores on “VNOS Form E” by Fossil Finders
participation

statistically significant gains. Students demonstrated a better understanding of
important Earth science and evolutionary concepts, including (a) impact of
environmental change on organisms, (b) the law of superposition, and (c) fossil-
forming processes.

* Fossil Finders elementary student mean scores improved on 5 of 7 items measur-
ing knowledge of the nature of science. Students demonstrated a more informed
understanding of two critical concepts, including (a) the tentative nature of
science and (b) the use of creativity and imagination in scientific investigations.
Interestingly, students were not able to articulate an informed definition of
science in response to the question, “What is science?” either before or after
exposure to the Fossil Finders materials.

We had evidence that elementary-level students in the Fossil Finders project
classrooms gained a more informed understanding of one aspect of nature of science,
that of scientists’ use of creativity and imagination. In answering the question, why
do scientists disagree about why and how dinosaurs died (Q5), refer to Fig. 3.2 for
a display of a one student’s matched pre- and postquestionnaire responses to this
item and see examples used in the scoring of the pre- and postresponses. In the pre-
response, this student views science as basically a collection of facts. In the postre-
sponse, this student indicates that in this kind of science (paleontology), one can
never really know “because they don’t have a time machine to go back in time.”
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“They disagree because all facts have different “They disagree because they are different people.”
senaroes [sic] unless you have all the facts so (Scored as a 3)

they might not have all the facts” (Scored as a 1)

Fig. 3.2 Sample pre and post responses to VNOS — E Item 5

3.10 Conclusion

In this section, I return to the main question posed in this chapter, how can we move
science as inquiry into the classroom? Preliminary findings from our recent project
add support to the hypothesis, if there is an intense focus on authenticity during
teacher professional development, this focus can strengthen a teacher’s abilities to
carry out inquiry-based instruction and facilitate students in learning science. This
finding aligns with social constructivist and situated cognition theories of learning
(Brown et al. 1989; Lave and Wenger 1991).

As we continue to work collaboratively with teachers and scientists to further
develop and refine the Fossil Finders inquiry-based curriculum, we are working
toward developing a model of an inquiry-based community of learners in a science
classroom (Crawford et al. 2009). Our emerging model gives teachers specific roles;
teachers not acting as passive participants in a professional development experience,
but as active inquirers and agents of change. When our teachers are given opportunity
to participate in authentic science, they demonstrate greater confidence in enacting
inquiry-based instruction in their classrooms; their enthusiasm, in turn, increases,
and we see evidence of motivated and engaged students in their classrooms.

Moving students toward an understanding and appreciation of the enterprise of
science can enable the individual, regardless of race, culture, gender, and social
class, to continue to build on his or her previous knowledge of science throughout
life. In this way, a person may better participate as a citizen in understanding con-
troversial and difficult issues, such as factors that may contribute to global climate
change. The method of moving all learners toward a deeper understanding of
science, first and foremost, positions students in active participation in authentic
inquiry in education settings. When children engage in real-world, authentic
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investigations, connect their prior knowledge to new learning experiences, and are
supported by a knowledgeable other in learning the cultural tools of science, they
will gain a deeper understanding of science. The important point is that the teacher
needs to hold, himself or herself, a well-developed view of what science is and of
the pedagogy required for supporting children in their own thinking about science
as inquiry.

In creating an authentic context that scaffolds children in pursuing answers to
scientific questions, it is important that the questions have some importance to the
life of the learner. Children have a good sense that “made-up” scientific questions,
designed only for classroom use, are just that — prefabricated and decontextualized
exercises that strive to teach scientific facts and procedures, with little regard for the
nature of the learner. Authenticity to the learner does not necessarily mean that the
topic is of cutting-edge importance to research scientists. The authentic science
investigation may likely be embedded in a local community problem requiring a
systematic approach for answering a question. The findings may not revolutionize
the scientific world, but the experience may revolutionize the learner’s thinking. An
ultimate goal in science education is for the learner to reflect on his or her own
learning, and it is this component of learning that will position the student in
sustained curiosity and a lifelong quest for understanding science.
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Appendix
Lesson Description

This 5-day paleontological investigation engages students in authentic scientific
inquiry. Through this investigation, there are many opportunities to discuss evolu-
tionary, geological, and nature of science concepts. Students will learn about
collecting, compiling, and interpreting data related to a population of fossils. After
collecting the data, students will then enter their data into an online database and
analyze and interpret the data they collected. The online database can also be used to
share data with other classes and scientists and look for trends in the data beyond
one’s own class.
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An Excerpt of the Lesson

e Say: We will be the first ones to collect this data. Nobody else has looked at these
samples and knows what will be found! We will use this data to learn about science,
share with scientists and other classes, and perhaps answer some questions of our
own or questions posed by other classes.

» Explain how to fill out each sheet.

* For brachiopods and bivalves (sheets 1 and 2) students will measure in millimeters
(mm’s) in the A direction and B direction indicated on the handouts and PowerPoint
slides (see example below). They will also indicate the color of the fossil and
fragmentation.

* For all other organisms (sheets 3 and 4) the students need to first record what
type of fossil they are measuring. Next they will measure length, width, color
and fragmentation (see examples on the PowerPoint).

Data Analysis

Explain

The explanation portion of the investigation should take about 1-2 class periods but
could take more if your students are engaged. The class should have already entered
their data into the database. Elementary grades should focus on producing graphs
from the first two data plots: Relative Abundance of Organism within a Sample and
Distribution of Organism Sizes.

Within a sample of the database; however, feel free to use the other graphs as
well. At the end of this section, elementary students will have recreated what pro-
portions of different kinds of organisms would have lived in the Devonian Sea in the
area they were studying. From this, they can begin to infer what the sea may have
looked like based on the data they collected from their fossils.

(Relative Abundance of Organisms within a Sample) — If students have access to
computers (or if there is a projector in the classroom), ask students to click on View
Reports and create a graph showing relative abundance using the database. Have stu-
dents use the graph they produce to consider how the data they collected gives clues to
what the area was like nearly 400 million years ago? Students should select their
sample from the drop-down list and click the graph button in the bottom-right hand
corner of the box. Based on what they found in the rocks, what do they think the area
where their rocks formed looked like during the Devonian Period (360 and 415 million
of years ago)? What might it have been like if they snorkeled through the area? What
would the Devonian Sea have looked like ~400 million years ago? How do they know?
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Chapter 4

Conceptual Change: Still a Powerful
Framework for Improving the Practice
of Science Instruction

Reinders H. Duit and David F. Treagust

4.1 Introductory Remarks

This is a position paper that draws on recent, more elaborated reviews of the state of
conceptual change conceptions in science education research. The first review was
written for a handbook on conceptual change (Duit et al. 2008). The second review
appeared in a special issue of the journal Cultural Studies of Science Education
(Treagust and Duit 2008a). This special issue includes two papers attempting to
outline major features of the state of research concerning conceptual change (our
paper) and social cultural studies (Roth et al. 2008). Both papers are commented by
authors from the social cultural studies camp (our paper) and by conceptual change-
oriented authors (the paper by Roth et al.). Our response to the comments further
clarifies the conceptual change view we hold (Treagust and Duit 2008b). In the
following, we will summarize our views that are more fully outlined in the mentioned
documents.
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4.2 Theoretical Developments in the Area
of Conceptual Change

4.2.1 Students’ Conceptions: Towards Multiple
Conceptual Changes

Students may come to science classes with pre-instructional conceptions and ideas
about the phenomena and concepts to be learned that are not in harmony with science
views. Furthermore, these conceptions and ideas are firmly held and are often resis-
tant to change. Initially, research in the 1970s focused on conceptions on the content
level. Whilst such studies continue to be produced, investigations of students’
conceptions at meta-levels, namely, conceptions of the nature of science and science
processes (McComas 1998; Lederman 2007) as well as meta-cognitive views of
learning (Baird and Mitchell 1986), have been given attention only in the late 1980s
and 1990s. It turned out that usually multiple conceptual changes of all three aspects
are necessary.

As the term ‘conceptual change’ invites several misunderstandings, it is necessary
to point out that in ‘mainstream’ conceptual change research, this term has not been
interpreted as ‘exchange’ of ideas. Research has clearly shown that a simple
exchange of students’ pre-instructional (‘alternative’) conceptions is not possible:
‘Conceptual change is considered not as a replacement of an incorrect naive theory
with a correct theory but rather, as an opening up of conceptual space through
increased meta-conceptual awareness and epistemological sophistication, creating
the possibility of entertaining different perspectives and different point of views’
(Vosniadou 2008).

4.2.2 Teachers’ Conceptions: A Major Obstacle
Jor Efficient Teaching

Research starting in the 1980s has shown that many teachers hold conceptions of
science concepts that are not in accordance with the science view and often are similar
to students’ pre-instructional conceptions. It became also evident that many teachers
hold limited views of the teaching and learning process as well of the nature of
science and science processes (Duit 2009; Duit et al. 2008). Hence, teachers’
conceptions of various kinds also need to undergo conceptual changes. Basically,
the same conceptual change frameworks for addressing students’ conceptions have
proven valuable to develop teachers’ conceptions (Hewson et al. 1999). To further
develop and hence change teachers’ conceptions of various kinds is generally seen
as a major issue in attempting to improve instructional practice (Anderson and
Helms 2001; Borko 2004; Abell 2007).
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4.2.3 The ‘Classical’ Conceptual Change Approach

Research on the role of students’ pre-instructional (‘alternative’) conceptions in
learning science developed in the 1970s primarily draws on two theoretical perspec-
tives (Driver and Easley 1978): Ausubel’s (1968) dictum that the most important
single factor influencing learning is what the learner already knows and on Piaget’s
idea of the interplay of assimilation and accommodation. The ‘classical’ conceptual
change approach introduced by Posner et al. (1982), which may be briefly charac-
terized by the quadriga of ‘dissatisfaction, intelligibility, plausibility and fruitfulness’,
draws on Toulmin’s metaphor of conceptual ecology, T. S. Kuhn’s view of
revolutionary and evolutionary changes of concepts in the history of science and
also on Piaget’s terms, assimilation and accommodation. The ‘classical’ approach
clearly has been the most influential perspective in the domain of conceptual change.
However, it has been further developed in various ways as will be outlined below.

4.2.4 Affective Variables

The ‘classical’ conceptual change approach — at least implicitly — includes affective
variables as influential factors (moderating variables) in facilitating conceptual
change. Pintrich et al. (1993), therefore, overstated matters when accusing the
classical approach being primarily or even totally cognitively oriented. They explicitly
argued that affective variables are essential in fostering conceptual change. Drawing
on their seminal paper, the role of affective variables was more fully investigated in
the 1990s (e.g. Tyson et al. 1997). Usually, however, affective variables were primarily
seen as variables needed to support conceptual change. But it appears that neglected
affective variables such as interest or self-concept have to be deliberately developed
during instruction, so these variables also have to undergo conceptual change. In
other words, affective variables like interest need to be developed through notions
of intelligibility, plausibility and fruitfulness in order to be realized. More recently,
Zembylas (2005), who argues for the necessity of linking cognitive and emotional
variables of science learning, sees both variables of equal status in the learning
process. However, the kinds of linking that are needed are still not clear. Further
work, both theoretically and empirically, is needed.

4.2.5 Constructivist Views and Conceptual Change

Conceptual change perspectives are closely linked to constructivist epistemological
views. More recently, we witnessed a development of constructivist views from
initially (in the 1980s) radical constructivist views focusing on the construction of
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the individuals towards multi-perspective constructivist views (Taber 2006). These
views include features of radical constructivism and social constructivist (as well as
social cultural) origins (Phillips 2000). More recent conceptual change views often
are embedded in such multi-perspective constructivist views — or at least should be
based on these views. However, more work is also needed here, for example, in
which way the epistemologically different perspectives may be linked needs further
theoretical considerations. So far, there is still a certain danger that a mere patch-
work of epistemological perspectives is applied. It also has to be further investigated
what it means that perspectives are complementary. The previously mentioned special
issue of the journal Cultural Studies in Science Education may be seen as an attempt
to address such questions (Tobin 2008).

4.2.6 Towards More Inclusive Conceptual Change Views

The development of conceptual change views from the early 1980s to the present
state may be characterized as a progression towards more inclusive views. On the
one hand, these more recent views allow addressing the dynamics of teaching and
learning processes more comprehensively than the initial views (like the ‘classical’
view). However, the theoretical frameworks have become more and more complicated
and may cause serious problems for teachers using them in regular classrooms as
will be argued below.

4.3 Efficiency of Conceptual Change-Oriented
Instructional Design

Usually, researchers who use a conceptual change approach in their classroom-based
studies report that their approach is more efficient than traditional ones. Efficiency
concerns predominantly cognitive outcomes of instruction. The development of
affective variables during instruction is often not viewed as the outcome per se.
Only more recent multi-dimensional conceptual change perspectives as outlined
above consider both cognitive and affective outcomes (Tyson et al. 1997; Zembylas
2005). With regard to cognitive outcomes, there appears to be ample evidence in
various studies now that these approaches are more efficient than traditional
approaches dominated by transmissive views of teaching and learning. This seems
to be the case in particular if more inclusive conceptual change approaches based on
multi-dimensional perspectives are employed (Duit et al. 2008). Recent large-scale
programmes to improve the quality of science instruction include instructional
methods that are clearly oriented towards constructivist conceptual change
approaches (Beeth et al. 2003; Ostermeier et al. 2010). A large spectrum of conceptual
change-oriented instructional methods has been developed the past decades
(Widodo 2004). Particular attention was given to cognitive conflict. Cognitive
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conflict plays a major role in Piagetian approaches such as the ‘learning cycle’
(Lawson et al. 1989) but also in ‘constructivist teaching sequences’ (Driver 1989).
Research has shown, however, that much care is needed if cognitive conflict strategies
are used for facilitating conceptual change. It is not only necessary to carefully
ensure that students experience the conflict but also consider the role of specific,
usually small scale, sudden insights within the long-lasting gradual process of
conceptual change (Vosniadou and Ioannides 1998).

4.4 Embedding Conceptual Change into Models
of Instructional Planning

Beeth et al. (2003) argue that the following three characteristics of quality development
approaches are essential for improving instruction: (1) supporting teachers to rethink
the representation of science in the curriculum; (2) enlarging the repertoire of tasks,
experiments and teaching and learning strategies and resources; and (3) promoting
strategies and resources that attempt to increase students’ engagement and interests.
They claim that not only conceptual change-based instructional methods need to
be introduced in order to improve teaching and learning of science but that also the
traditional science content structure needs to be changed. The term content structure
includes the particular content elements and the relations of these elements. The
content structure for instruction needs to be designed taking into account the actual
knowledge of what we know about students’ pre-instructional conceptions and
learning processes from conceptual change studies. Interestingly, this issue seems to
be neglected or given only little attention in many studies on conceptual change.
However, it seems to be essential to embed studies of conceptual change in models
of instructional planning that deliberately take into account the aims of instruction
and the student cognitive and affective perspectives when planning content structure
for instruction. It seems that the Model of Educational Reconstruction (Duit et al.
2005b; Duit et al. 2012) provides such a theoretical frame. Within the framework of
the model, the following three tasks are intimately linked: (1) clarification and analysis
of science subject matter (e.g. in the field of evolution, energy or combustion), (2) taking
into account student perspectives (cognitive and affective) with regard to the
phenomena and (3) design of learning environments that deliberately support student
learning processes.

4.5 Conceptual Change and Instructional Practice

It seems that conceptual change ideas so far do not inform practice to a considerable
extent. Anderson and Helms (2001) argue that teachers usually are not well informed
about the recent state of research on teaching and learning and hold views that are
predominantly transmissive. This is true not only for the domain of science education
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but also for the individual professional development of teachers in other domains
such as mathematics (Borko 2004). Some studies providing information on teachers’
views about teaching and learning also include findings on teachers’ ways of teaching
(Anderson and Helms 2001; Jones and Carter 2007). Lyons (2006, p. 595) summa-
rizes interpretive studies on students’ experiences in Sweden, England and Australia
in stating: ‘Students in the three studies frequently described school pedagogy as
the transmission of content expert sources — teachers and texts — to relative passive
recipients’. Video studies on the practice of substantially large samples of teachers
in science and mathematics revealed basically the same findings. The seminal
TIMSS Video Study on Mathematics Teaching (Stigler et al. 1999) compared the
practice of mathematics instruction in the United States, Japan and Germany.
Instruction was observed to be primarily teacher-oriented, and instructional scripts
based on transmissive views of teaching and learning predominated. The TIMSS
Video Study on Science Teaching (Roth et al. 2006) investigated instructional scripts
in Australia, the Czech Republic, Japan, the Netherlands and the United States.
Again, the predominating impression was instructional scripts informed by tradi-
tional transmissive views of teaching and learning. However, instructional features
oriented towards constructivist conceptual change perspectives, though not fre-
quent, did occur in both studies to different degrees in the participating countries.

A video study on the practice of German and Swiss lower secondary physics
instruction also revealed basically similar predominating instructional scripts (Duit
et al. 2005a; Seidel et al. 2005). As part of a pilot study, Widodo (2004) investi-
gated teachers’ instructional behaviour explicitly from constructivist perspectives
and also analysed to what degree the practice could be seen as informed by concep-
tual change views of teaching and learning. Analysis of the data gained in these
studies showed that most teachers are not well informed about key ideas of concep-
tual change research. Further, their views about their students’ learning usually are
not consistent with the state of recent theories of teaching and learning. Many
teachers appear to lack an explicit view of student learning. Considerations about
the content to be taught predominate teacher planning. Reflections about students’
perspectives and their role in the learning process play a comparably minor role
(Duit et al. 2007).

4.6 Conceptual Change and Teacher
Professional Development

As briefly mentioned previously, investigating teachers’ views of teaching and
learning science and the means to improve teachers’ views and their instructional
behaviour through teacher professional development have developed into a research
domain that has been given much attention since the late 1990s (Borko 2004;
Harrison et al. 2008; Abell 2007). Two major issues are addressed in these teacher
professional development projects. First, teachers are made familiar with research
knowledge on teaching and learning by being introduced to recent constructivist
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and conceptual change views and are introduced to instructional designs that are
oriented towards these views. Second, how teachers link their own content knowl-
edge and their pedagogical knowledge is an essential aspect of this process; only
when teachers can effectively relate these two knowledge bases will constructivist
and conceptual change views be implemented in an effective manner (van Driel
et al. 1998; West and Staub 2003).

Consequently, the process of teacher professional development can be viewed as
a set of substantial conceptual changes that teachers have to undergo. Learning to
teach for conceptual change means ‘that teachers must undergo a process of
pedagogical changes themselves’ (Stofflett 1994, p. 787). The conceptual change
perspectives developed to analyse and improve student learning have also proven to
be the basis of a valuable framework for teacher learning (Hewson et al. 1999).

4.7 Challenges for Future Research and Development

Research on conceptual change in science offers several challenges for the further-
ing of this field of scientific and educational endeavour. These challenges are
(a) conceptual — with the need to consider the usefulness of the term conceptual
change, (b) theoretical — with the need to examine conceptual change from multiple
perspectives, (c) methodological — with the need to determine the necessary and
sufficient evidence for identifying conceptual change and (d) universally practicality —
with the need to bring successful conceptual change teaching approaches to normal
classrooms.

Challenge 1. Is conceptual change still an adequate term to indicate its actual
meaning?

The above overview of the development of theoretical conceptual change
perspectives shows that conceptual change has grown to one of the leading paradigms
in research on teaching and learning. It is interesting to see a continuous progress
since early conceptual change research occurred and to realize that the definition of
what changes in conceptual change has revised substantially over the past three
decades (Duit et al. 2008). Initially, the term change was frequently used in a some-
what naive way — if seen from the inclusive perspectives that have since developed.
The term conceptual change was even frequently misunderstood as exchange of the
students’ pre-instructional (or alternative) views for the science view. The meaning
of change in the ‘classical’ conceptual change view (Posner et al. 1982), however,
is somewhat far from the actual predominating view outlined, for instance, by
Vosniadou and Ioannides (1998). They claimed that learning science should be
viewed as a ‘gradual process during which initial conceptual structures based on
children’s interpretation of everyday experience are continuously enriched and
restructured’ (p. 1213).

Taking into account that misunderstandings of the term conceptual change may
be invited by various meanings of change in everyday language and considering the
substantial changes of the initial meaning of conceptual change, it may be timely to
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replace that term. We agree with Kattmann (2007) that his term ‘conceptual
reconstruction’ more appropriately indicates the actual meaning predominating as
outlined above, and we recommend the use of this latter term be considered in
future to indicate conceptual learning (Treagust and Duit 2008b).

Challenge 2. Research on conceptual change needs to take into account multiple
perspectives, including knowledge of the essential defining elements of the theoretical
frame and affective variables.

As outlined above, the state of theory building on conceptual change has become
more and more sophisticated, and the teaching and learning strategies developed
have become more and more complex over the past 30 years (see also Limon and
Mason 2002 as well as Sinatra and Pintrich 2003). Whilst these developments are
necessary in order to address the complex phenomena of teaching and learning
science more and more adequately, several demands are affiliated with these
achievements:

(a) On the theoretical plane: As briefly outlined above, it is necessary to further
investigate in which way the various theoretical perspectives brought together
are linked and may constructively interact in a complementary way.

(b) Particular attention has to be given to the more recent notion that instruction
should give cognitive and affective outcomes equal attention, that is, both have
to be developed.

(c) On the empirical plane: Research methods applied need to address the various
perspectives (see below).

(d) On the plane of improving instructional practice: Multiple perspectives are
particularly demanding for the teachers who have to transfer the findings into
practice (see below).

In a nutshell, research on conceptual change has developed to a rich and signifi-
cant domain of educational research since the 1970s. The theoretical frameworks
and research methods developed allow fine-grained analyses of teaching and learning
processes. The findings of research provide powerful guidance for the development
of instructional design for science education that societies need. However, various
demands still need to be addressed.

Challenge 3. Conceptual change approaches of teaching and learning science need
to be embedded in more inclusive models of instructional planning.

The focus of many studies in the field of conceptual change is primarily on
improving the way science is taught. Conceptual change denotes, in most studies,
developing student pre-instructional ideas towards the science point of view by con-
ceptual change-oriented instructional methods. However, it is necessary to give
equal attention to traditional science content structures for instruction from the
perspectives of the aims of instruction and the learners (Fensham 2001). In other
words, it is essential to embed conceptual change approaches into models of instruc-
tional planning that take into account the intimate interaction of all components of
instruction, namely, the aims of instruction, the structure of the science content
taught in instruction, the instructional methods employed and students’ prior
knowledge as well as their interests and self-concepts. In many conceptual change
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studies, such an inclusive theoretical frame is not explicitly taken into account.
Hence, it is necessary to further develop existing models like the Model of
Educational Reconstruction (Duit et al. 2012).

Challenge 4. Determine the necessary and sufficient evidence for identifying
conceptual change.

Typically, researchers of students’ conceptual change collect data from written
tests, interviews and, less frequently, think-aloud protocols. However, reports of
conceptual change often simply refer to changes in concepts, such as on a test,
without any identification of the learning processes that have taken place. In addition,
it is often the case that more than one source of evidence — for example, classroom
observations of a students’ discussion with the teacher in addition to interviews — is
needed to judge conceptual change. Even when a theoretical framework is clearly
enunciated, there are often different interpretations of the data, and oftentimes these
decisions are not unambiguous.

Research as outlined in the first lines of the above paragraph is often quite near
the ‘classical’ conceptual change perspective. As has been argued, multi-perspective
views are needed in order to address the complexity of teaching and learning
processes more adequately. Therefore, a wider spectrum of research methods is
necessary, for example, including variants of learning process studies with a certain
focus on discourse analyses. In other words, mixed method studies including
quantitative and qualitative data have to be further developed and applied.

Challenge 5. Bring successful conceptual change teaching approaches to normal
classrooms.

Successful teaching that has outcomes of students’ conceptual change is perhaps
the major challenge for researchers working in the field of conceptual change. As
outlined above, a major contributing factor to the lack of successful implementation
of conceptual change approaches to teaching in normal classrooms is that teachers
usually are not well informed about actual views of efficient teaching and learning
available from the research community. Most teachers hold views that are limited if
seen from the recent inclusive conceptual change perspectives. Further, instructional
practice is also usually far from a practice that is informed by conceptual change
perspectives. Taking into account science teachers’ deeply rooted views of what
they perceive as good instruction, it becomes apparent that various closely linked
conceptual changes on the teachers’ beliefs about teaching and learning are neces-
sary tocommence and setrecent conceptual change views into practice. Consequently,
it appears that the gap between what is necessary from the researchers’ perspective
and what may be set into practice by normal teachers has increased. In order to
bridge the gap between the researchers’ and teachers’ perceptions of conceptual
change, it is necessary to describe how opportunities for conceptual change can be
built on existing teachers’ instructional strategies.

Interestingly, the frameworks of student conceptual change — being predominantly
researched so far — may also provide powerful frameworks for teacher change
towards employing conceptual change ideas. There are attempts to use this potential
as discussed above. However, more research in this field based on the recent inclusive
conceptual change perspectives is most desirable.
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An additional demand seems to be that closer cooperation of various groups
working to improve instructional practice is needed. On the one hand, it seems that
more recent conceptual change perspectives seriously consider the necessity of
improving student scientific literacy and research findings available provide valuable
instructional methods to improve scientific literacy (Duit et al. 2008, pp. 636-637).
On the other hand, the major ‘quality development’ programmes draw on instructional
methods proposed by conceptual change research (Beeth et al. 2003; Ostermeier
et al. 2010). It is also most pleasing that such ‘conceptual change-oriented’ methods
have proven to be more efficient than more traditional methods (e.g. Schroeder et al.
2007). However, closer cooperation between teachers and researchers may allow better
use of the still limited research and development sources for improving practice.

Finally, we would like to point out that research on instructional quality has
shown that usually a single instructional method (like addressing students’ pre-
instructional conceptions) does not lead to better outcomes per se. Quality of
instruction is always due to a certain orchestration (Oser and Baeriswyl 2001) of
various instructional methods and strategies. Hence, conceptual change strategies
may only be efficient if they are embedded in a conceptual change supporting learning
environment that includes many additional features such as specially organized
instruction based on models of teaching.
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Chapter 5
Multimodality in Problem Solving

Shien Chue and Kim Chwee Daniel Tan

5.1 Introduction

Problem solving in chemistry education has constantly intrigued researchers
(Bennett 2008; Bowen and Bodner 1991; Chandrasegaran et al. 2009; Gabel and
Bunce 1994; Krajcik 1991; Tsaparlis and Angelopoulos 2000). In the past, problem
solving in chemistry focused on how students might follow the procedural steps of
understanding the problem, devising a plan, carrying out the plan, and reflecting
upon the actions taken (Bodner and Pardue 1995). While such research had resulted
in new knowledge of how students solve problems through a more cyclical approach
with the use of symbols and diagrams for visual representation of the problem (Lee
and Fensham 1996), a deeper examination of the interactions between the problem
solvers and the given task is required (Bodner and Herron 2002). Research on
problem solving in organic chemistry mostly focuses on students’ cognitive processes
during problem solving (Bhattacharyya 2004; Stieff 2007; Tsaparlis and
Angelopoulos 2000; Zoller and Pushkin 2007). Often, research reiterate claims that
students solve chemistry problems using algorithmic methods and lack understanding
of chemical concepts on which the problems were based (Gabel et al. 2006).
Research is beginning to suggest that the use of multiple representations play an
important role in helping students construct and communicate chemistry knowledge
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(Hand and Choi 2010; Nakhleh and Postek 2008; Yore and Treagust 2006). Recent
studies on students’ learning of organic chemistry (Anderson and Bodner 2008;
Bhattacharyya and Bodner 2005) highlight differences in how teachers and students
use chemical symbols and structures for communicating chemistry knowledge. It
appears that students have difficulty in representing chemical phenomenon using
chemical symbols as well as in developing explanations of chemistry reaction
mechanisms.

However, there has been less focus on students’ use of multiple modal represen-
tations as they engage with problem-solving tasks in the context of organic chemistry.
While researchers highlight the importance of mental models in the development of
problem-solving capabilities (Bodner and Domin 2000; McLoughlin and Taji 2005),
much remains to be elaborated about how students can engage in successful
problem solving through creation of appropriate representations. Similarly, while
graduate students use different representational forms such as verbal and pictorial
representations as a common language for communicating scientific information to
others (Bowen 1990), little is known if science undergraduates do the same (Bodner
and Weaver 2008).

5.2 Multimodality

A multimodal social semiotics epistemology (Kress 2003; Kress et al. 2001) offers
a useful way to examine organic chemistry problem solving. The basic concept of
multimodality positions knowledge as coconstructed through the coordination of
meaning-making resources that is not limited to only language. Language is the
primary medium for reasoning and conceptualization in science as well as reporting
and persuading others about these claims (Lemke 1998). Without language in the
forms of oral, visual, and print, social practices of engagement in knowledge con-
struction are not possible (Norris and Phillips 2003), and this is supported by a study
of the coauthorship process in research laboratories where the quality of writing and
science produced by novice scientists improved after reiterative process of writing
and reviewing with other members of the scientific community (Florence and Yore
2004). Extending beyond speech or writing, semiotic resources such as visuals and
even actions are capable of carrying information that contributes to the overall
meaning that one intends to communicate. By attending to all modes of communi-
cation as part of meaning making, the monolithic emphasis on language as the valued
mode of communication in education is superseded by a growing recognition of the
multiple modes in which ideas could be represented (Bezemer and Kress 2008;
Knain 2006; Kress et al. 2000, 2001).

In science education, a myriad of representations and artifacts are required to
represent scientific concepts in addition to speech or writing. These multiple modes
of representations are material expressions of abstract scientific phenomenon being
experienced and can be understood as individuals’ articulations of their observa-
tions and knowledge about phenomena (Lemke 2001). For example, it was found
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that teachers seek to shape students’ understanding of the particulate nature of matter
through the use of actions, speech, and diagrams (Kress et al. 2001) to provide
students with the visualization of abstract notions of particulate interactions.
Likewise, undergraduate physics students were found to rely on the affordances of
different semiotic resources in representing abstract knowledge for learning (Airey
and Linder 2009). For instance, to understand energy transfer, students need to be
fluent with definitions of the various types of energy and use and apply mathemati-
cal equations as well as graphical representations for quantifications of energy. They
also need to engage in physics experiments to experience the abstract concepts in
the real-world context. Similarly, learning chemistry requires students to describe
chemical reactions textually, graphically, or even with a combination of both in
order to translate between multiple dimensional molecular representations of chemical
structures (Dori and Barak 2001).

Therefore, ideas about multimodality can be useful in describing and examining
problem solving in a semantically rich field such as organic synthesis. This is
accomplished by first positioning visual inscriptions, gestures, and speech as com-
mon semiotic resources and layering a dynamic view on how the resources are
employed for meaning making. While research has established the social and cognitive
affordances of multiple representations (Kozma 2003; Schank and Kozma 2002),
little research actually foregrounds students as members of the scientific community
engaged with multiple representations for problem solving in chemistry. Hence, the
purpose of this study is to shed light on how students express themselves within the
problem-solving context through the coordination of multiple semiotic resources
that reveals scientific knowledge through time.

5.3 The Study

In this study, we examine a pair of students engaged in constructing an appropriate
synthetic pathway from initial reagents to the formation of final chemical product in
a typical closed problem. Problems of this kind have been suggested to be simplistic
as solutions can be reduced to routines or algorithms for which students can be
trained to recall and utilize (Wood 2006). However, the choice of a closed problem
for this study is deliberate in order to investigate the phenomenon of students’
knowledge as multimodal, supported by an analytic focus on language in conjunc-
tion with action in forms of gestures and with the students’ inscriptions. In this
regard, the multimodal approach taken in this paper challenges the notion that stu-
dents’ science knowledge consists of propositions composed of well-defined concepts
(Klein 2006) to reveal knowledge as an accomplishment of practical action
(Garfinkel 1967) in the context of solving chemistry problems.

By looking at the types of semiotic resource employed for interaction and the
functional role they play in students’ problem-solving discourse, we aim to uncover
and study the social creation and maintenance of scientific knowledge between students.
The significance of such an approach is at least twofold: First, a multimodal approach
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can advance our knowledge about problem solving as more than consisting of
cognitive strategies to encompass the use of meaning-making resources within the
context and organization of participants’ knowledge. It is vital that chemistry
teachers recognize and value the constructive, persuasive, and reporting functions that
language and other semiotic resources afford during scientific communication. In
this way, teachers can examine and improve their own instructional practices on
problem solving in order to model effective strategies for their own students.
Second, a multimodal approach requires science educators to examine problem
solving as a moment-by-moment unfolding event. This is important as close exam-
ination of students’ engagement in problem solving allows the subtle nuances in
speech and nonverbal behavior through which knowledge of science is represented,
communicated, and developed to be studied. Hence, our understanding of the act of
problem solving expands from knowing the cognitive strategies students employ to
include how solutions to given problems are constructed, argued, and communi-
cated through the dynamic interplay of speech, inscriptions, and gestures employed
during the problem-solving process.

5.4 Methodology

Two female students, Sally and Heidi, volunteered for this study. They were first
year Bachelor of Science (Education) undergraduates enrolled in a compulsory
module on introductory organic chemistry. During the problem-solving session, the
students were provided with an organic chemistry question (see below) printed on
paper with blank spaces for their writings in addition to boxes of Molymod®
models.

Using cyclohexene and bromine in carbon tetrachloride as starting materials,
explain the synthesis of trans-1,2-dibromocyclohexane.

Problem solving can be defined as “figuring out what to do when one does not
already know what to do”” (Bowen and Bodner 1991, p. 143). While organic chemistry
tutorial questions may look like mere exercises for chemists with wealth of chemical
knowledge, the lack of familiarity with such problems for first year undergraduate
chemistry students (Bodner and Domin 2000) makes this question about the synthesis
of trans-1,2-dibromocyclohexane a challenging problem for them, not simply a
recall exercise. The identities of the starting reagents were provided in the question
so as to facilitate discussion about how the reagents may react. To solve the given
organic chemistry problem, students needed to work out the solution in the following
manner though not necessary in the linear order as presented in Fig. 5.1.

1. Draw the structures of cyclohexene and bromine.

2. Draw an arrow from double bond of cyclohexene to delta plus bromine.

3. Draw an arrow from the bond between the two bromine groups directed at the
delta minus bromine.

4. Draw a bromonium intermediate with a positive charge.
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Fig. 5.1 Written solution to given interview question

5. Draw arrow to represent movement of bromide ion to either carbon involved in
the bromonium intermediate.
6. Draw the configuration of the final product of trans-1,2-dibromocyclohexane.

The students were informed by the researchers that they could choose to answer
the question in any form that they were comfortable with, even if that meant just
talking about the question and not writing down anything on the given answer sheet.
Students’ engagements during the problem-solving session were video-recorded.
Subsequently, the video recording was analyzed using Jordan and Henderson’s
(1995) interaction analysis approach where we ground our assertions in empirical
evidence, building generalizations from records of naturally occurring activities and
drawing upon our experience and expertise as chemists and chemical educators.
The analysis begins with a description of the nature of the interactions obtained
from repeated viewing of the two students solving the given organic chemistry
problem. This description is followed by discussion focusing on how semiotic
resources had been used by students to generate, organize, and communicate abstract
scientific ideas during the problem-solving session. This is an iterative process
where researchers would make assertions about the semiotic resources observed
and the segment of video data was reviewed to check the degree to both researchers
would agree to which assertion fits. When an assertion was agreed by all, more
segments of video data were viewed in order to gather empirical evidence to support
the claims. In cases where assertions were not agreed by all, assertions were refor-
mulated and retested until a consensus that fitted the entire data was reached. To
focus our attention on the repeated viewing of video data, we asked questions which
were adapted from the work of Jordan and Henderson (1995) such as: What is the
trajectory of the inscription/gesture/action? How did it get into and out of the scene?
Who are the active agents employing the semiotic resource? How do they function
in structuring interaction?

This resulted in labor-intensive work as close transcription of short strips of
video recordings was created and individual lines of verbal transcripts were
described with regard to duration, function of speech, action of participants, visual
representation such as use of inscriptions or physical models, as well as the researchers’
interpretations. The microanalysis of video segments, thus, afforded the means to
describe dynamic activity involving the use of multiple meaning-making resources.
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5.5 Findings

Sally and Heidi began by working out the structure of the final chemical compound
and their process of problem solving revolved around the construction of isolated
chemical structures. It is interesting to note that while their final written solution as
shown in Fig. 5.2 seemed to indicate knowledge about the process of synthesis, their
conversation revealed many areas of uncertainty.

5.5.1 Final Chemical Structure

Both students relied on gestures and speech to debate over which type of chemical
structural representation to inscribe (Fig. 5.3). With her right-hand pointing finger raised,
Sally produced an iconic gesture by tracing the outline of a six-membered carbon
ring (Panel 1) as she offered verbal information about drawing a carbon structure (01).

Fig. 5.2 Final written
solution of Sally and Heidi

+ B, @ 5

{ <l éﬂ

Fig. 5.3 Gesturing structures
of final reagents
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Fig. 5.4 Working out the
spatial arrangement of
substituent groups

This gesture carried crucial information for Heidi who immediately offered an
alternative structure by tracing in quick downward diagonal strokes on the table.
While Heidi did not express verbally the chair conformer that she had in mind (02),
her gestures illustrated clearly for Sally the chair conformer as an alternative to the
cyclic skeletal representation. Although Sally expressed her uncertainty about
Heidi’s suggestion (03), she proceeded to draw the chair conformer of the final
product (Fig. 5.3) which signaled the genesis of knowledge construction on paper.

01 Sally: Draw [carbon].
(gestures in the direction of arrow, iconically sketching out a skeletal
structure), .

02 Heidi:[Draw that].
(gestures in direction of arrows, iconically representing part of the chair
structure), .,

03 Sally: Hmm, let’s just try.
(draws chair structure as shown below)

After the inscription of carbon-hydrogen bonds in the chair conformer, Sally
hesitated over the placement of the bromo groups and both students communicated
with gestures again to determine the orientation of the two bromine substituent
groups (Fig. 5.4). Heidi first asked Sally what “trans” might mean (04). Sally responded
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silently with a gesture where two pointing fingers were oriented perpendicularly to
each other (Panel 3). Both bromo groups can be either in the equatorial positions or
the axial positions in the chair conformation of the final trans compound. However,
Sally’s gesture seemed to indicate an orientation where the substituent groups are
90° away from each other. Her gestures were followed up subsequently with a tenta-
tive verbal request for Heidi’s affirmation (06). While Sally positioned her pen over
the chair conformation of the final structure, Heidi reasoned verbally that if one
bromo group was drawn pointing upward, the other should be pointing downward
(07). Observing the directions of her pointing figures (Panel 4), the angle between
the instance of pointing upward and downward embodied Heidi’s conception of the
manner in which bromine groups are attached to the cyclic ring. This gesture was
similar to Sally’s except that the angle between the upward and downward pointing
finger was greater. This information was repeated as Heidi this time flipped her right
hand in an up-down manner (Panel 5) to demonstrate that her verbal utterance of
“opposite side” (08) entailed a direct up-down orientation as materially carried in
her gesture. Sally took up Heidi’s suggestion and drew the bromo groups in the axial
positions (Fig. 5.4).

Panel 3 Panel 4
04 Heidi: Trans 1 2 dibromo, trans is?
05 Sally: [...]
(gestures up and down in opposite direction indicated by arrowl and
2)Panel 3

06 Sally: Should be. Is that right?
07 Heidi: Trans [should be one up and down].
(gestures in the direction of arrow 3 and arrow 4)
08 Heidi: Trans. They are in [opposite side]
down.

Panel 4

panet 5+ I YOU put one up the other will be
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Fig. 5.5 Gesturing to

determine structure of initial
reactant "‘\"‘ E) L5 2

Panel 5

(right hand raised, flipping upward and downward in quick succession)
(Sally draws position of two bromine groups as shown below)

Panel 5

5.5.2 Initial Chemical Structures

After the final chemical product was inscribed, Sally began another phase of problem
solving as she prepared to construct the initial reagents. First, she signaled her
thoughts about the location of a double bond in the reactant by tracing two parallel
lines along the inscribed final compound (Panel 6). Verbally, Sally also informed
Heidi that they had to place a double bond at the location where she had previously
gestured over (09) and proceeded to draw a cyclohexene at the upper section of the
page (Fig. 5.5). Sally subsequently completed the equation with further inscriptions
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of the chemical formula of Br,, CCl,, and the reaction arrow pointing downward to
the product.

A

Panel 6

09 Sally: Ok, so we have to put a [double bond here].
(gestures in direction of arrows twice as shown above over the structure
of final product)

10 Sally: And [reaction with bromine].
(draws starting compound and writes Br, and arrow pointing downward
with CCl, inscribed on right side of arrow)

5.5.3 Intermediate Structure

The pair of students next engaged in drawing “something else” (11). Heidi began
by first suggesting to Sally that their written solution required another chemical
structure (11). With her fingers held in an inverted cup shape directed at the answer
sheet (Panel 7), the metaphoric gesture encapsulated the hazy notion of the inter-
mediate in which speech was equally vague with an ambiguous reference of “some-
thing else.” Sally interjected to offer new information that the intermediate had a
“wing” (12) in rapid speech and repeatedly traced a triangular outline on paper
(Panel 8).

After each student had contributed her own ideas about the intermediate,
Heidi signaled her readiness to construct the chemical structure on paper by
suggesting “let’s try” verbally (13). Voicing her thoughts (14), Sally simultane-
ously outlined the three-membered ring with a clenched fist over the inscription
of the starting chemical reagent before drawing the intermediate structure in
Fig. 5.6.
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Fig. 5.6 Verbal-gestural e
exchange leading to
inscription of intermediate

Panel 7 Panel 8

11 Heidi: I think we need to draw something else right?
(cupped left hand directed downward at table)

12 Sally: Something that has a wing...

(traces shape of triangle with finger)

13 Heidi: Let’s try.

14 Sally: I remember there is a [three member ring].
(traces shape of triangle with clenched fist over previously drawn starting
reagent) ;...

15 Heidi: I think that’s right. Correct, correct.

(Sally proceeds to draw the bromonium ion intermediate)

Panel 7

Evaluating the completed structure of the intermediate, Heidi suggested, through
an interrogative request, a positively charged bromonium intermediate (16). Heidi’s
evaluation of the incomplete intermediate chemical structure led Sally to draw a
positive charge and a bromide anion in the diagram (Fig. 5.7). Through inscriptional
means, Sally acknowledged the information provided by Heidi and at the same time
contributed her share of knowledge with an inscription of the bromide ion.
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Fig. 5.7 Inscription of

P
intermediate of reaction @ r
b

16 Heidi: Br, is it positive?
17 Sally: Let’s try.

(adds in positive sign for carbocation and draws a bromide ion)
18 Sally: Something like that.

5.6 Discussion

Analysis of this single case study leads to two points of discussion. First, we claim
that this chemistry problem-solving event involving the two students serves as an
exemplar to highlight problem solving as a practical activity of human interaction
which goes beyond the confines of cognitive processes to encompass a strategic use
of meaning-making resources to construct knowledge as well as report the knowl-
edge to others and persuade others of their validity. By providing detailed descrip-
tion about the events leading to the final solution and the specific ways in which they
were constructed through speech, visual inscriptions, and gestures, we show how
students collaborate using a myriad of meaning-making resources to construct a
reasonable solution. While a conceptual base of content knowledge (Krange and
Ludvigsen 2008), mathematical knowledge (Chandrasegaran et al. 2009), and pro-
cedural knowledge is necessary for problem solving, it does not preclude the use of
meaning-making resources for building new knowledge contingent upon previously
constructed knowledge along the pathway of problem solving as exemplified in this
case study. Second, we provide a method for investigating problem solving from a
multimodal perspective that goes beyond the typical focus on cognitive processes of
students during problem solving. Through interaction analysis, which provides a
fine comb to untangle the intricacies of student interactions as a multimodal event,
data can be examined repeatedly by focusing on the ways students interact and the
role of meaning-making resources in the accomplishment of the activity.

In this case example, the students were uncertain of the process of addition reaction
mechanism. First, they focused upon the final product and worked backward to
derive the structure of the starting compound which indicated their lack of knowledge
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about how to solve the problem beginning from the starting reagents. Second, in the
inscription of the final product, students were unaware of the placement of the two
bromine groups in the equatorial position to prevent 1,3-diaxial interactions. Third,
the students’ focus on the inscription of the intermediate to mediate between the
starting and final chemical structures can be understood as filling in a gap in order
to fulfill the requirements of the given problem. The lack of inscriptions of arrows
symbolizing the movement of electrons as well as the absence of verbal or gestural
reference to electron movement indicate that the students may not be aware of the
electron movements in the addition reaction process.

Despite their lack of understanding of the addition reaction mechanism, they
were able to collaboratively generate a final solution on paper. In fact, the coordina-
tion of semiotic resources was critical in enabling both students to solve the given
problem. First, gestures enabled students to agree upon an outline for the structure
of the final product, 1,2-dibromocyclohexane (01-03). Next, transformation of ges-
tural information occurred as the chair conformer of the final trans product was
revealed through visual inscription on paper (04-08). This inscription provided the
platform for Sally to gesture over it the location of the double bond of the starting
chemical compound, cyclohexene (09). Subsequently, the gestural information was
marked down on paper through Sally’s drawing of cyclohexene (09-10).

Students had also relied upon gestures to communicate their ideas about the
intermediary product formed during the reaction, the bromonium ion intermediate
(11-14). Relying on speech alone, we might be left wondering what the students
were talking about as it was mostly restricted to verbal request for inscriptions or to
seek affirmation of drawings or verbal expressions that need to be understood in
relation to what had been gestured or drawn on paper. Observing the iconic gestures
Sally produced with her finger over the starting compound in a triangular manner
coupled with our knowledge of organic chemistry, we may interpret her gestures in
this instance to embody the bromonium ion intermediate where the bromine is
attached to two carbon atoms through partial bonds. This contrasted with Heidi’s
metaphoric gesture where she appeared to be holding down an object in her hand.
Thus, the students’ gestures embodied the intermediate they had in mind (11-14)
while visual inscription was used as a means to concretize the structural information
of the intermediate expressed through speech and gestures. Hence, based on the
gestures produced, Heidi was able to verbally assure Sally that they were on the
right track resulting in Sally inscribing the intermediate (15) which followed closely
her gestures of the triangular “wing” structure in Fig. 5.6. In summary, the informa-
tion as revealed through the three semiotic resources indicated that the students’
knowledge about the addition reaction was only sufficient to solve the given prob-
lem superficially and that they lacked an in-depth understanding of the reaction
mechanism.

The implication of this case study is at least twofold. First, it is necessary to raise
awareness of multimodality of concepts among teachers and students. Focusing on
nonverbal aspects of communication in addition to written and spoken words to
construct, persuade, and report may provide teachers with new resources that will
enhance their teaching. For example, our findings highlight students’ use of gestures
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for the representation of chemical structures. Therefore, teachers can also use
gestures in additional to speech and writings during instructional discourse as a
means for helping students visualize chemical structures as part of the scientific
modeling process.

Second, assessment practices need to include at least both visual and verbal
modes of representation for students. For instance, if the assessment intent is to
elicit students’ understanding of reaction mechanisms, undergraduate chemistry
assessments need to include a variety of activities such as oral examinations and
performance tasks in which students can use inscriptions, gestures, or even model-
ing software in addition to speech to explain chemical phenomenon. In this way,
students are provided with more opportunities to present their knowledge using a
variety of modes. Reliance on written examinations confines students to the use of
only writings and inscriptions. However, by providing students more opportunities
to “talk chemistry,” teachers can pay attention to their students’ gestures and
verbiage in addition to writings to assess scientific ideas of the students.

In the same vein, students may be able to better articulate their conceptions and
understandings when a multitude of resources such as gestures in addition to speech
and writings are made available. Especially when we are interested to develop
students’ problem-solving skills to rise above the realm of rote algorithmic manipu-
lations into the realm of creative problem solving (Wood 2006), we need to provide
opportunities for students to employ some of these nonverbal resources when they
are communicating with teachers and peers. Our collection of empirical evidence
positions the gestures of Sally and Heidi explicated in previous section as not just
random acts of hand-waving. Their gestures embodied their thoughts which led to
the accomplishment of their task. This also lends further support to the argument
that gestures are meaning-making resources which students can rely upon to
construct and communicate scientific concepts (Goldin-Meadow and Wagner 2005;
Pozzer-Ardenghi and Roth 2007).

5.7 Conclusion

In summary, through a close examination of how two students engage in solving
organic chemistry problems, the cognitive focus on students’ learning (Johnstone
2000; Johnstone and Kellett 1980) is broaden to include a multimodal view of prob-
lem solving. This perspective positions students’ engagement with scientific tasks
as an accomplishment through coordination of semiotic resources where students
are engaged in the process of using and the reshaping of resources (Kress et al.
2001). This has potential to unveil what students have in mind, which also in turn
shapes their subsequent responses. While many teachers emphasize the reporting
function of print and visual representations, it is important that teachers also
recognize these semiotic resources as cognitive tools to construct and convey
scientific ideas.
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Therefore, students need to be given opportunities to use multiple representations
central to the practices of scientific communication as a way to support, develop,
and showcase their understanding of scientific phenomena. This suggestion is
congruent with calls for the development of representational skills as part of the
chemistry curriculum and the use of these skills to better understand and assess
the chemistry knowledge of our students (Kozma et al. 2000).
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Chapter 6

Understanding Photosynthesis and Respiration:
Is It a Problem? Eighth Graders’ Written

and Oral Reasoning About Photosynthesis

and Respiration

Helena Nis

6.1 Introduction

At the senior level of the 9-year compulsory schooling in Sweden, photosynthesis
and respiration play an important part in biology curricula. One important objective
is that the student, at the end of year 9, should ‘have an insight into photosynthesis
and combustion, as well as the importance of water for life on earth’ (The Swedish
National Agency for Education 2009). Other objectives are to develop knowledge
about organisms and their interplay with the environment and to understand cell and
life processes, so knowledge about photosynthesis and respiration is essential (ibid).
Students at almost all school levels, from 9 to 19 years of age, show difficulties
in understanding photosynthesis and respiration, and there also seems to be a funda-
mental lack of understanding of basic ecological concepts, for example, energy flow
in ecosystems, including the role of photosynthesis and respiration for life on earth
(Canal 1999; Marmaroti and Galanopoulou 2006; Wood-Robinson 1991). Research
reports from three different decades show the persistence of the intuitive explanation
that plants get their food from their environment, specifically, from the soil, where
the roots are the organs of feeding (Andersson 2008; Driver et al. 1994; Smith and
Anderson 1984). Understanding of photosynthesis depends on understanding
particle theory, changes of phase and transformation, concepts that students have
difficulty grasping (Carlsson 1999). According to Barak (1999), teaching focuses
mainly on learning words at the expense of the understanding of concepts and the
life processes. When photosynthesis is not truly understood, the students tend to
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use rote memorization as a strategy, and their knowledge is not meaningful (Canal
1999). Understanding complex topics in ecosystems requires deep understanding of
concepts like photosynthesis and respiration and how to relate them to the whole
system (Helldén 2005; Hogan and Fisherkeller 1996; Magntorn 2007). Thus, learn-
ing about ecology provides an opportunity for students to relate photosynthesis and
respiration to the whole system. Even so, results from Ozay and Oztas (2003) show
that students aged 15 did not understand photosynthesis after learning about
ecology.

Many of the above-mentioned difficulties are demonstrated in results from high
stakes testing. Written tests are a common way to evaluate students’ knowledge
both in school, National Evaluations (NE) (NE 1992, 2003), and international
surveys (TIMSS and PISA). However, one question is whether these surveys accu-
rately reflect the knowledge of the students. Schoultz et al. (2001) showed how
students’ difficulties in answering two items from a TIMSS’ test were easily
addressed in an interactive setting where the students discussed and answered the
TIMSS’ items together with the researcher, and they expressed doubts if these items
actually tested conceptual knowledge.

According to Andersson (2008), both everyday language/thinking and scientific
language/thinking play a crucial role in understanding science. It is important for
students to learn how to move between everyday and scientific thinking. Andersson’s
assertion is based on empirical data and Piaget’s and Vygotskij’s theoretical descrip-
tions about everyday and scientific knowledge. Using living plant material as artefacts
in teaching is a way to attain an ecological interest and understanding and provides
good learning opportunities about photosynthesis in early grades (Helldén 1992;
Nis and Ottander 2008; Vikstrom 2005). Vikstrom used the life cycles of plants,
seeds and angiosperms to demonstrate how 7- to 12-year-old students developed
complex understanding of photosynthesis when their teachers used language that
included metaphors and when they pointed out critical aspects, like how the sugar is
needed and used in the plant. Magntorn and Helldén (2007) described a ‘bottom-up’
perspective in teaching primary students about ecosystems, which took, as a starting
point, the freshwater shrimp, an organism in a river ecosystem near the children’s
school. By connecting the environment and other organisms’ dependence on the
freshwater shrimp, the students gained an interest in and acquired a better under-
standing of many ecological concepts and processes.

Teenagers’ lack of interest in describing and understanding ecological concepts
like food webs, recycling and energy transformations tells us that new ways of
teaching ecology are needed (Barker and Slingsby 1998; Delpech 2002; Driver
et al. 1994; Feinsinger et al. 1997). Delpech pointed out that it is important for the
teacher to give students opportunities to express their knowledge in ways beyond
memorised facts. According to Slingsby and Barker (2003) biology teachers need to
include ethical and emotional aspects in their practice to enhance new factual
knowledge. They also suggested that ‘once the students have been taught the
science they need to be put in the place of someone who has just discovered they
have cancer or they need to consider how climate change could effect them’ (p. 5).
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Enquiry-based teaching, group work, outdoor education and ethical and emotional
discussions need supportive and experienced teachers if the students are to learn and
understand difficult science concepts (Delpech 2002; Nis and Ottander 2009;
Vikstrom 2008).

Probing students’ reasoning gives a teacher interesting insights into their under-
standing and thoughts (Driver et al. 1996; Mortimer and Scott 2003; Schoultz et al.
2001). Driver et al. listened to students’ reasoning during work with different scientific
problems outside the classroom. In their analyses, they tried to describe the learning
process of the students. Schoultz and colleagues used items from TIMSS and could
therefore compare the understanding the students showed in a communicative
format to the understanding measured in TIMSS’ assessment.

This chapter focuses on students’ written and oral knowledge and reasoning
about photosynthesis and respiration before and after ecology instruction. The
following questions are addressed:

What knowledge about photosynthesis and respiration do the students demon-
strate in written tests and in a guided interview?

How does the reasoning of students differ in a written test and in a guided
interview?

6.2 Method

6.2.1 The Ecology Unit

The ecology unit ran for 10 weeks with each class having 33 h of lessons. Table 6.1
presents the activities during the ecology unit, and results from the parts in bold are
presented in this chapter.

6.2.2 Students and Teachers Involved

Three eighth grade classes and their two teachers participated in the study. The
teachers managed all lesson plans and the teaching. The teachers described the
classes as two normal classes and one problematic one. One teacher taught the prob-
lematic class (18 students) where most of the students were disruptive and not
focused on the school work, while the other teacher taught the other two classes (24
and 27 students, respectively) where most of the students were interested in their
school work. The students had been taught photosynthesis and respiration in sixth
and seventh grades, but the teachers wanted to reinforce the content in the ecology
unit. In line with Swedish ethical requirements (The Swedish Research Council
2002), all students and their parents were asked for permission to allow me to
observe the lessons and for the follow-up interviews.
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Table 6.1 Time used at each part, teachers’ lesson plans and the researcher’s data acquisition
Week and time

used Activities carried out in each of the three classes Data acquisition

1-2,6h Introduction to ecology with cultivation and group Observation notes in all
work about leaving earth and the survival on a the three classes
space shuttle

3,3h Theory lessons in ecology and group work as a Observation notes and
preparation for the excursion to the forest biotope. 59 collected
Pre-test questionnaire (Andersson et al. 2009). questionnaires
n=>59

4,6h The excursion and supplementary group work Observation notes

5,3h Supplementary work with excursion material and None
theory lessons

6-8,9h Theory lessons with ecology, photosynthesis and Observation notes and
respiration content carried out in lectures, group audiotaped
work and individual work with questions from the discussions partly
textbook interspersed with demonstrations and transcribed
laboratory work

9 Autumn holiday None

10,3 h Review of the ecology content Observation notes

11,3h Repetition lessons before test and one lesson’s written Observation notes, 66
test (post-test, mostly teacher constructed, collected and copied
Appendix) as an examination of the whole tests
ecology unit

14-16, 12 h Interviews with 23 students Audiotaped interviews

fully transcribed

6.2.3 The Pre- and Post-test and Analysing Strategies

This chapter reports the results of responses to three essay questions (questions 9,
17 and 20, Appendix) which were included in both pre- and post-tests. These questions
are part of a workshop used in Swedish in-service training courses on the Internet,
NORDLAB-SE (Andersson et al. 2009). The pre-test was given to 59 students in the
third week just before the ecology and photosynthesis/respiration lessons started
(Table 6.1). There were altogether 69 students, but non-attendance and illness were
the reasons that 59 students did the pre-test and 66 did the post-test. The written
answers were analysed and categorised with three aims:

— To examine the written reasoning of the students

— To compare the written answers with the results of two National Evaluations'
(NE)

— To compare the written reasoning of 23 interviewed students with their oral
reasoning

' Three thousand one hundred Swedish students in 1992 and 620 students in 2003. http://www.
skolverket.se/
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Question

My aim

Tell me something about yourself!

Tell me something about the unit you just
have finished. Do you remember
anything in particular?

Do you remember the space shuttle? If you
were told to do it now, would you
change your equipment and plans?

What do you think about photosynthesis?
Is it important? Where is oxygen used?
What is respiration?

Branches of pine and spruce, a potato, a
carrot and an apple were used. How
does this become a pine, potato, etc.?

To get to know and make them relax

To talk about the ecology unit by letting the
students mention the science words, processes
or concepts

To mention an actual part of the teaching like the
space shuttle and to investigate their knowledge
about that part

To make them start reasoning about photosynthesis
and respiration

To see if they could use their knowledge about
photosynthesis and respiration with a plant or
a fruit in their hands

What is it made up of?

Three answer categories were constructed: (1) correct, (2) not comprehensive
and (3) no or irrelevant answer (cf. Tables 6.3 and 6.4). These three categories were
an amalgamation of the National Evaluation’s (1992, 2003) nine categories used on
the essay question ‘the growing tree’ (question 9, Appendix). This study’s ‘correct’
category correspond to the two first categories of NE, where the passing grade
required carbon dioxide in the answer, perhaps in any combination with nutrition,
water and sun energy, and the pass with distinction grade required a more scientific
explanation. The NE used five categories to differentiate answers where the students
tried to explain but used the science words and concepts both incorrectly and incom-
pletely or fragmentarily in diverse combinations. In this study, these five categories
were united into one ‘not comprehensive’ category since these answers corre-
sponded to attempts to give a correct answer. The third category used in this study
was a ‘no answer’ or ‘other’ category, so the incorrect answers in this study are
described by the ‘not comprehensive’ and ‘no answer’ or ‘other’ categories. All answers
to the three essay questions (the growing tree, the polar bear and the terrarium) are
categorised and analysed in the same way.

6.2.4 The Interviews

Twenty-three students were interviewed on their understanding of photosynthesis
and respiration and how the ecology unit was taught, on a voluntary basis. The com-
position of the interviewed group corresponded to the three classes’ diversity and
composition of strong and weak students. The specific subject content was introduced
by means of questions and material (branches of trees, potato, apple and carrot).
The interview guide is shown in Table 6.2. During the semi-structured interviews,
the students were encouraged to explain their reasoning and deviation from the
guide occurred when unexpected threads were pursued.
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6.2.4.1 Analysis of the Interviews

During the interviews, the students were encouraged to elaborate on their explana-
tions, applications and guesses about plant life and other organisms’ dependence on
plant life to gain insights into the students’ thoughts and knowledge. The reasoning
capacity of the students was continuously interpreted (Bogdan and Biklen 2003;
Erickson 1986). Kvale’s (1996) first three steps in the analysis of qualitative inter-
views (pp. 189-190) were used: (1) the interviewee’s short description of herself,
(2) the interviewee finds out new ways of thinking or understanding connections
and (3) the interviewer tries to help the interviewee to focus and elaborate on what
they said during the interview (Table 6.2). The interpretation of the reasoning of the
interviewee started with the transcription of the audiotaped interviews and then con-
tinued with its categorisation (i.e. Kvale’s fourth step). The transcripts were read
many times with an aim to understand each student’s reasoning. Some of the inter-
views were also read and interpreted by another researcher to ensure similar inter-
pretations. In the beginning, the interviews of the boys and girls were analysed
separately. As more gender similarities than differences were noted, the interviews
of the boys and girls were analysed together. The reasoning categories used in the
analyses are:

1. The ‘linking-together’ reasoning: The students mainly linked scientific concepts
and words to form a whole description by using more everyday language rather
than scientific language.

2. The ‘memory’ reasoning: The students mainly presented their knowledge by
using memorised formulations and correctly articulated scientific concepts.

3. The ‘school-weary’ reasoning: The students mainly maintained that they did not
know anything and that the science content and lessons were boring.

6.3 Results

6.3.1 Written Knowledge

Table 6.3 displays how the students answered the essay questions in the pre- and
post-tests. The questions dealt with photosynthesis (the growing tree) and carbon
recycling (the polar bear and the terrarium). Overall, the written responses to the
growing tree and the terrarium questions were better formulated than the polar bear
question (cf. 6.3.1.1). More than three times as many students did not give an answer
or gave an irrelevant answer in the polar bear question compared to the other two
questions.

In the growing tree question, the students showed a prominent improvement after
teaching with an increase from 22% to 59% in the ‘correct’ category. The polar bear
and the terrarium question did not produce the same steep increase, but the increases,
18% and 15%, respectively, were evident. The figures indicate that students enhanced
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Table 6.3 The students’ pre- and post-test answers in the questions 9, 17 and 20 (Appendix)

Category Growing tree Polar bear Terrarium
Pre and post Pre Post Pre Post Pre Post
Correct 22% 59% 16% 34% 37% 52%
Not comprehensive 56% 29% 25% 24% 33% 33%
No or irrelevant answer 22% 12% 59% 42% 30% 15%
Table 6.4 The results from the Category 1992 (n=3,103) 2003 (n=620)
guestion about the growing tree Corroct 5% 3%
in the NE (1992) and (2003) .

Not comprehensive 73% 47%

No or irrelevant answer  23% 45%

their knowledge of both photosynthesis and respiration, but respiration was more
difficult to explain or understand. In the ‘not comprehensive’ category, there was a
sharp decrease in the growing tree question, whereas the polar bear and the terrar-
ium question did not alter. There were more than three times as many students that
gave no or an irrelevant answer in the polar bear question (42%) in the post-test
compared to the growing tree (12%) and the terrarium questions (15%).

The students’ answers to the growing tree question (in both pre- and post-test)
differed substantially from the results of the National Evaluation (NE). The correct
answer category was three to four times higher in the pre-test and seven to ten times
higher in the post-test (Table 6.3) compared to the results of the same question on
the NE (Table 6.4). The high percentage in the no or irrelevant category in the NE
of 2003 is also worth noting. The NE are distributed to the schools any time during
the year, and the students are in the same age as the students in this study, but the
topics (e.g. photosynthesis and respiration) have not necessarily been taught imme-
diately before the NE so the results from the NE and this study may not be a fully
fair comparison.

6.3.1.1 Written Answers to the Three Essay Questions

Five students’ written answers in the post-test are shown below. In Sects. 6.3.2.1,
6.3.2.2,6.3.2.3 and 6.3.2.4, these students’ oral reasoning is reported.

The growing tree: “Where does the biomass come from?” (question 9, Appendix)
To the growing tree question, all answers except Evelina’s was categorised as

‘correct’. Her answer was categorised as ‘not comprehensive’. The ‘not comprehensive’

answers could be given points by the teacher but never up to a passing level.

Jonas: Carbon by means of taking in carbon dioxide and using the carbon to build
up itself and then it gets nutrients from the soil that it also uses to build up
itself.
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Sara: It comes from the air. The tree needs carbon dioxide to grow and the bigger
it gets it will need more carbon dioxide ... so the air and the sun’s energy
is the tree’s ‘food’.

Sune:  The 250 k come from the plant’s photosynthesis. The glucose that is caught
is partly used by the plant to build itself up.

Evelina: Energy from the sun.

Timon: The tree has picked up energy and carbon dioxide and formed it into glu-
cose and oxygen. The plant eats off the glucose and transforms it into build-
ing blocks so the tree can grow.

The polar bear: ‘Describe the journey of carbon atoms’ (question 17, Appendix)

Timon did not answer the polar bear question, but the other students tried to give
a scientific explanation. Sune was the only one who combined photosynthesis and
respiration and gave a correct explanation. Jonas gave a long answer categorised as
‘not comprehensive’. His answer described population ecology theories but not
carbon recycling. It is possible that he did not understand the question, but he tried
(like in the growing tree) to put the carbon atom in a meaningful context. Student
responses that indicated some knowledge of molecules and the transformation from
one form to another, but did not correspond to a full explanation, were categorised
as ‘not comprehensive’.

Jonas: A polar bear swam to Norway and a wolverine there bit it in the leg. This
passed the carbon atom to the wolverine and he started to migrate to Sweden
where he found a female that he mated with and then it has been passed on
through generations.

Sune: The carbon atoms are spread in the wind and come to a flower in the Swedish
mountains. Then a field mouse eats the plant and gets the carbon atom. The
wolverine then eats the mouse and gets the atom.

The terrarium: “What will happen in the jar if you do not open the lid?* (question 20,
Appendix)

The students’ answers in the terrarium question were difficult to categorise since
the formulation ‘What will happen’ did not depend upon any scientific explanation.
Evelina’s answer ‘There will still be plants in it after five years’ therefore was
deemed as a correct answer although that answer did not describe any understand-
ing of carbon recycling. Sara’s answer was categorised as ‘not comprehensive’
though she tried to explain with the use of carbon dioxide. Sune’s response was
again categorised as correct.

Sara: The plants die as they need carbon dioxide to live, and when you put a lid on,
there will be no carbon dioxide. That is why the plants die because they need
carbon dioxide to make glucose and without carbon dioxide everything stops.

Sune: The plants grow slowly but surely since the oxygen and carbohydrates, made in
the photosynthesis, are used in the respiration and there it’ll form carbon dioxide,
water and energy that are used in the next photosynthesis and like that it goes on.
Photosynthesis =carbon dioxide + water + energy =oxygen + glucose.
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6.3.2 Reasoning During the Interviews

One third of the students taking the ecology unit were interviewed. At the start, some
of the students did not want to say anything, and they needed encouragement to do so.
However, when they realised that they were allowed to use everyday knowledge in
their reasoning and explanations, using a mix of school science and everyday experi-
ences, they started to show that they had an understanding of the concepts. Branches
of pine and potatoes helped the weaker students to construct explanations, and the
more competent students had ‘aha’ moments when they realised that photosynthesis
and respiration were something more than just formulas. During the interview, the
experience of the researcher helped the students to broaden and deepen their under-
standing (cf. Schoultz et al. 2001). Parts of the interviews below show how each
student often used two types of reasoning (cf. Fig. 6.1) in their explanations.

6.3.2.1 Linking-Together Reasoning

The interview with Jonas was easy to conduct since he was confident, easy to talk to,
thoughtful and reflective in his reasoning. He said that the ecology unit had been inter-
esting and he highly commended the practical parts such as the ecology excursion in the
woods and the experiments with plants. When he held a potato in his hand, he directly
connected the photosynthesis of the potato plant with the production of potatoes beneath
the soil. Jonas used both scientific and everyday language in his explanation.

In the excerpts, the interviewer (=I) and the student’s first letter, for example, Jonas (=J)

J: It gets like a photosynthesis...

I: Yes what is that?

J: It’s like... when the plant mixes sunlight, water and air into energy... or not air,
carbon dioxide and then transforms these into air and energy... I mean glucose.

I: Exactly, if you say that you have carbon dioxide in the mixture from start... what
do you get afterwards?

J: Then it will only be oxygen. Because it makes use of the carbon dioxide, there,
together with the energy...

I: Yes, what happens to the carbon dioxide?

J: I don’t know... it stores it?

His explanation below of how dextrose? pastilles were produced from plants was
easily and logically explained:
No, but it is like this ... chemically ... it is like made up of ... like the scientists have ... it’s

like synthesised glucose ... it’s not like an apple that is taken directly from the tree ... they
have used the apple and made pastilles from the apples.

2During the lessons, the teachers mostly used the word grape sugar. Grape sugar and dextrose are
the same words in Swedish, and the students start to think about the dextrose pastilles when grape
sugar is mentioned. Glucose, carbohydrates, sugar, grape sugar, fruit sugar, dextrose, etc. are words
used during the lessons. In this chapter, we consistently use the word glucose when it is of little
consequence for the context.
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Sara mostly used linking-together reasoning with some memory reasoning.
Her knowledge about photosynthesis and respiration was well developed. She was
confident but went on talking in a way that sometimes muddled things up. She used
scientific language and wanted to explain difficult processes. During the interview,
there was a need to ask her to elaborate on her statements and to split some of her
‘big’ theories, like the whole plant life cycle, into smaller parts:

I: Why are the plants important?

S: I mean, the plants create oxygen and humans need that ... we need oxygen to live

and if the plants wouldn’t be there we probably would have been created

differently.

How is the oxygen made?

S: Hmm... that’s photosynthesis in these spruces and inside the vessels it’s created

with like water and air and energy from the sun. Photosynthesis is created and

the glucose comes out and at the same time oxygen comes t0o.

Hmm when you say comes out what do you mean?

S: Eh... actually we have talked about oxygen coming through the stomata on the
leaves but I am not sure about the pine-needles and I really don’t know at all how
the glucose comes out. Actually it could not come just like this out in the air,
could it? I don’t know... we haven’t talked about that.

—

—

The next excerpt on how respiration is related to the glucose in the plant shows
the difficulty that students have connecting and understanding all facts that are
presented in textbooks and by the teacher:

It burns...or it dissolves oxygen and carbon dioxide and water again so it gets like three
different parts again. And the water the tree drinks up... no like... and then... I think that it
has something to do with the bark/cortex and that it goes out through the bark or some-
thing... evaporates through the leaves or something maybe?

Sara seemed to be confused but her answers to the follow-up questions showed
that she could explain the concepts and how they were connected to the context.
Sara was more confident than Jonas in explaining the scientific concepts and could
easily recall the formula for photosynthesis or respiration (memory reasoning).
However, she also faced more problems clarifying her thoughts than Jonas, since
she was more bound to what the books and the teacher had said. Sara’s conceptual
knowledge and reliance on the words of books and teachers characterise memory
reasoning, as described in the next section.

Of all 23 interviewed students, there were 11 that mostly used linking-together
reasoning. One memory and four school-weary reasoning students also partly used
linking-together reasoning (see Fig. 6.1).

6.3.2.2 Memory Reasoning

Sune used memory reasoning and only with guidance did he realise that he had
missed some crucial connections between concepts. He had, as he said, a good
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Fig. 6.1 Twenty-three students’ use of reasoning types, their test results and grades

83

memory and his reasoning was characterised by memorised formulas and concepts.
Nevertheless, he showed that he had understanding of processes involved in
photosynthesis as illustrated by the following excerpt:

I: How can photosynthesis help to become this spruce twig?

S: The spruce takes in CO, and H,0 and energy from the sun and transforms it into

oxygen and glucose, where the glucose mostly is used to build up the trunk.
Could you tell me more ... it doesn’t matter if you say something wrong.

=

S: But it’s like ... water comes up through the roots and is transported in the trunk
and the CO, gets in at the needles ... at the stomata.

Sune struggled with the question of where glucose was required in the body for
a while before he concluded that he did not know. On the question “What is respiration?’,
he gave a perfect account for the respiration formula but then claimed that he did not
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know where the respiration process took place. When he was told to think about the
word, ‘cellular respiration’, genuinely surprised he said, ‘Is it in the cells?’ It is
notable that Sune did not know that respiration is a cellular process. He also encoun-
tered problems when he was told to use his knowledge of photosynthesis to explain
the creation of the potato. Of the 23 interviewed students, only four mostly used
memory reasoning (see Fig. 6.1). Four students, who mostly used linking-together
reasoning and two who mostly used school-weary reasoning, also partly used
memory reasoning.

6.3.2.3 School-Weary Reasoning

Evelina said that she had no interest in science and that she had not understood the
point in knowing or learning about ecology. Evelina was a weak performer in school
and in the interview said that she did not know what to say as she knew practically
nothing. When she was asked to say something about what she remembered from
the whole ecology unit she mentioned the stomata that she had looked at with the
microscope, and seeds and ecosystems were also mentioned. The researcher tried to
make her talk about plants and what they need. At least three times, she answered
that she did not know, but then suddenly said ‘You mean carbon dioxide and water
that the plants need’, followed by an explanation about the products. She forgot the
oxygen produced initially but easily stated it when she was asked about it. The
ongoing discussion encouraged Evelina to talk and she showed some understanding
of both photosynthesis and respiration:

Where is the sugar made before it comes to the apple?
: I don’t know.
Yes you do.
: Yeah, but from the tree then....
And where in the tree is it made?
: Is it in the roots?
It is stored in the roots but in this case it is stored in the apple. Where is the
glucose made?
21 don’t know...
But you have told me before.
: No not where it is made, no...
Where is the photosynthesis happening?
: But, in the plant.
And ... where about in the plant?
21l don’t know...
Where did you say that the stomata were located?
2 In the leaves. ...is the sugar made in the leaves too?

Evelina’s question of whether the sugar was made in the leaves showed how
important it was to connect photosynthesis to living matter and to something
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concrete such as an apple or a branch. Evelina, just like Sune, did not realise where
photosynthesis and respiration took place. Though they used two totally different
ways of reasoning, they needed to engage in a discussion to better understand the
processes.

Eight students mostly and three partly used school-weary reasoning (Fig. 6.1).
It was difficult to interview these students as they constantly replied that they did
not know the answer but during the interview they displayed some knowledge of the
topics discussed.

6.3.2.4 Combination of All Three Reasoning Types

Timon was able to recall the concepts taught (memory) and he managed to link the
concepts correctly (linking together), but he answered a question only when he
wanted to (school weary). When he was asked to say something about the ecology
unit, he skipped the ecology part and directly answered:

: Carbon dioxide and water and energy from the sun give glucose and oxygen.
Was that what you remembered?

: That'’s just it. Photosynthesis. ..
What is the glucose used for?

. Fruit, resin, cones and to give food. Because the plants eat it and then they grow.
They grow because of the glucose but they also make cellulose, starch that is in
bread, potatoes and trunks.

e e

Many of the students that used school-weary reasoning required a ‘wheedling
and enticing’ way of interviewing to prevent them from getting bored; Timon was
restless and bored after 5 min. His fast and often correct answers made the short
15-min interview substantial.

6.3.3 A Comparison of the Test Results and the Oral Reasoning

Figure 6.1 shows the diversity of the reasoning types used by the 23 interviewed
students. Each student is categorised according to final test results and to the most
dominant oral reasoning type. The arrows mark the other types of oral reasoning
that the students used. The boys are marked with a square and a Y, and the girls
are marked with a circle and an X. For example, Timon, the only student named in
the figure, used mostly linking-together reasoning, and he received a passing grade.
He also used memory and school-weary reasoning, and these are marked with
two arrows.

Figure 6.1 shows that the students who used school-weary reasoning also used
either linking-together or memory reasoning. Only one of the school-weary
students passed the test. School-weary students who used memory reasoning, for
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example, the school-weary boy (Y) who passed the test, succeeded better in test than
those who used their own explanations and made efforts to link together ideas.
Students who used linking-together reasoning often showed better understanding
during the interview than in test. These students tried to put everything in a context
and they wanted to explain everything. This strategy often made them speculate and
develop their own theories, a strategy that was not successful when taking the test.
The students who used linking-together reasoning and succeeded well in the test
reasoned sparingly and did not speculate. Some students, who used memory reasoning,
could give correct definitions and scored high in the test. However, they showed
surprising gaps when they tried to explain the relationship between concepts in
the interviews.

The students revealed much more understanding about photosynthesis and
respiration during the interviews than in the written test. All 23 students managed
to orally explain the process of how photosynthesis works, but many of them
needed some guidance to explain the process of respiration. Jonas used linking-
together reasoning, and his knowledge served him better in the interview than in
the test. Sara’s oral explanation was characterised by high concept knowledge that
she always tried to put into a context. Her reasoning lost focus in the written ques-
tions, and she only got a passing grade in the test. Even so, there were students
who only used linking-together reasoning and succeeded well in the test, for
example, the female student who obtained the highest marks in the test (Fig. 6.1).
She reasoned more sparingly than Sara and did not speculate. This girl’s closest
male equivalent was the one who explained ecology processes most fluently but
he used more memory than linking-together reasoning. Sune’s memory reasoning
with short and correct answers (often written formulas) was rewarded in the test,
and he received a pass with distinction grade. Evelina did not pass the test, but in
the interview she showed that she had more knowledge and understood better that
what her test result indicated. There were only two students who, from their oral
reasoning, could be categorised as weak achievers, and they partly used memory
reasoning.

6.4 Discussion

According to the literature, learning and understanding photosynthesis and respiration
is difficult (Andersson 2008; Driver et al. 1994; Smith and Anderson 1984). An
essential question is whether it is possible to judge the understanding of a student
from an answer in a written test. In this study, Timon’s answers in the three essay
questions indicated that he had understood photosynthesis. Why did Timon not
answer the Polar bear question and why did he not elaborate his answer in the
Terrarium question? In his written answer, the respiration process was correctly
explained, but, contradictory to his oral reasoning, he wrote that respiration only
happens in plants.
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The students in this study took part in an ecology unit for about 10 weeks, and
their written tests showed that they increased their knowledge of photosynthesis and
respiration more than expected, when compared to results from the study by Ozay
and Oztas (2003). The students also showed greater knowledge of both concepts
than students in the NE and in the study by Driver et al. (1994). Their written
reasoning confirmed better knowledge in photosynthesis than in respiration which
may be attributed to the two teachers’ greater focus on plants than animals during
the ecology unit.

In the comparison with the NE (1992, 2003), the pre-test results in this study also
showed that the students had much better knowledge about photosynthesis than the
students in the NE. The large national and international evaluations (NE, PISA and
TIMSS) which present students’ understanding about photosynthesis and respiration
without any connection to the ongoing teaching and the classroom context may not
adequately measure students’ actual knowledge. A long time could have passed
since the content was learned, students may have difficulties interpreting the ques-
tions or the students may not be motivated to answer adequately and correctly in
these large surveys. Questions or tests connected to the ongoing teaching in the
classrooms are a fairer way to evaluate students’ knowledge.

Most of the students demonstrated deeper knowledge in the guided interview
compared to the written test. The interviewed school-weary students managed to
link the concepts, and they would have passed in an oral test. All of the 23 inter-
viewed students showed adequate understanding of photosynthesis. But there were
also students with good memory and high grades in the test that showed surprising
gaps in understanding when they had to orally explain the formulas and put them in
a context. One of the boys who used memory reasoning and succeeded quite well in
the test did not remember anything in the interview 2 weeks later. The students who
succeeded best in the interviews tried to put everything in a context, and they wanted
to explain everything. Unfortunately, these students often speculated and developed
their own theories that were not acceptable in the test. The traditional test situation
in schools does not include the presence of a conversational partner, and without
that, the text of the problem can be difficult for the students to understand. The con-
versational partner can help the students to resolve difficulties of a conceptual
nature. Schoultz et al. (2001) concluded that the low performance on written tests
appears to be a product of the absence of the oral communicative format. Results of
this study add strength to the importance of a conversational partner to assess
students’ understanding.

A chemical formula of photosynthesis or respiration interested a few students,
but the complex explanation about how a carrot, potato or an apple ‘comes out of’
photosynthesis made all 23 teenagers more interested in the difficult processes.
This kind of more complex reasoning during the interview made both high and
low achieving students more interested in knowing more about the life cycle of
plants. This corresponds with the findings of Delpech (2002), who asked for
more everyday examples to be included in teaching and to allow more flexibility
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in the students’ reasoning, like speculations and wondering questions beyond the
content of the lesson or the textbook. The low achieving students in this study
asked for emotional aspects, like ethical and practical dilemmas, in the lessons, to
make it more interesting. During the interview, these students started to show their
actual knowledge about plants when they realised the importance of plants to life.
This is in line with Slingsby and Barker (2003) who claimed that biology teaching
need to equip the students with ethical and emotional aspects to learn social and
scientific skills.

6.4.1 Conclusion

Written tests alone may not give an adequate indication of students’ understanding
of science; students need to be given opportunities to be assessed orally as well to
clarify what the questions mean and explain their understandings. Developing a
deep understanding of photosynthesis and respiration may not be as unattainable as
indicated by international surveys if students are given the opportunity to reason
with their teachers and classmates and, when using chemical formulas, to connect
them to concrete material, such as branches and fruits. This corresponds to learning
theories that argue for both everyday language and scientific language as essential
for a deeper understanding of science.

Appendix

(Ecology test in the eighth grade — only contains the questions with a content of
photosynthesis and respiration)

2. Karin fills up a plastic bag with usual air (air is a mixture of gases). Then she puts
the plastic bag over the potted plant and ties it round the stem as shown in the
figure below. The seal is fully airtight. The plant is put in darkness for a whole
night. The following are some statements about what happens to the air mixture
in the plastic bag. You are going to put an R after a right statement and an F after
a false statement. 1p (p=scores in the test):

(a) The amount of oxygen increases

(b) The amount of oxygen decreases

(c) The amount of oxygen stays the same

(d) The amount of carbon dioxide increases

(e) The amount of carbon dioxide decreases

(f) The amount of carbon dioxide stays the same
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10.

1.
17.

18.

19.

(a) What is the process in which the green plants capture light called? 1p

(b) Why do raspberries that get more sun light taste sweeter than the ones that
have been in the shade? 2p

(c) What is the green pigment in plants called? 1p

. You have an elodea plant in a test tube beneath a shining lamp. What gas comes

like bubbles from the plant? 1p

A small tree is planted on a meadow. Twenty years later, it has grown into a big
tree. The tree has grown taller and the trunk has grown thicker. The tree has
many leaves, branches and big roots. The tree weighs 250 k more than when it
was planted. Where do these 250 k come from? Explain your answer as fully as
possible. 3p

(a) Describe respiration. Please draw to support your explanation. 2p

(b) Does respiration take place in both plants and animals? Explain. 2p

What purpose do decomposers serve in the ecosystem? 2p

In the exhalation air from a polar bear on Greenland, there are molecules of carbon
dioxide. We are interested in the carbon atom in one of these molecules. Many
years later, this special carbon atom is found again in the front paw muscle of a
young wolverine in the Swedish mountains. Describe as carefully as possible the
carbon atom’s journey from the polar bear to the wolverine’s paw. 4p

Why are there so few top-level predators in an ecosystem compared to plants?
Explain as carefully as you can. 3p

Use the figure and explain the oxygen and carbon cycles in nature. Please draw
arrows that elucidate your description. Use the following words: oxygen, fox,
hare, water, carbon atom, grass, respiration, air, glucose, carbon dioxide and
decomposers. 4p
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20. You take a glass jar with a lid and put some soil in it. Soil usually has fungus
and bacteria in it. You plant some green plants and add water to get humidity.
Then you put on the lid and put the jar in a lit place. What will happen in the jar
if it is standing there for 5 years without opening the lid. 4p
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Chapter 7

Introducing Students to Authentic
Inquiry Investigation Using an Artificial
Olfactory System

Niwat Srisawasdi

7.1 Introduction

The history of science can be considered to be an account of the development of
scientific knowledge about the physical world that has been acquired through the
spirit of human inquiry for thousands of years. Corresponding with this human
endeavor, scientific inquiry plays a vital part in the growth of science advancement
and is also regarded as a critical instructional strategy in efforts to reform science
education. Contemporary reforms in science education have recommended using
scientific inquiry as a context for learning science to develop scientific literacy and
thinking skills (American Association for the Advancement of Science 1993, 1998;
National Research Council 2000; Olson and Loucks-Horsley 2000). Particularly,
improving understanding of the nature and process of scientific inquiry has become
one of the most important goals in the field of science education (Abd-El-Khalick
2005; Abd-El-Khalick et al. 1998, 2004; Duschl 1990; Hodson 1988; National
Research Council 1996).

Recent research has indicated that the structural mode (highly structured labs
that provide questions, theory, and experimental and analytical procedures) of
inquiry is not sufficient for developing scientific thinking (Zion 2006; Zion et al.
2004; Zion and Sadeh 2007). This type of investigation produces a robotic style of
thinking that is less effective than teaching deductive reasoning, detailed in-depth
thought processes, and logic. The classroom form of inquiry consists of simple
demonstrations or illustrations of previously presented scientific facts, or simple
observations and experiments that are distant from authentic inquiry practices in
contemporary scientific research. This situation may prevent students from obtaining
valuable scientific experiences from the inquiry process. This may also perpetuate
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the idea of science as a foreign thing, with minimal opportunities to relate to socio-
cultural factors, economic milieu, and importance of solving specific scientific
problems. There is a definite need to improve scientific inquiry activities by incor-
porating more features of authenticity (Bruck et al. 2008; Chinn and Hmelo-Silver
2002; Chinn and Malhotra 2002; Gengarelly and Abrams 2009; Wong et al. 2008).

In authentic inquiry practices, students need to determine a scientific question to
investigate, consider how to investigate the question based on existing scientific
theories and background, determine what data to collect, decide how to interpret
that data, discuss the results, create the best way to present that data, and then draw
inferences from the data. The teacher plays a role in providing the necessary frame-
work for investigation while encouraging students to pose questions and conduct
investigations independently. This situation creates a community of inquiry where
teachers and students learn by collaboration and interaction with each other
(Lim 2004; Zion and Slezak 2005).

7.2 Scientific Inquiry in a Computerized
Laboratory Environment

Computer technology is so commonplace in the practice and advancement of sci-
ence (Waight and Abd-El-Khalick 2007) that it has become an essential tool with
the potential to dramatically enhance the output and productivity of researchers.
Generally, scientists utilize computer technology in the laboratory for data gather-
ing, storage, analysis, simulating, modeling, and facilitating the automatic control
and sharing of instrumentation. Thus, a potential way to more closely simulate the
nature of actual scientific research and increase authenticity in educational scientific
inquiry practice is to incorporate computerized laboratory environments (Settlage
1995; Sokoloff and Thornton 1997; Thornton and Sokoloff 1990). This type of
learning environment could transform the way science is taught by fostering inquiry
(Cox and Webb 2004; Edelson 1998, 2001; Maor and Fraser 1996), helping students
to investigate, observe, collect, exchange, analyze, and interpret scientific data, as
well as to facilitate modeling of scientific principles (Kim et al. 2007). The comput-
erized laboratory environment is advantageous in that it provides students with sub-
stantially more opportunities to construct an independent understanding of physical
phenomena and scientific principles, (Krusberg 2007; McRobbie and Thomas 2000;
Nakhleh and Krajcik 1994), acquire scientific inquiry skills (Friedler et al. 1989,
1990; Mistler-Jackson and Songer 2000; Songer 1998), and increase motivation and
confidence in learning science (Clark and Jackson 1998).

7.3 Self-Regulation in Inquiry-Based Science

In an extended open inquiry setting that gives students the opportunity to conduct
their own independent investigations, self-regulated learning opportunities are sig-
nificant (Tytler 1992). This is the case particularly in the context of a computerized
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learning environment that allows for a high degree of learner control and provides
possibilities for self-directed learning (Winters et al. 2008). The authentic inquiry
environment, compared with traditional classroom laboratory settings, demands
new roles and responsibilities from students and teachers alike. The teachers guide
the student activities and facilitate the organization of the area of study (Schwartz
and Crawford 2006; van der Valk and de Jong 2009). In this environment, students
are challenged to work independently and must endeavor to develop their own con-
trol and regulatory mechanisms to achieve success (Pintrich 2000). From a social
cognitive perspective, the processes of self-regulation emerge dynamically in three
cyclical phases: (1) the forethought phase, including processes that precede learning
efforts but are designed to enhance such performance, and sources of self-motiva-
tion that empower this self-initiated form of learning; (2) the performance phase,
including self-control strategies and a form of self-observation that works to enhance
the quality and quantity of one’s performance; and (3) the self-reflection phase,
including self-judgment and self-reaction to one’s performance (Zimmerman and
Tsikalas 2005).

Whether students are afforded great freedom in regulating their own learning, as
in the case of truly open-ended learning environments, the need to provide instruc-
tional support is critical (Hannafin and Scott 2001). The use of scaffolding is increasing
in educational design as it assists learners in accomplishing their independent tasks
and enables them to learn from open-ended experience (Reiser 2004). Particularly,
the process of scaffolding students’ self-regulation during learning with computer-
based learning environments has recently received a tremendous amount of attention
from researchers in several communities (Azevedo and Hadwin 2005). When
providing instruction in a truly open-ended learning environment, Hill and Hannafin
(2001) have identified embedded conceptual, metacognitive, procedural, and strategic
scaffolds that teachers can use to assist students in understanding essential ideas
and theories, monitoring their learning processes and reducing cognitive overload,
and structuring their tasks and finding alternative strategies to solve problems.
Additionally, Quintana et al. (2004) proposed scaffolding design frameworks for
software based around three constituent processes of inquiry learning. First is the
scaffolding of sense making that involves the basic operations of testing hypotheses
and interpreting data. The second is the scaffolding of process management, which
involves the strategic decisions required in controlling the inquiry process. The third
is the scaffolding of articulation and reflection, which is the process of constructing,
evaluating, and articulating what has been learned.

7.4 Methods

7.4.1 Participants

The participants of this study consisted of 16 secondary school students studying in
Thailand who were enrolled in a science project course. The course, which was
regularly taught by three science teachers, placed an emphasis on enhancing “real
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science” inquiry skills by participating in this study and conducting an experimental
project with the students. Thus, the students were selected purposively based on the
particular objectives of the course and their willingness to participate in the study.
The students were in the Grade 12, aged 17—18 years, and the group was composed
of 11 males and five females. It was determined via examination of the school cur-
riculum and from feedback from the teachers that none of the students had any
experience with computerized laboratory experimentation. However, the partici-
pants did have satisfactory basic computer skills. The students were divided ran-
domly into two groups of eight each and given an opportunity to conduct their own
investigation.

7.4.2 The E-Nose Technology Project

The Electronic Nose Technology (E-Nose) originated in the late 1980s, from the
concept of developing highly specific sensors and methods for identifying unique
substances. The E-Nose emerged as an artificial sensorial system that mimics
the human odor recognition mechanism. It is able to detect and discriminate complex
odors using sensor arrays. The development of this artificial olfactory system
occurred in a contemporary area of scientific and technological research on artificial
intelligence systems. This research has led to a variety of practical applications and
new possibilities in areas such as the food and beverage industry, perfumery,
biotechnology, medicine, chemistry, and environmental sciences. Supported by the
National Electronic and Computer Technology Center (NECTEC) in cooperation
with Center of Intelligent Materials and System (CIMS), Mahidol University, and
the Thailand Research Fund (TRF) in cooperation with Office of the Higher
Education Commission, the artificial olfactory system was produced with multiple
purposes. The first was to mimic the human olfactory system to aid in studying fla-
vor recognition. Another was to create an interactive computer-based laboratory
tool to promote active learning of science, to allow students to experience authentic
scientific research and practice. The technological affordance for experimenting
with the artificial olfactory system was divided into three areas as follows.

7.4.2.1 Physical Affordance

The artificial olfactory system was constructed to mimic the human olfactory
system. It has a nasal cavity, an oral cavity, and an oro- and nasopharynx with a
sensing device that incorporates a gas sensor array and a dynamic airflow system.
The model was made of polycarbonate material making it easy to use, transparent,
and robust. It was also designed to be portable and could be assembled easily in a
short time to perform experiments. The schematic diagram of the system is given
in Fig. 7.1.



7 Introducing Students to Authentic Inquiry Investigation... 97

Data acquisition
card

Electrical relay

Power supply

Nasal cavity

—

Air in-outlet

L S

Oral cavity

Fig. 7.1 Schematic diagram of the hardware for the artificial olfactory system

7.4.2.2 Digital Affordance

The acquisition of experimental data and control of the airflow system were
programmed using the Laboratory Virtual Instrumentation Engineering Workbench
(LabVIEW). The user interface in the LabVIEW environment was designed to
provide a simple interaction between user and software and consists of three
components: (1) a monitor panel which provides a simultaneous display of electrical
resistance changes corresponding to a sample flavor test; (2) a control panel for
controlling experimental parameters such as the number of iterations, timing of air
inflow for simulated inhalation and air outflow for simulated exhalation, and the
interval between inhalation and exhalation; and (3) a learning and training panel
which provides scaffolding for the inquiry process. The system also provided
students with an automated method of observation and data storage, which could
reduce perceptual bias that can occur with other methods of observational data
collection. Through the use of electronic equipment and programmed, automatic
data storage, the observation process was automated and the data organized by
statistical procedures as in authentic scientific research. The user interface is
displayed in Fig. 7.2.

7.4.2.3 Pedagogical Affordance

A scaffolding design framework by Quintana et al. (2004) for inquiry-based
software was used to create components of the software interface of the artificial
olfactory system. The framework suggested organizing scaffolding around three
constituent processes for inquiry: sense making, process management, and articula-
tion and reflection. With regard to sense making, tools for organizing visual conceptual
such as concept mapping, macroscopic representations, and microscopic represen-
tations were implemented to help users understand scientific and related technological
knowledge. In the process management constituent, flow charts were used to facilitate
and guide experimentation. In the process of articulation and reflection, an inquiry
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THE NOSE SIMULATOR

Fig. 7.2 Graphical user interface of the software for the artificial olfactory system. (a) The monitor
panel. (b) The control panel. (¢) The learning and training panel

task manager was used to monitor the completion of the experiments in the laboratory
and to point out the necessary details for inquiry tasks.

7.4.3 Procedure

The students experienced authentic inquiry processes by performing their own
experiments with the artificial olfactory system. There were three phases in the
learning activity. The first phase involved an introduction to the science of smell and
a brief orientation on the artificial olfactory system. In the second phase, both groups
independently conducted odor classification experiments over a period of two weeks
in the science laboratory at their school. The students were instructed to generate
the topic of their own investigation. They crafted their own questions for the experi-
ment and subsequently designed procedures to collect, analyze, and interpret the
experimental data, and to communicate the results of their investigation. In the third
phase, which focused on statistical analysis, the students worked with the assistance
and guidance of the teacher to analyze the experimental data using principal com-
ponent analysis (PCA) — a useful statistical technique for reducing uncorrelated data
and for finding patterns in large unorganized data sets. The students also had to
scrutinize their experiments and identify any experimental errors to ensure that their
data were correct, precise, and accurate. Notably, assistance was only given in the
last session as required by the students. Following completion of the investigation,
a questionnaire was administered to the students to explore their perceptions of the
artificial olfactory system. There were 20 questions and four scales (cognitive per-
formance, scientific inquiry skills, emotional practice, and social inquiry process)
on the questionnaire, and each item rated the students’ perceptions of the artificial
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Table 7.1 Scale description and sample item for each scale of the questionnaire

Scale Description Sample item

Cognitive performance  Extent to which students Experimenting with the artificial
made the effort to think olfactory system helped me learn to
during experimentation process information in a scientific

study to achieve my research aims

Scientific inquiry skills  Extent to which student Experimenting with the artificial
performed the olfactory system gave me
experiments opportunities to select and control

experimental variables and other
relevant conditions for conducting
a scientific investigation

Emotional practice Student feelings about the Experimenting with the artificial
experimentation olfactory system enables me to
develop a sense of curiosity about
science
Social inquiry process Extent to which students Experimenting with the artificial
communicated and olfactory system encouraged
negotiated during the members in the group to communi-
experiments cate and propose scientific ideas for

the experiment

olfactory system using a six-point scale ranging from “never” (0 points) to “very
much” (5 points). A description of the questionnaire, as well as sample items from
each of the four scales, is provided in Table 7.1.

Ten students volunteered to participate in a semistructured interview two weeks
after the last session to investigate their attitude toward authentic inquiry investiga-
tion with the artificial olfactory system. There were six open-ended questions in the
interview (see Table 7.6). Descriptive statistics and protocol analysis were used to
process the students’ responses from the questionnaire and the interview,
respectively.

7.5 Results

7.5.1 Students’ Responses on the Perception Questionnaire

Students’ perceptions of experimentation with the artificial olfactory system are
summarized in Tables 7.2, 7.3, 7.4, and 7.5. Table 7.2 shows the means of the items
on the cognitive performance scale. The means of items 1 and 2 are close, 4.41 and
4.35, respectively, indicating that students felt that they mostly achieved their learn-
ing goals by experimenting with the artificial olfactory system. This suggests that
the artificial olfactory system provided a learning environment that was conducive
to conceptualizing scientific information and managing practical procedures.
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Table 7.2 Item means and summary responses on the cognitive performance scale

Item statements Mean  Description

1. Helped them learn to process information from the study to achieve 4.41 Satisfactory
their research aim

2. Gave them control over the practical work for achieving that aim 4.35 Satisfactory

3. Encouraged them to conduct other scientific studies 4.18 Satisfactory

4. Gave them a sense of causality in the nature of scientific practice 4.12 Satisfactory

5. Afforded them the construction of meaning from related science and ~ 3.94 Satisfactory

technological knowledge
Overall mean average 4.20 Satisfactory

Table 7.3 Item means and summary responses on the scientific inquiry skills

Item statements Mean  Description

1. Selected and controlled experimental variables and relevant 5.0 Extremely satisfactory
conditions for conducting a scientific investigation

2. Performed calculations and interpreted trends and patterns 5.0 Extremely satisfactory
of data to draw conclusions

3. Developed scientific explanations and models through 4.94 Extremely satisfactory
discussions, debates, and experimental evidence

4. Identified possible sources of error (e.g., procedural and 4.88 Extremely satisfactory

management) and appropriate controls (repeated trials)

5. Formulated a testable hypothesis based on prior knowledge 4.65 Extremely satisfactory
and experience

Overall mean average 4.89 Extremely satisfactory

Table 7.4 Item means and summary responses on the emotional practice scale

Item statements Mean  Description

1. Created positive interest in and desire toward additional 4.94 Extremely satisfactory
scientific studies

2. Made learning science more enjoyable and fulfilling 4.82 Extremely satisfactory

3. Gave them satisfaction while learning and doing scientific ~ 4.59 Extremely satisfactory
experiments

4. Gave them self-confidence while conducting scientific 4.41 Satisfactory
experiments

5. Developed a sense of curiosity about science 4.18 Satisfactory

Overall mean average 4.59 Extremely satisfactory

The students were encouraged to understand experimental and procedural information,
and to make sense of the data that they obtained. Items 3 and 4 were given close
scores, 4.18 and 4.12, respectively. This indicates that experimenting with the
artificial olfactory system mostly encouraged the students to create their own
experiment and think scientifically and also encouraged them to understand the
relationship between cause and effect in science. Item 5 obtained the lowest mean
score, 3.94, which suggests that experimenting with the artificial olfactory system
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Table 7.5 Item means and summary responses on the social inquiry process scale

Item statements Mean Description

1. The teacher provided guidance and assistance to the 476 Extremely satisfactory
students

2. Actively participated in a group working on the experiment  4.59  Extremely satisfactory

3. All steps and procedures were followed by all the group 4.53  Extremely satisfactory
members

4. All steps and procedures of the experiments were acceptable 3.94  Satisfactory
to group members

5. Working with the Artificial Olfactory System facilitated 3.82  Satisfactory
group communication which contributed to scientific ideas
about the experiment

Overall mean average 4.33  Satisfactory

adequately helped students to make sense of scientific and technological knowledge
in the area being studied. Overall, the odor classification experiment was seen as
mostly favorable by the students, as revealed by the average scale mean score of
4.20 out of 5.0. This score suggests that students perceived a relatively high degree
of cognitive engagement during the laboratory experimentation.

Table 7.3 shows the means of the items on the scientific inquiry skills scale. The
means of items 1 and 2 were both scored 5.00, showing that experimenting with the
artificial olfactory system greatly scaffolded students in the controlling of variables
and manipulating of parameters, and helped them in drawing logical conclusions
based on statistical analyses. The scores of items 3 and 4 were 4.94 and 4.88, respec-
tively, which implies that the experimental task enhanced students’ skill set in the
construction of experimental explanations and mental models, which then contrib-
uted to the discussion and debate about the experimental evidence. It also appears
that the experimental task supported students in dealing with errors and uncertainty
in the data. The students were able to integrate conceptions of experimental errors
and possible sources thereof into their scientific reasoning. Item 5 had a mean score
of 4.65. This suggests that students were able to use their prior knowledge and expe-
rience to formulate hypotheses that could be precisely investigated. Overall, on the
scientific inquiry skills scale, the average scale mean score was 4.89, implying that
the laboratory experiments were able to enhance students’ scientific inquiry skills.

Table 7.4 shows the means of the items on the emotional practice scale. Item 1
had the highest mean score of 4.94, suggesting that students were very interested in
doing additional scientific studies. The second item had a mean of 4.82, which indi-
cated that the students experienced positive feelings when they were doing the
experiments. This is consistent with the score on item 3, a mean of 4.59, which sug-
gests that students are very satisfied with their learning and engaging in experiments
with the artificial olfactory system. Item 4 had a mean rating of 4.41, which indi-
cated that students experienced success with the learning tasks and that they felt
confident with science experimentation. Item 5 obtained a mean score of 4.18. This
suggests that experimenting with the artificial olfactory system fostered a sense of
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scientific curiosity. Overall, the students seemed to derive enjoyment from working
experiments, as indicated by the average scale mean score of 4.59.

Table 7.5 shows the item means on the social inquiry process scale. Item 1 had
the highest mean, 4.76, which indicated that the teacher was able to provide the
necessary assistance and guidance to the students in the experiments. The second
and third items had scores of 4.59 and 4.53, respectively, which suggest that the
students felt that they were given the opportunity to actively participate in the exper-
iment and that all of the group members paid careful attention to the experimental
procedures. The fourth and fifth items had mean scores of 3.94 and 3.82, respec-
tively, suggesting that the experimental design and planning process were moder-
ately acceptable for all members of the group and that the learning task was able to
enhance students’ communication skills within their work group. Overall, the
average mean score of 4.33 on the social inquiry process scale indicated that students
perceived that they had participated meaningfully in collaborative inquiry during
the group experimentation.

7.5.2 Students’ Responses on the Individual Interview

Semistructured interviews provided more feedback about students’ attitudes toward
authentic inquiry with the artificial olfactory system. The results of the categoriza-
tion of students’ answers to the open-ended questions and the percentage of the
students who provided such answers are reported in Table 7.6.

Students indicated when answering question 1 that they acquired a new body of
scientific and technological knowledge. This included an understanding of the bio-
logical mechanisms of smell and the mechanism of the electronic nose. In addition,
the student responses indicated that they felt they had increased their scientific skills
by doing the experiments. They also stated that they had learned how to use advanced
statistics to analyze experimental data and to draw conclusions from the statistical
data. Students said that they had the opportunity to collaborate in groups and to
learn about and explain scientific models with the aid of experimental evidence. The
findings of the questionnaire indicated a positive attitude toward scientific studies
and an interest in and eagerness to experiment with the novel artificial olfactory
system. In response to question 2, students mentioned that they had the opportunity
to perform interesting scientific experiments such as the classification of different
odorants. They also stated that they had been able to collaborate and share ideas
with the other members of the group, and that this process had brought out rich
ideas contributing to the success of the experiments. The students appreciated the
opportunity to design and conduct their own experiments and to work with a
modern scientific instrument. However, they wanted more time to conduct their
experiments so that they could collect more data for addressing their research
questions. They also suggested that there be more teacher discussion and elabora-
tion on the science and technology involved in the experiments and tools to help
them understand more deeply the concepts involved.



7 Introducing Students to Authentic Inquiry Investigation... 103

Table 7.6 Summary responses of the students from individual interview conducted

Interview questions Students’ responses

1. What did you get from 1. Acquired new body of scientific and technological
experimenting with the knowledge (80%)
artificial olfactory system? 2. Increased scientific skills by doing the experiments (70%)

3. Learned to use advanced statistics for analysis of
experimental data (50%)

4. Learned to explain a scientific model using experimental
evidence during group discussions (80%)

5. Gained a positive attitude toward scientific studies (60%)
(“before, we felt bored and had no interest in science
experiments”)

2. What did you find most 1. Had a chance to conduct an interesting scientific
satisfying about inquiry experiment (50%)
investigation with the artificial 2. Had the opportunity to share ideas with other members of
olfactory system? the group (60%)

3. Had an opportunity to design and conduct our own
experiment (40%)
4. Had the chance to work with a modern scientific artificial
olfactory system (60%)
3. What should be improved on 1. Give more time in doing/conducting the experiment (40%)

experimental investigation of 2. More elaborations and discussions about artificial
odor classification with the olfactory system to help us more clearly and more deeply
artificial olfactory system? grasp the concepts involved (40%)
4. What did you find most 1. Interacting with the interesting screen interface (80%)
satisfying about the artificial 2. Provided guidance for practical works (70%)
olfactory system device? 3. Ease of use of the device — user friendly (30%)
4. Easy to understand the directions/instructions because of

the diagrams given (60%)
5. What improvements should be 1. The device should have a mode to eliminate the odorants

made to the artificial olfactory faster (20%)
system device?

6. What do you want from 1. Conduct more experiments with other odorants (70%)
working with the artificial 2. If possible, to integrate the experiment with a topic in
olfactory system experiment school science to further understand the artificial olfactory
in the future? system and the related scientific inquiry process (40%)

The students expressed that they were satisfied with the interesting screen
interface of the artificial olfactory system device. They also added that the system
was easy to use because of the user-friendly instructions provided. Based on their
experience with artificial olfactory system experiments, the students suggested
improving the artificial olfactory system device so that it could eliminate odorants
faster. This would reduce the time spent waiting between trials for the system to
eliminate the odorants from the previous trial. In response to item 6, the students
suggested that they be given opportunities to conduct more experiments with other
odorants. They also suggested that the E-Nose technology be included in their
school science curriculum so that they could better understand the technology
involved and the benefits that it could offer.
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7.6 Conclusion

The survey and interview data collected in this study have succeeded in demonstrating
the value of using collaborative authentic inquiry activities aided by technology for
learning science. In experimenting with an artificial olfactory system, students were
able to learn new concepts and improve their scientific inquiry skills while engaging
in authentic and sophisticated scientific research. While this learning experience
was scaffolded by the teacher and a well-designed artificial olfactory system, the
students were able to work collaboratively to plan, implement, and monitor their
investigations. Students also learned to interpret and draw scientific conclusions
from statistics, find trends, and identify possible errors. Experimenting with the
artificial olfactory system provided students with the opportunity to glimpse the
complex nature of scientific research, as well as encouraging an understanding of
the functions and applications of scientific inquiry. Thus, authentic and contempo-
rary inquiry activities in a computer-based laboratory environment have great poten-
tial for helping students learn science in a meaningful and effective way. This
chapter also demonstrated the transformation of a tool used in modern science and
technology research to become a tool intended to teach scientific inquiry in the
classroom. This process could be viewed as a developmental approach to using
knowledge in contemporary science and technology research to develop innovative
instructional materials for science and technology education.
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Chapter 8

Developing a Peer-Coaching Model

for Enhancing the Pedagogical Content
Knowledge of Preservice Science Teachers

Syh-Jong Jang

8.1 Introduction

Current teacher education courses for preservice teachers in Taiwan can be classified
into two main categories: courses on subject-matter knowledge and those on educa-
tion professional knowledge (Jang 2007, 2008a, b). However, several studies have
pointed out that many preservice teachers who study science teaching knowledge,
theories, methods, and skills actually have difficulties coping with the practical
teaching situation (Jang 2007; Hashweh 2005). It has also been reported that the
success of science teaching depends not only on the teachers’ subject-matter knowl-
edge but also on their personal understanding of students’ prior knowledge and learning
difficulties (Grossman 1990; Lederman et al. 1994). In addition, other factors of
success include their own teaching methods and strategies, curriculum knowledge,
educational situation, goal, and value (Shulman 1987). In particular, the preservice
teachers’ pedagogical content knowledge (PCK) is one of the main issues in current
teacher education (De Jong et al. 2005; Grossman 1990; Shulman 1986, 1987).
Shulman’s notion of PCK has attracted much attention and has been interpreted
in different ways (Geddis et al. 1993; Gess-Newsome and Lederman 1999; Grossman
1990). The foundation of science PCK is thought to be an amalgam of a teacher’s
pedagogy and understanding of science content such that it influences their teaching
in ways that will best engender students’ science learning for understanding.
Initially, preservice teachers separate subject-matter knowledge from general peda-
gogical knowledge. These types of knowledge are, however, being integrated as a
result of teaching experiences. By getting acquainted with the specific concepts and
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ways, preservice teachers may start to restructure their subject-matter knowledge
into a form that enables more productive communication with their students
(Lederman et al. 1994). According to Lederman et al. (1994), the development of
PCK among preservice science teachers is promoted by the constant use of subject-
matter knowledge in different teaching situations. Many scholars suggest that PCK
is developed through an integrative process rooted in classroom practice, and that
PCK guides the teachers’ actions when dealing with a specific subject matter in the
classroom. In addition to field-based experience, preservice teachers may benefit
from studying the students’ preconceptions with respect to a specific topic during
teacher education courses and then comparing and discussing these preconceptions
in relation to their own concepts (Geddis 1993). Such activities may stimulate
preservice teachers to transform their subject-matter knowledge and topic-specific
teaching strategies.

Related to the result of teaching experiences, meaningful collaboration is at the
center of professional development (Jang 2006; Lieberman 1995; Little 1993). Peer
coaching is a collaborative and confidential process in which two or more profes-
sional colleagues work together to provide in-class assistance, reflect on current
practices, build new skills and knowledge, share ideas, and solve problems (Joyce
and Showers 1995; McAllister and Neubert 1995; Slater and Simmons 2001). Joyce
and Showers (1995) suggested that teachers learn from each other in the process of
planning instruction, developing the materials to support it, watching each other
work, and thinking together about the impact of their behavior on the learning
process of their students. A major benefit of peer coaching is that it can provide a
valuable tool for collaboration, evaluate teaching effectiveness, and improve teaching
quality (Marshall 2005). Some studies indicate that peer coaching is viewed as a
means of active learning where teachers construct their own knowledge (McAllister
and Neubert 1995) and improve their ability to plan and organize the classroom
activities (Hasbrouck 1997). Previous investigations have examined the practicality
of peer coaching for promoting changes in teachers’ pedagogical practices and
expertise (Kohler and Ezell 1999; Pugach and Johnson 1995). Peer coaching can
increase reflective practice, aid implementation of teaching models and instructional
strategies, and enhance classroom management and the development of pedagogical
content knowledge (Jenkins and Veal 2002; McAllister and Neubert 1995).

Many related studies have indicated that instructional models related to teachers’
reflection and teaching experience are important for PCK development (De Jong
et al. 2005; Loughran et al. 2004; Van Dijk and Kattmann 2007; Van Driel et al.
2002). However, there have been few studies integrating peer coaching into preser-
vice teachers” PCK. This current study revises the peer-coaching model proposed
by Joyce and Showers (1995) into the PCK-COPR model (PCK Comprehension,
Observation, Practice, and Reflection). The purpose of this study was to examine
the content of preservice teachers’ initial PCK of learning difficulties, instructional
strategies, and the effect of PCK using the PCK-COPR model. In this study, the
concepts of “density and buoyancy” were chosen to explore the effects of the
intended design since students have particular difficulty understanding abstract,
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invisible, process, and hierarchical level attributes (Brown 1993). The specific
research questions that guided this study were as follows:

1. What is the content of preservice teachers’ initial PCK of learning difficulties
concerning the topics of “density and buoyancy?”

2. What is the content of preservice teachers’ initial PCK of instructional strategies
they consider useful?

3. What is the effect of preservice teachers’ PCK using the PCK-COPR model?

8.2 Theoretical Framework

8.2.1 Preservice Science Teachers’ PCK

The impact of constructivist epistemology seems to be important in PCK. Since
constructivism emphasizes the role of previous experience in knowledge construc-
tion processes, it is not surprising that teachers’ knowledge is studied in relation
to their practice from the constructivist point of view. Shulman (1987) regarded
PCK as the knowledge base for teaching. This knowledge base comprises seven
categories, three of which are content related (content knowledge, PCK, and
curriculum knowledge). The other four categories refer to general pedagogy, learners
and their characteristics, educational contexts, and educational purposes. The crucial
factor in PCK development is, obviously, teaching experience (De Jong et al. 2005;
Gess-Newsome and Lederman 1993; Van Dijk and Kattmann 2007; Van Driel et al.
2002). PCK implies a transformation of subject-matter knowledge, so that it can be
used effectively and flexibly in the communication process between teachers and
learners during classroom practice. Thus, teachers may derive PCK from their
own teaching practice as well as from schooling activities. Teaching practice was
investigated as a function of familiarity with a specific domain. These studies lead to
similar results, indicating that preservice teachers, when teaching unfamiliar topics,
have little knowledge of potential student problems and specific preconceptions and
have difficulties selecting appropriate representations of subject matter. Moreover,
when teaching unfamiliar topics, teachers reveal more of their own misconceptions
(Hashweh 1987), they talk longer, and, more often, the questions they pose tend to
be low cognitive level (Carlsen 1993). These results are interpreted in terms of PCK
rather than subject-matter knowledge (Sanders et al. 1993). Pedagogical knowledge
provides a framework for teaching that can be “filled in by content knowledge and
pedagogical content knowledge ... when teachers taught within and outside their
science area” (Sanders et al. 1993, p. 733). Geddis (1993) studied the transformation
of preservice science teachers’ subject-matter knowledge into “teachable content
knowledge.” PCK has been described as the transformation of several types of
knowledge for teaching (Magnusson et al. 1999).
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Preservice or novice science teachers usually express little PCK (Lederman et al.
1994). Lederman et al. (1994) investigated the self-reported changes in preservice
science teachers’ conceptions of subject matter and pedagogy. Although distinct
changes in both knowledge domains seem to take place mainly as a result of teaching
experiences, it does not seem that preservice teachers integrate these domains.
Again, they attributed this to a lack of teaching experience, suggesting that “with the
benefit of experience and continual use of one’s subject matter structure for purposes
of teaching, the division between pedagogical knowledge and subject matter knowledge
may become blurred” (Lederman et al. 1994, p. 143). Thus, the development of
PCK may be postponed until teachers reach this stage. Most importantly, however,
the observation that the translation of these subject-matter structures into classroom
practice appeared to be complicated by classroom complexity. Lederman et al.
(1994) suggested that until a preservice teacher has gained experience and mastered
basic classroom skills, it might be unrealistic to expect a readily accessible and useful
translation of subject-matter knowledge into classroom practice.

8.2.2 Peer Coaching

Peer coaching provides a community of practice to be defined as a group of individuals
who share such commonalities as interests, knowledge, resources, experiences,
perspectives, behaviors, language, and practices (Barab and Duffy 2000; Lave and
Wenger 1991). Norms of isolation can be overcome by creating professional school
communities with shared values, collaborative action, and reflective dialogue (Louis
and Marks 1998; Ross and Bruce 2007). A structured approach for doing this is to
use peer-coaching pairs of teachers of equal experience and competence who can
observe each other teach, negotiate improvement goals, devise strategies to imple-
ment the goals, observe the improved teaching, and provide each other with feedback.
Peer coaching has positive effects when the appropriate climate, involving mutual
trust, genuine voluntarism, encouragement of reflective thinking, and principal
support, is developed. Successful peer coaching depends on developing a climate of
trust and mutual respect. When trust exists, the team members will stay focused on
their goals, communicate more effectively, and compensate for each other’s short-
comings, thereby improving in the overall quality of outcomes (Davies 1995). The
coaching relationship also results in the possibility of mutual reflection, checking of
perceptions, sharing of frustrations and successes, and the informal thinking through
mutual problems (Joyce and Weil 1996). This involves identifying and honoring
different perspectives, strengths, and weaknesses of all team partners (Joyce and
Showers 1995; Koballa 1992). Therefore, peer coaching must focus on improving
rather than rating the quality of teaching, and it must not be used for the evaluation
or judgment of teachers’ performance (Showers and Joyce 1996; Skinner and Welch
1996; Valencia and Killion 1998).

Three characteristics have become common to the variety of peer-coaching
approaches that have been developed over the years. First, peer coaching is a formative



8 Developing a Peer-Coaching Model for Enhancing the Pedagogical Content... 111

process that facilitates introspection and self-awareness prior to, during, and after
teaching. Teachers work collaboratively and systematically to talk about their
teaching, outlining intended outcomes prior to teaching, then reflecting upon the
actual teaching experience afterward. They meet repeatedly and actively engage in
conversations aimed at building upon each experience in a nonthreatening dialogue
(Goker 2006). Second, peer-coaching models draw on elements of the clinical
supervision cycle. Joyce and Showers (1982) have developed the most widely known
peer-coaching model which consists of four elements: (1) study of the theoretical
basis or rationale of the teaching method, (2) observation of demonstrations by
persons who are experts in the teaching method, (3) practice and feedback in
relatively protected conditions, and (4) mutual coaching to help incorporate the new
method into an everyday teaching style. In their early work, peer coaching includes
a cycle of objective classroom observation, followed by accurate feedback on the
use of the new teaching skills. In their more recent work, Joyce and Showers (1995)
expanded their view of peer coaching, emphasizing learning through collaborative
planning, development, and observation of instruction. They stress the importance
of a nonhierarchical relationship between peers working and learning collabora-
tively to improve their teaching. Third, peer-coaching models aim to improve
classroom practice. In general, teachers gain greater awareness of their actions in
the classroom and the effect their teaching has on their students. Teachers develop
their own criteria for assessment to improve their practice. Although formative
assessment is not directly associated with institutional decisions, the intention is to
create positive change that ultimately results in improved teaching practices (Goker
2006; Thijs and Van den Berg 2002).

8.2.3 Developing a Peer-Coaching Model for PCK

Shulman (1987) proposed that PCK development might pass through the processes
of comprehension, transformation, instruction, evaluation, reflection, and new com-
prehension. In this study, peer coaching can be described as a collegial approach to
the analysis of teaching aimed at integrating new skills and strategies in classroom
practice. This study revised the instructional model proposed by Joyce and Showers
(1995) into the PCK-COPR model (PCK Comprehension, Observation, Practice,
and Reflection) as shown in Fig. 8.1. This model is comprised of four main activities:
(1) comprehension of PCK, (2) observation of instruction, (3) practice of PCK, and
(4) reflection of PCK. First, the peer-coaching model starts at the study of the theo-
retical basis or rationale of the specific content teaching method. The understanding
includes study on the topics of textbook and PCK articles. The preservice teachers
discuss PCK concepts and theories in teams, and they describe his/her understanding
of the subject-matter knowledge of specific subject content unit. The analyses and
discussions on these PCK research articles also contribute to the science teacher’s
PCK of useful instructional strategies for overcoming secondary students’ learning
difficulties (Van Driel et al. 2002). Second, in order to integrate PCK theories and
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PCK Comprehension (PCK-C)

m  Discussing PCK concepts and theories in
teams

m  Examining preservice teachers’ subject-matter
knowledge

m  Providing useful instructional strategies

Reflection of PCK (PCK-R) Observation of instruction (PCK-O)
B Showing individual m  Observing mentor teachers’
teaching videotapes teaching demonstration
m  Stimulating reflection on m  Giving the comments and
teaching performance suggestions
B Clarifying individual B Learning through observation and
teaching experience peer feedback

Practice of instruction (PCK-P)
B Making lesson plans and design

Applying innovative teaching methods
into teaching practice

m  Providing feedback from the mentors

Fig. 8.1 The PCK-COPR model

practice, the second main activity is to observe experienced mentor teachers’ teaching
demonstration. The preservice teachers should observe the teaching and notify their
skills according to the learned PCK theories and strategies. After watching the
demonstration, preservice teachers take turns to give their comments and suggestions.
Then preservice teachers could learn through their observation and peer feedback.
Third, preservice teachers learn to make lesson plans and design, and apply innovative
teaching methods and strategies into teaching practice. After the practices, the
mentors would provide and comment on the pros and cons of their teaching. Finally,
each preservice teacher should show the videotapes of his/her teaching to share
his/her teaching experience with others. This teaching practice can stimulate teachers’
self-reflection. To reflect is to think about where you have been and/or what has
happened in order to clarify your teaching experience (Vidmar 2006).

Jenkins et al. (2005) suggested peer coaching as a means of developing PCK
because of its real-life context, in which teaching and learning can occur together.
Science teachers’ PCK was formed to be deeply personal, highly contextualized,
and influenced by teaching interaction and experience (De Jong et al. 2005; Van
Dijk and Kattmann 2007; Van Driel et al. 2001). Mulholland and Wallace (2005)
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suggested that science teachers’ pedagogical content knowledge requires the
longitudinal development of experience as they transition from novices to experi-
enced teachers. Within the framework of peer-coaching practice, such collaborative
discussions allow individuals to develop their own perspectives and to model
strengths for others. Bowman and McCormick (2000) suggest that through social
interaction, active learning evolves and each participant interprets, transforms, and
internalizes new knowledge. Pierce and Hunsaker (1996) state that peer coaching
not only increases collegiality but also enhances each teacher’s understanding of the
concepts and strategies of teaching and sustains the movement toward restructuring
the traditional evaluation efforts by strengthening the ownership of change.

8.3 Research Methodology

8.3.1 Participants and Context

The participants included a single instructor and a total of 12 preservice teachers.
The instructor, who was the primary researcher, specializes in science teaching
methods and strategies. The preservice teachers were selected from a 2-year teacher
education program from a university science college, and they were all interested in
becoming a science teacher in secondary schools. The context of this study was a
science teacher education course, “Teaching Practice of Secondary Science,’
designed so preservice teachers could gain teaching experience, pedagogical knowl-
edge, and teaching methods and techniques by attending the teaching practice. In
this study, the core course lasted 16 weeks, throughout the whole semester, and the
teaching practice was designed as a three-stage process. The first stage involved a
6-week practice at the university, where the major activities included PCK under-
standing and observation of the mentor teachers’ teaching. The second stage
involved a 7-week practice teaching in a secondary school, for which the preservice
teachers made their own teaching designs and practiced teaching to the secondary
students. The topics taught included “density and buoyancy.” At the same time, they
had their teaching performance videotaped for evaluation. The final stage involved
a 3-week review and evaluation of performance, when preservice teachers com-
pleted the school teaching practice and returned to the university. Every preservice
teacher was required to present what they learned during the teaching practice and
show his/her teaching videos for further evaluation.

8.3.2 Procedures and Research Instruments

The four activities of the PCK-COPR model (as Fig. 8.1) were integrated into the
overall course in three stages as discussed below.
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8.3.2.1 Stage One: PCK Comprehension and Observation

Comprising the first 6 weeks, this stage included two main activities: understanding
the content of PCK and observing the in-service mentor teachers’ teaching. In the
first activity, the instructor, using PowerPoint, explained the meaning and concepts
of PCK in seven categories, especially students’ required knowledge and creative
teaching strategies. Moreover, the preservice teachers were divided into collabora-
tive teams, each of which had 3—4 people, so the preservice teachers could study
the content of PCK in teams. Every preservice teacher would describe his/her under-
standing of the subject-matter knowledge of specific subject content unit on density
and buoyancy in writing assignment. During the first stage, they were asked to
answer the following question:

Assignment 1: What difficulties in learning the concepts of “density or buoyancy” do you
remember from your earlier experiences as a secondary student, as a university student, or
from your previous teaching practice?

The preservice teachers wrote down their recollections individually, which were
then discussed by all. After the discussion and examination in a group, the preser-
vice teachers would note down the knowledge of students’ understanding and
preconceptions of these topics in their reflective journals.

In order to integrate PCK theories and practice, the second main activity was to
have two experienced mentor science teachers demonstrate their teaching with
respect to the unit—"“density” in the university. For example, one mentor used a
multimedia videotape to illustrate the different objects of density and compare their
density in computer flash experiments. The preservice teachers should observe the
teaching and their skills. Furthermore, in addition to their written assignment, the
preservice teachers also discussed the integration of mentor teachers’ teaching
strategies or methods according to their own acquired PCK. Before peer discussions
on these sections, the preservice teachers were asked to write down their individual
responses to the following assignment:

Assignment 2: (a) What teaching skills or strategies for understanding these topics did you
observe? (b) Give some examples of instructional strategies that you may use to promote
students’ understanding of these topics.

Again, all written responses were collected, and the subsequent group discussion
was recorded on their reflective journals.

8.3.2.2 Stage Two: PCK Practice

The third activity was carried out from week 7 to week 13. The preservice teachers
learned to make lesson plans, and they applied innovative teaching methods and
strategies into their teaching practice in the secondary school. Each preservice
teacher was assigned to an experienced guidance mentor who served as a coach for
consultation on problems encountered. The goal of this stage was to have preservice
teachers acquire teaching experience and to understand secondary school students’
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prior knowledge and learning difficulties. Specifically, in this stage, each preservice
teacher demonstrated his/her teaching to the secondary classroom. Each preservice
teacher might integrate the previously learned PCK strategy and skills from observing
the mentor teachers’ teaching. Thus, the guidance mentor observed his/her perfor-
mance and acted as backup to assist and respond promptly to the preservice teacher
if necessary. For example, a preservice teacher used a buoyancy meter to demon-
strate the buoyancy phenomenon of water and used a computer to assist in this
demonstration. After the trial teaching, the guidance mentor would criticize and
analyze the observation about teaching strategies and related teaching activities
used by the preservice teacher. The preservice teachers also had their teaching
performance videotaped. In addition, they wrote down their own thinking and raised
questions in their reflective journals.

8.3.2.3 Stage Three: Reflection and Modification

The fourth activity on reflection and modification lasted from week 14 to week 16.
After completing the teaching practice, preservice teachers returned to the university
campus to continue with the course. They showed the video recordings of their
teaching, shared with others their teaching experience, and noted their reflection in
their journals. The purpose of this activity was to evaluate preservice teacher’s
teaching performance. Preservice teachers of each group would take turns to reflect
on their own practice, followed by comments from other peers. Finally, the instructor
would give appropriate feedback and comment on their demonstration and practice.
In this stage, the model aimed at making the preservice teachers aware of the PCK
they had developed after, and as a result of, teaching. They were asked to write an
individual reflective assignment about students’ learning difficulties and about the
instructional model, using the following guidelines:

Assignment 3: (a) What difficulties of students did you identify? (b) What effects on this
course did you gain concerning the PCK-COPR model?

All written assignments were collected and, again, the concluding group discus-
sion was recorded on their journals. Furthermore, the reflective stage helped them
self-examine their current lesson plan design and teaching practice in order to modify
future teaching practice.

8.3.3 Data Collection and Analysis

To monitor the development of PCK during this module, data were collected at
specific moments that were closely associated with the design of PCK-COPR. The
data collected consisted of (a) the written assignments of each individual preservice
teacher to the questions and assignments included in the four parts of the model,
(b) the reflective journal written by the preservice teachers through the overall
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process of the model and this course, and (c) the video recordings of lessons about
the chosen topics that took place during the teaching practice. These recordings
were transcribed verbatim.

The inductive data analysis employed in this study utilized a qualitative framework
that allowed the researcher to build patterns of meaning from the data (McMillan
and Schumacher 2001). Four phases, as described by McMillan and Schumacher,
were employed for the analysis of the transcripts: (1) continual discovery throughout
the research in order to tentatively identify patterns, (2) categorizing and ordering
data, (3) refining patterns by determining the trustworthiness of the data, and
(4) synthesizing themes. Accordingly, the researcher assigned the changes found
from individual respondents to these categories, resulting in a numerical overview
of the results. A constant comparative method was utilized to compare the written
assignment data and other data (reflective journals and videotapes) with the categories
generated (Strauss 1987). The data were first collected, coded, compared, and then
organized into different categories. Then the data were interpreted according to the
categories.

8.4 Results and Discussion

Throughout this section, this study refers to preservice teachers using names that are
different from their real names. Female names, however, refer to female teachers
and male names to male teachers. According to the purpose and research questions,
this study examined the content of preservice teachers’ initial PCK of learning
difficulties, instructional strategies, and the effect of the PCK-COPR model.
Therefore, the results were divided into the following three categories.

8.4.1 Preservice Teachers Were Clearly Aware of Students’
Prior Conceptions of the Subject Matter
and Their Learning Difficulties

In the first writing assignment, four of the preservice teachers thought that they
might have some misconceptions about the density and buoyancy remaining from
their earlier experiences as schoolboys or schoolgirls and as university students, or
from their previous teaching practice (Assignment 1). They seemed to have suffi-
cient basic knowledge related to density and buoyancy, however, although they
might not understand the abstract nature of the conceptions and the theoretical
formula. Four of the preservice teachers stated:

Hard objects have higher density, and objects with higher density have larger volume and
greater weight. (Mary, written assignment)

Lighter objects will float, and heavier objects will sink. Objects floating on the surface of
water have more buoyancy than those sinking in the water. (John, written assignment)
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Since density, mass and volume are abstract conceptions, which are complicated to
comprehend, students might confuse the mass and the weight in the formulation of density
conceptions. (Peter, written assignment)

Most of the students have basic conceptions about buoyancy; for example that a wood
block floats on the water and a piece of iron sinks. However, this does not mean that
students actually understand the buoyancy concept formula. (Amy, written assignment)

However, in the third written assignment “what difficulties of students did you
identify?” Preservice teachers considered themselves clearly aware of students’ prior
conceptions of the subject matter and their learning difficulties. Mary (preservice
teacher) understood students’ levels of comprehension for the concept of density after
teaching practice. John used some examples adopted from real-life experience to
motivate students to learn. Peter thought that they were equipped with science content
knowledge. However, this science content knowledge seemed very objective to them
before the teaching practice experience. In addition, Amy acquired the ability to
integrate theoretical concepts and knowledge into their teaching practices.

After the teaching practice, it was easier for me to understand students’ levels of compre-
hension for the concept of density. (Mary, reflective journal)

I use some concrete objects as the material for theoretical implications into my teaching
content. This is intended to reduce confusion due to abstract conceptions, and also to stimu-
late students’ interest in learning. (John, written assignment)

Before the course, my knowledge of “density” was objective and formal, as simply the
mass per volume for an object. After the teaching practice, I understood the definition of
density and how it is calculated, as well as the density characteristics of an object or the
density difference between different objects. (Peter, reflective journal)

I found that some students probably understand the concept of buoyancy, but it is still
difficult for them to apply it correctly when solving problems. They did not know how to
use a formula to express the physical significance to solve problems. In my opinion, there
is significant difference between students’ acquired knowledge in the science course and
their problem-solving capability. (Amy, written assignment)

8.4.2 Preservice Teachers Learned to Implement
Multiple Teaching Methods for Integrating
the Subject-Matter Knowledge

After focusing on their expected learning difficulties, preservice teachers wrote
down and discussed instructional strategies that they considered potentially useful
to enhance students’ understanding (Assignment 2). Six of the preservice teachers
noted that this study enabled them to improve successfully their pedagogical
knowledge. The main difficulty they encountered was how to present the science
formula and content knowledge to students in an efficient way. However, from the
PCK training, preservice teachers learned how to implement multiple teaching
methods and strategies of integrating subject-matter knowledge into real-life examples,
which helped them better explain the content knowledge. Preservice teachers
thought that they had developed some strategies after they read and discussed the
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related PCK papers. They also might explain important concepts by designing some
activities to give students the chance to practice and enrich their empirical experience.
Peer coaching provided the opportunities for collaborative teachers to develop their
skills in applying technology to design lessons as well as to improve their teaching
skills. Meanwhile, preservice teachers were the reflective coaches for each other
because they could faithfully reflect their observations on teaching practice. Six of
the preservice teachers stated:

To design a teaching activity for explaining the abstract buoyancy concept formula to
students was not easy. Thus, I used materials from everyday life to guide the students.
For example, I used clay as a demonstration material, broke it into lumps of different sizes,
and put them into water so students could observe whether they floated or sank. (Caleb,
written assignment)

For me, being aware of students’ learning conditions and offering activities to students
are important points for successfully teaching abstract density concepts. (Dick, written
assignment)

The research papers helped me a lot in developing my instructional strategy. After I
explain the important concepts, [ will provide some activities for the students to check their
understanding. (Bee, reflective journal)

I think that using the computer in teaching not only could help explore scientific concepts
but is an entertaining effect, thus enhancing the students’ motivation to learn. I learned
much computer skill from peer coaching in this study. (Ann, videotape)

Through peer coaching, we could work collaboratively to elaborate each other’s special-
ties and develop our skills in employing technology to design more interesting and lively
teaching contents. I think it will help my teaching. (Jim, written assignment)

Peer coaching requires preservice teachers to be open-minded to both positive and nega-
tive feedbacks from peers. Positive feedback could enhance their teaching skills while
negative feedback could modify their teaching. (Paul, reflective journal)

8.4.3 The Teaching Model Offered Preservice Teachers’
Observation and Practical Opportunities to Promote
Their PCK

After focusing on instructional strategies, preservice teachers wrote down the effect
of the PCK-COPR model that they considered potentially useful to enhance their
PCK (Assignment 3). The initial process of teaching observation and peer interac-
tion in the study could help an individual who did not have any teaching experience.
Further, it helped preservice teachers learn some practical teaching strategies and
organize their personal thinking. Preservice teacher also learned some multimedia
technology by observing the mentor teacher’s teaching demonstration in class.
Three of the preservice teachers stated:

Observing an experienced teacher can help oneself integrate theoretical knowledge with
practice. The most important is his/her self-reflection, which may differ from others and
from books. (Paul, written assignment)

Previously, I offered only one exercise for students to practice their learning after explaining
three concepts. After observing a mentor teacher’s teaching strategies, I found that offering
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a related exercise after explaining each concept is more effective teaching method. (Caleb,
reflective journal)

I created a multimedia VCD to illustrate the different objects of density and their
applications. This idea was inspired through observing a mentor teacher’s instruction. (Jim,
videotape)

On the other hand, the teaching model (PCK-COPR) offered preservice teachers
a teaching practice opportunity to promote their PCK, and so it was possible for
preservice teachers to connect their professional knowledge of the subject matter
with their teaching methods. In addition, preservice teachers learned how to inter-
pret the teaching units in a way that was more comprehensive than the traditional
teaching method. Two of the preservice teachers stated:

The model gave me lots of practical experience and helped me integrate content knowledge
and teaching skills in actual classroom practice. It helped me clarify the areas of strength
and weakness in my teaching. (Sue, written assignment)

The model helped me select a proper teaching method to interpret the subject matter for
the unit of density in a more comprehensible way, and thereby revised my previous teaching
method. (Robert, reflective journal)

8.5 Conclusion and Implications

This study first examines the content of preservice teachers’ initial PCK of learning
difficulties. Initially, preservice teachers thought that they might have some miscon-
ceptions about the density and buoyancy from their earlier experiences; however,
the preservice teachers considered themselves clearly aware of students’ prior
conceptions of “density and buoyancy” and their learning difficulties after teaching
practice (Mary, John, Peter, and Amy). By getting acquainted with students’
specific conceptions and ways of learning, preservice teachers might use some
examples adopted from real-life and practical experience to motivate students to
learn. This would restructure their subject-matter knowledge into more easily under-
stood form that enables productive communication with their students (Lederman
et al. 1994). This study also provides empirical evidence showing that the teaching
model did have some impact on preservice teachers’ PCK. Some studies have shown
that preservice teachers’ PCK would improve with increasing teaching experience
and practice (De Jong et al. 2005; Van Driel et al. 2002). According to the results of
this study, the PCK-COPR model was found to enhance the integration of science
knowledge of theory and teaching practice. Since the science concepts and theories
learned by the traditional teaching method were usually considered objective and
abstract, the preservice teachers found it easier for them to combine the theory with
practice and further organize their subject-matter knowledge through the teaching
model. It was possible for preservice teachers to connect their professional subject-
matter knowledge with their teaching methods (Lederman et al. 1994). Preservice
teachers developed their pedagogical content knowledge, which has been described
as the transformation of several types of knowledge for teaching (Magnusson et al. 1999).
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According to Geddis (1993), the transformation turned preservice science teachers’
subject-matter knowledge into teachable content knowledge.

Moreover, preservice teachers’ knowledge of representations and teaching
strategies benefited from and developed in the actual teaching experience. This
strong impact of teaching experiences is consistent with the findings of other scholars
(De Jong et al. 2005; Grossman 1990; Lederman et al. 1994). It was found that the
present PCK-COPR model could help preservice teachers develop multiple teaching
methods and strategies for integrating the subject-matter knowledge into real-life
examples of the science lessons. Some of the preservice teachers admitted that this
study enabled them to improve their pedagogical knowledge (Caleb, Dick, Bee,
Ann, Jim, and Paul). On the other hand, in the study of De Jong et al. (2005), the
preservice teachers were not offered research articles about secondary students’
learning difficulties or relevant teaching approaches to prepare their lessons. Instead,
they were stimulated to explicate their already existing PCK and to expand this PCK
by analyzing and discussing secondary school textbook sections. In this study, anal-
yses and discussions on these PCK research articles also contributed to the preser-
vice teachers’ PCK of useful instructional strategies for overcoming secondary
students’ learning difficulties (Van Driel et al. 2002). In general, reading and
discussing the paper triggered the development of pedagogical knowledge for at
least some of the participating preservice teachers. Thus, preservice teachers might
be better able to develop effective strategies for explaining the important concepts
by designing some exercises for students to experiment with the concepts they
had acquired.

Another finding was that observing the mentor teacher’s teaching demonstration
in the study could help preservice teachers to learn some practical teaching strate-
gies and organize their personal reflection and thinking (Paul, Caleb, and Jim). The
teaching model (PCK-COPR) also provided preservice teachers a teaching practice
opportunity to promote their PCK (Sue and Robert). Preservice teachers considered
these perspectives potentially useful to enhance their PCK. These findings echoed
that some preservice teachers also learned how to use technology and to illustrate
teaching content using the computer as taught by their peer coach (Ann and Jim).
The preservice teachers in this study were trained to play two different kinds of
roles: collaborative coaching and reflective coaching in the activities. As collabora-
tive coaches, preservice teachers were asked to observe and analyze the teaching
practice; they learned from each other on how to design more interesting and lively
teaching contents and refine teaching skills through immediate feedback (Bowman
and McCormick 2000). Preservice teachers were also the most appropriate reflective
coaches for each other (Vidmar 2006). In this regard, when the preservice teachers
provided feedbacks to each other, they not only gave suggestive but also positive
feedbacks in order to facilitate peer’s teaching skills and strategies. They should be
more open to critical suggestions for PCK improvement and changes offered by the
supportive peers. Therefore, the experimental PCK-COPR model including peer
coaching has its advantages in these respects.

Comparing the outcomes of the present study with the previously described peer-
coaching model for developing PCK, drawn from the research literature, the
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researcher can conclude that the design of the PCK-COPR model helped develop
the PCK of the participating preservice teachers. That is, it was useful to start the
model with activities focusing on explaining preservice teachers’ initial knowledge
of secondary students’ conceptions and learning difficulties. Then, these notions
could be expanded through analyzing and discussing fragments from PCK compre-
hension activities. The activity also appeared to stimulate their thinking about
potentially useful instructional strategies. Next, the initial process of teaching obser-
vation in the study helped individuals who did not have any teaching experience.
It helped preservice teachers learn some practical teaching strategies and organize
their personal thinking to verify the theories they had learned from textbooks. Thus,
it was important that preservice teachers were provided with authentic opportunities
to experiment with teaching approaches. In this context, some of them focused on
the design of their instructional approach, whereas others reflected that they had
concentrated on how to integrate technologies with teaching. The mentors’ approach
and involvement confirmed their potentially strong impact on the development of
preservice teachers’ PCK (Van Driel et al. 2002). Finally, writing a reflective assign-
ment, reflective journal, and discussion of the video recordings with each other was
useful in helping the preservice teachers reflect and further develop their PCK about
students’ learning difficulties and instructional strategies. The data also show that
the learning outcomes of this model, in terms of PCK development, were different
for different preservice teachers and mostly limited to the specific topics (density
and buoyancy) that were focused on. The design of this PCK-COPR model, whether
it is suitable for other topics of science, needs a follow-up study. Again, the innova-
tive PCK-COPR model provides a way to develop science preservice teachers’ PCK
and also serves as useful reference for other pedagogical goals.
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Chapter 9
Issues and Challenges in School-Based
Assessment of Science Practical Work

Benny Hin Wai Yung

9.1 Introduction

The forms that examinations and assessment take are widely recognised as
determinants of educational practice. In order to transform classroom practices, it
is necessary to shift teachers’ conceptions of assessment away from dominating
notions of accountability and achievement to more holistic purposes of gathering
evidence useful for informing teaching and learning practices (Shepard 2000). It was
against such a background that the former Hong Kong A-level Biology Practical
Examination was replaced by a school-based assessment scheme — the Teacher
Assessment Scheme (TAS). For a similar reason, the Science Practical Assessment
(SPA) scheme is implemented in Singapore to replace the former one-time practical
test administered at the end of General Certificate Examination O- and A-level
science courses.

Both TAS and SPA are designed to promote the investigative approach in teach-
ing practical work (Yung 2006; Towndrow 2008). Hopefully, in so doing, this can
enhance students’ understanding of scientific concepts, motivate learning through
hands-on activities and develop essential practical skills for laboratory investiga-
tions (Ministry of Education, Singapore 2002). Under the new assessment schemes,
teachers are required to make their own decisions about the science practical skills
they want to teach and assess during the academic years leading up to the public
examinations. Teachers are given responsibility for designing ‘everyday’ and
assessment tasks with accompanying scoring rubrics that fit their own teaching situ-
ations. In short, besides aiming for a more valid assessment of students’ practical
competencies, both TAS and SPA aim to ‘liberate’ the science curriculum by providing
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teachers with more rooms to make pedagogic decisions of their own. As some
advocates claim, school-based assessment can enhance teacher professionalism by
widening their experience (Yung 2006).

Disappointedly, changes in policy do not always influence instructional practices
as anticipated (Richardson and Placier 2001). This is especially the case for assess-
ment reform as it relates to the formative aspects of assessment which is a topical
and much-debated issue (Black and Wiliam 2003). The problem is further compli-
cated by the intricate relationships amongst assessment, teaching and learning.
Often, how the problem unfolds is very much dependent on the underlying interplay
and intertwining variables within the specific context where the assessment takes
place (Carless 2005). I would argue that teacher professionalism and their assess-
ment competencies are two crucial factors in determining the success of any school-
based assessment scheme.

To position my argument, I shall begin with a brief review of the literature on
teacher professional development. This is followed by stories of teachers’ experiences
in implementing the assessment reforms in Hong Kong and Singapore. Though the
stories have appeared in one form or another in various publications, re-telling and,
in some cases, re-interpreting them in one go helps put the bits and pieces together
to illuminate the issues and challenges involved. This paves way for a subsequent
discussion on implications for teacher professional development. This chapter
concludes with a call for more investment on teacher professional development in
this area.

9.2 Teachers’ Professional Development

The importance of continuing professional development for the teaching profession
is increasingly acknowledged in countries throughout the world (Coolahan 2002).
Research has consistently pointed to the need of addressing issues of teacher change,
sustainability and understanding the impact of professional development programmes
designed to support educational reforms (e.g. Fraser et al. 2007). Two broad and
largely opposing approaches to teacher professional development are identified: one
follows a short-term, training-based agenda that is usually conducted off-site by an
external agent, and the other involves the adoption of a more continuous, situated
and learning-based approach (Kennedy 2005).

Traditionally, information and new developments in education are passed onto
teachers through workshops and short in-service professional development courses
delivered off-site by external ‘experts’. This approach is an efficient way to reach
out to many teachers and raise their awareness of new pedagogies in a short period
of time, focusing on technical aspects of the job rather than issues relating to values,
beliefs and attitudes. Though suitable for information acquisition or learning
procedural skills, research has shown that this approach is not effective and rarely
leads to changes in classroom practice (Sprinthall et al. 1996). Moreover, such an
approach could possibly result in the loss of teachers’ professionalism and appreciation
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of the diversity of experiences of teachers’, students’ and school needs (Kennedy
2005). This is because teachers’ voices are often silent in this approach of professional
development, and, consequently, there is a danger that teachers might ignore, modify,
abuse, misinterpret or distort the intention of educational policy changes as a result.

A radically different approach involves teachers initiating and enacting change
for themselves in response to a variety of changes and influences both within and
beyond their classrooms. In this approach, teacher learning is regarded as an ongo-
ing process of sense-making relating to the new practices resulting from policy
changes imposed on the teachers. Clarke and Hollingsworth (2002) argue that the
school and classroom provide rich environments for teachers to enact emerging
learning within their own context by undertaking ‘professional experimentation’.
This can help teachers make sense of their practical experiences, particularly those
with positive outcomes. That, in turn, can lead to conceptual change and acceptance
of new theories. They argue, as such, it would appear logical to position teacher
professional development within the context of the teachers’ workplaces.

Nonetheless, in situ professional development is not without its problems. As
pointed out by Loughran and Gunstone (1997), even for teachers who are eager to
improve their practices within their own schools, their enthusiasm in professional
development work fetter once the research study has come to an end and the profes-
sional developer is no longer present in the school. Indeed, the motivating effect of
interest and ‘ownership’ of the learning opportunity has been noted as a significant
factor in teachers’ professional development (Bell and Gilbert 1996). A question
remains: How can educational innovation be sustained over the longer term?

In summary, despite the abundant professional development opportunities pre-
sented to teachers, those initiatives that overly focus on short-term gains might fail
to account for teacher learning that is situated within a complex web of context-
specific variables including politics, pedagogy and innovation (Rodrigues 2005).
On the other hand, the issue of sustaining educational innovations remains
problematic even for approaches that are context specific and customised to local
circumstances. As will become apparent in the teacher stories presented below, my
view is that sustained in situ teacher learning requires a lot more to be known about
the web of factors that influence teachers and their classrooms as they attempt to
make sense of educational policy reforms. Above all, teachers themselves need to be
more proactive in their own professional development.

9.3 Stories of Teachers Implementing
School-Based Assessment

Below are case studies which have been reported elsewhere. Details on data collection
can be found in the original articles. In the main, these included classroom observa-
tions, coupled with relevant teacher interviews. Interpretive narrative accounts in
the form of case reports will be used to convey the context of the studies and the
knowledge that are implicit in the stories of the teachers. Except otherwise stated,
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all the teachers received minimal professional development training in school-based
assessment mainly in form of one-off short training workshops or conferences that
focused on technicalities of complying to the regulations of the assessment schemes.
The presentation of the stories has been guided by following questions: Why are the
teachers’ actions and responses to the new assessment systems so different? What
are the roles of different forms of professional development in helping teachers to
understand and enact the assessment reforms?

To enable readers to better understand the issues and challenges faced by the
teachers as well as my interpretation of the stories that follows, a brief introduction
to the education systems in Hong Kong and Singapore will help. Both Hong Kong
and Singapore have an examination-led education system. As a consequence, exam-
inations determine the quality of the educational experiences of teachers and
students. What transpires in the classroom is largely dictated by what happens in the
public examination halls. The obsession with testing and examinations is vividly
illustrated in the following quotation from a review of the Hong Kong education
system (Choi 1999):

In fact, students sometimes stop their teachers teaching certain topics or materials which are
not in the [examination] syllabus. (p. 412)

A similar, if not worse, situation occurs in Singapore as described by Towndrow
and his colleagues (2010, p. 121), ‘Teachers are crucial elements in students’ suc-
cesses in these high-stakes tests. They are expected to implement and monitor com-
pliance with standard operating procedures and deviance from published and
unpublished approaches and norms is unexpected, unrewarded and risky’. In sum,
an examination-oriented culture is firmly embedded both in Hong Kong and
Singapore, and that examinations are stressful both for students and teachers.
Everyone knows that there is much at stake.

9.3.1 Bob: They Are Learning While I Am Assessing Them

Bob, a teacher in Hong Kong, has 7 years of teaching experience. He is able to cope
with the requirements of the TAS quite well. He is able to come to grips with the
formative function of the assessment. He often initiates discussions with individual
students during the course of the practical. In fact, he is mindful of the importance
of interacting with students even at the lesson planning stage (Yung 2006):

One of my major considerations in selecting practical work for the TAS assessment is
whether I can make use of the practical to induce some kind of discussion with my students
and that they can learn through it ... This is a very crucial part in their learning ... So, they
are in fact learning while I am assessing them.

Sadler (1989) believes that assessment is truly formative only when it involves
the student. As such, the judgements about the quality of students’ responses can be
used to shape and improve their competence by short-circuiting the randomness and
inefficiency of trial-and-error learning. This is exactly what Bob was trying to
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achieve when he engages in active discussions with his students. One common feature
in the discussion of Bob with his students is that he always responds to his students’
queries with remarks and questions like, ‘What do you think?’ ‘What better procedure
can you think of?’ or ‘You think over yourself first. [ will come back to you later’.
In a post-lesson interview, Bob mentioned the positive effect of the TAS on his
teaching and the learning of his students:

In the past, I would point out their mistakes directly to them. Now, I have to remind myself
to be conscious of this. Telling them directly is the fastest and simplest way, but it does not
make them think. This is a good influence on both teaching and learning.

This indicates that Bob has begun to realise the importance of not only providing
feedback to students but also attending to the quality of the feedback, as Sadler
(1998, p. 84) has pointed out, ‘Formative assessment does not make a difference,
and it is quality, not just quantity, of feedback that merits our closest attention. By
quality of feedback, we now realise we have to understand not just the technical
structure (such as its accuracy, comprehensiveness and appropriateness), but also its
accessibility to the learner (as a communication), its catalytic and coaching value,
and its ability to inspire confidence and hope’. In sum, Bob is able to find a handle or
frame of reference outside the concrete situation of assessing his students by being
‘conscious of not telling students the answers directly so as to make them think’.
He sees this as a good influence on both his teaching and his students’ learning.

9.3.2 Carl: Interacting with Students Is an Unexplored Treasure

Carl, another Hong Kong teacher, has more than 20 years of teaching experience.
Similar to Bob, there are a lot of discussions between Carl and his students during
the TAS practicals. In addition, there are also a lot of discussions amongst students
themselves, which is not observed in Bob’s lessons. When asked why he often encour-
ages students to discuss amongst themselves and whether this would create a dilemma
for him in coping with the requirements of the TAS, Carl replied (Yung 2006):

This is a compromise to students’ cultural habits of not wanting to be vocal. They are
passive ... I am aware of the conflict between teaching and assessment but there is no such
formal statement about the Do’s and Don’ts in the TAS Handbook. I think limited discus-
sion won’t affect their overall performance too much. Too much emphasis on assessment
will hinder a lot of ideas flowing out. They have undergone the educational process. Is that
really going to affect the fairness of the assessment?... The interaction amongst themselves
and between us is an unexplored treasure. I have been encouraging them to speak up. But
this has to be built up slowly step by step ... I have faith in my students ...

More classroom episodes of how Carl tries to tap into the ‘unexplored treasure’ of
interacting with his students can be found in Yung (2006). When asked if frequent
interaction with students would affect the fairness of the assessment, Carl’s view was:

This is what science education is about. TAS never prohibits teachers from responding to
questions raised by students. Students’ overall performance will not be affected by just one
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or two points which they might have discussed with the teacher or their classmates.
Differentiation [in their capabilities] will be reflected in their overall performance in the
reports ... The idea of the TAS is to integrate assessment with teaching and learning.

Very clearly, Carl’s way of implementing the TAS is very much related to his
‘scaffolding’ view of learning (Shepard 2005), in which the teacher should try to
provide a stimulating environment and guide his students towards learning ‘step by
step’. In sum, Carl, like the previous teacher, Bob, seems to be fairly good at inte-
grating assessment with teaching and learning. That is, both of them, like a few
other teachers in Yung’s (2006) study, understand the TAS not only as an assess-
ment reform but also one with a pedagogical dimension including the promotion of
investigative practical. For these teachers, professional development in the format
described in the case below is likely to help in achieving the reform goals.

9.3.3 Departmental Professional Dialogue
on Laboratory Task Design

To prepare teachers for the SPA in Singapore, Towndrow et al. (2010) conducted a
teacher development study. Over a period of 20 weeks, three researchers and four
upper secondary biology teachers in a science department of a secondary school had
a series of professional dialogues about how to incorporate enquiry into commer-
cially published workbook investigations. The aim was to help the teachers to design,
implement and evaluate practical assessments that could be used for the SPA.

The group began with turning a cookbook-type practical on the action of diastase
on starch into an investigation which can help students understand the purposes of
procedure and the possible sources of experimental error. Discussion then turned to
planning the next practical which investigates the effect of pH on catalase (an enzyme
which catalyses the breakdown of hydrogen peroxide into water and oxygen).

The recommended procedure involved the use of a data logger to determine the
rate of reaction at different pH values. In the trial run session, the materials and
equipment for the data logger experiment were prepared and set up following the
workbook, but some items of glassware and stoppers were not exactly the same.
Although the workbook instructions appeared simple enough, the teachers and
researchers had difficulty conducting the experiment. Due to the vigorous enzy-
matic reaction, it was not possible to create an airtight condition in the experimental
set-up (with a plasticine improvisation) for collecting the oxygen released and then
passing it into another beaker of water, where a dissolved oxygen sensor was
installed to measure the changes in dissolved oxygen content. (Details about the
problematic set-up can be found in Towndrow et al. (2010).)

Sensing trouble if the same thing were to happen in class, the researchers and
teachers engaged in troubleshooting immediately, first by using half the volume of
reactants, hoping that the rate of reaction would be less vigorous, but failed.
Attention was then turned to the equipment and, in particular, to whether the dis-
solved oxygen sensor was being used correctly and how accurately it was detecting
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the oxygen that was evolved. After several attempts, much discussion and an
impromptu search of the World Wide Web, the idea was tabled to measure the oxygen
evolved directly instead of waiting for it to dissolve. Eventually, it was realised that
more needed to be known about the mechanics of the dissolved oxygen sensor.

Subsequently, it was known from a supplier of the data logger (contrary to the
instructions in the students’ workbook) that the dissolved oxygen sensor was only
for point sampling (as it consumes oxygen when used continuously). Armed with
this knowledge, a simpler experimental set-up was devised using an oxygen gas
sensor from a different manufacturer. This workaround was successful, and every-
one agreed that measuring gaseous exchange was easier and better than dissolved
oxygen. It was also concluded that the inaccuracies in measuring dissolved oxygen
were compounded by the fact that the solubility of oxygen in water is not high. One
of the teachers commented how enlightened she was after having gone through
the cooperative process of troubleshooting and thinking about the experiment.

The professional dialogue, experimentation and learning that took place in the
planning of the Effect of pH on Catalase task marked the beginning of a curriculum
development community of practitioners in the school’s science department. Their
dialogue continued in jointly correcting and modifying the students’ laboratory
sheets in ways that could provide students with sharper learning foci as well as pin-
pointing for themselves the specific laboratory competencies that could be assessed
in relation to the SPA.

To conclude, it is no doubt such professional developmental work for teachers is
necessary if the desired pedagogic outcomes of TAS/SPA are to be achieved.
However, for teachers described below, this kind of professional development activ-
ities may not be adequate enough in preparing them for the new demand imposed
on them both as a teacher and an assessor.

9.3.4 John: I Must Be Fair

John, one of the Hong Kong teachers in Yung’s (2006) study, has 20 years of teaching
experience. In implementing the TAS, John is preoccupied with the issue of fairness
as exemplified in the following episodes. In the first episode, it is at the beginning
of a TAS practical. John is inviting questions from the class after distributing the lab
manual and allowing them some time to read:

Any questions before we start? Any questions, please? [There was no question from the
students. John then said again.] Come on, any question? Free of charge! Marks will not be
deducted. Come on. Any question? [Again, there was no question from the students. John,
then, signalled the class to begin their work.]

As suggested by Bell and Cowie (2001), assessment takes place in the social
space of the classroom. It is a social practice, constructed within the social and
cultural norms of the classroom. It is shared. Why was there no question from the
students? The amount of help provided to students might have constituted one of
John’s criteria for assessing his students’ practical competence. Such an assessment
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criterion had been reiterated again and again by John during his prior lessons. Thus,
John’s stating that ‘marks will not be deducted’ at the beginning of the lesson might
just have reinforced students’ perception that ‘marks will be deducted’ in other
situations if the teacher does not invite questions from them. As will be evident in
subsequent episodes, students in general do not like this idea. Often, they prefer to
proceed without assistance even though they realise that they may not be able to
generate an effective response to the practical task assigned.

In fact, it is very rare for John to invite questions from the class during the TAS
practicals. This occurs only at the beginning of the practicals, where the intent is
mainly to sort out problems related to provision of apparatus and materials. In the
actual course of the TAS practicals, John is reluctant to answer students’ questions,
as illustrated by the following episode:

Student: I have a question but will marks be deducted?

John:  You ask it first.

Student: Chee! I don’t want to ask then.

John:  IfI am going to deduct marks, I will tell you first.

Student: If I ask you the question, but then you tell me afterwards that marks have been
deducted, I will be very depressed.

John:  Just go ahead and ask me. And you will know what the outcome would be.

[The student then asks the question.]

John: I have to deduct marks from you if I answer you this question. Therefore, I am not
going to answer this question. You think about it yourself.

Student: Are you really not going to deduct any marks from me at all?

John:  Go back and do you work quickly.

The reason behind John’s decision not to answer the student’s question is that,
‘I must be fair. I can’t answer some students’ questions but not the others ... What
bothers me is that, suppose I am going to answer students’ question, how many
questions should I entertain, and to what extent? This is the most difficult part. If there
was no TAS, I would then have given her a definite answer ...’

Clearly, John is caught in a dilemma of trying to be fair to all students on one
hand and trying to solve their problems on the other. Obviously, teaching and assess-
ment have become polarised; teaching has given way to assessment, and the forma-
tive function of assessment is lost. The requirement to submit the TAS marks to the
public examination body for certification purposes has framed the way in which
John interprets the assessment reform. He has drawn on his previous experience and
understanding of what assessment is about in order to make sense of the changes
and to make decisions about how he should implement the TAS, as he put it:

TAS is certainly an assessment ... the hard fact is that I have to submit the marks to Hong
Kong Examinations Authority (HKEA) ... If you tell students that marks are not important,
just to relax and try, students just would not believe in what you say, ... They know what is
going on. You just can’t fool them.

Hence, it is not surprising if the introduction of TAS is regarded as purely for the
purpose of improving the validity and reliability of the assessment. In fact, this is
not an unreasonable assumption for teachers to make when the reform is initiated by
the HKEA — the public examining body. No wonder, based on such a mindset, the
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classroom situation in which practical work occurred is that of a formal assessment.
Though this does not mean that the teacher cannot help the students, any assistance
given would be an integral part of the assessment process, and would result in the
deduction of marks. In other words, the teacher is explicitly acting under the authority
of HKEA, as an extension of the examination procedures. This aspect of TAS work
has been a source of tension for many teachers in Hong Kong (Yip and Cheung
2005) such as John. For these teachers, the intentions that the assessment reform
would broaden the curriculum and improve the quality of teaching and learning
have drifted quietly into the background.

9.3.5 Sophia: No Talking

Sophia is a biology teacher in Singapore, with just 2.5 years of teaching experience.
In the following episode, she is preparing her secondary one (13-year-old) class for
a forthcoming summative SPA task aimed at assessing students’ individual practical
skills. She wants this ‘practice’ experiment to be conducted under mock exam
conditions so as to prepare students for the novel assessment system. Before the
students begin work, Sophia issues the following guidance to the class:

All right, now this is an exam question so when you are going to do your experiment there
will be no talking. Okay, quiet. Since this is individual work, you have to be resourceful
when collecting your own apparatus. So you only share your water bath, the Bunsen burner
and tripod stand. You take you own boiling tubes. Any questions? You can share your water
bath. And Bunsen burner and lighter. That’s all. Alright. No more talking. You only share
water bath, lighter and Bunsen burner. Cannot share wire gauze. So anything that requires
a water bath you share. But anything else, boiling tubes, you have your own. White tile your
own. Forceps also have your own. Any more question? ... Alright? So you will have one
period, which is about 45 minutes to do this experiment. You may begin now. Read your
experiment. Class, glass rods are in front. Forceps are in front. You don’t share any of them.
[After 3 minutes] You don’t seem to understand this is an assessment. Nobody should be
talking. Not even to your partner. (Tan and Towndrow 2009, p. 63)

Clearly, in stressing the importance of ‘no talking’, ‘quiet’, ‘individual work’,
‘no more talking’, ‘nobody should be talking’, Sophia has closed down the oppor-
tunities for discussion, peer learning and collaboration to occur. It has also restricted
her scope to provide feedback that can help her students improve their learning.

Arguably, in terms of how assessment reform practices have eaten into the
curriculum time which could have been used for teaching and learning purposes,
Sophia’s case is even more disappointing than John’s case reported above. In both
cases, instructional time is reduced as some lessons are reserved for carrying out the
school-based assessment. The problem is worsened in Sophia’s case, with addi-
tional instruction time being curtailed for ‘practice’ experiments to be conducted
under mock exam conditions so as to prepare students for the summative SPA.

In summary, the cases of John and Sophia show that genuine improvements in
the effectiveness of learning actually require a major rethink about the way that
assessment is used. This rethink needs to be based on a careful analysis of how
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assessment can promote individual learning. In particular, teacher development
activities aimed at re-constructing their ideas about the role of school-based assess-
ment in the educational reform and helping them to develop strategies for utilising
the outcomes of assessment in formative and educative respects are imperative. To
this end, the following two cases from Hong Kong (Yung 2006) are illustrative.

9.3.6 Ivor: A Police Officer Afraid of Being Scolded
by His Superior, and Dawn: I Am More Liberated Now

Ivor has more than 15 years of teaching experience. Not only does he refrain from
offering help to individual students during the TAS practicals, like John and Sophia,
he also does not allow students to discuss with their peers. Additionally, he adopts
a ‘picky and fault-finding’ attitude when assessing his students as per his descrip-
tion of himself:

1 fear that the exam board would say that my marking is too lenient. I d rather deduct marks
from my students without any special reason ... I have to keep their marks low. I had to be
very picky and fault finding with students. Otherwise they might get a very high mark, so
high that the exam board would not believe in it. I had to behave like a policeman who had
to grasp every chance to give out the assigned quota of illegal parking tickets in order not
to be scolded by the superior ... It is really unfair to them [the students].

Embodied in this metaphor — a police officer afraid of being scolded by the
superior — is the perception that TAS is a part of the high-stake public examination,
and that the teacher is held accountable by the examination board for carrying out
the assessment properly. Also expressed in this metaphor is a strong feeling of inse-
curity. That is, fear of being scolded by the superior for not being able to accomplish
the job assigned. This illustrates vividly how Ivor has submitted passively to the
TAS regulations, even though he judges them to be misguided; as reflected in his
tone and expression such as ‘it is really unfair to them’. There is clearly a sense of
powerless and resignation as further revealed in the following interview excerpt:

Iworry a lot about how much I should discuss their experimental proposals with them [the

students]. If I tell them too much, I may be violating the TAS regulations. So, the best thing

is that I tell them nothing, I am sort of trying to protect myself as far as possible. I just don’t
care whether students understand or not.

In sum, Ivor perceives the introduction of TAS as imposing severe constraints
upon his professional autonomy to such an extent that he would rather ‘protect
himself” than look after students’ learning. Clearly, teacher professionalism is
severely compromised as Ivor struggles to make sense of his changing roles as both
an assessor and a teacher. This is in contrast to the next teacher, Dawn, who is now
able to come to grips with the dual role required of her to be a teacher and an assessor,
though only after going through a rather painful learning process:

1 don’t want those terrible things in the first year of the TAS to happen again. At that time,
I was not familiar with the scheme. Students and I were putting pressure on each other. They
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were neurotic and so was I. That is not a good way to learn ... I don’t want to use marks to
threaten them ... I think it is something to do with your attitude. Whether you really want
to help the students ...

Dawn is a lively and friendly teacher in her early 30s. Unlike Ivor, Dawn does not
avoid giving assistance to students if she deems it necessary. She upholds her belief
that the teacher’s role is to assist students’ learning and that the assessment require-
ments should only be of secondary consideration in the process, as she put it:

If I don’t do this, how are they going to learn? You know. I can deduct marks from them
depending on the amount of help offered ... Or, if I find all of them don’t know how to pro-
ceed, I can just delete that particular assessment criterion from the assessment checklist ...
In the past, I emphasized asking all students to follow a standard method so that I could
grade them more easily (using a common checklist). Now, I allow them to work with their
own methods. Gradually, I have come to realize that there are bound to be variations in
their methods. It’s okay as long as I can make adjustments in assessing it. There can be
different kinds of possible adjustment there.

Clearly, Dawn is ‘in control’ of the teaching-learning situation inside her classroom
while Ivor is very much ‘controlled’ by the TAS regulations. In other words, Dawn
is adept at finding spaces in which she could manipulate the TAS requirements with
her own professional judgement. Nevertheless, this realisation of the flexibility
provided by the TAS did not come with the introduction of the TAS but resulted
from the experiences she has gained over the years:

In the past, 1 felt very much constrained by the TAS. Now, I feel that I am set free again. This
is an evolution really. I have evolved ... In the first year of the TAS, ... I thought that it was
something like an examination. I adopted a very strict attitude on every single item.... I had
to work very carefully because this is an examination. In those days, most teachers had a
very bad feeling towards TAS. I am much more liberated now ... I don’t feel so constrained
now...

Dawn attributed her evolution into taking on ‘a more liberated view’ of interpreting
the TAS regulations in subsequent years to her becoming a TAS coordinator herself.
She attributed much of her professional growth in this area to her interactions with
like-minded colleagues during the TAS coordinator meetings. These have provided
opportunities for her to find out what practising the reform ideas may involve and
afford her an opportunity to gain the insights of others on the practical problems of
putting the ideas into actual practice. This lends support to the important role
played by smaller collegial groupings in teachers’ professional development and
teachers’ enactment of the reform as illustrated by the Singaporean case described
above — the departmental professional dialogue on laboratory task design.

More importantly, Dawn’s case also suggests that teachers are able to exercise
control of their own teaching by adopting a critical stance to policy change. However,
as pointed out by Harlen (2005, p. 210), ‘It takes a good deal of support —and courage — for
teachers to turn round their practices from being test-oriented to being learning-
oriented’. Indeed, it points to the need for greater teacher support and more
professional development in this respect than is currently available. This presup-
poses skilled and confident teachers who need time and space to reflect and to
question values. Short courses which focus on survival strategies and ‘tips for teachers’
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are unlikely to stimulate the quality of thinking and reflection which are seen as
necessary conditions for change and development. If teachers are to regain their
professional confidence and play a significant role in curriculum reform, there are
implications for teacher education. In particular, they need to engage with changes,
rather than be taken over by them. In order to do that, they need to understand the
origins and nature of the changes and their own responses to them.

9.4 Implications on Teacher Professional Development

As evident from the above cases, teacher professionalism and their assessment
competencies are crucial issues that need to be addressed if we are to achieve the
reform goals. In Singapore, with the help of researchers, some teachers work
together, discuss, clarify and refine their practices as they make decisions about
what to teach and assess; whereas in Hong Kong, some teachers, like Dawn, take a
critical stance towards the new policy and learn from their own experiences in
order to build their confidence. With the same policy initiative, one group of teachers
(e.g. John, Sophia and Ivor) seems to focus more on the technicalities of complying
with the requirements imposed on them while the other group of teachers (e.g.
Bob, Carl and Dawn) has their professional consciousness of what they think are
best for their students provoked so that their practices will be transformed. There
may be important lessons here for other countries attempting to support the imple-
mentation of assessment policy reforms through teacher professional development
programmes.

Certainly, teachers who are inexperienced in teaching and assessing science
using the investigative approach will require help like those received by the
Singaporean teachers described above. More importantly, all teachers, regardless of
their experience, need to be helped to move beyond the technicalities of assessment
schemes towards identifying, questioning and reformulating educational practices
more generally. They need to be provided with opportunities and help to reflect on
their own practices in relation to the demands imposed on them by the policy change.
In Singapore, Towndrow (2008) reported a successful example of a one-year, one-to-
one teacher-researcher collaboration, where the teacher was able to take ownership
of the assessment reform by adopting a critically reflective stance. The interaction
between the researcher and the teacher was predicated on the premise that teachers
need to move beyond the technicalities of assessment scheme towards identifying,
questioning and reformulating educational practices more generally. Pertinent to the
outcome was also the researcher’s role ‘to probe and unsettle practice thoughtfully’
(Towndrow 2008, p. 907). However, in reality, it is rare for individual teachers to
have such an opportunity to interact with an intently third party for such an extended
period of time. As aptly pointed out by Baker (2007), amongst many other character-
istics, sustainable educational innovations are marked by their essential non-reliance
on the continued presence of individual change initiators. In view of this, three
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alternatives where teachers themselves are expected to play a more proactive role in
their own professional development are offered below.

First, readers may recall the metaphor — a police officer afraid of being scolded
by the superior — used by Ivor in describing his actions in TAS. There are plenty of
accounts of teachers’ use of metaphors in describing their assessment actions (e.g.
Yung 2006). It has been suggested that metaphors are ways to begin conversations
about teaching and learning and to facilitate reflection on and in practice (Tobin and
Tippins 1996). Hence, as I have argued elsewhere (Yung 2001), the exposure of this
use of language ought to become the first stage of any attempt to improve teachers’
assessment practice. Specifically, the teachers can be helped to make sense of the
metaphors they used to describe their action by identifying systematic correspon-
dences or mappings between elements of the ‘target’ and the ‘source’. The ‘target’
being the novel and difficult to conceptualise concept — which, in the above
metaphor, is the teacher’s role in the TAS/SPA. The source being the more accessible
and familiar concept in the teacher’s prior knowledge (e.g. what it takes for being a
police officer who are afraid of being scolded by the superior). In the course of making
these mappings and reflecting on them, teachers can better understand their own
teaching beliefs and roles through the metaphors they craft to identify their role
within the new assessment schemes.

After the teachers have become metacognitively more aware of their own beliefs
and actions through examining their own metaphors for functionality, they can then
be offered with alternative metaphors for consideration and comparison with their
own (refer to Yung 2001 for more examples of metaphor, including the ‘driving
license examiner’ or the ‘companion’ metaphor). Lastly, the teachers can be helped
in identifying actions in relation to TAS/SPA that are consistent with the alternative
metaphors. In sum, the process of teacher change might be initiated through a three-
stage process: (1) awareness, (2) comparison with alternatives and (3) identifying
actions that are consistent with the alternatives. Most importantly, the teachers
themselves must undertake such a learning process.

A second way of preparing teachers for the new assessment reform is case shar-
ing. Instead of focusing on one’s own practices, teachers can begin with reviewing
practices of their peers. For instance, some of the cases reported in this chapter
contain information about concrete examples of teachers’ educational practices,
their concerns and some of the methods used to solve practical problems. It also
delves into their personal beliefs behind their practices, views which were built over
an extended period of day-to-day teaching. These can serve as good illustrations
and models in which other teachers can compare their own practice and learn. These
cases, though in a sense idiosyncratic to the individual teachers with their own con-
textual variables, do contain many teaching characteristics which are generic, just as
there were some common threads in the beliefs and thinking of the teachers. In
considering these cases, and then comparing, reflecting and evaluating their own
practices, teachers may come to see beyond the specificity and idiosyncrasy of the
practices and use them to uncover their own professional consciousness. This can
help the teachers to re-organise their own belief systems and to re-direct their pro-
fessional consciousness in relation to their own teaching context (Yung 2002).
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I believe that the case studies reported in this chapter and other relevant sources
(e.g. Yung 2006) constitute a useful source of curriculum materials for teacher profes-
sional development courses in the areas of school-based assessment of practical work.
These case reports could be helpful to all teachers, whether experienced, newly qualified
or in training, in the following ways as suggested by Black and Atkin (1996):

e As asource of models of practice to apply and test in the classroom

* As examples of practice that can be compared to the teachers’ existing practice

e As a set of ideas to be debated upon and to act as a springboard to reflection on
teachers’ existing practice

These concur with Putnam and Borko’s (1997) suggestion that case teaching
is particularly appropriate in preparing teachers for reform-based teaching. This is
because it increases the opportunities for teachers to experience workable alterna-
tives to conventional practice in actual classroom settings, which otherwise is likely
to be quite limited.

The third alternative is a variation to the previous one, replacing the written cases
by video cases. In our recent studies (Cheng et al. 2010; Yung et al. 2007), we found
that pre-service teachers can become cognizant of their changing conceptions of
good science teaching by reflecting on the same set of case videos progressively at
three different points in time during a 1-year teacher education course. We contend
that similar professional development activities can be designed using video cases of
school-based assessment to prepare teachers for reform-based teaching and develop-
ing them as reflective practitioners. This suggestion is also supported by evidence
from a recent literature review on the use of video for effective teacher professional
development (Yung et al. 2010). In particular, it is stressed that teachers can view and
reflect on the video from their own perspectives instead of being guided to look at the
case from the case writer’s perspective. In other words, this would demand the teachers
themselves to take up a more proactive and critical stance in their own professional
learning to bring some changes in their practice of assessment.

9.5 Conclusion

To conclude, successful implementation of school-based systems of science practical
work assessment requires teachers to play a directing role in aligning curriculum
and pedagogy in their classroom. Teachers need to be ‘in control’ of the teaching-
learning situation rather than being ‘controlled’ by the assessment requirements
imposed on them. To achieve this goal, teachers need to be helped to move beyond
the technicalities of assessment schemes towards identifying, questioning and refor-
mulating educational practices by adopting a critical stance. They need to be provided
with opportunities and help to reflect on their own practices in relation to the
demands imposed on them by the policy change. Hence, a major investment in
teacher professional development in this aspect is vital. Otherwise, this would be
grossly unfair to all parties concerned — teachers and students alike!
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Chapter 10

Creative and Co-operative Science

and Technology Education Course:
Theory and Practice in Finnish Teacher
Education Context

Ossi Autio and Jari Lavonen

10.1 Introduction

Previous studies have suggested different ways of emphasizing creative problem
solving in small groups (e.g. Grabinger 1996; Dooley 1997; Hill 1999). A common
feature of these approaches is to place students in the midst of a realistic, ill-defined,
complex and meaningful problem, which has no obvious or correct solution.
Students work in teams, collaborate and act as professionals and confront problems
as they occur — with no absolute boundaries. Although they might receive insuffi-
cient information to solve problems, the students must settle on the best possible
solution by a given date. This type of multistaged process is characteristic of effec-
tive and creative problem solving. According to Fischer (1990), the stages may
include:

. Formulating the problem

. Recognition of facts related to the problem

. Goal setting — ideation or generating alternatives
. The evaluation of ideas

. Choosing the solution

. Testing and evaluating

AN AW =

When problem solving is creative, the ideas or products produced during the
problem-solving process are both original and appropriate (Fisher 1990). For such
purposes, various idea-generation techniques or ideation models are valuable (Smith
1998). The number of alternative solutions is important because the best way to
come up with good ideas is to have plenty of choices (Parker 1991).
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Fig. 10.1 Simplified model of the elements in the creative problem-solving process and the inter-
action of personal factors and styles of problem solving

Consequently, the outcome of the creative problem-solving process depends
largely on the creative processes and styles of problem solving that have been
learned and applied (see Fig. 10.1). In addition, there are factors of attitude (interest,
motivation and confidence), cognitive ability (knowledge, memory and thinking
skill) and experience (familiarity with the content, context and strategies) that influence
problem-solving processes (Fisher 1990). For example, non-judgemental positive
feedback and the acceptance of all ideas, even those which are absurd or impractical,
are important in all creative and co-operative group processes (Higgins 1994). There
should be sufficient encouragement for free ideation sessions. Evaluative critique
should be given after the session has finished.

According to Strzalecki (2000), we can identify certain factors related to indi-
viduals’ personal abilities and different styles of problem solving. In practice, the
process of problem solving is very complicated and consists of many abstract con-
cepts that cannot be defined completely and precisely. In Strzalecki’s simplified
model (Fig. 10.1), the various psychological domains connected with creative prob-
lem solving are concretised through the use of less abstract constructs. According to
the model, the problem-solving process is based on the partly subconscious use of
the cognitive, axiological and personality systems. If these systems do not help to



10 Creative and Co-operative Science and Technology Education Course... 143

find a perfect solution for a particular problem, an individual will try to find another
solution by using different styles of problem solving. This simplified model of the
elements in the creative problem-solving process and the interaction of personal
factors and styles of problem solving is presented in Fig. 10.1.

10.2 The Creative and Co-operative Science and Technology
Education Course

The plan for the creative and co-operative science and technology education course
was based on the assumption that co-operative and creative problem solving would
be valuable for developing a premium science and technology education study mod-
ule for primary school teacher education. The goal of the course was to introduce
our student teachers at the University of Helsinki to teaching methods that they
could use to help pupils work co-operatively when they solve problems and make
decisions during science and technology education teaching at their own schools.

As part of the course, the student teachers were asked to compose, plan and
autonomously create an innovative new technological product. It could be a func-
tioning piece of equipment or toy, system or process related to such themes as levers,
crankshafts, gearwheels or moving and flying objects. Figure 10.2 presents a typical
kind of product created in this exercise.

At the beginning of the course, the student teachers attended 2 h of lectures and
demonstrations about creative problem solving. The sessions addressed different idea-
generation techniques, such as brainstorming and analogous thinking. In addition, the
student teachers became familiar with the theme through websites (Lavonen and
Meisalo 2001) that presented problem-solving models and idea-generating techniques.

Fig. 10.2 An example of a technological product: a motorized mini roller board
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Fig. 10.3 An example of the planning process expressed by an Overall Mapping of a Problem
Situation (OMPS) constructed during the creative phase

The different abilities and skills needed in creative problem solving (e.g. creative,
social and personal) and the ways to establish a creative and open atmosphere were
discussed during the sessions. The sessions were followed by a 4-h workshop in
which the students worked in small groups. To help the student teachers become
familiar with problem-solving and decision-making processes, ideation techniques
and the evaluation of ideas, we included a practical problem-solving model in the
ideation process by introducing the Overall Mapping of a Problem Situation (OMPS)
method (Sellwood 1991). In the workshops, the student teachers became familiar
with the OMPS method by using it to plan the construction of a bridge or tower with
newspapers.

During the planning phase of the project (4-8 h), groups of 3—4 students worked
in 24 collaborative teams, where they generated a map of the creative process
(Fig. 10.3). During this process, the student teachers had to find, formulate and
specify the problem, and recognize the facts (certain rules and content that must be
included in the course) and opinions related to the problem. Next, the teams set the
problem or team assignment in a cogent phrase, such as the following: How can an
interesting electric toy be constructed? In addition, the student teachers were required
to set the goals and vision (ideal performance). Then, the student teachers had to create
suitable approaches to solving the problem and generate problem-solving alternatives.
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Every alternative idea was subsequently supported by presenting at least three
positive reasons for its adoption (marked with+in Fig. 10.3). Non-judgemental,
positive feedback and the acceptance of all ideas, even those which were absurd
or impractical, were held as an important rule during all group problem-solving
processes to generate various creative alternatives (Higgins 1994). Criticism of the
ideas raised and posing of the question ‘is it possible?’ (marked with ? in Fig. 10.3)
were reserved until later.

After a sufficient number of ideas had been generated, the student teachers chose
the most appropriate solution by comparing the positive feedback and constructive
questions that related to each idea. Typically, the final solution was a combination
of several original ideas. During the ideation phase, the student teachers were
encouraged to follow the OMPS method and utilize idea-generation techniques
while working in groups. After selecting the final ideas, the student teachers then
planned how they would build the structure or perform the process.

After generating various alternatives, evaluating them and designing and plan-
ning the product, the student teachers then created something new for their design
solution process by utilizing paperboard, wood, metal and/or plastic and the appro-
priate tools. The teams spent approximately 12 h in the workshop, working according
to their previously agreed plans. The intention was for the student teachers to be
creative in their teams and modify their preliminary plans during the practical
work session. Finally, each team presented their innovations to the other groups and
evaluated both the innovations and the entire process, first by themselves and then
with the others. The construction phase (working with the appropriate tools, using
paperboard, wood, metal and other materials) was videotaped, but as interaction
between the group members was based on physical action rather than verbal
communication, it was not included in this study. An example of an OMPS map
constructed during the creative phase is presented in Fig. 10.3.

Of the 118 student teachers participating in the course, 80% were female, and the
average age of the participants was 24. According to the background information
collected from the participants, 77% had little or no previous knowledge or experi-
ence of the content and methods of technology education. Less than 10% of the
participating student teachers did not describe themselves as having a high level of
motivation and responsibility in their work. Only about 15% of the participating
student teachers thought that the course was of little significance to primary school
teaching, or that the course offered little that was applicable to their work. In other
words, 85-90% of the participants were satisfied with what they had learned on
the course.

10.3 Empirical Research

The aim of this study was to examine student teachers’ creativity by revealing the
creative process and to find out the extent to which they learn creative skills, espe-
cially those involving generating alternative ideas and self-evaluating them. In addition,
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we tried to evaluate the interaction between student teachers in a problem-solving
process that includes several phases, from recognizing a problem to testing and
evaluating it, and in which a small group of student teachers together solved a
problem in the context of science and technology education. The main research
questions were:

1. What are the key factors in creative problem-solving processes from the point of
view of primary school student teachers?
2. Did the student teachers learn any creative skills as a result of their participation
in the course?
. What kind of interaction was found during the problem-solving process?
4. What kinds of problem-solving styles were used in the problem-solving
process?

(O8]

10.3.1 Research Methods

In order to evaluate the creative problem-solving processes, a questionnaire con-
sisting of 23 items was utilized. This yielded self-evaluative data on the student
teachers’ success regarding the conceptualization and evaluation of ideas and on
their success with creative problem solving. Of the 118 participants, 85 answered
the questionnaire.

The items were formulated on the basis of theoretical ideas about the features of
creative problem-solving processes. For each Likert-type item, there were five
alternatives, varying from ‘Strongly Disagree’ (=1) to ‘Strongly Agree’ (=5). The
questionnaire included some items about the students’ background, as well as items
about their motivation and general success during the teaching experiment. The
items were located randomly in the questionnaire, and it was accessible on the
Internet. The student teachers were asked to fill in the questionnaire after the last
meeting of the creative and co-operative science and technology education course.

Exploratory factor analysis was used to reduce the large number of original vari-
ables to a smaller number of factors. Furthermore, the aim was to examine how the
problem-solving process was experienced by the student teachers. The Kaiser-
Meyer-Olkin Measure (KMO) was .80, which is within a very reasonable range
(Norusis 1988). Bartlett’s test of sphericity also supported the use of a factor
analytic approach (Bartlett’s test=845.9, p<.00001). Moreover, the skewness and
kurtosis values were within a reasonable range and thus allowed the utilization of
multivariate methods.

Although all our student teachers were asked to fill in a questionnaire, video
recordings were used as an alternative data collection method. The recordings were
made in the middle of the project, when student teachers were working in groups of
three or four. The recordings were made from the beginning of the idea-generating
process. Each recording continued until the student teachers had chosen the final
alternative, which they further developed in the practical workshop. Each recording
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Table 10.1 Description of the task categories in problem-solving activities and examples of typical
student teachers’ behaviour

Code Description of the category Example
+ Positive verbal or non-verbal That is ok
feedback
++ Very positive feedback That is very good
0 Neutral feedback I do not know about that
- Negative feedback I do not like that idea
1 Identifying the problem What is our problem in this project?
1.2 Facts related to the problem It must be a toy
1.4. Ideation of the problem A toy with some mechanics and electricity
1.5. Evaluation of the problem Is it just a toy or something else?
2 Identifying the facts and the goals We must finish this in 10 h
2.3. Opinions related to the goals It must be nice and sweet
2.4. Ideation of the goals Is really learning something one of our goals?
2.5. Evaluation of the goals Is aesthetics really so important?
3 Presenting the opinions These are just our own opinions, not facts
3.5. Evaluation of the opinions Do we really have to use the toy?
3.8. Development of the opinions We must built something that is useful
4 Presenting the idea Can we build a car?
4.2. Facts related to the idea There must be lights on it
4.3. Opinions related to the idea Yes, but it must be simple enough
4.5. Evaluation of the idea It is easy to put electricity and mechanics on it
4.8. Development of the idea We can build a racing car
5 Evaluation Is this really a good idea?
5.3. Opinions related to the evaluation First, we must have plenty of ideas
6 Choosing the alternatives 1 like the idea of a racing car
6.3. Opinions related to the alternatives It is a good idea if we can make it simple enough
6.5. Evaluation related to the alternatives  There are many positive things in this idea

lasted for approximately 1 h. Consequently, we recorded a total of 3 h and 18 min
of the student teachers’ activities. The videos include all kinds of activities related
to the idea-generating process, and the student teachers’ discussions can be clearly
heard on the tapes.

After the recordings had been made, a researcher viewed the videotapes twice
and discussed the preliminary findings with his colleagues. After that, he transliter-
ated all the verbal and non-verbal events on the videos. He played and replayed the
videos at least four times to find out the specific meaning of the events and tran-
scribed all natural talk between the student teachers. These notes comprised about
40 standard pages.

The categories we used for analysing the data reflected our theoretical back-
ground, while also taking into account the notes from the videos. Table 10.1
presents the main categories and subcategories along their definitions and typical
examples.
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10.4 Results of the Questionnaire

The questionnaire data were analysed using SPSS analytical software, utilizing
principal axis factoring as the extraction method and varimax with Kaiser normal-
ization as the rotation method. This method was used to determine how student
teachers experienced the key factors in the creative problem-solving processes.
The exact number of factors was determined by means of Cattell’s scree test.
Comprehensibility criteria were also used, and the number of factors was limited to
four, since the meaning of the factors was readily comprehensible (Dunteman 1989).
To determine the internal consistency of each factor, a Cronbach alpha coefficient,
based on the average inter-item correlation, was determined for each factor. The
Cronbach alpha coefficients varied between 0.83 and 0.88. Each factor therefore
measured one quality, which allowed for a meaningful interpretation of the factors.
On the other hand, no far-reaching generalizations were allowed regarding the
structure or properties of the problem-solving processes. Factor analysis simply
made it easier for us to describe how these 85 students experienced creative
problem-solving processes during the course.

On an aggregate level, these four factors explained 57.2% of the common variance,
with eigenvalues of 6.19, 2.14, 1.42 and 1.13, and percentages of total variance of
32.57%, 11.26%, 7.46% and 5.96%, respectively. A communality figure of 57.2%
indicated that four factors could be used satisfactorily as predictors for all 19
variables. Moreover, the extent to which each item played a role in the interpretation
of the factors was high. The eigenvalues indicate that Factor 1 covered most of the
variance, accounting for roughly as much variance as the other factors combined.

Each of the four factors indicating the student teachers’ perspectives on the problem-
solving processes and the variables (items) that described the highest loading on
each factor are presented in Table 10.2. There were three items that also had load-
ings of over 0.30 on factors other than their main factors, and these are discussed
below. The factors were labelled on the basis of the researchers’ discussion on the
variables (items) loading on a factor. The mean and standard deviation (SD) of each
item are also presented in Table 10.2.

Factor 1, Success in problem-solving processes, explained 32.5% of the total
variance and included seven items. The first two items (F1I1 and F112) loading on
this factor are connected to the problem-solving processes. Recognizing problems
(F116) and restricting a problem (F117) are typically found in the initial phase of the
problem-solving process. The creative atmosphere that is indicated in items F115
and F1I3 is necessary to establish a creative problem-solving process. Another pre-
requisite for successful problem solving would be knowledge about ideation tech-
niques and ideation skills. These perspectives to problem-solving processes are
indicated in items F113 and F114, which describe perspectives for ideation. However,
they neither explain how student teachers succeeded in generating alternatives nor
what the quality of their ideation was.

Factor 2, Productive ideation, consisted of six items and explained 11.3% of the
variance. It indicated the students’ opinions on their ideation skills. Two items
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Table 10.2 Means and standard deviations (SD) and varimax (with Kaiser normalization rotated
factor loadings for principal axis factoring) calculated from the items measuring primary school
student teachers’ (n=85) opinions about the creative process on the course

Mean SD Factor loading

F1: Success in problem-solving processes
Cronbach o for the factor=0.84

F1I1: Ilearned to work according to the principles of creative 3.57 94 905
processes

F112: Ilearned about the nature of creative processes 3.72 92 851

F1I3: Ibelieve in the principle ‘it is possible to generate new  3.55 90 595
alternatives’

F114: Ilearned ideation models 3.87 .86 570

F1I5: Ilearned to generate a creative atmosphere 3.11 95 564

F116: Ilearned to recognize problems around me 3.30 90 499

F1I7: Ilearned to identify (set) and restrict a problem 3.65 79 445

F2: Productive ideation
Cronbach a for the factor=0.83

F2I1: Ilearned to generate original ideas 3.38 1.08 .709

F212: 1learned to generate many alternatives 3.36 .89 707

F2I3: Ilearned to be in turn both intuitive and systematic 3.37 99  .655

F214: 1learned to develop further ideas presented by other 3.72 90 578
students

F2I5: Ilearned to trust the principle, ‘if we have many ideas, 3.91 .85 558
at least some of them will be high-quality ideas’

F216: I used my creativity 3.48 96 487

F3: Collaborative support and evaluation
Cronbach o for the factor=0.87

F3I1: Ilearned to give positive feedback to other students’ ideas 4.02 7 882
F312: Ilearned to appreciate others’ ideas 4.19 76 .845
F3I3: Ilearned to recognize advantages in the ideas of others 4.14 .63 .657
F3I4: T take a positive (and constructive) attitude to the ideas  3.99 78  .646

the other students present
F4: Positive attitude
Cronbach o for the factor=0.88
F4I1: I was positive in creative processes 3.59 .83 .930
F412: 1took a positive attitude to creative processes 3.63 91 726

(F2I1 and F2I4) relate to the originality and imaginativeness of the ideas. It is
important that ideas generated during a creative process are original — otherwise the
process would be routine rather than creative. It is also important that students learn
to combine and develop others’ ideas further. The key issue for success in creative
processes is how the creative power of the group can be utilized to find new, innova-
tive ideas. The number of ideas (F212, F2I5) is also very important. It is known that
at the beginning of an ideation session, common and familiar ideas typically come
to mind. However, if a group produces many ideas, there is more change of some of
them being highly original. It is important to use creativity (F216) and to be in turn
both intuitive and systematic (F2I3) during the process of ideation.
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Factor 3, Collaborative support and evaluation, consisted of four items and
explained 7.5% of the variance. Items F3I1 and F314 related to whether the students
learned to express their feedback positively and constructively. The two remaining
items (F312, F313) dealt with positive attitudes when evaluating ideas.

The remaining two statements loaded on Factor 4, Positive attitude, explained
6.0% of the variance. Item F4I1 indicates whether the students behaved positively,
and the other item (F412) deals with positive attitude, which is one of the main
features in generating an open, encouraging and innovative atmosphere.

The mean values of the two first items loading on F1 were 3.6 and 3.7. Thus,
most students thought they had learned about the nature of creative processes and
also how to work according to the principles of creative processes. This was
expected, as these topics were emphasized during both the lecture and the work-
shops concerning the nature of creative processes. Much time was also spent on
understanding the meaning of ideation and the evaluation of ideas. The means of the
items loading on the second factor indicate that, according to the self-evaluative
data, the students had learned (at least reasonably well) to generate alternatives. The
means of all the items loading on the third factor indicate that the students had, in
their own opinion, learned how to give positive, constructive feedback regarding
other students’ ideas. It is worth noting that there was much discussion on how to
give constructive feedback, and this was also practised during the project. The dis-
cussion even went as far as to examine the meaning and value of such behaviour
during creative processes. The student teachers were familiar, for example, with
how positive feedback defines what is valuable in an idea presented by another
student. Moreover, positive peer feedback was important for enhancing the self-
respect and confidence of other student teachers.

10.5 Results of the Video Recordings

In this study, three groups of three or four members were selected to be videotaped. The
videotapes were later analysed with a focus on the steps in the creative problem-solving
process and the styles of problem-solving process presented earlier in Fig. 10.1.

After defining the categories, all videotaped activities were analysed. In total,
there were 570 spoken episodes with an average duration of 6.3 s during one 60-min
videotaped period. In addition, 242 episodes of verbal or non-verbal feedback were
registered. Most of the feedback given to other students was positive (160 episodes/67%).
Neutral feedback was given in 76 episodes (31%), and negative feedback in only six
episodes (2%). So the idea of non-judgemental positive feedback and the accep-
tance of all ideas, even those which were absurd or impractical, were realized, and
there seemed to be room for free ideation.

All the episodes in the entire 60-min process were classified according to the
stages of the problem-solving process (identifying the problem, identifying the
facts, presenting opinions, presenting ideas, evaluation of the ideas and choosing
the alternatives). These stages were explained in more detail, with examples of student
teachers’ typical behaviour, in Table 10.1. At the beginning of the process, most of
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the facts (certain rules and restrictions that must be included in the course) and goals
were discussed during the first 20 min. In addition, the problem was identified, and
most of the opinions were presented in the first 20-min period. However, the most
typical problem-solving activity was presenting ideas, which accounted for 325 epi-
sodes (57% of all episodes). In more detail, this stage consisted of presenting an
idea (98 episodes), facts related to the idea (9 episodes), opinions related to the idea
(27 episodes) and development of the idea (191 episodes). Finally, a second typical
problem-solving activity among student teachers was evaluation of the ideas, which
accounted for 140 episodes (25% of all episodes).

In the next phase, we tried to discover the kinds of problem-solving styles that
were used in each step of the problem-solving process. In this study, we focused on
the six main categories of the creative process and on the styles of problem solving
derived from Strzalecki’s (2000) model, which was described earlier in this article.
These problem-solving steps are also included in the OMPS method and are quite
similar to the stages of the problem-solving process. The student teachers used
many different problem-solving styles, but at the beginning, most of the styles were
quite conservative and the ideas were not especially innovative. At this stage, most
popular problem-solving styles were rationalism, conservatism and an active
approach to problem.

The real idea-generating process started after the first 20 min and gathered pace
throughout the 60-min period. Fourteen episodes (14%) where ideas were presented
occurred in the first 20-min period. However, most of the ideas (58 episodes/59% of
all ideas) were presented in the second 20-min period, with 26 such episodes (27%)
occurring in the last 20-min period. In this phase, the problem-solving styles were
much more open and flexible. The most popular styles were independent thinking,
openness, flexibility and intuitive thinking. Problem-solving styles do not guarantee
the quality of the ideas produced, but in this case, it was evident that the originality
of the ideas and the level of imagination was not merely routine. The frequencies of
each category are presented in Table 10.3.

Only 26 occasions (13%) involving the further development of ideas occurred in
the first 20 min, while 70 occasions (37% of all development episodes) appeared in
the second and as many as 95 occasions (50%) in the last 20-min period. It seems
that if we want to get plenty of ideas, the idea-generating process must last at least
30 min. If the idea-generating process is short, the ideas and styles of problem solving
are usually quite traditional and stereotyped and do not fulfil the goals of generating
innovative processes in problem solving. The best way to get new, innovative ideas
was to have as many ideas as possible for the student teachers to choose from and
further develop.

10.6 Discussion

There have been numerous models available for curriculum changes in science and
technology education and for introducing creative problem-solving processes for
quite some time, both in the technology education literature and in school textbooks
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(Johnsey 1995). However, in spite of some progress, the legacy of behaviourist,
teacher-centred, whole-class teaching methodologies, with the teacher as expert and
the student as the passive recipient of knowledge, repeatedly appears as the domi-
nant orthodoxy in education to this day (Dakers 2005). An important function of
science and technology education is to provide the opportunity to transcend from
routine activities and low-level thinking, so that students can find new, innovative
ideas and approaches to problem solving. This can be achieved, for example, by
utilizing group dynamics or special creative methods (e.g. Smith 1998).

The present study shows that creativity cannot be taught directly, but it can be
learned effectively through co-operative creative problem-solving processes. Based
on the means and standard deviations of the self-evaluative data on creative process
skills, we can assume that the Overall Mapping of a Problem Situation (OMPS)
method helped our student teachers to understand the nature of creative processes
and, in particular, that there are different phases involved in each of these processes.
Factor 1 vindicates our assumption that most student teachers learned about the
nature of creative processes and also how to work according to the principles of
these processes. This result was to be expected as these topics were emphasized
during both the lecture and the workshops.

Factors 2 and 3 indicate that the student teachers believed they had succeeded in
generating alternatives and, in particular, had learned to evaluate and appreciate
others’ ideas. This means that the students felt they had learned to give positive
feedback regarding other students’ ideas, recognize the advantages of those ideas
and even develop them further. We assume that a structured method, where each
idea had to be supported by a presentation with at least three reasons for its adop-
tion, was necessary for successful problem solving. Such evaluation creates a positive,
non-judgemental atmosphere for creativity, and it helps participants to behave
positively, as indicated in Factor 4.

The interaction data confirm that our student teachers learned to give positive
feedback on other students’ ideas, recognize the advantages of those ideas, and even
develop them further. Our findings also suggest that the students worked co-operatively.
The students shared their cognitive resources, talked, recognized facts, planned and
evaluated with the aim of solving problems and producing a single outcome through
dialogue and action.

The idea of the whole problem-solving process was to generate a large number
of new, innovative ideas. The process started slowly, and in the beginning, only
small number of ideas was produced. What is more, most of the ideas were
quite conservative and not especially innovative. After the first 20 min, the idea-
generating process accelerated all the time throughout the 60-min period. In addi-
tion, the problem-solving styles were much more open and flexible. The most
popular styles in the last 20 min were independent thinking, openness, flexibility
and intuitive thinking.

It seems that we must be patient at the beginning of the problem-solving
process and try to give plenty of positive feedback, in order to build an open,
supportive and permissive atmosphere. After half an hour, the idea-generating pro-
cess will suddenly accelerate, and if we want to get large number of ideas, the
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process must last at least 30 min. In the end, the best way to get new and innovative
ideas is to have plenty of ideas to choose from.

Nevertheless, some student teachers felt that they had not learnt enough about
the generation of many original, new alternatives. Such skills are important when
extremely new alternatives are required (Amabile 1996). From the point of view of
further similar projects, it is important to note that more efficient guidance in gener-
ating alternatives is needed. Furthermore, students should receive a thorough intro-
duction to creative problem solving in general (Williams and Williams 1997). Such
training would be beneficial because many students became anxious when there was
no formula or direct guidance to help them with their work. Although the students
attended 2 h of lectures and demonstrations about creative problem solving and
became familiar with the theme through websites, the learning process was not
particularly active, as the lectures were given using traditional methods. As the student
teachers were directly taught very little, they did not have sufficient planning and
ideation skills. In fact, though manuals and handbooks were available all the time,
the difficulty was that the student teachers did not have enough time to learn new
knowledge during the activity stage.

It is easy to talk about creative problem solving in general, but organizing
co-operative problem-solving situations and learning activities is not as easy as it
seems (Murdock 2003), and it is even more difficult to measure and define this
process with reliable concepts (Kaufman 2003). It will be interesting to see how our
findings can be put into practice.
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Chapter 11

Increasing Accessibility to Science

in Early Childhood Teacher Education
Through Collaboration Between Teacher
Educators and Science/Engineering Academics

Christine Howitt, Elaine Blake, Martina Calais, Yvonne Carnellor,
Sandra Frid, Simon W. Lewis, Mauro Mocerino, Lesley Parker,
Len Sparrow, Jo Ward, and Marjan G. Zadnik

11.1 Introduction

Various reports have identified urgent needs for science education in Australia, in
particular, in relation to maintaining and increasing capability to teach science at all
levels of schooling (e.g. Australian Academy of Technological Sciences and
Engineering 2002; Goodrum et al. 2001; Tytler 2007). The most recent reports at
both the national and state levels have recommended the development of compre-
hensive ‘action plans’. For example, the Commonwealth sponsored the initial phase
of production of a National Action Plan for Australian School Science Education
2008-2012 (Goodrum and Rennie 2007). Many of these reports highlight a ‘crisis’
in science education, in terms of students’, teachers’ and national needs. Briefly,
they provided convincing evidence that students are not enrolling in science courses
or science education courses in sufficient numbers; appropriately trained teachers of
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science are in short supply; the science-related background of teachers, particularly
those at primary and early childhood levels, is inadequate especially in an increas-
ingly scientific and technological society; and the critical shortage of people with
science, technology, engineering and mathematics (STEM) knowledge, skills and/
or appreciation continues to be a national concern, especially in innovation and
economic terms.

Over the past decade, a number of initiatives have attempted to address the stu-
dent-related dimensions of this problem, particularly increasing engagement in
STEM at the upper primary and secondary school levels. Examples of these include
the Australian Academy of Science ‘Primary Connections’ programme, the
Collaborative Australian Secondary Science Programme (CASSP), the Creativity in
Science and Technology (CREST) programme, the Science Education Assessment
Resources (SEAR) programme, the Australian Science Teachers’ Association
Science Awareness Raising Model and the recent Scientists in Schools (SiS) pro-
gramme. However, few of the initiatives to date have focused specifically on the
needs of pre-service teachers, and even fewer have addressed the needs of early
childhood pre-service teachers.

This chapter reports on the outcomes of a project that took a highly collaborative
and cross-discipline approach among teacher educators, science/engineering aca-
demics and early childhood pre-service teachers to encourage the latter to teach
more science, with greater confidence, in the classroom. This collaborative approach
involved both the development and delivery of science modules within a science
methods course. For the purposes of this research, early childhood was defined as
children between the ages of 3 and 8 years. The first part of this chapter describes
the literature in relation to three relevant areas of research. First, the characteristics
of early childhood pre-service teachers are described in relation to science. Second,
various approaches used to improve pre-service teachers’ confidence and compe-
tence to teach science are discussed. Third, an overview of collaboration between
scientists and teachers is presented. In the remainder of the chapter, the project
design and findings are discussed.

11.1.1 Characteristics of Early Childhood Pre-service
Teachers: A Focus on Science

Based upon their diverse backgrounds and individual experiences, pre-service
early childhood teachers bring a unique set of characteristics with them when
they are learning about science and how to teach science. Pre-service teachers
bring many strengths, and thus potential resources, into their teaching and learn-
ing. Such strengths include respect for children’s intellect, curiosity and ques-
tioning; celebration of children’s wonder of the natural world; excitement
associated with children’s exploration and discovery of the natural world; and a
willingness to develop instruction based upon children’s thinking that embraces
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open-ended enquiry (Howes 2002). Fleer (2006) also considered pre-service
teachers’ informal science knowledge gained through interests and hobbies to be
a further strength. Howes (2002) suggested that working with their strengths
provides pre-service teachers a greater opportunity to connect with science in a
manner that is comfortable to them and subsequently believe in themselves as
teachers of science.

In contrast, many pre-service early childhood teachers see themselves as ‘non-
science’ people trying to become science students at university (Mulholland and
Wallace 2003). They consider themselves to have poor science knowledge, which
tends to be limited in quantity, narrow in perspective and characterized by a lack of
understanding of the nature of science (Appleton 2006). Pre-service early childhood
teachers often lack previous science experiences or have experienced negative sci-
ence experiences, mostly in secondary school, resulting in them perceiving science
as only for the intellectually gifted or having a masculine image (Mulholland and
Wallace 1996). They tend to have poor attitudes and beliefs about science and their
capacity to be effective teachers of science (Watters and Ginns 2000), this leading
to an avoidance of teaching science (Harlen and Holroyd 1997). Finally, pre-service
early childhood teachers tend to have well-developed but often simplistic views of
the science teaching and learning process, leading to inappropriate science teaching
strategies and learning experiences (Appleton 2006). These factors contribute to the
lack of confidence that pre-service early childhood teachers have towards science
and the teaching of science.

11.1.2 Improving Pre-service Teachers’ Knowledge
and Confidence Towards Science

A substantial body of research exists on how best to improve pre-service primary
teachers’ science knowledge of and confidence towards science. The majority of
this research has been directed at improving science content knowledge and
science methods courses with the aim of improving the confidence of the pre-service
teachers (Appleton 2003). The influence of the science teacher educator in
improving the confidence of pre-service primary teachers by creating an effective
science learning environment also has been examined to a lesser degree (Rice
and Roychoudhury 2003). In general, results indicate that learning environments
need to be positive and supportive to minimize anxiety and encourage freedom to
experiment and verbalize opinions (Huinker and Madison 1997). Courses should
include a variety of authentic teaching methods that concentrate on student-centred
learning experiences and make connections with prior knowledge. Pre-service
teachers should be supported by consistent feedback to allow for the development
of science understanding and pedagogy and improved beliefs and attitudes about
science and themselves as teachers of science (Huinker and Madison 1997).
These results suggest that the science methods course should include a wide
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range of factors to improve pre-service teachers’ knowledge and confidence
towards science.

Various researchers have advocated a pedagogical content knowledge (PCK)
approach in teacher education courses, through successful experiences at the
pre-service level, as a means of increasing primary teachers’ confidence towards
science (Appleton 2003, 2006; Rice and Roychoudhury 2003). PCK is one of many
different forms of knowledge that teachers draw upon, which includes subject mat-
ter knowledge (or content knowledge) and general pedagogical knowledge (Shulman
1986). PCK is considered different to the latter two forms of knowledge, as it is a
form of knowledge in action (Zeidler 2002). Appleton (2006) defined science PCK
as ‘the knowledge a teacher uses to construct and implement a science learning
experience or series of science learning experiences’ (p. 35). Science PCK is a
dynamic form of knowing as it has close links with a teacher’s science content
knowledge and is developed through the teacher’s own science experiences and sci-
ence teaching practices (Appleton 2003, 2006).

While science PCK is necessary in order to teach science, it is not automatically
generated from science content and other forms of teacher knowledge (Appleton
2006). As a means of developing science PCK, Appleton (2003) suggested pre-
service teachers develop a series of activities organized in a pedagogical sequence
designed to facilitate pre-service teachers’ conceptual understanding. They sug-
gested that such units would include learning experiences, key teaching strategies
and explanatory science notes. Appleton (2003) also suggested that science content
would be most meaningful to pre-service teachers when it is dealt within a peda-
gogical context, which includes a focus on student preconceptions and how to deal
with these while teaching. These findings suggest that participating in authentic sci-
ence experiences where both content and pedagogy is made explicit provides an
opportunity to increase pre-service teachers’ PCK.

11.1.3 Collaboration Between Scientists and Teachers

Improving science education by having scientists work with teachers is not a new
idea (Drayton and Falk 2006). The proposition is that scientists working with K-12
teachers assist in making that science more meaningful, with the teachers in turn
making science more meaningful for their students. Scientists, possessing science
content knowledge, process knowledge and the structure of their field of knowledge,
are considered an untapped resource of the practical application of science (Drayton
and Falk 2006). There are many successful examples of apprenticeship programmes
involving scientists in classroom enquiry, fieldwork or laboratory activities (Bell
et al. 2003; Crawford 2009; Drayton and Falk 2006; Howitt et al. 2009). Similarly,
working at the higher education level, Martin-Dunlop and Hodum (2009) reported on
the successful collaboration between a scientist and a science teacher educator
to assist pre-service primary teachers’ develop their science content knowledge,
attitudes towards science and understanding of the nature of science.
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11.1.4 Research Questions

The following research questions will be addressed in this chapter.

1. How does a collaborative approach between teacher educators and science/
engineering academics to developing and delivering science curricula assist early
childhood pre-service teachers’ confidence to teach science and science content
knowledge?

2. How did the pre-service teachers translate this new knowledge into the early
childhood classroom?

11.2 Methodology

The following sections describe the action research approach, project team, devel-
opment of the science modules, implementation of the modules into the science
methods course, evaluation of the pre-service teachers’ confidence and science con-
tent knowledge and teaching science in the early childhood classroom.

11.2.1 Action Research as Participatory Curriculum
Development

Acknowledging that action research is a process of enquiry incorporating multiple
stakeholders (Stringer 2008), a participatory curriculum development approach
was utilized throughout the research. Participatory curriculum development
encourages diverse stakeholders in participatory procedures to create curricula
that incorporate their needs, perspectives and interests into effective programmes
of learning (Stringer 2008). Through this approach, science modules were devel-
oped, trialled, evaluated and redeveloped in an ongoing manner by a range of
participants.

11.2.2 Project Team

The project team consisted of ten members from two Western Australian universi-
ties, five each from teacher education and science/engineering. One member from
each discipline was also involved at a strategic leadership level. Each scientist/engi-
neer was individually invited to be part of the project, based on recognition of their
exemplary undergraduate teaching and learning record, ability to work in a group
and their perceived ability to interact in a positive and supportive manner with early
childhood pre-service teachers.
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11.2.3 Development of Modules

Four science modules were developed through collaboration between the teacher
educators and the science/engineer academics, covering the themes of day and night,
forensic science, the science of cleanliness and solar energy. The information pre-
sented within each module aimed to provide a broad range of possible ideas and
activities that could be used within an early childhood classroom. The modules were
designed to be adaptive and flexible, rather than set teaching programmes, so that
teachers could use the materials in a manner that suited their particular context.

A philosophy and template were developed from which to construct the modules
(Howitt and Blake 2010). Embracing best practice early childhood education, the
philosophy was based upon five principles: acknowledgement of the place of young
children as natural scientists, active involvement of children in their own learning
through play and guided enquiry, recognition of the place of a sociocultural context
within children’s learning, emphasis on an integrated approach to children’s learn-
ing experiences and the use of a variety of methods for children to demonstrate their
understanding and learning. Each module was developed around a template that
consisted of an overview; a range of introductory core activities that established a
suitable context; focus questions relating to these core activities; a range of follow-
up activities, including concluding activities; possible resources; suggested forms of
diagnostic, formative and summative assessment; questions and answers (covering
science content); and suggestions for integration across the different curriculum
learning areas.

11.2.4 Implementing the Modules into the Science
Methods Course

The developed modules were implemented into a 12-week science methods course
during the third year of a 4-year Bachelor of Education (Early Childhood Education)
degree during semester 2, 2008. There were 38 pre-service early childhood teachers
within this course. The weekly 3-h workshops delivered during the course aimed to
develop the pre-service teachers’ science PCK through active scientific enquiry. The
first author was the principle lecturer for the workshops. Each workshop consisted
of a mini-lecture (30-40 min) that presented the science curriculum and each
science conceptual area. This was followed by a range of hands-on activities that
were specific to one science conceptual area. A sequential range of science activi-
ties were either presented in each workshop or provided in a detailed handout relat-
ing to that workshop. The science learning experiences within the workshops were
characterized by active participation, placement with an authentic early childhood
context, discussion of children’s views of science and learning within a social con-
structivist environment.

Each scientist/engineer took an active role in the workshop where the module
they had assisted in developing was delivered. A team teaching approach was
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modelled between the principle lecturer and scientist/engineer. Through discussion
between the principle lecturer and the scientist/engineer, selected activities from the
developed modules were chosen to be presented in the workshops.

11.2.5 Evaluating Pre-service Teachers’ Confidence
and Science Content Knowledge

Data were collected from a range of methods: formal questionnaires, open-ended
questions, posters and interviews.

As a general measure of the pre-service teachers’ science teaching ability, they
were asked four questions in week 2 and again in week 12 of the science methods
course. The four questions related to their perceived interest in teaching science,
background knowledge for teaching science, confidence in teaching science and
enthusiasm for teaching science. These questions had a five-point range of responses
from ‘Not Interested’/Limited’/Not Very Confident’/Rarely’ to ‘Interested’/
‘Extensive’/‘Confident’/‘Always’. The responses were analysed by descriptive sta-
tistics, summarizing pre- and post-percentage responses and presenting these as a
comparison.

Pre-service teachers’ confidence to teach science was measured with a modified
Personal Science Teaching Efficacy (PSTE) scale from the Science Teaching
Efficacy Belief Instrument (STEBI-B). PSTE is defined as the belief in one’s ability
to teach science effectively (Huinker and Madison 1997). STEBI-B has been found
to be a valid and reliable instrument for measuring science teaching efficacy in pre-
service teachers (Enochs and Riggs 1990; Ginns et al. 1995) and has been used in a
wide range of studies (Cantrell et al. 2003; Palmer 2006; Watters and Ginns 2000).

PSTE pre- and post-tests were administered in weeks 2 and 12, respectively.
The PSTE was modified by changing all 13 questions to the affirmative, simpli-
fying the questions and allowing a five-point range of responses other than the
standard responses of ‘Strongly Disagree’, ‘Disagree’, ‘Neutral’, ‘Agree’ and
‘Strongly Agree’. Depending on the question, responses to the modified PSTE
ranged from ‘Rarely’/‘Limited’/‘Different’ to ‘Always’/‘Extensive’/‘Easy’. For
example, the question ‘even when I try hard, I will not teach science as well as I
will most subjects’ was changed to ‘compared with other subjects I will find it
easy to teach science’ with responses ranging from ‘Rarely’ to ‘Always’.
Statistical differences between the pre- and post-test PSTE were obtained with
the use of a paired #-test.

At the end of the semester the pre-service, teachers were also given an open-
ended questionnaire relating to confidence in science teaching and science knowl-
edge. If they thought their confidence to teach science, or knowledge and
understanding of science, had changed as a consequence of the science methods
course, the pre-service teachers were asked to briefly explain how and why these
had changed. Responses to these two questions were analysed, and common themes
identified. The percentage of pre-service teachers who commented on each common
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theme was then calculated. Comments from the pre-service teachers relating to each
theme were used to highlight certain responses.

To further measure the pre-service teachers’ learning over the semester, as part
of formal assessment, they were asked to produce a poster that summarized what
content they had learned in each of the four workshops where a science/engineering
academic had been present. Responses on the poster were analysed, and common
themes identified. The percentage of pre-service teachers who commented on each
theme was then calculated. Comments from the pre-service teachers relating to each
theme were used to highlight certain responses.

11.2.6 Teaching Science in the Early Childhood Classroom

At the end of the 12-week science methods course, the pre-service teachers partici-
pated in a three-week teaching practice with either 4-year-old or 5-year-old chil-
dren. The pre-service teachers were encouraged to use the modules to assist them to
teach science during this time. However, this could not be mandated as the pre-
service teachers were required to follow their cooperating teacher’s advice. At the
end of the teaching practice, the pre-service teachers were asked to complete a
simple open-ended questionnaire on what science they taught in the classroom and
how they applied their learning from the modules and the science methods course
within the classroom. This was supported with interviews of three purposively
selected pre-service teachers to provide more detail on how they had incorporated
the modules within their planning and teaching.

11.3 Findings

The findings have been organized around the pre-service teachers’ perceived sci-
ence teaching ability, confidence to teach science, science content knowledge and
teaching science in the early childhood classroom.

11.3.1 Pre-service Teachers’ Perceived Science Teaching Ability

Table 11.1 presents the percentage response to the four questions relating to the pre-
service teachers’ perceived science teaching ability. For the pre-test, the pre-service
teachers tended to rank themselves average/above average for their interest in teach-
ing science and enthusiasm for teaching science, while below average/average for
their own background knowledge for teaching science and confidence in teaching
science. Across the science methods course, the pre-service teachers believed they
had increased in all four areas, with this increase tending to reflect a whole unit
increase across the five-point response scale.
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Table 11.1 Pre-service teachers’ perceived science teaching ability, comparing pre-test (n=28)
and post-test (n=32) percentage responses

1. My own interest in teaching science Not interested Interested
is best described as
Pre-test 0 11 39 43 7
Post-test 0 0 22 34 44
2. My own background knowledge for Limited Extensive
teaching science is best described as
Pre-test 18 28 50 4 0
Post-test 3 9 31 54 3
3. My confidence in teaching science is Not very confident Confident
Pre-test 4 39 50 7 0
Post-test 0 3 16 62 19
4. Tam enthusiastic about teaching science =~ Rarely Always
Pre-test 0 4 28 50 18
Post-test 0 0 12 44 44
Table 11.2 Summary Category of reason Percentage
of pre-service teachers’ - -
reasons for increased Ho.w to teac.h.s.mence to youTlg children 82
confidence to teach Science activities/resources/ideas 58
science (n=38) Science content knowledge 50
New views of science 10

11.3.2 Pre-service Teachers’ Confidence to Teach Science

Pre-service teachers’ confidence to teach science increased significantly over the
science methods course. Mean total values (across the 13 items in the scale) for
PSTE increased from 39.0 to 49.4 (t=7.21, p<0.001, n=26). As minimum and
maximum values of PSTE range from 13 to 65, this equates to almost one whole
unit increase across a five-point scale. The pre-service teachers tended to rank them-
selves as ‘average’ at the beginning of the science methods course, yet by the end
had ranked themselves as ‘above average’. These values are similar to those reported
in the literature. The following authors found significant increases (p<0.01) in
PSTE across their science methods course: Cantrell et al. (2003) from 46.3 to 53.6,
Palmer (2006) from 42.0 to 53.0 and Watters and Ginns (2000) from 44.8 to 49.2.
The modified PSTE scale had a high reliability (Cronbach alpha coefficient of 0.93),
indicating the 13 questions were measuring the same construct.

Table 11.2 presents a summary of the reasons from the open-ended questionnaire
(OEQ) the pre-service teachers believed they had increased confidence to teach
science. Most responses from the pre-service teachers included more than one of the
identified categories. Relevant comments from the pre-service teachers (PST) are
presented to support these findings.
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The majority of pre-service teachers (82%) believed that being shown how to
teach science to young children was the main reason for their increased confidence.
Being shown how to teach science included the use of engaging hands-on learning,
letting children explore, integration across the curriculum, use of cooperative learning
experiences and the importance of determining children’s prior knowledge.

Being provided with so many ideas to support science teaching, particularly in relation to
where to start with very young children, and what sequence should be followed. I also have
a better understanding of each of the science areas. [PST17_2008_OEQ_Q1]

Over half (58%) of the pre-service teachers identified the science activities,
resources and ideas presented in the workshop as assisting their confidence to teach
science.

I have learnt so much within this unit and because of this my confidence has grown hugely.
By carrying out investigations for ourselves each week, I was able to see how easy and fun
science is and can therefore be taught. Everything that we have been taught can be used in
the classroom and it is very exciting! I can’t wait to teach science, and I used to not enjoy
science through school. [PST6_2008_OEQ_Q1]

Fifty percent of the pre-service teachers mentioned science content knowledge
as the reason for their increased confidence to teach science.

I believe that my confidence has improved because I now have a stronger understanding of
scientific concepts and explanations, and I know how to present them to my students. By
making science activities more hands on and active, I am confident that children will be
eager and willing to participate. [PST1_2008_OEQ_Ql1]

A small number (10%) of the pre-service teachers mentioned the new views of
science that they now had as a consequence of the science methods course as the
reason for their increased confidence to teach science.

Before I saw science as the science I learnt in high school and I knew I didn’t understand it
so I couldn’t teach it. Now I know science can be adapted to everything and it can be done
in a fun way. [PST26_2008_OEQ_Q1]

These results show that the pre-service teachers have not only increased their
pedagogy, knowledge of activities that work and science content knowledge, but
they have also increased the science PCK. Being shown what science to teach, how
to teach that science and how to explain it to young children has not only resulted in
increased confidence to teach science but an eagerness to move into the classroom
and share science with the children.

11.3.3 Pre-service Teachers’ Science Content Knowledge

Table 11.3 presents a summary of the reasons from the open-ended questionnaire
the pre-service teachers believed they had increased science content knowledge.
Most responses from the pre-service teachers included more than one of the identi-
fied categories. Almost two-thirds of the pre-service teachers (63%) believed the
active participation within the workshops contributed to their increased science
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Table 11.3 Summary of pre-service teachers’ reasons for increased science
content knowledge (n=38)

Category of response Percentage
The active participation within the workshops 63
Having science/engineering academics in the workshops 45
The modules 34
Doing the assignments in the course 13

knowledge. Additionally, 45% of the pre-service teachers believed having a science/
engineering academic in the workshop assisted, while a further 34% commented on
the use of the developed modules. Most responses from the pre-service teachers
included comments that related to two or three of the identified categories, as illus-
trated below.

I have gained a far better understanding about a wide range of ideas in the field of science
through this unit, due to the hands-on activities along with discussion about the activities
and investigations. [PST11_2008_OEQ_Q2]

By the scientists coming in especially the first workshop [astronomy] it has cleared up
a great deal of misconceptions I had about space. By me learning the scientific ideas I now
feel more confident in teaching it to children. [PST3_2008_OEQ_Q2]

There were many aspects of science that I did not fully understand before I started this
unit. The modules, however, increased my knowledge and made me think about my mis-
conceptions. I now also know that science is all around us and know what to teach and how
to teach it. [PST9_2008_OEQ_Q2]

To determine the exact nature of the pre-service teachers’ learning over the sci-
ence methods course, their posters were analysed for content learnt. Table 11.4
presents a summary of the major categories of response (greater than 15%) from
each of the four workshops where a science/engineering academic presented. In
responding to what content they learnt, Table 11.4 shows that the pre-service teach-
ers did not restrict their comments to just science content knowledge, but also to
various pedagogical strategies, and learning how to apply a certain topic at the early
childhood level. This type of response was present in all four workshops.

Reflecting on the astronomy workshop, 61% of the pre-service teachers stated
they had increased science content knowledge relating to the phases of the moon,
seasons of the year or day and night, while 47% stated they had become more aware
of their own astronomy alternative conceptions. A large percentage (45%) of the
pre-service teachers stated they had a ‘better understanding’ of the science behind
the astronomy concepts as a consequence of the workshop. Further, 16% of the pre-
service teachers mentioned they had learned about the place of alternative concep-
tions in the teaching and learning process.

Grappling with the concept of the ‘phases of the moon’ stood out in this workshop. My
knowledge of this concept is rarely challenged or even discussed. Having to tell the class
how these phases work was both humiliating and immensely valuable. [The scientist]
noticed my struggle and provided me with his ‘scientific’ understanding of how these
phases operate. I was then able to ask questions, clarify, demonstrate and make mistakes
in a ‘safe’ environment until I felt comfortable with my basic conceptual knowledge. ...
[T experienced] the value of having a ‘real’ scientist present. [PST26_2008_POSTER]
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Table 11.4 Summary of content the pre-service teachers learnt from each workshop in which a
scientist/engineer participated (n=38)

Topic Category of response Percentage
Astronomy Specific facts relating to phases of the Moon, seasons 61
of the year, shadows or day and night
Awareness of own alternative conceptions 47
‘I have a better understanding now’ 45
The place of alternative conceptions in teaching and learning 16
Forensic science ~ Every contact leaves a trace 55
Uniqueness of fingerprints 47
Misconceptions of forensic science in the media 37
Early childhood application 37
Procedure for taking fingerprints 29
Cleanliness How soap works 74
What soap and water molecules look like 34
Using a literacy book to teach science 32
3D mind maps 29
Procedure for making a solar cooker 47
Solar energy Principles of solar cooking 37
Definition of sustainability 32
The Sun as a source of energy 26
Early childhood application 16
Difference between conduction, convection and radiation 16

Reflecting on the forensic science workshop, the pre-service teachers commented
on the principles of forensic science, the uniqueness of fingerprints, the correct
procedure for taking fingerprints and alternative conceptions of forensic science
presented in the media. Further, the pre-service teachers noted they had learned how
to use the theme of forensic science in the early childhood setting, something they
had previously thought impossible.

The workshop really changed my thoughts about teaching early childhood students about
forensics. Before I attended this session, I never would have even thought about bringing
forensics into the classroom because when I hear forensics I just think about murders. I love
the forensic bear hunt idea. It is very appropriate for young children and would help them
learn in a very engaging way. This was significant to me as it challenged my ideas about
forensics and bringing it into the classroom. [PST1_2008_POSTER]

In the cleanliness workshop, the pre-service teachers learnt about the process of
how soap works and becoming more aware of the chemical structure of soap and
water molecules. The pre-service teachers also believed they developed pedagogical
content, commenting they had learned how to teach science through a literacy book
and how to use 3D mind maps (Howitt 2009).

[The] workshop allowed us to explore the extremely relevant science topics to early child-
hood education — cleanliness and hygiene. The concepts were integrated within the theme
‘Mrs Wishy Washy’ demonstrating to pre-service teachers the way in which scientific
understandings can be made both engaging and meaningful through a literature context.
[PST10_2008_POSTER]
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Reflecting on the solar energy workshop, the pre-service teachers commented on
arange of science concepts they had learned, including the principles of solar cooking;
definition of sustainability; the Sun as a form of energy; and the difference between
conduction, convection and radiation. They also commented on learning how to
make a solar cooker. The use of solar energy as a theme in the early childhood set-
ting was also mentioned.

[Ilearned] the Sun is a free, natural source of energy. Knowledge of how to make use of the
Sun’s energy is becoming increasingly important for future generations due to our rapid
consumption of fossil fuels. We can easily turn energy from the Sun into heat for cooking.
We can use this knowledge in our classrooms where children utilize available materials to
make their own solar cooker. [PST15_2008_POSTER]

Increased science knowledge is not simply a consequence of being presented
with more scientific information. These results illustrate the interplay between
learning through doing, while also having ‘experts’ to answer questions and the
provision of materials (the modules) to obtain more information. This is further
reflected in the pre-service teachers’ responses to what content they learnt in the
workshops where a science/engineering academic was present. Their responses
were not solely restricted to science content knowledge but included science peda-
gogy and how to adapt science ideas for the early childhood classroom.

11.3.4 Teaching Science in the Early Childhood Classroom

Thirty-two of the pre-service teachers went on teaching practice. Of these, 28 (94%)
stated they taught some science. Seventeen of these 28 pre-service teachers (61%)
indicated they had used the modules to plan their science lessons: nine used the
cleanliness module, five used the forensic science module, two used the day and
night module and one used the solar energy module. Over half of these 17 pre-service
teachers commented they adapted the ideas presented in the modules to their spe-
cific context. Comments on how the pre-service teachers applied what they had
learned during the science methods course included the place of engagement and
exploration, hands-on learning and multi-sensory activities, questioning, obtaining
prior knowledge, small group work and using shared knowledge and ideas.

In planning their lessons, the pre-service teachers used the modules in various
ways. Some relied almost entirely upon the modules, while others refereed to spe-
cific sections of the modules depending on the context of the learning.

I chose aspects of the [forensic science] module and altered the activities to be age appropri-
ate. The children ... were engaged, motivated and immensely excited about the activities.
Transferring the knowledge I learnt about forensic science and how to teach it to children
proved effective. [PST1_2008_INTERVIEW]

The cleanliness module really assisted my planning. I was able to base all my lessons
around the module with ease. The children enjoyed the program. The module was easy to
modify for this [4-year old] level. [PST2_2008_INTERVIEW]

I incorporated several ideas from the cleanliness module. One of the most interesting
experiences I had with the children was when I introduced them to the two mud activities
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[chocolate mousse and wet clay ideas from the module]. I [also] provided mud made from
cornflour, water and cocoa [an idea not included in the module]. The children absolutely
loved these activities as they had the opportunity to explore the materials,... discover sci-
ence for themselves, and most of all, the experience was fun! [PST3_2008_INTERVIEW]

11.4 Discussion and Conclusion

This research sought to increase pre-service early childhood teachers’ confidence to
teach science through a collaborative approach between science/engineering
academics and teacher educators to develop and implement science modules within
a science methods course. Over the science methods course, the pre-service teach-
ers increased their interest in teaching science, knowledge for teaching science,
confidence in teaching science and enthusiasm for teaching science. The pre-service
teachers identified a combination of reasons that contributed to their increased con-
fidence to teach science: being shown how to teach science, performing science
activities, having access to resources and increased science content knowledge. The
method in which the modules were implemented into the science methods course
provided opportunities for the pre-service teachers to engage in science that they
might be expected to teach in the classroom. As Appleton (2003) reported, if this is
accompanied with the pre-service teachers being shown why the science they are
doing works in both the scientific and pedagogical sense, then they are likely to
develop their science PCK. The carefully constructed science learning experiences
presented in both the modules and science methods course assisted in the ongoing
development of the pre-service teachers’ science PCK.

Notably, the pre-service teachers did not consider science content knowledge
to be the most important reason for their increased confidence. This supports
the findings of Howitt (2007) who reported that science pedagogy and science
activities were considered more important than science content knowledge in
improving pre-service elementary teachers’ confidence. Pre-service teachers
value experiences that are directly transferable into the classroom. Thus, they
value knowledge of science pedagogy, science activities and science content as a
whole, rather than as discrete events. Learning to teach is not a discrete process,
rather it is a complex, subtle and continuous process that requires different forms
of knowledge (Wideen et al. 1998).

Pre-service teachers reasons for increased knowledge and understanding of sci-
ence were attributed to active participation within the workshop where they experi-
enced first-hand authentic science activities for the early childhood classroom; access
to the science/engineering academics in the workshops to clarify points and ask addi-
tional questions relating to science content knowledge and to procedures related to
activities; and access to the modules which had a wide range of information relating
to activities, resources, science knowledge and integration. Many pre-service teach-
ers considered the combination of all three factors to be integral to their knowledge
of science. This further reflects the holistic approach of learning how to teach science
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which pre-service teachers appear to require. This holistic approach is also supported
when interpreting the pre-service teachers’ content learnt from the workshops in
which a science/engineering academic participated. Learning was not restricted to
science content knowledge. Rather, the pre-service teachers recognized pedagogical
content and application to an early childhood context. The results from this research
highlight the holistic and integrated approach that pre-service early childhood teach-
ers take in their learning. If this is how they are learning, then this should also be the
approach to teach them within the science methods course.

The experiences within, and confidence from, the science methods course were
transferred across to the pre-service teachers teaching practice. Over 60% of the
pre-service teachers had used the modules to prepare their science lessons, with
more than half of these being prepared to modify the activities within the modules
for their own context. The modules had been used in the manner for which they
were designed: as an adaptive and flexible tool for early childhood science teaching
and learning.

This research has found that a collaborative approach between teacher educators
and science/engineering academics to develop and deliver science curricula has
assisted early childhood pre-service teachers to increase their interest, confidence
and enthusiasm for teaching science, along with their science content knowledge.
This approach to teacher education has increased the pre-service teachers’ accessi-
bility to science and encouraged the teaching of science within the early childhood
classroom.
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Chapter 12
Stories of Teaching Hypothesis- Verification
Process in Elementary Science Classrooms

Mijung Kim, Yong Jae Joung, and Hye-Gyoung Yoon

12.1 Introduction

There have been various forms and approaches of inquiry-based teaching to enhance
children’s scientific mind and skills since scientific inquiry is recognized as one of
the main goals in science education (AAAS 1989; Crawford 2007; NRC 1996, 2000).
Among various approaches of inquiry teaching, hypothesis-based inquiry has been
recognized as an effective way to develop children’s scientific reasoning and problem
solving in science teaching. Studies suggested that hypothesis construction and
evidence-based reasoning can be taught to young children (Jeong et al. 2007;
Joung 2008; Tytler and Peterson 2003), yet there are pedagogical concerns in its
implementation in classrooms. First, even though hypothesis is the central part of
investigative process, the definition and role of hypothesis have not been examined
thoroughly among science educators and teacher practitioners (Wenham 1993);
thus, it has been difficult to agree on its practice and outcomes accordingly. Second,
there has not been sufficient discussion on pedagogical framework and practice of
hypothesis-based inquiry teaching in classroom settings. In this regard, this study
attempts to raise some pedagogical issues of hypothesis-based inquiry in preservice
teachers’ classroom practice. To do so, we start to examine the nature of hypothesis
and verification.
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12.1.1 The Nature of Hypothesis Verification

Hypothesis is the principle intellectual technique of investigation in the history of
scientific development (Hanson 1958; Lawson 1995). For instance, Kepler’s expla-
nation of the features of Mars’ orbital and Galileo’s discovery on constancy of
gravitational acceleration are the examples of scientific discoveries conducted by
generating hypothesis. These discoveries were made neither by just interpreting
mathematically the necessary consequence of hypothesis, that is, deductive inference,
nor by extracting mechanically a common factor from collected observations, that
is, inductive inference. They were discovered by generating hypothesis based on
abductive inference that goes beyond the information in prior data (Hanson 1958).
Scientists construct hypotheses based on the phenomena they observe and carry out
numerous experiments to test their hypotheses throughout the history of science, for
example, Loffler and Roux’s hypothesis and test on diphtheria and the therapeutic
use of antiserum resulted in a significant development of germ theory in medical
science history (Beveridge 1961). A good hypothesis indeed brings out an important
contribution to scientific development. A good hypothesis, at first, is a hypothesis,
but eventually transformed into a theory through evidence afforded by subsequent
investigation (Lawson 2003). If the hypothesis holds right explanation for all situations,
it can be evaluated as a theory or law if sufficiently profound (Beveridge 1961).

There have also been wrong hypotheses which have led fruitful scientific devel-
opment in the history. For example, in Western Australia, H. W. Bennet made a
hypothesis that neurodisease of swayback (sheep) was due to lead intoxication and
carried out his tests with ammonium chloride which is the antidote to lead. However,
his test results made him doubt about his initial ideas. The disease was not always
cured by ammonium chloride. Thus, he constructed another hypothesis that the dis-
ease might be due to deficiency of some mineral which was present in the first batch
of ammonium chloride, not ammonium chloride itself. Bennet soon found out that
the neurodisease was due to deficiency of copper, a deficiency never previously
known to animal’s disease. This case indicates that scientific development can also
result from a false hypothesis and the importance of critical analysis of test results
and reexamination of hypotheses.

The structure of hypothesis as conjecture of phenomena and experimental design
as method of dealing with evidential phenomena must be suitable for each other’s
end. In other words, the following tests must be purposefully designed and practiced
to verify the explanations. Without the connection between hypothesis and tests,
hypotheses cannot be proved and experiments become disconnected with no outcomes
or benefits to accepting or refuting the hypotheses. In the understanding of the purpose
of experiments, there requires critical and open-minded approaches to our hypothesis
in data interpretation. Beveridge (1961) explicitly mentioned that “we must strive to
judge the data objectively and modify or discard it as soon as contrary evidence is
brought to lift. Vigilance is needed to prevent our observations and interpretations
being biased in favour of the hypothesis” (p. 52). That is, we need to design experi-
ments and methods based on presupposition that our hypothesis is true and yet, collect
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and interpret data without overinclination to the hypothesis. The data interpretation
and analysis must require critical, open-minded approach.

With the importance of hypothesis-verification process in science communities,
hypothesis-based approach has been practiced in science classrooms, especially in
the area of problem solving, scientific explanation, and argumentation. Hypothesis
plays a central role in posing and articulating the aspiration and direction of problems
(Lawson 1995, 2003; Klahr and Dunbar 1988), in collecting and analyzing data
systematically (Hempel 1966; Wenham 1993), and in explaining why problematic
phenomena happen (Hanson 1958; Millar 1989). Therefore, hypothesis plays a cen-
tral role in learning problem-solving process as well (Lawson 1995). To implement
this method effectively in classrooms, it is crucial for teachers to understand how to
construct hypothesis and how to test and analyze test results in investigative inquiry.
However, the understanding of hypothesis has been perplexing and challenging
among science educators with multiple aspects of assumption, tentative explanation,
tentative cause, tentative law, and prediction (Jeong and Kwon 2006; Yoon et al.
in press). For example, hypothesis and prediction are used occasionally for the same
purpose without understanding the role of hypothesis and prediction, that is, to
answer to the questions “why it happens?” or “what will happen?”. Especially in
elementary levels, prediction was suggested as hypothesis considering the level of
students’ conceptual knowledge and capacity of problem solving (Gilbert and
Matthews 1986). Because of the multiple understanding of hypothesis, the approach
of hypothesis-based inquiry has also been practiced in various formats and directions.

In this work, we take the view of hypothesis as a tentative explanation. Hypothesis
as tentative/suggested explanation or solution is the one most widely used in science
education (Park 2006; Wenham 1993). It is a tentative explanation when we encounter
an unusual situation and try to make sense of the unusualness (Peirce 1998). In other
words, hypothesis is a kind of tentative answer to the question “why a present phe-
nomenon happens?” (Lawson 1995; Salmon 1998). Based on tentative explanation or
solution, students predict results and determine what to observe based on variables.
They collect data and interpret and make a conclusion tightening the original explana-
tion and data collected. Without this tentative explanation or solution, students’
hypotheses in science classrooms turned out to be a simple prediction on what will
happen in the end. Lawson (1995) explained that “prediction” is a thing that is posed
from hypothesis by deduction, is to be compared with the result of experiment, and
then is to verify the hypothesis by inductive process. Thus, hypothesis is different
from prediction. It requires a certain process of logical thinking to presuppose reasons
of prediction. We in this study, attempt to differentiate hypothesis from simple predic-
tion and highlight that without understanding the nature of hypothesis, hypothesis-
based inquiry cannot sufficiently develop scientific reasoning and evidence-oriented
mind theoretically expected in hypothesis-verification approach. To claim this notion,
we will discuss some episodes of teaching scenes later on in this chapter.

To discuss the challenges of the nature of hypothesis and verification practiced in
classroom teaching, this study examines how preservice teachers implement this
approach in elementary science classrooms and what difficulties and conflicts emerge
during their practice. Observing their teaching practice and reflecting together with
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the preservice teachers, we attempt to understand the challenges of hypothesis-based
inquiry teaching in classroom practice and ways of helping preservice teachers with
understanding hypothesis-based inquiry.

12.2 Research Method

12.2.1 Research Context

To understand the dynamics of teaching hypothesis-verification process in elemen-
tary science classrooms, we invited fourth-year university students (preservice
teachers) in elementary science methods course in this study. Sixteen preservice
teachers were asked to design inquiry-based science lessons, teach them to elemen-
tary students, and reflect their lessons during 15 weeks of their course work. From
the first to sixth week of the course, the preservice teachers were engaged in explor-
ing teaching strategies to help children with problem-solving process based on
hypothesis making, designing experiments and controlling variables, collecting
data, and making a conclusion. In the seventh to ninth week, the preservice teachers
were divided into three groups and collaboratively designed one inquiry lesson per
group. They chose lesson topics that they thought were the most suitable and inter-
esting for children’s inquiry learning. All three groups developed an inquiry lesson
based on hypothesis-verification process. In Lesson 1 “snowman’s coat”, elemen-
tary students needed to figure out how they could keep ice cream (popsicles) from
melting longer. The students observed their popsicles for 10 min in three conditions:
leaving it as it is, fanning it, and wrapping it with cloth. Lesson 2 was “paper spinner
and hoop plane.” The students were asked to make their own hypotheses of what
makes the objects fly longer. Lesson 3 was “candle flame and rising water.” Students
were asked to find out under what condition and why water level goes up higher
after candle flame goes off inside of cylinder. Children came up with the number or
length of candles as variables in their hypothesis testing. Among three lessons, we
explain the details of lesson 3 below (see Table 12.1). Because stories from lesson
3 distinctively explain the issues of hypothesis-based inquiry teaching than the other
two lessons' (see Table 12.1).

To carry out more effective lessons for children, the preservice teachers practiced
inquiry activities beforehand to develop inquiry teaching strategies and reduce any
anticipated errors. From the tenth to thirteenth week, they taught their lessons to 18
elementary students in a special interest group in science. The class was a mixed
group of students in grades 4, 5, and 6. The preservice teachers taught their lessons

"'We have discussed lessons 1 and 2 more in detail to discuss the difficulties of inquiry teaching in our
other work (Yoon et al., in press). In this chapter, we particularly focus on the issues of hypothesis-
verification process in the cases of lesson 3.
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Table 12.1 The sequence of lesson 3, “the candle flame and rising water”

Process Activities Video clips in the lesson

Introduction A video clip of burning candle and Video clip 1
covered by a cylindrical glass covering
Children observe and discuss why the candle
water is rising after the candle went
off
Hypothesis making ~ Children in four groups make hypothesis
on under what condition water will |
go inside more
Children presented their hypothesis to
the whole class. They explained their
ideas based on oxygen consumption
Testing Children design their experiments with
variables and constants based on their
hypothesis and conduct test
Data interpretation Children collect data and examine if their
hypothesis was right. They make
conclusions
Presentation Children present their results and
conclusion to the whole class

Ending video Teacher shows another video clip Video clip 2
of rising water inside flask, but with flask
no candle flame involved rinsed
Teacher explains that the main reason by hot
of water level rising was heat l water
(temperature change), not oxygen
consumption | |

as team once a week. The class last 1 h and 30 min each time. After the classroom
teaching, the preservice teachers returned to the university and had discussion on
their experiences of preparing and teaching their lessons for the last 2 weeks
(14th—15th week).

12.2.2 Data Collection and Analysis

In order to understand problems and difficulties of hypothesis-based teaching, we
videotaped the preservice teachers’ classroom teaching and group discussion to
closely look into their decision making and actions. The data from group discussion
was used to understand their actions in depth. In data analysis, we modified and
employed the process of open coding, axial coding, and selective coding originally
suggested by Glaser and Strauss (Flick 2006), which we found useful to search for
integrated themes and relationships among research data. This helped us understand
the phenomena of hypothesis-verification teaching practice more coherently and
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thematically. Open coding was done individually. Through the preservice teachers’
reflection in group discussion, we could also understand why their actions occurred
in certain ways during lessons. Themes from the group discussion were cross-checked
with the video data of their teaching.

For axial coding, we gathered to discuss our individual interpretation, themes,
and concerns related to the data. During this step, we discussed what would be the
similarities and differences in our interpretation and thematization to find out inte-
grated, coherent themes and concerns of hypothesis-based teaching. We watched
the video clips to discuss the different views and modified our themes.

For selective coding, we selected some episodes from lesson 3, and discussions
which we agreed distinctively exhibited the concerns and difficulties of teaching
hypothesis-based inquiry. Then, we discussed the details of preservice teachers’
experiences, decision-making scenes, and actions in the episodes to reexamine the
themes and the contexts of the episodes. This process of coding by comparing and
cross-checking the data from different sources helped us understand the relation-
ships of their decision making and action which we could not recognize from one
source of data. By following those steps, we could analyze and conclude the
integrated themes of the difficulties and concerns of hypothesis-based inquiry in
classroom teaching.

12.3 Research Findings

In this study, we found several pedagogical difficulties in teaching hypothesis-based
inquiry in elementary science classrooms. We attempt to highlight the difficulties in
three stages of the teaching of scientific investigation: (1) hypothesis construction,
(2) experimental design and test, and (3) data interpretation. In hypothesis construction,
we discuss the lack of understanding hypothesis. In the stage of experimental design
and test, we argue that it is important to understand the roles of testing in teachers’
practice. Lastly, we discuss that teachers need to develop their pedagogical skills to
encourage children’s data interpretation and analysis based on experimental results.

12.3.1 Lack of Understanding of Hypothesis

Hypotheses require tentative and testable explanation to given problems in order to
develop an investigative process. That is, constructing a hypothesis can be the
beginning of good investigative inquiry. However, the preservice teachers seemed to
have difficulties to understand what would be suitable forms of hypothesis to lead
hypothesis-verification process more fruitful and scientific. During the lessons, they
asked children to predict the result of given problems as hypothesis making. Children
wrote down what would happen in the end without thinking or explaining why it
would happen. Their hypothesis making did not include a tentative explanation to
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the given problem. In this case, children’s hypothesis is only a simple prediction,
not a hypothesis. For instance, in the first lesson (snowman’s coat) led by the first
group of preservice teachers, children were asked to predict in which way they could
keep ice bars the longest without melting among three options (fanning, leaving
with no interruption, and wrapping with cloth). Children made a hypothesis such as
“when we fan on it, it will melt the fastest.” In the second lesson (paper spinner and
hoop plane), children were asked to fill in the blank on the sentence, “when wings
are , paper sinners will fall down slowly.” Among four groups of children,
three groups made a hypothesis that “the longer wings are, the more slowly paper
spinners will fall down.” And one group said, “when the wings have an appropriate
length, the spinner will fall down slowly” without further explanation on what
appropriate length meant.

In lesson 3 (candle flame and rising water), children’s hypothesis making seemed
a bit more appropriate in terms of including tentative explanation. The third group
of preservice teachers guided children to come up with possible reasons for their
prediction on candle and rising water. Here are the details of children’s hypothesis
making in lesson 3 (Episode #1).

12.3.1.1 Episode #1

Two preservice teachers, Tae and Kang, were team-teaching in this lesson.
Tae taught the first half and Kang taught the second half. The two other preservice
teachers in this group were helping children’s group work. In the beginning of the
lesson, Tae showed a video clip of a burning candle on a petri dish half-filled with
water. Then later, the candle was covered with a measuring cylinder. Children
observed the candle flame go off and the water level inside the cylinder rise. Tae
attempted to guide children’s discussion on their observation. He asked:

Classroom dialogue #1

Tae (teacher): ~ Why do you think the water level has gone up inside the cylinder?
Could you write down your thinking and present it to the class?

(A few minutes later, Tae asked what students wrote.)

Student group 1: We thought it is because the air disappears because of the candle
flame and the water was replacing the space of the air.

Tae: Ok, good work. What about next group?

Student group 2: It is because oxygen will be consumed and there will be empty
space. The water went into the cylinder to fill the space.

Tae: Ok, next group, are you ready? All right. Tell us your thought.

Student group 3: There is difference of air pressure inside the cylinder. And, oxygen
disappears and the water is sucked in to replace the space.

[Omission]
Student group 4: Oxygen disappears so the water goes in to fill the space.
Tae: Ok, good work, guys. Now I am going to ask you to think of how

you can make the level of water higher inside the cylinder.
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Later, Tae asked children to make hypotheses, suggesting the sentence of
“when , the water level goes up higher because . Three groups of students
said that “the more candles are inside, the higher water level will be because they
will consume more oxygen.” One group (student group 3) presented a different
condition. They suggested that “the longer the candles are, the more water will go
inside because carbon dioxide is heavier than the air and can extinguish the flame.
In this case, the flames can stay longer.” But their explanation was also based on
the idea of oxygen consumption inside the cylinder, as shown in the Classroom
dialogue #1.

After the lesson, the researcher and the preservice teacher have a time for reflec-
tive discussion on the lesson. During reflective discussion, the preservice teachers
showed their views of hypothesis that is different with the researcher’s, as shown in
the dialogue below.

Reflective discussion #1

Researcher: You asked them to write a hypothesis? And what else?

Shin: Before that (making hypothesis), we asked them to think of reasons and
write them down on their individual worksheet.

Researcher: So it was writing a hypothesis?

Jin: No, before making hypothesis.
Shin: Through the activity sheet, they could understand the problem....
Jin: And the reason why the water level rises.

This episode exhibits a few difficulties in the preservice teachers’ teaching of
hypothesis making. First, the preservice teachers who taught this lesson understood
a prediction as hypothesis similarly to preservice teachers in the lessons 1 and 2.
Although the suggested format of hypothesis making consisted of two parts (the
first part is for “prediction,” the second part is for “the reason of the prediction,” that
is, “hypothesis”), the preservice teachers regarded the first part, “prediction,” as
hypothesis (see Reflective discussion dialogue #1).

Second, this view of hypothesis in the preservice teachers’ understandings caused
their misunderstanding of the purpose of a “test”. The purpose of a test in the
process of hypothesis verification is to test the hypothesis, i.e., tentative explana-
tion. The preservice teachers, however, did not examine whether the experiments
designed by the children is suitable for testing the hypothesis, “oxygen consump-
tion” (see Classroom dialogue #1 and Episode #2 for more details). Rather, they
just tried to observe the results of experiments. That is to say, they attempted to test
just a prediction, “the more candles are inside, the higher water level will be.”
Actually, it is not easy to test directly the hypothesis “oxygen consumption” by
measuring the amount of oxygen inside the cylinder, because there were not suf-
ficient equipment or materials in the classrooms. The preservice teachers could have
considered if there was any available method to test the hypothesis, not the predic-
tion itself, and have guided children to design an experiment to test their hypothesis.
The preservice teachers in the episode, however, did not seem to realize these points.
They did not understand the role of test in hypothesis-verification process. We will
discuss this in details in the following section.
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12.3.2 Understanding the Roles of Test

To justify a hypothesis, there requires a fair test. To attain the fairness of test is to plan
and control the variables and constants which could verify the tentatively argued
explanation in the hypothesis. In this way, hypothesis could be reexamined and
improved. For example, if the suggested hypothesis is “when there are more candles,
the water level goes up higher because they consume more oxygen,” then a test needs
to be designed to verify “more oxygen consumption and higher water level.” And yet,
the preservice teachers did not have sufficient understandings of the role of test in
hypothesis-verification process and the connection between hypothesis and test. The
lack of these understandings led children’s work not fruitful. In lesson #3, children’s
test with the different numbers of candles could prove that their prediction (the more
candle, the higher water level) turned out to be right, however, could not verify their
explanation (because of oxygen consumption). Here are more details of the notion.

12.3.2.1 Episode #2

After children made their hypothesis such as “the more candles, the higher water
level because of oxygen consumption” in the student groups 1, 2, and 4 and “the
longer candles, the higher water level, because carbon dioxide is heavier than the air”
in the student group 3, the teacher asked children to deign experiments to test their
hypotheses. Children set up their tests based on variables and constants and started
testing their hypothesis out. In their testing, what students actually observed was that
the water level went higher when there were more candles. In other words, in their
approach, the test seemingly confirmed that their hypothesis was true. Children
concluded the experimental result showed that their hypothesis was right. While chil-
dren were writing up the results, Kang took over the next part of the lesson from Tae.
Then she asked children to present their findings and conclusion. After three groups
presented, a boy from the student group 4 is presenting their group work.

Classroom dialogue #2

Kang: Let’s hear about the last group’s conclusion.

Boy 1: We thought that when there are more candles, the more water will go inside
because when the candles are burning, carbon dioxide will come out and the
density of carbon dioxide is bigger than oxygen and any other gas inside the
cylinder. So there will be some empty space and the water will be sucked in
to replace the space.

Boy 2: Therefore, we tried to test cases with 1, 2, 3, and 4 candles. We made the
same the amount of water [in the petri dish], the size of cylinder, the length
of the candles, and the time we cover the cylinder...Errr, we could not do
the case of 4 candles. The level of water was 5 cm for 1 candle, 6 cm for 2
candles, 7 cm for 3 candles. We did not have time for 4 candles.

The result of student group 3 also showed their hypothesis (strictly speaking,
prediction) was right. After the last group finished their presentation, Kang realized
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the process was ended with something that her group did not anticipate. Kang realized
that children were getting wrong ideas that the water level goes up mainly because
oxygen is consumed and water is replacing the space of oxygen. She attempted to
teach children the “correct” reason for the phenomenon and concluded the session
with the following remarks.

Classroom dialogue #2.1

Kang: To sum up your hypothesis and conclusion, most of you thought that the
candles are using oxygen and the water goes inside to replace the empty
space. So you designed your test and carried it out. However, think about
what you observe on the video in the beginning. If it is because of oxygen
consumption, the candle flame is continuously consuming oxygen, the water
would go up gradually. However, on the video, you saw the water was suddenly
going up very high after the flame was off.

A boy: Because of heat...

Kang: Then, we thought it was related to oxygen... let’s watch one video clip to
think about other reason.

She showed children a video clip (video clip 2 in Table 12.1) that her group had
prepared beforehand. The video clip showed a demonstration of which a teacher
rinses a round flask with hot water and puts it upside down on a petri dish half-filled
with water. There was neither candle nor flame involved in the demonstration, so
there should be no activities of combustion and oxygen consumption. By showing
this video clip, the preservice teachers attempted to explain the relationship
between water rising and heat (temperature). The lesson was ended without further
discussion on children’s experiment and conclusion by showing the video clip
(refer to Table 12.1).

In hypothesis-making, a tentative explanation is built by abductive inference
based on one’s experiences, observation, scientific knowledge, and so on and a
prediction can be led deductively from this tentative explanation (Hanson 1958;
Lawson 1995). Afterward, a test will prove the prediction right or wrong and thus
verify the tentative explanation. In the case of lesson 3, since the prediction did not
stem deductively from the tentative explanation, it could not play a significant role
to verify hypothesis through test. It also seemed that the preservice teachers did not
recognize what children’s tests would prove was not only the prediction part
(the more candle, the higher water level) but also the explanation part (oxygen con-
sumption) which is essential to verification of hypothesis. We could argue that if the
preservice teachers had understood this role of test, they could have rethought children’s
making hypothesis and designing test. But it was not the case. Without any teachers’
guide on hypothesis making or planning for test, children carried out their test and
attempted to oververify their hypothesis based on test results (Episode #2). The col-
lected data and test results were not sufficient to prove whether the reason for the
rising level of water was oxygen consumption or something else (e.g., heat or air
temperature). The independent variable (the numbers of candles) and dependant
variable (water levels) are enough to prove the prediction, but unsatisfactory to
explain the reason (the amount of oxygen).
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In hypothesis-verification process, designing valid tests is a critical process to
verify hypothesis. The variables on tests need to be designed to examine tentative
explanations that investigators presuppose. Even though the preservice teachers in
lesson 3 encouraged children to come up with temporary explanations, there was no
deep understanding in which test also needed to take into consideration the explanation,
not only prediction. They did not realize that the variables in children’s experimental
design, for example, the number or length of candles, could not justify the hypothesis
as a whole (prediction and explanation). And yet, we do not argue that it is meaning-
less to have hypotheses which cannot be justified by test or constructed based on
wrong concepts in the first place. Through thorough test design and discussion
process, the hypothesis will be revised or eventually proved wrong, and it could lead
further scientific thinking. However, without appropriate pedagogical scaffolding,
hypothesis-verification inquiry process would be unfruitful and might result in
perplexing results of knowledge and inquiry skills.

12.3.3 Skills of Data Analysis and Discussion

In hypothesis-verification process, data collection and interpretation are critical for
the evidence of scientific explanation. This study showed how difficult it is for pre-
service teachers to help children analyze or interpret experimental data on site.
In actual classroom teaching, the data collected and interpreted by children were
rather unpredictable and, thus, the preservice teachers seemed not prepared to scaffold
the process of analysis and conclusion based on test results. In all three lessons, data
interpretation and analysis were not taken thoroughly to discuss the relationships
among test results, conclusion, and scientific knowledge. The following episode
shows that there was not much learning of data analysis.

12.3.3.1 Episode #3

Children in the student group 3 made a hypothesis that the longer candles were, the
more water goes in, because when the candle is longer, it will take more time that
CO, will cover the candle frame. They continued to explain that it helps the candles
consume more O, so there will be more empty space. They also thought that the
density of CO, is denser than O,; therefore, even if CO, is produced from combustion,
there will still be some empty space. Then they set up a test and collected their
data with different lengths of candles. Their results showed that when the length of
candle was 5 cm, 8 cm, 11 cm, 14 cm, and 17 cm, the level of water was 6.1 cm,
6.5 cm, 5.2 cm, 5.4 cm, and 5.2 cm, respectively. The children presented their result
by using a table and graph.

Classroom dialogue #3

Boy 2: To conclude, differently from our hypothesis, when the length of candle is
not too long, not too short, but proper, the level of water is the highest. That
[the proper length of candle] was 8 centimeters.
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Kang: So you thought in the beginning that when the candle was longer, water
would go up more. Why did you think that way?

Boy I: errr... ummmm....

Boy 2: Because if the candle is longer, it will take longer time that carbon dioxide
reaches the flame, um...and the water also goes up gradually and...so, it will
take longer time to reach the flame.

Kang: So you thought the short candle will go off early because carbon dioxide
reaches it first so only little water goes in [to the cylinder], is it?

Boy 2: Yes.

Kang: But in your results, it says that longer candles did not have more water in,
ya? The 8 cm candle got the highest water level?

Boy 2: Yes...

Kang: Okay, thanks. Please, group 4 [next group], could you come out and present
your work?

The teacher moved on to the next step without any discussion on this notion.

In this episode, the children’s result was worth a further discussion. The preservice
teacher could have encouraged the children to examine why their hypothesis was
not true or if they would want to change or revise their hypothesis or test setting.
However, just confirming the results without any further discussion or questions, the
preservice teacher moved onto next step to get other group to present their results.
This notion of lack of data interpretation appeared in all three lessons that the pre-
service teachers conducted in this study. They did not show much time and effort in
interpreting and analyzing data together with children. If the preservice teachers had
asked children to discuss why the results were different from what they expected, it
could have generated and developed more reasoning skills and scientific minds to
look into the relationships between the phenomena and knowledge. For instance, if
the preservice teacher asked the children “why were the results different from what
you expected?” the children might explore various reasons and activities such as the
following: “because the difference between density of CO, and O, has not critical
influence dissimilarly to our expectation. It needs to reconsider our hypothesis,”
“because there might be measuring error or noise effects that we did not expect.
To do confirm these ones, we need other experiment settings, for example, with big-
ger/smaller cylinder. In addition, we need to have more articulated measuring tools
and skills,” and so on. There were not enough awareness and scaffolding of the
teachable moment to fulfill the aspects of investigative inquiry process and developing
children’s learning and knowing.

12.4 Discussion

Based on the findings, we highlight the difficulties of teaching hypothesis-based
inquiry in the dimensions of the nature of hypothesis, role of test, and skills of data
analysis and interpretation. First, there needs to be a sufficient understanding of the
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nature of hypothesis to conduct a hypothesis-verification inquiry effectively. If there
is one sentence, one observation, or one single inference about a single concrete
object with no testable explanation in hypothesis making, the statement is not suf-
ficient to become a hypothesis (Quinn and George 1975). And testability of a
hypothesis depends on whether the hypothesis has observable predictions that can
verify the hypothesis, not on whether the prediction is just observed. In this study,
because the preservice teachers did not fully understand the distinction between
simple prediction and hypothesis (see the Episode #1), the process of hypothesis
verification became a simple observation on the test result, not being able to test and
understand scientific explanation in the phenomena (see the Episode #2). To enhance
higher level of thinking and reasoning, teachers need to understand the nature of
hypothesis in their teaching.

Second, there needs to be more understanding of the role of test in hypothesis-
verification process. Studies explain that hypothesis leads us to decide what to be
observed (as well as how, when, and where) and which variables are likely to be
significant to justify hypotheses (e.g., Wenham 1993). This draws our attention to
the coherent link between tentative explanation and prediction as well as hypothesis
and following test. In this case, the fairness of test is to take account into not only
the skills of controlling variables fairly but also the connection of hypothesis and
test. Without the thoughtful thinking process between them, the process of hypothesis
verification became disjointed work with irrelevant data and explanation to certain
phenomena. Test is not only a straightforward observation on what is happening
during experiment. This also means that variables and constants in the test need to
take into account the explanation suggested in the hypothesis. If we intend to
enhance the value of fair test, the variables and constants need to be controlled in the
connection to what needs to be observed and tested. For instance, children’s test on
candle flame and rising water could verify the part of prediction (the more candle,
the higher water level) without taking into consideration the explanation (because of
the oxygen consumption). In this case, the fairness of test needs to be reexamined to
test a hypothesis as a whole.

Third, teachers also need to know how to scaffold children’s data analysis and
interpretation to make conclusions. Data collecting and interpretation based on
evidence are the essential components of scientific investigation and reasoning;
however, the connected examination between primary data and the statement of
results has been often ignored in the process of scientific reasoning (Kanari and
Millar 2004). In this study, children simply presented the summary of their findings
and teachers accepted children’s presentation as analysis and conclusion without
further discussion. In the end, the children in the study miss an opportunity to expe-
rience the essential components of scientific investigation. In the discussion of data
interpretation and conclusion, teachers also need to understand the dynamics of
children’s communication, as fundamental nature of scientific knowledge develop-
ment to guide children’s scientific attitudes (Scott et al. 2006) and the value of sharing
plural accounts as collectives in groups to enhance the abilities of data analysis,
conclusion, and scientific argumentation (Duschl and Osborne 2002; Kelly et al. 2001).
We believe that the preservice teachers’ understanding of hypothesis-verification
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process and pedagogical decision making and skills will be improved over time, yet
it is only possible through the reiteration and critical reflection on their practice of
hypothesis-based inquiry teaching in classrooms. There needs to be more integrated
approach to understand the dynamics of teachers’ understanding and practice of
hypothesis-based inquiry teaching in further research.

12.5 Concluding Remarks

Hypothesis-verification process is beneficial to enhance children’s scientific
minds and problem-solving skills. Being engaged in the process, children learn
how to make hypothesis, design experiment test their hypothesis, and reach
conclusion. However, to make the process fruitful and valid, more systemic and
disciplined instruction is required to develop children’s reasoning and skills of
evidence-based scientific investigation. The process of hypothesis verification is
not simply “predicting what” but “explaining why” on given problems. Teachers’
understanding and decision making on how to intervene or guide children’s work
would be challenging without sufficient understandings of the nature of hypothesis
and the roles of test. To aim for the development of higher level of scientific
thinking and problem-solving skills, this study suggested that teachers’ appropriate
pedagogical actions based on their understandings of hypothesis, test, and analysis
would be essential. And yet, this study still remains some issues of the readiness
of children’s cognitive ability and the levels of scientific-thinking skills in
elementary classrooms. Distinguishing simple prediction from hypothesis in
elementary levels might be argued as an unnecessary challenge for teachers as
well as children; however, we believe that this argument needs to be rethought
for elementary science education to evoke children to seek for evidence to claim
for their ideas.
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Chapter 13

Pedagogical Practices and Science Learning
with a Focus on Educating for Sustainability
for Pre-service Primary and Middle Years
Educators

Kathryn Paige and David Lloyd

13.1 Background

The pedagogical practices we discuss here are associated with an undergraduate
primary (Years 3-5) and middle school (Years 6-9) Bachelor of Education
programme (LBPM) offered at the Mawson Lakes campus of the University of
South Australia. Graduates are qualified to teach in primary school, junior secondary
school and middle schools (Years 6-9). The programme includes four components:
educational studies major, curriculum studies, practicum and general studies.
The discussion in this paper is concerned with four mathematics/science curriculum
study courses which we have designed and managed.

The LBPM programme, which has been offered for the last 5 years, aims to
prepare educators who are professionally competent and primarily concerned with
learners’ well-being and who are committed to social justice, futures thinking, sus-
tainability, education for community living and sound pedagogical reasoning that is
enquiry based (University of South Australia 2010). This aim has been informed by
a range of interconnected literature and is based on the understanding that globally
and locally we are undergoing rapid changes and that past practices are unlikely to
meet the needs of immediate- and longer-term futures (Beare and Slaughter 1993;
Fensham 2003; Smith 2002; Sterling 2001).

This chapter begins by providing a brief overview of the literature that has
informed our approach to teaching and learning science. This in essence provides
our theoretical framework. Having outlined the structure of the curriculum courses
and key pedagogical practices, we describe four examples of how educating for
sustainability is put into practice. To determine the impact our approach has on
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pre-service teachers’ emerging views about teaching science and mathematics,
we analyse course evaluation data from three courses. The concluding remarks provide
some insights for future directions.

13.2 Literature That Has Informed the Development
of Our Practice

Research literature has informed the development of the programme aim and our
pedagogical approach to science and mathematics education. Whilst there is a wide
range of possible topics which are relevant to contemporary science education, our
professional interests and experience have led us to the following areas: connecting
science education to life worlds (Fensham 2003; Goodrum 2006; Harlen 2010;
Hodson 2003; Tytler 2007), educating for sustainability (Jones et al. 2010; Jucker
2002; Steele 2010; Sterling 2001; Capra 1996, 2002; Lowe 2009), futures thinking,
(Beare and Slaughter 1993; Gough 1990; Gidley 2002; Hicks 2002; Page 1996; Orr
2010), place-based education (Gruenewald 2003; Loeb 2001; Louv 2008; Smith
2002) and transdisciplinary education (Balsiger 2004; Lawrence and Despres 2004).

13.2.1 Science Education Literature

The science education literature provides a rich source of ideas on how science can
be taught in ways that relate to student lives and interests. Goodrum (2006), Goodrum
etal. (2001), Rennie (2006) and Tytler (2007) have all pointed out the failure of many
teachers of science to provide relevant and engaging science experiences for their
students. It is emphasised in the literature that science courses must be situated,
engaging and relevant, that is, connect to student life worlds and ‘located in the mul-
tiple societal contexts within which citizens are involved — at home, in their neigh-
bourhood, in their work, at leisure and as members of local, regional and national
communities’ (Fensham 2003, p. 8). This is further supported by Hodson (2003) who
suggests the science curriculum be orientated towards socio-political action. In the
curriculum and general study courses, the focus is to shift students’ perceptions of
science learning as being primarily about knowledge acquisition delivered using a
transmissive style of pedagogy, an approach that Fensham (2003) suggests leads to a
combination of low interest and too high a cognitive demand towards that which also
focuses on political action. The first two principles for science education as outlined
by Harlen (2010, pp. 6-8) resonate with the directions of the science curriculum
courses, the first one stating “Throughout the years of compulsory schooling, schools
should, through their science education programmes, aim systematically to develop
and sustain learners’ curiosity about the world, enjoyment of scientific activity and
understanding of how natural phenomena can be explained’ and the second principle
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stating ‘The main purpose of science education should be to enable every individual
to take an informed part in decisions, and to take appropriate actions, that affect their
own wellbeing and the wellbeing of society and the environment’.

13.2.2 Education for Sustainability

Educating for sustainability (EfS) seeks to provide knowledge and understanding of
the physical, biological and human world; the skills of critical argument; and the
capacity and motivation to work towards harmony and sustainability through practical
action. This approach involves students making decisions about ethical, social,
cultural, environmental, gender, economic and health issues and acting upon them.
Education for sustainability embodies the theory and practice of social, economic
and ecological sustainability, and, in turn, ecologically sustainable development
depends on sustainable education and learning (Sterling 2001). So, an important
aspect of our practice is to encourage students to make a positive difference in their
world and to live more sustainably as empathetic companions of all the Earth’s
creatures and structures (Suzuki and McConnell 1997). We have drawn on the work
of Jucker (2002), Sterling (2001) and local and national reports (ARIES 20009;
DECS 2007; DEWHA 2010; Gough and Sharpley 2005; Steele 2010) in the area of
education for sustainability and other sustainability advocates such as Capra (1996,
2002) and Lowe (2009 n.d.). Education for sustainability strongly informs the
sequence of the science and mathematics courses and is the basis of many of the
workshops. Four practical examples will be described in the next section.

13.2.3 Futures Thinking

Futures in education is considered by many educators (Beare and Slaughter 1993;
Gough 1990; Gidley 2002; Hicks 2002; Page 1996) as being a neglected but essen-
tial dimension of education, essential primarily because ‘visions and views of desirable
futures always come before their realisation. Yet today positive visions are in very
short supply’ (Beare and Slaughter 1993, p. 105). The literature states that students
should develop the skills and foresight to manage and instigate change within edu-
cational settings. It is argued that because learning is a life-long process and educa-
tion is an integral component of constantly changing environments, images of
futures affect powerfully what people believe and how they respond in the present.
Bell (1998, p. 22) suggests that ‘one of the most important futurist purposes is the
study of images of the future’, and Henderson (2002) states that ‘visioning exercises
are necessary, pragmatic and can yield practical results’ (Henderson n.d). It follows
that learning settings have a special responsibility to ensure that all members of a
learning community are prepared for and proactive about their future (Lloyd 2005,
2007, 2010; Lloyd and Wallace 2004, 2006; Lloyd et al. 2010).
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Whilst the science education literature does not explicitly point to futures education,
the education for sustainability literature does (e.g. Ferreira et al. 2009; Tilbury and
Cooke 2005; UNESCO 2005). Ehrlich and Ehrlich (in Orr 2010, p. 82) say that
science has already shown the way towards a sustainable future by elucidating the
problems and outlining many solutions. The challenge for education (school and
community) is to figure out how to frame solutions in ways that will motivate people
to respond; a facility integral futures thinking is designed to do so (Slaughter 2004).
Developing of foresight is a task we have taken on in our courses, and students are
given opportunities to reflect upon and develop positive images of possible futures.

13.2.4 Place-Based Education

Authentic education, as Sterling (2001) argues, has always been rooted in place and
tradition. A necessary component of teacher education courses is that community
living occurs in a diversity of settings and which ‘connects education to locality’
(Jucker 2002, p. 294). This place-based learning takes hands-on experiential learn-
ing, extending it beyond the classroom curriculum, and encourages students to be
co-managers of their learning (Smith 2002; Woodhouse and Knapp 2000). Ideally,
the result becomes a constructivist’s idea of what education can best be: students
responsible for their own learning and learning that takes place by ‘doing’ in authen-
tic situations. Students do their learning by studying the place(s) they live, learn and
play — places they are familiar with, perhaps taken for granted, and usually not
closely scrutinised and studied. They are places they take responsibility for ethically
and actively.

The primary value of place-based education is the way that it serves to strengthen
children’s connections to others and to the regions in which they live. The impor-
tance of connecting students to the natural world (Louv 2008; Sobel 2008) is a key
aspect of place-based education. It serves both individuals and communities, helping
individuals to experience what they value and hold for others and allowing communi-
ties to benefit from the commitment and contributions of their members (Woodhouse
and Knapp 2000). In the fourth year, elective course students complete a placement
in an urban ecological setting and work in a voluntary capacity, undertaking such
tasks as revegetation and removing non-indigenous plants (Borgelt et al. 2009).

13.2.5 Transdisciplinary Education

Whilst the School of Education and the schools that it serves maintain a quite rigid
silo curriculum structure made up of subjects or learning areas, we have, within the
confines of imposed structures, started to explore interdisciplinary and transdisci-
plinary views of curriculum, teaching and learning. An interdisciplinary approach
brings to the study of place a number of ways of knowing (science, mathematics,
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sociology, history, etc.). A transdisciplinary approach is about problem-solving
where the understanding of relevant disciplines and local knowledge are used to
resolve the issue or problem.

Often, science learning will contribute to the study of issues or topics that require
an interdisciplinary or transdisciplinary approach. We are using interdisciplinarity
to indicate that many disciplines are used in the study of a problem or theme (Wallace
et al. 2005), and transdisciplinarity to refer to an approach that uses many disci-
plines and the grounded, local knowledge and needs of those in a particular social
setting to approach a problem (Balsiger 2004; Després et al. 2004). Balsiger (2004,
p. 407) states that transdisciplinarity is a scientific approach to understanding the
world with a strong orientation towards societal problems.

The pressure to adopt transdisciplinary practices comes from the need to solve
complex socio-scientific problems, where one discipline on its own cannot provide an
answer (Bruce et al. 2004; Horlick-Jones and Sime 2004), and this is certainly an issue
for education as a social process and for curriculum delivery in the learning setting.

Transdisciplinary thinking ensures that we look for and value the self, the social and
the cultural in science learning and directs the selection of topics and their construction.
We illustrate transdisciplinary learning later using a topic called A place in time.

Whilst we have not been able to take on all aspects of the literature we mention
above, and to the degree that the authors suggest, we have been able to introduce our
students to these ways of thinking and acting in the science/mathematics educa-
tional context. Our aim is to provide our students with ways of thinking about cur-
riculum and pedagogy that will prepare them for future developments in school
curriculum and pedagogical practices. Current thinking in the area of EfS certainly
points to each of these areas as important for twenty-first-century education. We
now provide an overview of the curriculum structure and examples to illustrate how
the discussed literature has been incorporated into our courses.

13.3 Structure of the Curriculum

Over the last decade, a team of science and mathematics primary/middle educators
have worked collaboratively to develop a cohesive suite of courses, some compul-
sory and others optional (Chartres et al. 2003; Lloyd and Paige 2008; Paige et al.
2005, 2008). The four compulsory curriculum courses involve a semester in each
year of the programme. All courses are characterised by participation in interactive
workshops rather than the traditional lecture tutorial model. The cohesive four-
course sequence has two key themes: first, to develop pre-service teachers’ science
and mathematics conceptual understanding through different vehicles with a leaning
towards educating towards ecological sustainability and, second, planning for learning
which is where students plan and implement increasingly more complex tasks with
students in their practicum placements.

The optional courses involve an elective general study sub-major in science,
which we do not have space to elaborate upon here. A second optional course is
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taken in the fourth year where students select a learning area specialisation based on
their general study option which leads to their final practicum placement. In our
context, the students select a learning area specialisation in science and mathematics
in either primary or middle school settings. Each year, we have between 8 and 16
students. This small number correlates with research done on the lack of back-
ground and confidence in science and mathematics that students bring with them to
this programme (Paige et al. 2008).

Details of the science and mathematics vehicles which are covered at each year
level in the compulsory courses and the optional science and mathematics learning
area specialisation course are reported in the second column in Table 13.1. The third
column identifies the key pedagogical foci for each course. The workshops provide
an opportunity to explicitly model practices such as the different stages of the
Interactive Teaching Sequence (Faire and Cosgrove 1993) and the 5 Es (Australian
Academy of Science 2007). The fourth column describes the increased complexity
of the science and mathematics tasks they plan, implement and evaluate in their
school placements. It is the combination of the interactive workshops and connec-
tions with planning for learning in authentic places which develop the students’
confidence to teach science and mathematics.

The structure of these science and mathematics courses has several features and
subsequent benefits. First, each of the courses builds on the previous course so that
over the 4 years students build their confidence to teach science and mathematics.
They are not one-off, stand-alone courses but a sequence of coherent courses with
each increasing in complexity as seen by Table 13.1.

In the first course, students are exploring the ideas of property and attribute
through a series of practical workshops where natural objects such as rocks, feathers
and shells are sorted and classified using both a science and mathematics way of
knowing. They plan and present a prior knowledge experience with three children.
In the second course, the students experience different vehicles, surface area and
angle in mathematics and electrical circuits and soils in science, and plan three les-
sons to teach to their practicum class. In the third course, the content focuses on
fractions and acid and bases and planning units of work to teach in their third practi-
cum. The fourth-course students participate in a transdisciplinary workshop
sequence which becomes the basis of a round-table assessment.

Second, the sequence provides an opportunity for the same staff to see the stu-
dents more than once and hence develop relationships. Whilst there has been a
reduction in staff, we have managed to maintain the cohesion through the dedication
and commitment of both tenured and sessional staff. Staff work in combinations of
curriculum courses, general study and practicum courses which support students to
develop as generalist teachers in 3—7 classrooms and specialists in 8-9 classrooms.

Third, a major part of the integration is linked to the pedagogy. The way mathematics
is learned is similar to the way science is learned. Our practice has been informed
by a constructivist approach to teaching and learning, and building on the ideas
through each of the courses ensures a high level of understanding for those students
who engage (Skamp 2008; Van de Walle et al. 2010). Hence our commitment to
interactive workshops rather than a lecture/tutorial model more common in universities.
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Table 13.1 Overview of compulsory and optional science and mathematics courses

Planning for learning

Content vehicles Key pedagogical foci Links to practicum

Studies in science and mathematics education 1 (1st year)

Sorting and classifying Understanding the disciplines of Plan and implement a
science and mathematics prior knowledge

Vertebrates and invertebrates Introducing the Interactive Teaching learning experi-
Sequence/5 Es ence of a science

Pattern Interdisciplinary approach and mathematics

concept with three
students and plan
next lesson

Number Key concepts, thinking and working
Forces and movement

Studies in science and mathematics education 2 (2nd year)

Measurement (area) Developing student’s questions Plan, implement and
Electrical circuits and energy  Exploratory experiences and investiga- evaluate sequence
use tions to build on prior knowledge of three lessons in
Spatial sense (properties of  Integration both science and
2D figures) mathematics to
Soil science Lesson-planning sequence teach. in second
practicum
Mathematics (3rd year)
Chance Unit planning Plan, implement and
Rational number evaluate a unit of
Acids and bases work in science

and mathematics in
third practicum

Numeracy: issues in mathematics and science education (4th year)

Dimensions of numeracy Transdisciplinary workshop sequence Round-table
A place in time assessment
Mental computation Sustainability
Data handling
Professional pathway (optional 4th year)
Educating for sustainability =~ Transdisciplinary planning Digital narrative
History and philosophy of Planning for learning models: 5 Es, Year planner in
science and mathematics interactive teaching, critical praxis science and
Place-based experience mathematics

Interactive workshops provide an opportunity to model effective practice and develop
deep learning. Workshops authentically link theory with practice, for example,
interacting with manipulative material, engaging with online learning tools and
spending time in the outdoors.

Fourth, links to practicum placements in their second, third and fourth year allow
students to develop their confidence and competence to plan, teach and evaluate
science and mathematics experiences in increasing complexity, from a prior knowl-
edge activity with a small group of students in their first year to a transdisciplinary
unit over a 5-week block in their fourth practicum. Four examples of how ecological
sustainability leading to possible action is woven through the courses are the focus
of the next section.
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13.4 Putting Educating for Sustainability into Practice

Each of the four following examples provides an insight into how education for
sustainability is translated into practice in the science and mathematics courses.
The first two examples use an interdisciplinary approach using mathematical and
scientific ways of knowing and primarily focus on science and mathematics concep-
tual learning; the second two examples use a transdisciplinary approach to solving
problems which require mathematics and science understandings, in these cases,
connecting students to community and place.

The first example occurs in the second year course where a series of three work-
shops focus on electrical circuits and energy use. In the first workshop, the students
explore their prior knowledge of electrical circuits through annotated diagrams
of torches and are provided with opportunities to develop their understandings of
circuitry, currents, voltage, conductivity and electrical energy measurement. In the
second workshop, the students are involved in investigating their own questions
around parallel and series circuits, current and voltage. Students are exposed to a
range of models for recording their investigations including those presented by
Primary Connections (Australian Academy of Science 2007). In the third workshop,
students are asked to bring in the wattage reading from an appliance that they com-
monly use such as a hair straightener and a microwave as well as a recent electricity
bill. Students measure the amount of electrical energy they use for their appliance
and then work out, using indirect measurement, their greenhouse emissions for that
appliance for the billing period. This is a good example of how the sustainability
focus is evident but the science and mathematics is still central and how a sustain-
ability focus can be introduced into a science/mathematics unit.

The second example is a two-workshop sequence which focuses on exploring
mathematics for citizenship through data handling. In the first workshop, the stu-
dents explore ideas of mean, median and mode through collecting data about them-
selves, for example, their height and neck circumference, and representing it in a
range of ways including using software packages such as TinkerPlots. In the second
workshop, the students are asked to collect and bring data about their personal water
consumption. For example, the amount of water to wash, amount of water flushed
via toilet and amount of water consumed in washing/cleaning clothes, cars, home,
dishes and personal items. The students use stem and leaf and box and whisker
graphs to represent and compare aspects of the data. The workshop draws two con-
clusions: ways students can reduce their personal water use and ways that different
countries use water, using data from the New Internationalist magazine and Anita
Roddick’s Body Shop website.

The third example occurs in the fourth year numeracy: issues in science and mathe-
matics course, focusing on a transdisciplinary topic, A place in time. Building on science
and mathematics concepts covered in previous years, pairs of students select a significant
tree on campus, and using three different lenses, (science, mathematics and sustainabil-
ity) they connect to a place on campus. Using the mathematics of measurement, they
explore the attributes of distance, surface area and capacity. For example, they develop
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strategies to estimate the heights of the tree, the number of leaves and the area of the tree’s
shadow throughout the day. They also describe its location using distance and direction
and construct a map so others can locate it. Using a science lens, they investigate the
properties of soil such as colour, pH levels and porosity. They identify the physical struc-
tures of the tree and its functions, the animals living in or near it and why they live there.
They also collect data about aspects of weather (e.g. temperature, humidity and cloud
cover) at different times of the day. Next, using a sustainability lens, students construct a
futures scenario of their place in 50 years time and use Van Matre (1990) sensory activi-
ties to add to their sense of place. There is a requirement that they talk about undertaking
apossible action, for example, planting sedges to attract butterflies to the campus. A sum-
mative assessment involves students presenting their findings at a round table (Australian
National Schools Network 2002). This example involves students thinking and working
mathematically, scientifically and sustainably outside the classroom. Engaging with stu-
dents’ local environment to develop a sense of place and connection are two of the teach-
ing pedagogical practices embedded in this topic (Paige et al. 2008).

The fourth example occurs in the professional pathway which is held in the
semester before their final practicum. Ecological sustainability is a key focus.
The course consists of two components. The first component focuses on planning
and programming where students plan a unit of work in science and a unit of work
in mathematics and present this as a professional development experience to their
peers together with a transdisciplinary unit of work for a nominated level of schooling.
The second component focuses on a place-based experience which is assessed
through the presentation of a digital narrative. In the place-based experience,
students spend time in an urban ecological setting, undertaking such tasks as removing
non-indigenous plants from national parks and collecting data about water quality in
local rivers. This voluntary work over the semester results in pre-service teachers
adding to their knowledge of ecological science, developing a sense of belonging
with a community, connecting to a new place and developing an appreciation for the
needs of future generations.

The four examples provide an outline of how ecological sustainability is woven
through the courses spread over the 4 years. The science and mathematics is still
central but it is covered within a context that is relevant for student life worlds. It is
expected that these experiences will provide the pre-service educators with the con-
fidence to implement meaningful and rigorous science and mathematics during their
practicum, in the first instance, but later as beginning teachers. The next section
explores feedback from students who have undertaken these courses.

13.5 Evaluation of Student Data

What impact does participating in the courses have on developing pre-service teachers’
confidence to teach science? At the end of each semester, students are invited to
complete an online course evaluation. In this study, we focus on feedback from
three of the five courses, the first and second year compulsory courses we use the



200 K. Paige and D. Lloyd

course evaluations as the main source of data. The third course included is the
optional fourth year course which has low numbers and therefore provides an oppor-
tunity for in-depth focus group discussions and explains the difference in evaluation
data. These three courses are well established and have been refined over several
years. The other two courses are still undergoing development and modification.

13.5.1 Science and Mathematics Education 1 (1st Year Course)

Examining the 2008 data for the first year course provides some useful insights. Of
the 143 students who took part, 58 (41%) completed the survey. For the question,
‘Overall I was satisfied with the quality of this course’, 71% either agreed or strongly
agreed. Only 9% replied in the negative. Two other questions relevant here were
asked: (1) What are the strengths of the course? (2) What ways has this course sup-
ported you to develop confidence to teach science and mathematics?

Comments about the strength of the course have been organised around the
themes of pedagogy, building content knowledge, learning theory, resources and
assessment. The proportion of responses from the pre-service teachers has been
recorded as a percentage after each theme.

Pedagogy (34%)

Recurring themes about pedagogy include the hands-on approach to learning, mod-
elling good practice, having the opportunity to put ideas into practice and resources.
A sample of responses that refer to pedagogy are listed next:

The ‘hands-on’ approach to learning, for example, the structured play time, was
very helpful.

Being active in manipulating materials and ‘getting your hands dirty’ to better
understand concepts.

How the tutor models the constructivist strategies we are required to learn.

Use engagement activities, proved very successful!

The many different techniques of constructivist teaching and how the teacher
exhibited them.

Having an opportunity to put some things into practice by conducting the prior
knowledge activities with learners.

It explored how to construct a learning experience which will help with future
teaching.

Resources (22%)

A second key theme to emerge from the survey was about the importance of
resources. Two typical responses that reflect pre-service views include:

The course has highlighted some good resources to assist in teaching science and
maths.

Provided endless ideas of how to approach lessons and activities for the students to
participate in.
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The remaining three themes include content knowledge, learning theory and
assessment and are encapsulated in the following responses.

Content knowledge (19%)

Providing a good basic understanding of some key mathematical and science
concepts
The relevance of content to what we will be teaching in schools

Learning theory (9%)

How it makes you understand how children learn maths and science concepts
Learnt how to become a constructivist teacher

Assessment (8%)

The assignments were practical tasks which we will eventually use in our teaching
careers.

I believed a strength was the assignments where we were able to interact with students
and were able to get an understanding of their learning and enjoyment.

Overwhelmingly, this group of students found this course of value for its hands-
on approach, the modelling of constructivist practices and the opportunity to put
theory into practice during their practicum placement. A few students found the
workshop approach unhelpful, preferring a lecture style approach, and a few stu-
dents said they needed extra help to understand the assignment tasks. Interestingly,
there were no comments on aspects of sustainability modelled in the workshops.

13.5.2 Science and Mathematics Education 2 (2nd Year Course)

For this course, comments about ways the course has supported students to teach
science and mathematics have been organised around three themes that emerged
during the analysis of their course evaluation: confidence, inspiration and engagement.
The percentage of responses that reflect each theme is recorded after the heading.
Examples of answers to the question ‘What ways has this course supported you to
develop confidence to teach science and mathematics?’ include:

Confidence (28%)

It has made me realise it’s not that hard after all.

The assignments on creating lesson plans and understanding prior knowledge has
given me a confidence boost.

Made me realise how exciting science and maths can be when it is taught in such an
engaging, manipulative, active and relevant way.

This course gave me the confidence to teach mathematics and science in my practi-
cum; my mentor noted on my report, my passion, for my science teaching.

Inspiration (21%)

The enthusiastic teachers and useful information.
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How we cover what is needed by you as the teacher as well gives us clear knowledge
of what is expected of us in the future.

I thought science and mathematics would be two boring subjects to teach; however,
the course has shown me fun ways to approach these subjects.

Engagement (16%)

The ways in which we learnt, new things they were always interesting.

High-demand subject.

One of the main elements that this course taught was to always find out the ‘before
views’ of the students before proceeding with a lesson plan.

To go the extra length to actively participate in workshop discussions.

Examining the 2008 data for the second compulsory course also provides some
useful insights. These students seem to be more confident in providing critical
comments. Of the 115 students who took the second course, 35 (30%) completed
the survey. For the question ‘Overall I was satisfied with the quality of this course’,
80% either agreed or strongly agreed. Only three students (8%) replied in the nega-
tive. This course is connected with students’ second practicum experience in which
they are required to plan and teach units of work. What students found of particular
value with this second course was the way it prepared them for teaching in their
practicum placement. Particular aspects they refer to include planning for learning,
knowing the importance of and how to elicit students’ prior knowledge. One stu-
dent commented with respect to this aspect, ‘Not having a sound background or
confidence in either learning areas I surprised myself and my ability to teach in
these areas’.

13.5.3 Professional Pathway in Mathematics and/or Science

In their fourth year, students choose a specialisation pathway which is connected to
their final practicum. In 2010, 15 of the 16 science/mathematics pathway students
completed a questionnaire on the value of the course. Most students mentioned the
importance of maths/science learning for living an informed life. For example, one
student said that mathematics and science ‘are important subjects, maths and sci-
ence are in everyday life, and if you want to develop successful citizens maths and
science will (help) do this’. Students also described how this final course in their
preparation for teaching had ‘built up ... confidence to teach effectively’. But what
was most pleasing was that many identified the joy and pleasure that can come from
studying these subjects provided they are taught in an interactive and engaging way;
“There are so many ways to teach these learning areas in an engaging and rewarding
way; What is important is to engage students with experiences that are relevant to
their lives’. They saw the value of ‘place-based experiences in connecting to the
community’ and the ‘photo stories provided an idea on what groups/organisations
can be incorporated into student learning’. Students indicated that they had ‘Built
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confidence as an educator with diverse and specific teaching strategies/skills that
can be used across the curriculum’ and the course had ‘strengthened ... skills in
planning units and made me more specific in what I'd want to teach and how
students learn best’.

When reflecting back over the 4 years about their understanding and practices of
sustainability, one student responded:

The overall impact of the courses has changed my world view and impacted on many of the
decisions I make about my personal life. I think that I will be able to share this with my
future students and this is an area that I feel is very important and perhaps where I can make
one of my biggest contributions for future societies. I hope that my future students will
learn to question and inquire scientifically and use the thinking and working skills from the
mathematical and scientific concepts that they learn in my classrooms to help them decide
on their future and also make a difference to future generations. It has been a fantastic learn-
ing journey!

13.6 Key Findings

What can be drawn from this evaluative data? What can be said about the key themes
that have underpinned our coherent sequence of courses, place-based education,
transdisciplinary education, futures thinking and educating for sustainability? What
have we learnt about how pre-service primary/middle teachers have been influenced
by these themes? Reflecting on these questions indicates that whilst we have a
strong theoretical framework for our course construction, we are only in the begin-
ning stages of ascertaining the impact on pre-service teachers’ confidence to teach
science. The innovative approach to teaching science curriculum involves an
enormous amount of intellectual work as individuals and as a team. At the end of
workshops, assignment moderation and semester’s work, we are looking for ways
to do things better. Feedback from students via the course evaluation instrument
provides a student perspective. However, the questions are set, and whilst we can
add our own, it adds to the length of the survey and reduces students responses.
So, whilst we have some initial data, it highlights the need to do more comprehensive
evaluation to provide deep analysis of all key themes. At this stage, we can really
make comment about two key themes: educating for sustainability and the lack of it
in the first two courses and place-based education in the fourth year course.

Feedback indicates that pre-service teachers are developing their confidence to teach
science and mathematics. The approach modelled in interactive workshops actively
engages students in constructing their conceptual understanding. Comments reflect the
positive impact this has on their learning and confidence to teach in these two areas.

It appears that the first two courses are coherent, that the students can see each
course builds on the previous and that the passion and inspiration of the teacher is
crucial. Second, the links with practicum in their second course enables the
students to practise their planning for learning within an authentic context. Students
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acknowledge how much they appreciate being scaffolded within the assessment
framework to construct lesson plans which are transferrable into the classroom.

What is evident from the evaluation from these two courses is the lack of comments
referring to the impact of the focus of educating for sustainability. It appears in the
first 2 years that students are in ‘survival’ mode and need to start with developing
conceptual understanding in each learning area and foundations in how to teach
before planning within an interdisciplinary framework that has sustainability
themes. However, by the fourth year, pre-service teachers enrolled in the science
and mathematics pathway, though still focusing on the importance of taking the
final step towards teaching independently in terms of preparation as a beginning
teacher, were in a position to take on board the complexities of educating for
sustainability and place-based education. Planning transdisciplinary topics for their
final practicum contextualised the science around topics such as sustainable energy,
water conservation and kitchen gardens. This was evident by the students being able
to ‘walk the talk’, that is, incorporate the principles of educating for sustainability
in their planning. In a different way, their experience with place-based education
had been influential. Undertaking the place-based experience had contributed to
their confidence to work in a voluntary capacity, developing connectivity to com-
munity. Whilst they acknowledged the impact of this on their own learning, it was
not easy to implement when undertaking a 5-week final placement. Investigating
this with recently graduating teachers would provide further insights.

In summary, the opportunity to reflect on the impact of the spiral curriculum over
the 4 years highlights the pre-service teachers’ improved confidence to plan, imple-
ment and evaluate science and mathematics; only in their fourth year were they able
to make connections between pedagogy and educating for sustainability. Building
on this feedback, and exploring other themes such as futures thinking and transdis-
ciplinarity, more explicitly needs to be the basis of future research.

13.7 Concluding Comments

We have used evidence from students’ course evaluations to continuously improve
an approach to teaching science and mathematics which attempts to balance tradi-
tional pedagogical content knowledge with the emerging need to far more strongly
connect curriculum to student life worlds and the emerging issues around sustain-
ability. Such an approach takes science knowledge beyond the technical to include
personal well-being, ethical living and the political action as suggested by Fensham
(2003), Hodson (2003) and Tytler (2007). We use the content knowledge as vehicles
to illustrate effective teaching practice so that students can experience what their
students will experience and, as educators, reflect upon the value/effectiveness of
our approach. The learning experiences are interactive, place based and situated in
an explicitly identified integral space.

Our approach is evolving. The introduction of a fourth year course which uses
issues as the vehicle to develop science and mathematics concepts and processes is
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an example of the ongoing development. The issues will be local as well as global,
focussed upon ecological sustainability and transition to a low-carbon society and
develop ideas of intra- and intergenerational equity. This course, along with the others
in the programme, will complement the School of Education’s focus on reducing its
ecological footprint and developing confident, well-informed, futures-thinking
‘green’ teachers.

Our challenges will be with our own ability to learn and adapt in a rapidly chang-
ing and globalising world and to do so within the resource limits placed upon us by
the university administration.
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Chapter 14
Using Simulations in Science: An Exploration
of Pupil Behaviour

Susan Rodrigues

14.1 Introduction

Understanding chemistry, with or without information communication technologies
(ICT), poses several distinctive challenges. For example, the learner has to engage
with the abstract, often microscopic nature of the subject, in order to interpret
concrete reactions, often depicted through macroscopic everyday situations, and
then represent these interactions in the form of symbolic notation. Not surprisingly,
teachers have relied on teaching aids to help them address these challenges.
Over the last few decades, one of these teaching aids has come to include ICT
incorporating various multimedia.

Mayer et al. (2003) define multimedia learning as the use of at least two different
types of media (graphics, audio, video, text) in presenting information. In my view,
multimedia forms of ICT have gained a foothold in chemistry education, primarily it
could be argued, because the multimedia technology affords an opportunity to better
visualize the relationships between the microscopic, macroscopic and symbolic levels
of chemistry. However, it can also be argued that the use of multimedia enables a
more dynamic approach in chemistry classroom teaching and learning. So, whereas
in the past teachers of chemistry may have relied on ball and stick models, now three-
dimensional animated visualization tools for subatomic matter is used to illustrate
particular facets. For example, animated visualization tools are used to illustrate
chemical reaction mechanisms in a more dynamic way (Ng 2010).

The dynamic potential of three-dimensional visualization tools is not the sole
reason for promoting animations and simulations. Technology use in science lessons
advances work production by relieving students from laborious manual processes
while generating more accurate and reliable data (Rogers and Finlayson 2003).
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Where in the past students may have had to repeat time-consuming and sometimes
tedious wet lab experiments, now it is argued ICT speeds up the process and results
in the generation of reliable data. Indeed, Wardle (2004) suggests that the technology
provides repeatable interaction and provides instant visual feedback. Trindade et al.
(2002) suggest three-dimensional virtual environments help students, with high
spatial aptitude, to acquire better understanding of particular concepts. Eilks et al.
(2010) posit that informed software that allows for seamless interchange between
tables, charts, graph and model display has the potential to support conceptual linking
between these representations.

In addition to the body of literature identifying and documenting the dynamic
potential of animations and simulations in chemistry lessons, the literature also
reports on studies that identified the potential of ICT to motivate students. There is
plenty of evidence to suggest that technology use in classrooms improves motivation
and engagement, resulting in ongoing participation (Deaney et al. 2003; Koeber
2005). Given this body of evidence (see Barton 2002, 2004; Rodrigues 2010), it is
easy to understand why ICT has found its way into mainstream chemistry classroom
use. Furthermore, the potential of simulation-based technology to support the devel-
opment of an ability to make informed connections between the macroscopic,
microscopic and symbolic levels of chemistry has probably also resulted in increas-
ing simulation deployment in chemistry classroom practices.

However, in tandem with the literature identifying potential opportunities and
strengths, other literature identifies issues and challenges. For example, some sug-
gested that the requirement for a high transfer rate may result in a limited attention
span (Ploetzner et al. 2008). Another example of an issue can be seen where Testa
et al. (2002) suggested that real-time graphs produce ‘background noise’ and are not
‘cleaned’ of superfluous details/irregularities, which may make these real-time
graphs difficult to interpret. It was suggested that picture use in multimedia learning
processes may not be beneficial in every case (Schnotz and Bannert 2003), and
according to Schwartz et al. (2004) and Azevedo (2004), the use of non-linear learning
environments may result in inadequate meta-cognitive competencies. Eilks et al.
(2010) state that illustrations must be scientifically reliable, and they should take
care not to encourage the development of incorrect or conflicting explanations. Most
of us assume these two aspects (scientifically reliable and not encouraging the
development of alternative explanations) are obvious, and yet research (see Hill
1988) has shown that even static illustrations, often found in school textbooks, fail
to meet these two criteria.

Obviously, therefore, it is important for education software designers to consider
research findings relating to learning and pedagogy when designing software
intended to be used within classrooms. Designers’ theories and views of learners
and the assumptions designers make mean that content and pedagogy are inter-
twined well before they get into a classroom (Segall 2004). In essence, the manner
in which a simulation has been designed and packaged is influenced by that design
team’s views of learning theories, processes and practices. The assumptions that
design teams made with regard to how their software would or could be used may
not be realized if the simulation is used by teachers and students with different
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views of learning theories, processes and practices, and in environments that do not
support the design team’s views of those elements.

The influence of ICT on student motivation has also been a strong driver in edu-
cational circles, but the literature also signals a difference in student interest levels
in formal ICT-influenced environments in comparison with interest levels in infor-
mal ICT-influenced environments. Unfortunately, although learning through doing
simulations or games has scope to provide powerful learning tools, the attempts to
replicate levels of engagement and challenge found in games’ design have met with
limited success in the classroom.

Many pupils consider games developed for school use to be pseudo games per-
haps because they are repetitive, simplistic and poorly designed or because the range
of activity is limited (Kirriemuir and McFarlane 2004). Not surprisingly, discerning
students, with experience of computer games, view educational games as limited.
Kirriemuir and McFarlane (2004) suggest that instead of trying to replicate computer
games for the education context, more should be done to understand the game
experience and that should be used to design environments that support learning.

Not surprisingly, over the last couple of decades, research has reported on the
influence of particular design elements on engagement and learning. For example,
Clarke and Mayer (2003) reported a modality principle and posited that graphical
information explained by onscreen text and audio narration led to cognitive overload
and was therefore detrimental to learning. Others, like Ginns (2005) and Moreno
(2006), substantiated this modality principle. But in more recent times, studies are
emerging that suggest there is no difference in performance based on the presence
or absence of audio narration (see Sanchez and Garcia-Rodicio 2008). The discrep-
ancy in evidence (i.e. audio narrative augmenting or diminishing performance) has
often been explained by two theories.

Paivios’ dual coding theory (2006) premise is that multiple references to infor-
mation with connections between the verbal and non-verbal (imagery) processing
result in an improvement in the learning process. In contrast, Chandler and
Sweller’s (1991, 1992) idea regarding what has often been called the ‘split attention’
effect (learner addressing multiple information sources before trying to integrate
the segments to make them intelligible), and their idea regarding what is termed
‘redundancy’ suggests that disparate sources may generate cognitive overload.
Though the explanations provided by Paivios (2006) and by Chandler and Sweller
(1991, 1992) may appear to be contradictory, they all make sense. As a result, the
jury is still out as to which explanation has more currency.

So, informed by these conflicting views and the ongoing debate regarding simu-
lation design issues, years ago in collaboration with others, I began investigating
facets of simulation design. I analysed subject matter representations commonly
found in simulations, and I considered the impact of these representations on user
patterns of behaviour.

In this chapter, I present findings from a series of related but independent studies
within this ongoing venture investigating the relationship between patterns of student
behaviour and the design aspects of some chemistry simulations designed to support
learning of school/college-based chemistry. I present these studies as stand-alone
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snapshots of the projects because the projects involved different teams, used
unrelated samples, employed different methods and procedures and adopted a
variety of new analytical frameworks. The studies are presented in terms of case
study methodology and findings before I go on to present conclusions based on a
collective of findings drawn from these various case studies. To maintain anonymity,
names that appear in the chapter are pseudonyms, and sometimes I simply refer to
their identification number or initials. At the end of the transcripts, there are codes
that allow me to identify the source of the transcript.

14.2 Study A: Periodic Table CD-ROM
and Student Engagement

Digital literacy includes the ability to use application software tools in a fashion that
enables the user to perform and accomplish specific tasks (Ng 2010). In study A,
together with some colleagues I explored factors likely to influence the development
of this notion of digital literacy. Study A was conducted in Australia and involved
one, girls-only, class. We introduced an European multimedia award-winning
CD-ROM on the periodic table to this class. We asked the teacher to make this
CD-ROM available on an individual basis for at least 20 min, at least twice a week.
The CD-ROM began with an introductory screen, which presented the girls with
three options. They could click on a button entitled periodic table, a button entitled
elements or a button entitled quiz. The periodic table button took the girls to a screen-
shot of the standard periodic table, which was interactive in the sense that they could
then select elements to review or consider patterns within the table. The element
table allowed them to key in the name of an element, and a screen containing data
pertaining to that element would then appear. The quiz button basically provided a
screen with a further three options: 5-min quiz, 90-s quiz or sudden death quiz.

Data collection in study A was fairly traditional in the sense that it included sur-
veys, interviews and observation. The girls’ engagement with the CD-ROM was
videotaped and analysed, and they completed pre- and post-activity questionnaires,
which included basic questions about the periodic table. The analysis of the data
was also fairly traditional in that it used a grounded theory approach. Fuller project
details can be found in Rodrigues (2003).

The analysis showed that the extent of commitment and purpose appeared to be
determined by the students’ perception of the required outcomes. The students
ignored the ‘periodic table’ and ‘elements’ buttons and opted for the ‘quiz’. Once on
the quiz screen, they ignored the ‘5-min’ and ‘90-s’ quiz options and chose the ‘sudden
death’ quiz. At the end of their access period, they were keen to engage in dialogue
with their peers in order to compare their scores. There was no notable change in
their understanding of the chemistry of the periodic table. Students navigated a safe
and repeatable route and did not have a favourable disposition towards risk taking and
inquiry. In terms of findings, what we learnt from this project was that when given
free access, there was a fairly standard pattern of behaviour. Given these findings,



14 Using Simulations in Science: An Exploration of Pupil Behaviour 213

I worked with four software designers to produce another CD-ROM on the periodic
table, and the issues, challenges and outcomes regarding that development process
can be read in Rodrigues (2000). But in essence, the process highlighted the fact that
while a conversation appeared to be shared between the developers and researcher, in
reality the interpretation of particular language differed significantly. Hence, for
example, constructivist terms were interpreted in terms of hands-on construction.
While the Rodrigues (2000) project adds to the literature reporting on issues to do
with system design, Barker (2008) describes models calculated to assist designers
when they design multimedia products for school use.

14.3 Study B: Comparing Video and Simulations
With and Without Text Explanations

Study B involved collaboration between Mary Ainley, a psychologist who was
interested in the concept of ‘interest’ in science education, and me (a science educator
interested in simulation design features). The project we developed was also the
start of a change in the type of research methodology I would use to explore simulation
use in chemistry. Up until this point, my projects had relied on interviewing simulation
users after observing them or asking them to complete surveys after they used
simulations.

In study B, we used a mechanism that allowed us to track the user pathways and
generate records for their choices when given options. When users logged on, they
were presented with a screen welcoming them and familiarizing them with the pro-
cess. They supplied information about gender, age, experience and interests. They
completed another screen that asked them some basic chemistry questions about the
states of matter. They were then presented with preview screens before they selected
a particular option, and they were asked to indicate their perceived level of interest
in the given preview. In essence, they had four options: option 1 — a short video clip;
option 2 — a video clip and text that explained the video clip; option 3 — a simulation;
and option 4 — a simulation and the text explanation.

The user could opt out at any time. Then they completed an online post-survey
and an online post-chemistry test. They could also review all four options or view
one or any combination before proceeding to the next cohort of four options. In reality,
the video clips showed mundane events (ice cubes melting or water boiling), and the
simulations depicted these events on a microscopic level. Their choices were logged
by the computer. Hence, while we did not observe them (in an intrusive manner by
sitting within the vicinity), we were in effect observing their behaviour by tracking
their choice patterns.

The use of this custom-designed package allowed us to track 11 Australian
male and 11 Australian female students’ engagement as they explored and used
animation and video clips with or without accompanying text and on the topics of
dissolving, melting and boiling (fuller project details can be found in Rodrigues
et al. 2001). Students said they selected their own route through the programme.
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However, the tracks showed that 16 of the 22 students followed the prescribed
sequential presentation route. Given the ordinariness of the video footage, it was
notable that these 11- to 13-year-old students preferred viewing video clips rather
than animations. The number of students viewing animations declined between
selecting topic 1 and topic 2, and seven students never selected the microscopic
level animations. Fifteen students cited ‘video and text’ as the most helpful presen-
tation type to understand the science concepts. There was a marked increase in the
use of text explanations between students selecting their first topic and their second
topic. Most students selected topics because they were interested in them, but they
selected presentation styles because of their perceived functionality and utility.

14.4 Study C: Observing Student Engagement with
Simulations

In study C, student volunteers aged between 14 and 15 years from two schools in
Scotland were digitally video recorded while using various online chemistry-based
simulations. The students were given 5 mins to use (restart, repeat or review were
possibilities) two randomly allocated simulations, which in most cases lasted less
than a minute. As they used the simulation, a camera located just behind their shoul-
der recorded the screen activity and any talk between the students. These digital
records were replayed to them, and their retrospective accounts were sought via a
semi-structured retrospective interview technique.

There were two cohorts involved in this study. In one cohort, the digital
records were obtained when individual students worked with the simulation.
In the second cohort, the students worked in pairs. There were two reasons for
the pair or individual option. Convenience was an instrumental factor (in terms
of access to hardware), and this influenced whether students worked in pairs or
individually. In addition, we were interested in seeing whether pupils would
discuss aloud their potential actions when working in pairs. We felt this might
help and provide a means to access pupil thinking at the time. Almost as soon as
the students finished using two randomly allocated simulations, the digital
records were played back to them. The students were asked to view the digital
records and were then asked to explain their actions. These explanations were
also recorded and transcribed later. Further details for this project can be found
in Rodrigues (2007).

Unlike the previous two studies, in this case I used conversation/discourse
analysis to guide data analysis, as the focus was on interactions and procedures as
they emerged. This project was really an attempt to find out why particular deci-
sions were made (rather than only what decisions were made). A best-fit heuristic
method (Hutchby and Wooffitt 1998) was possible because of the sample size of 21
volunteers. This allowed for a review of all transcripts.

An initial analysis of Study C identified several design factors that influenced
student engagement. These were prior knowledge, distraction (redundant segments)
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and vividness (items that stand out), logic and instructions. Secondary analysis of
the transcripts also showed what I have chosen to describe as:

* Selective amnesia (seen but quickly forgotten).

e Attention capture (a function of redundancy, vividness, prior knowledge and
instruction design).

e Inattentional blindness (missing items when engrossed). Inattentional blindness
refers to an experience where someone is engrossed in an attention-demanding
task to the extent that they fail to notice what may often be considered more than
obvious (Pizzighello and Bressan 2008).

The transcripts show that some instructions are ‘viewed’ or read by the student,
but they are very quickly forgotten (selective amnesia), and that other instructions
that include cues to support informed use of the simulation, provided by the designers
to guide the students, are missed (inattentional blindness) by the students.

Researcher: Did you notice that it had instructions, like the instructions had
numbers on them?

H: No.

S: No.

Researcher: No. So, like on here there was a number one, a two,
H: I saw that bit, saw that bit down there.

Researcher: What bit?

H: That number four down there.

Researcher: 'What about number three then?

H: Where is number three?

(SMA HS)

A: I didn’t really notice the number sequence no.
Researcher: So the order that you were doing it in was...

A: Was largely by the spacing, by where they were positioned.
(DHS 1)

The simulations were allocated randomly, and five pairs used a simulation illus-
trating a molecular level depiction for a reaction between an acid (HCIl) and an
alkali (NaOH). In the simulation, coloured spheres represent the ions/molecules in
sodium hydroxide solution and hydrochloric acid. The following excerpt transcript
is taken from a retrospective conversation between the researcher and two students
as their digital record was replayed to them. It is representative of comments made
by all five pairs/triad who used this simulation.

Researcher: Ok. Oh ok. So what do you think was happening?
Student 1:  They were joining together. Or something.
Student 2:  Becoming neutral.

Student 1:  Neutrons.

Researcher: What was becoming neutral?

Student 1:  The protons.
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Student 2: And the minus ones.
Student 1: Electrons.
(SMA SJ)

As the transcript shows, these two students forgot that this simulation depicted
an acid—base reaction. Instead, they are of the opinion that it represented atomic
structure. Their attention was captured by the positive and negative symbols that
remained on screen for the duration of the simulation, which they associated with
simple protons and electrons rather than representing the charge on the ions.
It could be argued that the students in using the phrase ‘becoming neutral’ were
implying that they understood this to be an acid—base neutralization reaction.
However, their follow-up comments indicate this is not the case; instead, they
used the phrase neutral to refer to protons or electrons forming neutral subatomic
particles, a completely different concept to that intended by the simulation.
The text at the start of the sequence specifically stated that this simulation repre-
sented an acid base neutralization reaction. So, while the students confirmed they
had read the information drawing attention to the fact that this was a neutraliza-
tion reaction, they promptly forgot it as is evidenced when they described their
interpretation of the reaction.

14.5 Study D: Tracking Student Engagement
with Online Simulations

In order to explore the aspects identified in study C further, two of the simula-
tions (titration and metals) were modified to take into account two of the three
aspects: (1) distraction (redundant segments) and vividness (items that stand out)
and (2) logic and instructions. The third aspect, prior knowledge, I felt was
beyond my control in this particular study, though I felt I could collect informa-
tion about their prior chemistry and ICT experience.

Study D was a collaboration with Eugene Gvodzenko, a mathematics educator.
For study D, instead of generating a front of screen record of the screen activity,
I wanted to develop a behind-the-scenes online tracking system for three versions of
the same simulation. We asked Professor Thomas Greenbowe for access to the codes
for the two simulations, and I asked Eugene to modify the codes to create three
versions of the simulation and to allow us to track activity as the user used the simu-
lation. The system Eugene created allowed us to randomly allocate one version of the
two simulations and to record student activity as the allocated simulation was used.
For study D, we opted for a behind-the-scenes recording of activity for three rea-
sons. First, we believed that a behind-the-scenes track may be less intrusively gained
and may generate more reliable data. Second, in many nations, collecting images of
school children is being discouraged. By logging activity through behind-the-scenes
tracks instead of filming the screen helped us address this issue. Third, we could
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Fig. 14.1 The schematic that follows shows the basic pathway options

make a private Internet URL available to a cohort who may choose not to use
the simulation within a classroom, and this would make filming them impractical.
The simulations were the creation of Professor Greenbowe, and he, very kindly, agreed
to provide the code that enabled Eugene to modify the presentation of the titration
simulations. Two simulations, a metal reactivity (metals immersed in a metal com-
pound solution and metals immersed in an acid) and an acid—base titration, were used
in this study. Three versions of each of the two simulations were created (Fig. 14.1).

So, for example, a user would have to complete the pre-questionnaire before
being randomly allocated to either a titration or metal simulation. They would then
complete a pre-simulation questionnaire (specific to the chemistry topic for that
simulation). They would then be randomly allocated to a version of the simulation.
The computer would keep a track of the time they spent on each stage and go on to
track the time they spent on particular elements of the simulation while they were
using the simulation. When they opted out, they would be asked to complete a
post-simulation test before exiting the programme.

In this chapter, we present findings for the acid-base titration simulation. There
were three versions: the original version, version 2 which had a pre-text to encourage
students to pay attention to particular aspects and version 3 which simply altered the
position of elements on the screen. The following additional instructions appeared on
the web page before version 2 of the titration simulation has been loaded:

When you click on the button below you will see a simulation that represents a titration. To
make the simulation work you must follow the numbered instructions in sequence. So start
with instruction 1, then 2, then 3, etc. Some instructions have tabs. You must place the
mouse on the tab and drag it open.
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In version 3 of the titration simulation, the instruction for control —3 ‘Select the
Acid and Base’ was converted from a ‘pull-out tab’ menu to a fixed position one,
open menu. It also contained the instructions in a reading pattern that had a horizon-
tal sequence of left to right.

Our convenience sample of volunteers was drawn from four schools and one
tertiary institution in Scotland. We did not collect any data to identify the volunteers
on a personal level, but they were automatically anonymously given an individual
code, and the different institutions were recognized by the logging system. In this
chapter, we only provide findings from those who submitted a questionnaire and
went on to interact with a simulation. The volunteers provided their age, gender,
science subject (science, chemistry, physics, biology) and class/tertiary level and
indicated their previous ICT experience. They completed five multiple-choice
chemistry questions before and after the simulation use.

There were 19 volunteers aged from 13 to 15 years (second year of secondary
school) and 15 participants aged 16 and over, who were randomly allocated to a
titration simulation. There were roughly equal numbers of male and female volun-
teers (17 females and 16 males) using this simulation. Two volunteers did not sup-
ply details about their age or gender.

The actual number randomly allocated to version 1 was very small, so in this
chapter, we concentrate on the differences observed in the tracks for volunteers
using version 2 and version 3. What we found was that there were notable differ-
ences in activity between these two versions.

Our findings show that five first year science undergraduates used version 2, and
only one of them reached step 4 in the simulation version 2. In contrast, version 3
resulted in 12 of the 16 volunteers using the designer sequence in version 3. Four
users chose the button 3, but their approach did not follow the sequence when using
version 3. Therefore, all participants using version 3 found the instruction 3, regard-
less of age. Unfortunately, in contrast, ten of the version 2 volunteers had tracks
with chaotic patterns. Furthermore, 10 of the 14 volunteers who were randomly
allocated to version 2 had tracks that showed that they missed the instruction 3 — the
tab pull-out menu. (This supports study C findings which also suggested that stu-
dents missed the instruction 3.) Instruction 3 was fundamental to ensuring progress.
In fact, without it the simulation simply could not proceed.

In contrast, all but 3 of the 16 volunteers had track data that showed that
they followed the designer-intended sequence when they used version 3 of the
simulation. This would suggest that having something as simple as a fixed screen
menu makes a difference to progress through a simulation. Furthermore, the
tracks for all volunteers who had been randomly allocated to version 3 of the
titration show that they found (and used) the instruction 3. In contrast, several
volunteers who were allocated to version 2 failed to find the instruction 3 and
some of those who did took over 2-3 min to find the instruction 3, despite the
fact that version 2 gave advance organizers and specific notice indicating the
sequence to follow and the tab menu. Further details for this project can be found
in Rodrigues (2011).
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14.6 Discussion

All four studies (A, B, C and D) highlight the need to consider how the simulation
product appears to students. Obviously, making it a pleasurable and enjoyable expe-
rience would more than likely make it more engaging. And the level, type, quality
and quantity of accessible feedback will influence the scope of the product in sup-
porting interaction. However, in designing simulations, the level, type, quality and
quantity of accessible feedback needs careful consideration. As the findings for
students involved in study B showed, many students cited ‘video and text’ as the
most helpful presentation type to understand the science concepts. Given the ordi-
nariness of the video footage, it was notable that these 11-13-year-old students
preferred viewing video clips rather than animations. This may have been due to
what some students reported as the difficulty they faced in attempting to read the
screen information and observe the screen action at the same time. The ordinariness
of the video footage may have provided an opportunity for them to simply focus on
reading the text. Indeed, students’ aversion to ‘risk taking’ was also seen in the fact
that students navigated a safe and repeatable route when they used the periodic table
in study A. The students in study A and study B did not appear to have a favourable
disposition towards inquiry. In our future research, we hope to explore whether
students in formal learning environments balance or consider engaging and motivat-
ing digital software against the need to access information to support their learning.
Students’ behaviour in the periodic table (study A) suggests the students opted for
engagement (often more interested in their score on the quiz rather than what they
learnt about the periodic table by doing the quiz). In contrast, students’ behaviour in
the physical change (study B) suggests the students opted for information gathering,
preferring to view water boiling or ice melting rather than watching animated atoms
and molecules when reading text about the process.

The appearance of material also has a vital part to play in terms of engagement
and progress. All four studies showed that students were keen to make progress
through the simulation. However, studies C and D showed that vivid items caught
the eye and tended to result in students failing to see the designer-intended instruc-
tion sequence. In addition, studies C and D in particular highlighted the impact of
inattentional blindness.

The most famous example of inattentional blindness is the Chabris and Simons
(2010) gorilla and basketball team study (the study was replicated and is easily
accessed via Youtube video clips). In the Chabris and Simons (2010) original
study, observers are asked to view a digital record and count the number of ball
passes made by one of the teams. During the course of the digital record, a gorilla-
suit-wearing-participant saunters through the basketball teams. The Chabris and
Simons (2010) study showed that a significant number of people viewing the digital
record fail to see the gorilla. While our projects were not so dramatic, our findings
are similar. In studies C and D, our findings showed that users engaging with these
attention-demanding simulation tasks failed to notice what may have been considered
obvious by the software designers.
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In addition, our findings would suggest some simulation users demonstrate
selective amnesia. In study D, the volunteers who were randomly allocated to the
version 2 of the titration software received hints about following the sequence and
accessing the tab menu. Yet, many simply forgot to pay heed to this instruction.
In study C, students clearly stated that they read specific information that appeared
on the screen regarding what the simulation was depicting (neutralization reaction).
And yet when they were asked to describe what the simulation was depicting,
many failed to relate the movement of the spheres to neutralization and instead
identified the simulation as an atomic level depiction (protons, neutrons and electrons).
This may have been compounded by the fact that the simulation depicted the
spheres with charges, which remained on screen for the duration of the simulation.
This finding also suggests that vividness is important. The users noticed the charges
just as they, using the titration simulation, noticed the icons or symbols that
appeared in red as indicated in study C.

Much of the e-learning rhetoric in chemistry education has for many years
alluded to notions of learner control, proactive learning or increased student engage-
ment and motivation. There have been discussions on how e-learning tools have the
potential to promote learning. Further, we have seen literature signalling the role
and influence of e-learning design functions, such as the intuitive signals provided
by icons or the scope for user initiative and self-pace through user-friendly navigation.
Perhaps what we also now need to consider in more detail is the fundamental
design of interactive, simulation-based, learning systems that are intended for use
in chemistry classrooms. There is literature reporting on issues designers need to
consider. For example, Barker (2008) suggests that at present there are ten factors that
designers are encouraged to consider. These factors include (1) learning theory mix,
(2) instructional position mix, (3) machine character mix, (4) environmental factors,
(5) mode of use, (6) locus of control, (7) extent of intervention, (8) aesthetic features,
(9) content and (10) the role of technology. Barker (2008) acknowledges that his list
of factors is fairly general and applies to the development of interactive learning
resources in a fairly generic way.

The findings from research presented in this chapter are an attempt to provide
more detail with regard to the factors that need to be considered when developing
interactive resources for chemistry education.

14.7 Conclusion

While I acknowledge that not all learning can be engineered, and some learning is
often serendipitous, I think it is important that we ensure that the learning environ-
ments that are deployed in order to help engineer learning (in our case, learning
chemistry) do not inadvertently defeat the object of the exercise. The findings from
the first-phase project suggested that e-assessment involving the use of multimedia
or iconic or symbolic representation in chemistry education will have to take great
care if it is to ensure that what it is assessing is the students’ chemistry capability
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and not their (lack of) information processing skills that rely on shared symbol
identification or on the ability to follow the designers’ logic of instructions.

Our research findings suggest that designers developing materials for use in
chemistry education should ensure a balance that addresses the following four
aspects:

1. Use words/symbols and images, but when they do so, they should ensure that
they do not support inattentional blindness or build in a subconscious value sys-
tem to the words/symbols by keeping some words/symbols in for longer dura-
tions or permanently. The research findings showed, for example, that text
informing students about the nature of the simulation (neutralization) was soon
forgotten or missed when the students engaged with a simulation that kept charge
symbols in the simulation for the duration of the simulation, which led them to
believe the simulation represented atomic structure.

2. Ensure the timing or location of images and narrative is close so as to minimize
selective amnesia. The research findings showed that some users who were given
instructions that directed them to follow particular sequences before they com-
menced using the simulation failed to take heed of the instruction and the major-
ity was therefore unable to complete a titration simulation.

3. Present oral rather than on-screen text when depicting unfamiliar symbolic con-
tent when designing simulations. Research findings showed that simulations
which students perceived to be of interest were not pursued when they were
unable to digest the written information that accompanied screen action. Instead,
they reverted to viewing screens with familiar macroscopic events that allowed
them to read the text confidently that they would not have missed any screen
action.

4. Consider the aesthetics but also consider the value system afforded to elements
within the design that draw attention due to their size, colour or location. Research
findings showed that vivid items (prominent red buttons) and location (tab
menus) affected progress when using an acid and base titration simulation.

Our findings and the literature in general suggest that cognitive load may be a
problem in classrooms, but in recreational computer use (games mainly), cogni-
tive load is not an issue. This conflict in view may be due to students’ beliefs,
their assessment of the purpose of the task and the resulting mindful or mindless
engagement. Their perception of the type of goal set for them and their percep-
tion of the purpose of the task in the e-science classroom may lead them to focus
on performance goals (as was seen in our studies A and B). In some of the litera-
ture relating to the area of prior knowledge, there is a suggestion that students
have to use higher-order information processing skills in science classrooms
where ICT is used (as was seen in our studies C and D). However, the fact that
reports (see, e.g. Cuban 2001) continue to signal that practice involving the use
of various technologies has not changed significantly, the development of digital
literacy in science education environments is most likely incidental. Digital literacy
needs to be taught more explicitly in science classrooms if the available technology
is to do more than simply provide increased amounts of better-presented data in
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chemistry classrooms. The student must make connections between coming to
know and understand (cognition), make decisions about how they feel about the
task (affect) and decide how to translate cognition and affect into intentional
behaviour (conation). In a science lesson, these elements may not be triggered or
used automatically by simply immersing the student in an e-learning environment.
So, while multimedia technology has the potential to support learning in chem-
istry classrooms, it is only likely to be realized if classroom practice, expectation
and behaviour change.
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Chapter 15
Integrating Digital Technologies into
the Contemporary Science Classroom

Karen Murcia

15.1 Introduction

Educational technologies such as the interactive whiteboard (IWB) have the potential
to expand the way students experience learning and teaching by increasing access to
multimedia resources and multimodal representations of concepts. It is argued that
in the digital age, Information Communication Technology (ICT) is central to
advancing science education and improving student outcomes (Hackling and Prain
2005; Lee 2010). This view is evident in the Australian School Science Education
National Action Plan, which stated ‘students learn science by seeking understanding
from multiple sources of information, ranging from hands-on investigation to internet
searching’ (Goodrum and Rennie 2007, p. 14). Teachers’ pedagogy must evolve to
meet the demands of changing classroom environments and learning needs of con-
temporary students. The interactive whiteboard (IWB) is an example of an educa-
tional technology that can be used to connect with students’ digitally aware everyday
experiences, particularly in the way information is accessed and manipulated. When
used effectively, IWB technology can support or extend learning and teaching
opportunities in contemporary classrooms (Higgins et al. 2007; Murcia 2008;
Betcher and Lee 2009). The IWB can be used by teachers as a converging tool,
bringing a range of Information and Communication Technologies (ICTs) and
multimedia learning activities to the front of the classroom. Learning and teaching
in the IWB classroom occurs on the social plane of the classroom and encourages
an environment where students co-construct understanding by using ICTs for
extending how they access, develop and demonstrate knowledge.

Interactive whiteboard (IWB) technology has been identified in Australia and
internationally as a tool that can bring together a range of ICTs in daily classroom
practice (Betcher and Lee 2009) and potentially increase opportunities for students
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to experience multimodal representations of science (Littleton 2010). The technology
enables students and teachers to interact with all the functions of a desktop computer
through the IWB’s large touch-sensitive surface fixed at the front of the classroom.
When used appropriately, features of an IWB and the associated software have the
potential to actively engage students in learning by enhancing the interactivity
between the teacher, the science learning resource and students (Murcia 2008;
Betcher and Lee 2009). Software tools and simple design techniques promote active
learning with manipulations such as drag and drop, hide and reveal, highlighting
and annotating with digital ink matching equivalent terms and movement for sorting
and classifying (Higgins et al. 2007). The enhanced interactivity and the ‘drag ability’
of text and objects on the board’s surface add another dimension to traditional learning
and teaching (Murcia and McKenzie 2008; Betcher and Lee 2009). However, we
must be mindful of the fact that the technology is only a tool to support or extend
learning and teaching strategies. It is critical that the technology does not drive the
science curriculum but rather it is used to enhance learning and teaching at appro-
priate times. Educators need to go beyond simply understanding technological
changes and to further understand the impact of the change on learning and teaching.
Greater understanding of the impact of digital tools on learning and teaching is
required as they have the potential to change the way knowledge is represented and
re-represented. It is important to understand the specific ways in which technologies
such as the IWB work as a mediating or convergence tool for a wide range of
multimodal representational types.

In this chapter, principles of pedagogical interactivity and multimodal represen-
tation are used as a conceptual framework for exploring and discussing the use of
IWB technology in primary science classrooms. This interactive multimodal lens
was placed over a series of action research case studies conducted over 2 years with
eight Western Australian primary school teachers. Snapshots of three of these teachers’
classrooms are provided as illustrative examples of the types of representation and
emerging principles of interactive pedagogy observed across participants in the
research hub. These snapshots include pages from the teachers’ interactive note-
books and descriptive narratives, which highlight the ways that students’ experience
and use representations of science concepts in their IWB classroom.

15.2 Pedagogical Interactivity

The uptake of IWB technology internationally and nationally is in part due to its
compatibility with existing teaching practices. Unfortunately, the IWB is not
always used productively or to its full potential. Like many technology-led initia-
tives in education, the installation of an IWB is not always accompanied by an
adequate understanding of the technology’s impact on pedagogy (Warwick and
Kershner 2006). The tool has been observed complementing traditional teacher-led,
whole-class learning where the IWB is simply used as a surface for writing notes
or projecting images. However, the IWB has also been found to offer possibilities
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for expanding and even reinvigorating teachers’ pedagogy (Higgins et al. 2007).
Teachers using effective interactive pedagogies do much more as they become
‘critical agents in mediating the technology to provide a more dynamic, interactive
and appropriate learning experience’ (Rudd 2007, p. 6).

There is a changing pedagogical role for the teacher in ICT rich interactive
whiteboard classrooms. A classroom enhanced with digital educational technolo-
gies requires interactive pedagogy. The technology can be used actively to facilitate
interaction with and between students and immediate constructive feedback to the
students (Beauchamp and Kennewell 2008). Pedagogical interactivity is the mediation
of interaction between the teacher, students and the technology, which is a complex
process that extends beyond basic manipulations of the technology (Tanner et al.
2005). Pedagogical interactivity is the integration and intersection of activity that
occurs at the board, at students’ desks and in the minds of the students. This includes
technical interactivity with a focus on using the tools of the board, physical interac-
tivity focussing on students’ manipulation of objects at the board’s surface and con-
ceptual interactivity, which focuses on using the board to explore and construct
understanding of concepts (Deaney et al. 2009). Jewitt (2006, p. 76) stated, ‘It is
essential to understand what resources new technologies make available and how
these mediate the complex relationship between the learner and what is to be learnt’.
This suggests that fully exploiting the potential of interactive whiteboards requires
educators to go beyond simply understanding the technology itself and achieving
technical competency to understanding the impact of the technology on pedagogy
and students’ science learning. Tanner et al. (2005, p. 723) represented the nature of
whole-class pedagogical interactivity on a five-point continuum, ranging from a
lecture approach with high teacher control to a collective approach with a high
degree of pupil control. Question types and the nature of whole-class discourse
were indicators of pedagogical interactivity:

. Lecture: No interactivity or only internal interactivity

. Low-level/funnelling questioning: Rigid scaffolding and surface interactivity
. Probing questioning: Looser scaffolding and deeper interactivity

. Focusing or uptake questioning: Dynamic scaffolding and deep interactivity
. Collective reflection: Reflective scaffolding and full interaction

DN B~ W =

Opportunities for learning in an interactive whiteboard classroom are enhanced
when students are given the opportunity to make their ideas public, participate in
rich dialogic discourse in which concepts are shared and vocabulary is developed
and practised (Warwick et al. 2006; Hackling et al. 2010). Furthermore, Murcia
(2008) found that the IWB created a fluid space where interactive communication
allowed the teacher and students to ‘explore science ideas together, pose questions
and reconcile scientific and informal ideas’ (p. 20). Integrated with reported
interactive activities were higher-order questions and student-led discussions:
‘Questioning was the means for focusing students’ attention, provoking action and
for making connections’ (Murcia 2008, p. 20). Teachers have been observed using
the interactive affordances of the IWB technology to support dialogic interactivity
by using questioning around images and actions to elicit and clarify student’s ideas
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and build joint understanding through exploratory dialogue (Mercer et al. 2010).
Higgins et al. (2007, p. 216) in their review of the literature on interactive white-
boards further identified research evidence that ‘interactivity is most effectively
sustained through effective questioning as well as a wider range of activity’.
Strategies for managing effective questioning and discussion are a key dimension of
productive interactive pedagogy.

Students and teachers can use the tools of the IWB and integrated ICTs to socially
construct shared meaning through whole-class collaboration. In a social construc-
tivist science classroom, where it is assumed knowledge and understanding are
actively constructed through social interactions and not passively received from the
teacher or environment, teachers match the use of technology to learning objective
goals and outcomes. The sequence and nature of activity in a constructivist pro-
gramme must be matched appropriately to the stage of scientific enquiry (Hackling
et al. 2010). Teachers exercise professional judgement and identify when and
how the technology can support students learning and achievement of curriculum
outcomes. They go beyond technical competence to understanding and using peda-
gogical interactivity to facilitate students’ enquiry and development of scientific
understandings.

15.3 Multimodal Representations in the IWB Science
Classroom

Interactive practices in the IWB classroom include accessing a range of multimodal
representations and creating opportunities for students to experience knowledge and
demonstrate what they know in an increase range of modes (Murcia 2010; Twiner
et al. 2010). In this context, the term mode is referring to the form of the content
such as discourse, image or writing (Twiner et al. 2010). Jewitt (2006, p. 2) suggests
the multimodal affordances of digital education technologies such as the IWB are
changing the nature of the classroom and states, ‘these different or new potentials
require a rethinking of what it means to learn’. Learning is a gradual process of
constructing knowledge, skills and understanding and is arguably the result of a
transformation process and internalisation of cultural signs and symbols (Jewitt
2006). This view places modes of representation and communication at the centre
of learning.

Specifically, science as a discipline is multimodal, that is, it involves the negotiation
and production of meanings in different modes of representation ranging from
descriptive text, experimental, to figures and images. Lemke (1998, p. 1) argued that
multimodal representations of concepts were central to learning science. He stated,
‘We need to see scientific learning as the acquisition of cultural tools and practices,
as learning to participate in very specific and often specialised forms of human
activity’. To understand the values, language and practices of science, children need
to experience multimodal representations and explorations in the classroom. Prain
and Waldrip (2006) describe these modes as descriptive (verbal, graphic, tabular),
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experimental, mathematical, figurative (pictorial, analogous and metaphoric) and
kinaesthetic or embodied gestural understandings or representations of the same
concept or process. New understandings are generated through multimodal repre-
sentations of ideas, affective responses and evidence-based judgements (Tytler
2007; Warwick and Kershner 2006). When learning takes place, students have expe-
rienced cognitive growth and conceptual change or development. They talk about
and describe concepts in new ways with different meanings. From this perspective,
greater emphasis is required on metacognitive practices or more simply how stu-
dents construct meaning from multimodal representations. In order to understand
the values, language and practices of science, students need to experience multi-
modal representations and opportunities to re-represent concepts in the classroom.
More emphasis is placed on the role of the teacher as someone who models and
scaffolds for students how to talk and write about science, how to construct dia-
grams and calculate and how to investigate and inquire in order to develop and make
sense of new knowledge (Tytler et al. 2006; Murcia 2010).

Multimodal fluency in representing and re-representing would be an indicator of
conceptual understanding in science and should be central in teaching and learning.
For example, Hand et al. (2009, p. 226) propose that all classroom learning should
be focused around the understanding that ‘meaning making is multimodal’ and as
such students need to ‘develop multi-literacies as a function of learning’. A social
constructivist approach to learning would support the assertion that students’
conceptual understanding develops as they generate and transform representations
experienced in one mode to another. Research has suggested that multimodal repre-
sentations not only motivate learners but lead them to a deeper understanding of the
subject being taught (Ainsworth 1999).

154 An IWB Research Hub

Placing a framework of pedagogical interactivity and multimodality over real class-
room environments has contributed insights to the important questions, reported by
Lee (2010) as being raised by education stakeholders in relation to how the intro-
duction of IWB technology is influencing educational practices. Researchers from
Edith Cowan University in Western Australia worked in partnership with classroom
teachers to develop evidence-based understandings of interactive whiteboard tech-
nology’s impact on whole-class learning and teaching. For 2 years, the university
hosted an interactive whiteboard research ‘hub’ or network of primary and second-
ary school science teachers and administrators who worked together to understand
how teachers use an IWB in the teaching and learning of science and how children
use the IWB to show what they know. The participating teachers ranged in their
experience with integrating IWB technology into classroom practice from first-time
users to 3 years. All research activities and data collection occurred in conjunction
with their normal classroom science programmes.
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15.4.1 Action Research and Teachers’ Professional Learning

Action research principles provided a dual focus within all hub communications,
meetings and workshops, on teachers’ professional learning and deep understanding
of the IWB classroom environment. Weinstein (1995) described action research as
a way of learning from our actions and from what happens around us by taking the
time to question and reflect on this in order to gain insights and consider how to act
in the future. The project structure aimed to facilitate practical action, based on the
learning needs and interests of the participating teachers, while supporting the
teachers’ professional learning about IWB technology and pedagogical interactivity
in science. The research was intended to be a participatory process, alternating
between planning, acting, describing and critically reflecting (Murcia 2005). The
teachers were encouraged to contribute to the research by sharing and reflecting on
their practice in their science classroom. This occurred when researchers visited the
teachers at their school and at hub meetings held at intervals throughout the school
year. These meetings were critical to maintaining the momentum of the research, as
well as teachers’ attention to multimodal representational strategies, pedagogical
interactivity and their development of IWB technical skills. Data gathered for the
case studies included semi-structured interviews, video-captured lessons, classroom
observation field notes, student work samples and interactive notebooks produced
by the teachers.

15.4.2 Video Capture and Analysis

The technology-based and interactive nature of the IWB learning environment
required video recording of classroom action in order to capture and understand the
dynamic modes of learning and teaching in the science lessons. A holistic view of
the classroom and teaching and learning experiences was required as the research,
focused only on discourse and or written text, would have stripped away the interac-
tive multimodal features of the IWB context (Jewitt 2006). Video recordings of
science lessons were made using a single camera with a wide-angle lens placed at
the back of the classroom out of the students’ line of sight, to minimise its influence
on classroom activity. Field notes from lesson observations were produced concur-
rently with video capturing, and teachers’ IWB notebooks were collected in order
to assist in the analysis of IWB practice.

15.5 A View of IWB Science Classrooms

Classroom observations and the video data showed a range in the level of interac-
tive pedagogy demonstrated by teachers during a full lesson and a series of lessons.
All teachers used the IWB for different purposes during the science enquiry process.
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At times, students were passive in the IWB learning experience as they watched
videos or listened to teacher talk. At other times, there was much greater control of
the interaction by students, with students asking questions, engaging in whole-class
exploratory talk and representing their understanding through original representa-
tions such as a short multimedia recordings or diagrams created and annotated on
the IWB.

The following examples of classroom action, orchestrated by teachers using an
IWB, were selected from the data set as they illustrated deeper interactivity. Each is,
however, only a static representation of sections of the learning and teaching occur-
ring in each classroom. The video data captured the full dynamic nature of the
interactive pedagogy in each lesson that incorporated, for example, the movement
of images, annotation of text and substantive discussions of science ideas.
Each image displayed below is a single ‘page’ from a case study teachers’ interactive
science ‘notebook’. Each set of pages represents a snapshot of the total activity
occurring in the learning sequence. The teacher narrative included with each image
draws from the multiple sources of qualitative research data and synthesises emerg-
ing themes from the case study. The narrative captures the teachers’ ideas and
actions surrounding their development and classroom use of the IWB-supported
representations of science.

15.5.1 Teacher Wendy: Weather in My World

Wendy came to the IWB research hub as a year 1/2 split class (ages 6-7) teacher in
a metropolitan area government primary school. At the start of the project, Wendy
had been using the IWB with her students for approximately 3 months. She had
already found a range of benefits in using the IWB to support teaching and learning.
In particular, she commented on children’s motivation to use the technology. For
example, ‘The children love to come up and put answers on the board. They love to
draw pictures; they love to interact, moving things across the board’. Wendy’s science
programme was focussed on Investigating and Earth and Beyond outcomes from the
Western Australian Curriculum. She used the Primary Connections resource Weather
in My World (Australian Academy of Science 2007) to structure the 8-week science
programme from which the following snapshots of IWB action were taken.
Wendy’s learning activities and narratives (Figs. 15.1, 15.2 and 15.3) together
illustrate the range of multimodal representations brought into the classroom through
the use of the interactive whiteboard technology. Wendy’s narratives highlight her
use of IWB tools and interactive pedagogies to promote and support students’
engagement with a range of representations of the concept of weather and tempera-
ture. She used visual and experimental representations of the concepts to support
her questioning and facilitation of classroom discourse. She explained, ‘I use pic-
tures and questioning about what’s observed, which often stimulates a lot of talk’.
Her mediation of the IWB technology with students was supported by questioning
aimed at promoting whole-class exploratory discourse, which was an integral aspect
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Fig. 15.1 A page from the class’s weather book

Wendy’s Narrative One: Weather Watching and Recording.
Our science topic for this term is weather, so I start each day by asking the
children to look out the window, make observations and talk to me about the
day’s conditions. We recorded the day’s forecast on the IWB into our weather
book (interactive notebook). The children have learned that we show weather
with symbols. They take turns to drag the weather symbol into the day’s
record.

of the interactive pedagogy used at each stage of the Weather in My World lesson
sequence. Her students were encouraged to ask questions and explore possible
answers when exposed to multiple sources and representations of information
available through the use of the IWB technology. Wendy scaffolded the students’
re-representation of their verbal accounts of the day’s weather to a symbolic
representation, with a range of questions that encouraged children to talk about
what they observed and how they could record their information.

While using the IWB, she was able to quickly access multimodal representations
of temperature and in a range of multimedia formats, which generated opportunities
for students to talk through their ideas and socially construct understanding. The
colourful visual display was clearly interesting but being able to interact with the
symbols and try out ideas by dragging images motivated the children and encour-
aged substantive science talk.
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Fig. 15.2 Representing temperature with words and colour

Wendy’s Narrative Two: Multimodal Representations of Temperature.
I have been questioning the children about how colour is used to represent
temperature in the home, and they related this to the red hot water tap and
blue cold water tap. I then showed them some different types of thermometers
on the IWB and how each used colour, numbers and words to show
temperature.

15.5.2 Teacher Lucy: Spinning in Space

While involved with the IWB hub, Lucy was teaching a year 6/7 split class (ages
11-12) in a metropolitan area government primary school. Lucy was introduced to
IWB technology at the start of the research project. She had previously seen the
technology demonstrated and as such was keen to have an IWB installed in her
classroom. She stated, ‘It is the way teaching is going. Technology is a big part of
the students’ lives and we as teachers need to begin incorporating more technology
into our lessons’. Lucy’s science programme was focussed on Investigating and
Earth and Beyond outcomes from the Western Australian Curriculum. She used the
Primary Connections resource Spinning in Space (Australian Academy of Science
2007) to structure the 8-week science programme from which the following snap-
shots of IWB action were taken (Fig. 15.4).
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Fig. 15.3 Re-representing temperature numerically

Wendy’s Narrative Three: Facilitating the Translation Process Between
Modes of Representation.

I also asked then questions about the nightly weather report on television,
which got them thinking about why we want a prediction of the next day’s
weather. They have become really interested in the daily temperature and like
to find out if it matched the prediction from the weather report. We discuss the
temperature each morning and then put a thermometer outside. We bring the
thermometer back in at the end of the day, read the temperature, write it up on
the IWB and then talk about how we feel at that temperature. This has meant
that I could extend them by introducing the interactive thermometer, the idea
of a scale and showing the days temperature as a number. A couple of the
children noticed both the Fahrenheit and Celsius scale on the thermometer.
This lead to some numeracy in science as they tried converting the day’s tem-
perature from Celsius to Fahrenheit.

Pictures, diagrams and photos were imported or captured by Lucy to produce
visually appealing notebooks. These were displayed and interacted with as Lucy
and her students edited, moved objects and annotated information at the board. Lucy
used visually appealing displays to engage her students and reported her finding that
the IWB increased her classroom access to resources. She stated, ‘Resources that
were unavailable to us before are now easily brought in through the IWB. Instead of
me trying to photocopy pictures or find pictures in books and things like that we can
use the internet and bring pictures up’. Importantly, Lucy and the students had
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Do you know what causes day and night to happen???2?

Fig. 15.4 Questions promoting group discussion of day and night photos

Lucy’s Narrative One: Converging Images and Questions to Promote
Exploratory Discussion.

I have used the IWB notebook to organise my lessons. It helped my teaching
because I could do a whole programme or plan in a notebook. In the Spinning
in Space notebook I made sure each slide followed on logically, which helped
with connecting ideas, linking to the Internet, videos and basically building
up the science story. I’ve got my questions there and the expectations for the
students are there in black and white on the whiteboard. It also allowed me to
bring resources from the Internet into the classroom. Instead of me trying to
photocopy pictures or find pictures in books, I used the Internet and brought
pictures up and displayed them on the IWB. I used two photos of the Perth
city sky line, taken at different times of day for getting the students thinking
and talking about the differences in day and night. I put a lot of the lesson’s
questions up on the interactive whiteboard so they’re there for the students to
use. I’ve learnt how to use the screen in the IWB software, so now I can
uncover questions as needed. This is really good as it means I can make the
students take time to think rather than rushing ahead.

moved beyond only using the IWB as a display tool as they were purposefully
interacting with the images through annotation and discussion. Lucy also used a
range of IWB tools for enhancing her questioning techniques and strategies. These
included the use of the screen and spotlight functions, which she used to increase
the wait time after a question and provide space for students to think. She explained,
‘you might have the answers hiding under the screen but you just want the children
to think about it before you bring it up. Students need a lot of prompting from time
to time. So using the screen again or the hide-and-reveal or click-and-reveal activi-
ties just helps them. It gives them extra time and you see the students think, oh yeah,
I’ve got another idea’ (Fig. 15.5).
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Why is the Sky Blue?
Let's Google it!

The blue color of the sky is due to scattering of light rays as they
move through the atmosphere, most of the longer wavelengths pass
straight through. Little of the red, orange and yellow light is affected
by the air. But, Blue light waves are absorbed by the gas particles
and then scattered all around us.

http://www.sciencemadesimple.com/sky_blue.html

http://science.howstuffworks.com/nature/climate-weather/
atmospheric/sky.htm

http://spaceplace.nasa.gov/en/kids/misrsky/misr_sky.shtml

Fig. 15.5 Linking to Internet sites and building information

Lucy’s Narrative Two: Students’ Questions and Finding Answers
on the Internet.

We were having a class discussion about day and night and a student said,
‘Well, why is the sky blue?’ The students then started with ideas. One student
said, ‘Isn’t it like a reflection or something but there’s really nothing there’
and somebody said, ‘Doesn’t it have something to do with colours and light’.
I didn’t know the answer so we decided to go and check. We went to the inter-
active whiteboard and we brought up the Internet, and together we found
explanations, which we copied into the growing Spinning in Space notebook.
It was good as questioning lead to questioning, which lead to learning which
then lead to more questioning and lots of discussion.

A range of online learning resources were accessed via links embedded by
Lucy into her interactive notebook. She selected websites that provided current
information about science concepts or relevant contexts or examples. Lucy and
her students were observed highlighting key words in the online text and underlin-
ing so as to focus thinking and whole-class talk. For example, Lucy explained
‘I would bring up text on the board, highlight points with the (digital ink) pen and
discuss with the students. Other times I would copy and paste text into the note-
book and insert the link as a reference’. Lucy and her students were using the IWB
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Fig. 15.6 Screen capture and transcription of a student’s media file recording of their IWB
action

Lucy’s Narrative Three: Using the IWB to Increase the Modes

in which Students Can Demonstrate Understanding.
The students had been talking in small groups about how day and night occur,
and so as part of their presentation back to the class, I asked a few students to
come up to the IWB to share their ideas. They actually drew on one of the
slides in the Spinning in Space notebook, what they thought day and night
was and how it happened. But we also used the record function in the IWB soft-
ware to record exactly what they were drawing and exactly what they were
talking about. This was a terrific record of the students learning, the kids have
it there, we can show it again and the parents really loved watching it at the
school’s learning journey evening.

technology and information and communication technologies to enhance the
learning process. This involved using the technologies to assist in constructing
understanding of science concepts but also for experiencing the explicit modelling
of the learning process, in particular, how to critically select and connect to digital
sources of relevant information (Fig. 15.6).

The connected nature of the interactive notebooks allowed Lucy and her students
to move quickly from one page of the learning experience to another. This allowed
the content of the lesson to be easily reviewed or connections to be made to previous
activities. Lucy explained how her students used the IWB to share their understand-
ing with the whole class and then to later review their input to the day and night
notebook. She said, “We were using the record function in the notebook software for
capturing the children’s explanation of night and day as they drew a diagram on the
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interactive whiteboard’. Recordings were being saved as a media file and later
reviewed by the students and Lucy. This interactive pedagogy was extending the
options available to students for showing and sharing what they knew about science.
Twiner et al. (2010) also recognised that the IWB technology supports a cumulative
learning and teaching experience, where the ‘improvable objects’ in interactive
notebooks capture action in the classroom such as sketches, annotations to images
and brainstorming notes. This gives a permanence to the talk weaving through
learning activities and makes it available for reflection and revision.

15.5.3 Teacher Anthony: Forces in Flight

The IWB notebook Forces in Flight was developed by Anthony, a confident user of
IWB technology with 2 years’ experience. He was a year six (11-year-old) teacher
at an independent boys college in an inner suburb of Perth. Anthony was becoming
increasingly aware of the impact that IWB technology was having on his planning
and structuring of science learning sequences. He stated, “The IWB notebook provides
a direction and a sequence. You are thinking more about your start and end point.
You’re thinking about what students will connect with, what to do to solidify con-
cepts and where you want to end’. The learning and teaching sequence described
here represents two 60-min lessons. These lessons were part of a 12-lesson
programme on forces in flight. The learning and teaching purpose of the lessons
was to engage the students with an investigation that was relevant to the theme and
development of the concepts related to forces in flight. The activities described
here fitted within the explain phase of enquiry and moved into the elaboration
phase as the students transferred their thinking to a new flight context and carried
out an investigation (Fig. 15.7).

Using a range of multimodal representations in the forces notebook focussed
student’s attention, thinking and talk on the target concept. Anthony’s questioning
and gesturing assisted his students in the cognitive move between representations
and provided opportunities for his students to learn through multiple styles.
Anthony explained, ‘The IWB moves us away from general paper and pen methods
and is getting more of students learning styles into lessons. You’ve got to show
students a concept in different ways, I show videos, animations, diagrams and we
talk about it’. The IWB notebook was used to weave together and develop learn-
ing. For example, the static images or rockets and aeroplanes were labelled with
force terms and directional arrows. These representations were used to focus stu-
dents’ attention on the key concepts and to assist them in moving from the real-
life representation observed in videos to the diagrammatic representation which
incorporated scientific conventions.

The IWB tools and efficient strategies for linking to the Internet and media files
enabled the students to move fluently between everyday and the scientific accounts of
phenomena. Jewitt (2006, p. 99) stated, “The potential to move between these two rep-
resentations produces a tension between the two views in which each representation
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Fig. 15.7 Hide-and-reveal forces in flight

Anthony’s Narrative One: Focussing on Key Concepts in Multimodal
Representations.

To engage the boys and get them motivated, I showed the video of jet planes
in flight that I had embedded in my IWB notebook. I focussed their viewing
with the question, what forces of flight help a plane to fly? I used a hide-and-
reveal interactive activity to get them thinking about what they had watched
and to revise the forces lift, thrust and gravity. Then I got them transferring
their thinking to the forces on a rocket. Again, this was a hide-and-reveal inter-
active task but this time also included directional force arrows.

visually explains the other. This structure demands different things of the students,
on the one hand, classification and on the other observation of patterns and the
connection of their everyday experiences with scientific theories of phenomena’. The
discourse surrounding the teacher and students interaction with the IWB note-
book and embedded ICTs was in itself a representation of the science concepts
(Murcia and Sheffield 2010). The whole-class discourse and in particular the
nature of Anthony’s questioning facilitated the students’ cognitive negotiation of
meaning as they moved from one mode of representation to another. Students
learning science have to learn to ‘see’ scientifically. For example, a student watch-
ing an animation of the flow of air over the wing of a jet plane in flight needs to



240 K. Murcia

BEST PAPER PLANE DESIGINS IN 601

S

IS+

Dmstanta Travnhed

o
+

n

& @ mie- AT

Q

Fig. 15.8 Re-representation of numerical data as a figure

Anthony’s Narrative Two: ‘Seeing’ the Scientific Concepts
in Investigation Data.

I used a couple of videos to introduce the investigation task of making and
testing a paper airplane and then I used the interactive investigation planner to
model for students the planning of a fair test.

The boys made their paper planes and worked in groups to test their designs.
I took a photo of the furthest flying plane from each group and then linked
each to the student’s bar on the whole-class IWB digital graph. I asked the
boys to describe the features of each winning paper plane. Because the photos
were linked to the bar on the IWB graph, we could move back and forth by
just touching the screen. Then to compare all winning paper planes and to find
common features, I brought all five photos up on the screen together.

be able to distinguish between the features of a real aircraft and the conventions
of scientific images (Fig. 15.8).

Students were given the opportunity to ‘see’ the scientific principles in an inves-
tigation and link these concepts meaningfully from the hands-on investigation to the
numerical representation in data, to graphs, to images and written explanations.
Time efficient links to multiple IWB notebook pages and multimedia sources
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extended the modes of representation experienced and assisted in making explicit
the translation process between modes. Anthony focused students’ attention on the
consistent features and dimensions of the concept present in each mode of represen-
tation by pointing, gesturing, talking and asking focusing and probing questions.

15.6 Implications for Integrating IWB Use into Science

Opportunities are created for meaning making and conceptual development through
the use of multimodal representations in science. In the IWB classroom, the design
question is then, what mode of representation will best support students in making
meaning or in demonstrating what they know and what pedagogical approach will
promote interactive learning? Teachers integrating IWB technology across the cur-
riculum may find this requires some reconfiguring of the physical classroom and
rethinking of pedagogy.

First, a shared view of learning should be evident as the central nature of an IWB
in the classroom encourages students to present ideas on the social plan and to be
active participants in the whole-class learning experience. In the IWB classroom,
explicit attention should be given to developing and maintaining a classroom culture
which insures an intellectually safe learning environment where students are encour-
aged to explore ideas in a constructive and cumulative manner. Students should
have clear access to the IWB as it is a shared learning resource belonging to all
members of the classroom.

Second, building students understanding of science requires a cumulative learn-
ing experience, which incorporates modes of representation appropriately matched
to the stages of enquiry. In designing IWB learning and teaching experiences, con-
sideration should be given to the following.

e Introductions that aim to engage and elicit students’ prior knowledge

» Exploration and explanations which are rich in dialogic discourse about multi-
modal representations and re-representations of concepts

» Provision of opportunities and high-order questioning, which facilitates students’
transferral of their learning to new or different contexts

e Review of learning processes and outcomes

The IWB notebook should be a series of improvable objects that builds the sci-
entific story and captures the learning and teaching through the inclusion of annota-
tions, brainstorming notes and recordings of students’ action at the board. Using the
interactive whiteboard technology in this manner extends beyond its basic display
function and represents pedagogical interactivity.

Teachers are motivated to learn about digital technologies and develop effective
interactive pedagogy when they understand how technology such as an IWB can
boost their productivity and improve learning opportunities. Ongoing supported
professional learning would enable teachers to develop IWB technical skills,
resources and pedagogical interactivity. The outcomes of the Edith Cowan University
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research hub are evidence that effective learning and teaching practice could be
developed by teachers as they participated in research. The research was applied
and practical with the aim of being responsive to the professional interests and
learning needs of the participating teachers. The collaboration with the teachers
provided an insight into real classroom practice and enabled researchers to recogn-
ise and draw from their classroom-based expertise. The potential benefits of syner-
gies between research and practice were evident in this experience.

In summary, deconstructing and analysing each teacher’s video-captured lessons
and their IWB notebooks showed that effective interactive pedagogy was dynamic,
flexible and multimodal in nature. Teachers’ pedagogy was not only focussed on the
interactive technology but also on promoting interactive students who actively con-
structed understanding as they explored science concepts in multimodal formats.
Features of the IWB software were used by the teachers to enhance interactivity
between themselves, the learning resource and students. They used software tools
and design techniques to promote active learning with manipulations such as drag
and drop, hide and reveal and layering, colouring, shading and highlighting and
annotating with digital ink. The teachers used the IWB to facilitate an ICT rich
learning environment and to generate a social learning space that brought the whole
class together. They were designing their notebooks in a way that built connections
between the interactive activities, tasks at the students’ desks and classroom conver-
sations. The notebook shaped and represented the learning journey which supported
students’ development of the scientific story. Using technology in conjunction with
interactive pedagogy, the teachers were able to lead the learning journey, expose
students to new ideas, pack and unpack concepts, encourage discussion, challenge
preconceptions and build knowledge.
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Chapter 16

Learning Chemistry Performatively:
Epistemological and Pedagogical Bases
of Design-for-Learning with Computer
and Video Games

Yam San Chee, Kim Chwee Daniel Tan, Ek Ming Tan, and Mingfong Jan

16.1 Introduction

Typical textbooks in chemistry present the field as a fait accompli represented by a
body of “proven” facts. For example, a textbook (Heyworth 2002) used in the lower
secondary science curriculum in Singapore makes the following claims:

e Atoms are so small that nobody has ever seen a single atom. But scientists are
certain they exist. (p. 26, italics added)

* Scientists have discovered that atoms are made up of three smaller kinds of
particles—protons, neutrons and electrons. (p. 32, italics added)

e It’sa Fact!
In 1915, Ernest Rutherford fired particles containing protons at some nitrogen
gas (atoms of proton number 7). Protons entered the nuclei of the nitrogen atoms
and changed them into oxygen atoms (of proton number 8). (Sidebar entry, p. 35,
italics added)

The examples above are indicative of the common rhetoric of science that
revolves around assertions of fact, scientific discovery, and certainty. Students
with the capacity for critical thinking would invariably wonder why scientists are
so certain of the existence of atoms if no one has ever had the opportunity to see
an atom. The textbook author provides no explanation for his existence claim.
Student questioning is also not invited. The second example makes use of autho-
rial privilege to assert a claim that atoms, although never ever seen, are composed
of protons, neutrons, and electrons. But do scientists merely discover this “fact,”
or is the atom merely a model invented by scientists to help them explain and
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predict chemical phenomena and may not exist at all? The final example appeals
to the textbook writer’s authority as subject expert to assert a factual claim con-
cerning what Ernest Rutherford succeeded in doing. Why would a thinking stu-
dent believe such a claim? How would a student even begin to conceive of firing
particles containing protons into nitrogen gas? Given the extensive gaps in expla-
nation and credibility, it is hardly surprising that students’ mastery of chemistry
“facts” through memorization is associated with minimal understanding of the
domain and of chemistry processes.

Overall, the presentation style reflected in the textbook is dogmatic, and it does
not entertain any form of interrogation or challenge by the student reader. The
underlying message is clear: “Do not question; just accept what you are told.” In a
classroom where the teaching of chemistry is conducted in a traditional manner,
teachers further reinforce the image of science as a form of proven dogma. Teachers
verbalize and expound the facts. The students’ role is to memorize and profess the
“right facts.” If not, they risk being penalized in their chemistry assessments.
Regrettably, students have little, if any, agency to engage in scientific inquiry and
to construct their personal understanding of the field. An emphasis on predeter-
mined “knowledge” coupled with the execution of laboratory experiments designed
mainly to confirm predetermined “findings” can lead to students leaving school
with a grave misunderstanding of the nature of science. Students will not realize
that scientists actually require imagination and creativity to invent explanations
and models to explain phenomena, and that scientific knowledge is tentative, sub-
ject to change, and can never be absolutely proven (Lederman et al. 2002; Schwartz
and Lederman 2002). They will also be surprised when they find out that there is
competition between rival theories and among “camps” of scientists, that experi-
ment data can be interpreted in more than one way depending on what theory one
subscribes to, and that theories can contradict each other (Niaz 2001). These issues
are seldom brought up or discussed in class. In general, then, students are not pro-
vided with access to authentic science education (Roth 1995). Neither are they
helped to understand that engagement in the practice of doing science is the human
activity that creates knowledge as an ongoing social process of constructing reality
(Berger and Luckmann 1966; Knorr-Cetina 1999). The lack of opportunities to
directly engage in the practice of doing science lead to outcomes that tend to be
wanting: students fail to develop critical problem-solving skills required for con-
ducting scientific investigations, they lack the capacity to interrogate the quality of
evidence, and they do not imbibe the dispositions and values that undergird the
practice of science. In short, science “knowledge” is mastered at the expense of
developing scientific literacy (Murcia 2009). Unsurprisingly, we have witnessed
widespread declining interest and participation in compulsory science education
that extends beyond school.

In the next section of the chapter, we first share a praxiological framework for
human learning that allows us to ground our design-for-learning on the theoretical
construct of performance. We then provide readers with a description of what it is
like to play level 1 of the game “Legends of Alkhimia.” Using the game as a refer-
ence point, we next explicate the epistemological and pedagogical bases for the
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design of a game-based learning curriculum to help students imbibe the thinking,
values, and dispositions of professional chemists. The next section considers some
challenges of enacting a science inquiry curriculum based on a performance
approach to game-based learning, that is, a performance pedagogy. The chapter
concludes by summarizing a set of issues that teachers can consider to facilitate the
process of change toward adopting a performance pedagogy.

16.2 Praxiological Framework for Studying Human Learning

In constructing the Alkhimia learning environment, our approach to designing the
learning process is based on a praxiological framework for studying human learning
that is inspired by Collen (2003) who proposed a philosophical foundation that
undergirds a general methodology for human systems inquiry. In essence, Collen
argues that any comprehensive attempt to study human systems and behavior must
subsume three fundamental ideas from Greek philosophy, namely, ontos, logos, and
praxis. Together, they yield a praxiology for human inquiry, including inquiry into
human learning. Figure 16.1 depicts our appropriation and adaptation of Collen’s
original idea. This framework allows us to construct an understanding of game-
based learning from a process-relational point of view (Chee 2010a; Mesle 2008)
that emphasizes the importance of knowing through enaction rather than knowledge
as subject content, whether derived from textbooks, the Internet, or elsewhere.
A process-relational approach to understanding human learning foregrounds human
performance, a term drawn from performance theory (Bell 2008; Carlson 2004) and
performance studies (Schechner 2006), and constitutes an onto-epistemological
shift to performativity (Barad 2003).

In our design-for-learning with respect to the Alkhimia chemistry curriculum,
we deliberately chose to position learning as a form of engagement in human inquiry
(Dewey 1916/1980; Postman 1995; Postman and Weingartner 1969). We use the
term design-for-learning to emphasize the design of an extended learning process
based on student engagement in inquiry in contrast to widespread approaches that
focus on didactic teaching of subject content. Our praxiological framework allows
us to frame learning in terms of human inquiry located in situated contexts. Collen
proposed three components of the framework—ontos, logos, and praxis—and we
have located the human learner at the center of the interwoven interactions and
interdependencies between these three components. Ontos, or ontology, is the study
of human being, human existence, and of what is. Logos, referring to epistemology,
is the study of human knowing, what can be known, and what constitutes human
knowledge. Praxis, or praxiology, is the study of action, the practices of human
beings, and of what we (as humans) do. To understand human learning authentically
and in all its rich complexity, we deem it vital that learning be studied in the context
of humans engaged in situated action, including participation in speech acts and
discursive practices that accompany everyday actions (Austin 1975; Bruner 1990;
Clancey 1997; Dewey 1938; Gergen 1999). In taking this position, we explicitly
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Fig. 16.1 Praxiological framework for studying human learning

reject learning outcomes where students can only talk about chemistry, without the
ability to engage in the practice of chemistry. The framework in Fig. 16.1 empha-
sizes that human knowing is inseparable from human doing (Dewey 1916/1980).
But, more than that, it also insists that human knowing and doing are deeply and
inextricably intertwined with human being (Heidegger 1953/1996). The three
elements may be conceived as an interwoven braid whose strength derives from the
tight coupling between the components. The framework would not be complete,
however, without the addition of a fourth component—values—because knowing,
doing, and being are necessarily embedded within a larger sociocultural context of
axiology, the study of human values. As Ferré (1996, 1998) and Putnam (2002)
have argued, knowing, doing, and being are inherently value-laden activities.
Humans make basic value distinctions related to all processes and outcomes of
learning. These distinctions guide their learning actions toward outcomes that create
positive value.

The praxiological framework for studying human learning establishes the foun-
dation for understanding learning in terms of performance, as previously indicated.
Central to the idea of performance is engagement in patterned behavior: the doing
and redoing of certain identifiable activities, such as the way we present ourselves
in everyday life (Goffman 1959). However, a ritualized pattern of behavior consti-
tutes a performance only if there is a self-consciousness, on the part of the person or
agent, of the doing and redoing of a pattern of activity. This self-consciousness
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gives rise to a double consciousness: a person’s self-awareness of an actual behavior
being enacted that is compared with an ideal intended behavior. Thus, a double
consciousness allows the development of reflexivity and the ability of a learner to
hold her own actions and behaviors up to personal scrutiny and interrogation
(Carlson 2004). This reflexive interrogatory capacity allows the learner to renegoti-
ate the status quo. As performance, learners can then reconstruct and redefine the
kind of person they wish to be in relation to the values that they choose to uphold.
This process of self-construction is ongoing, and it constitutes the person’s trajec-
tory of learning.

Being grounded in part on situated action, our praxiological framework finds
resonance with Lave and Wenger’s (1991) articulation of situated learning and with
situativity theory in general (Barab and Duffy 2000). In the context of game-based
learning, our approach, emphasizing embodiment, embeddedness, and experience
(Chee 2007), also finds resonance with the work of Barab et al. (2007) with respect
to learning with situationally embodied curriculum to achieve transformational play
(Barab et al. 2010b). However, there is one critical difference. In adopting a process-
relational approach based on process philosophy (Rescher 1996; Whitehead 1978),
we hold that there is an inescapable interdependence between epistemology and
ontology, giving rise therefore to onto-epistemology as suggested by Barad (2003,
2007). This positioning contrasts with that adopted in classical western philosophy,
and apparently adopted by Schuh and Barab (2008), that positions ontology and
epistemology independently: “ontology refers to ‘what exists’ while epistemology
is concerned with ‘how we come to know about’ what exists” (p. 70). The classical
positioning assumes that the world can be known objectively. This positioning has
been shown to be deeply problematic (Dewey and Bentley 1949; Gergen 1999;
Rorty 1979).

Barab and Duffy (2000) make the following claims: “Knowing about refers to an
activity—not a thing; knowing about is always contextualized—not abstract; knowing
about is reciprocally constructed within the individual-environment interaction—
not objectively defined or subjectively created; and knowing about is a functional
stance on the interaction—not a ‘truth’” (p. 28). We argue that the first three refer-
ences to “knowing about” are misplaced: they actually refer to “knowing” (as depicted
in Fig. 16.1). However, the fourth reference to “knowing about” is appropriate.
Furthermore, such “knowing about” is brought forth through language, as part of
social participation in discursive practice (Coulter and Sharrock 2007). Failure to
distinguish between “knowing” and “knowing about” can readily lead to an unduly
high valuation placed on knowledge products: the “content” of knowing about.
Thus, while Barab et al. (2010a) foreground intentionality, legitimacy, and conse-
quentiality in transformational play, the focus of investigation is on teaching water
quality concepts and using multiuser virtual worlds to support academic content
learning. They report their findings in the following terms: “students were clearly
engaged, participated in rich scientific discourse, submitted quality work, and
learned science content” (Barab et al. 2010c, p. 387). In contrast, the praxiological
framework seeks to achieve student learning outcomes defined in terms of an inter-
twined knowing—doing—being, where articulating conceptual claims constitutes a
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form of human knowledge representation (Clancey 1997) embedded in discursive
practice. Such knowledge representations are always derivative and an outcome of
the enactive process of knowing. In short, learning does not begin with knowledge
(representations) but rather produces it. The goal of learning, therefore, is to be
(a certain kind of person) with a distinct identity through performance. It is not to
learn about content as such.

16.3 Learning with the Game ‘““Legends of Alkhimia”

The game “Legends of Alkhimia” (LoA) was designed and developed by our
research team at the Learning Sciences Lab, National Institute of Education, to
serve as the technology-mediated component of a broader environment for learning
chemistry by inquiry in lower secondary school. The learning environment includes
not only the game but also associated curricula materials for in-class use that pro-
vide the activity structure for student learning activities accompanying game play.
The game and materials together constitute the Alkhimia learning program. At the
time of writing, the game comprises a six-level multiplayer game that supports four
concurrent players. LoA is played over a local area network, typically in a computer
laboratory in school. It has been developed to run on PCs.

The game begins in level 1 with a scenario where the four student players crash-
land in the vicinity of the ancient town of Alkhimia. While exploring their environs,
they are suddenly set upon by a group of fireball-hurling monsters that emerge from
a nearby ravine. The players try to repel the monsters with the weapons they are
carrying. These weapons, a form of gun, can shoot ammunition drawn from car-
tridges attached to the weapons. The players find that their weapons are not very
effective against the monsters. Furthermore, their weapons frequently jam, making
it even more difficult to destroy the monsters (see Fig. 16.2). After a short but furi-
ous battle, the monsters retreat into the ravine, leaving the players wondering about
the composition of the ammunition in their cartridges and why the ammunition was
ineffective in destroying the monsters. This situation establishes context for student
engagement in inquiry.

The students receive an instruction from their master, Aurus, via an in-game
communication center. He says, “It seems that the mixture you used was not strong
enough to destroy the monsters. This could be due to impurities. Proceed to your
lab benches to perform separation techniques on the mixture to form new car-
tridges.” Being the first level of the game, this dialog serves to scaffold users with
regard to what they might do to begin to solve the problem that they face. The stu-
dents proceed to their respective virtual lab benches and perform the separation
techniques within the game that each thinks will work best. (It should be noted
here that the virtual lab bench is implemented with a special software tool that
embeds a two-dimensional user interface into a three-dimensional game environment.
Consequently, the user is not visible when the lab bench interface is displayed.)
Each student chooses what he or she believes is the appropriate purified substance
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Fig. 16.2 Players unsuccessfully fending off a monster attack in level 1

to use as ammunition the next time they chance upon the monsters, and they load
their cartridge with the chosen substance.

Unknown to the players (but known to us as the designers of the game), the original
substance comprises a mixture of acid and sand. A separating funnel (shown in
Fig. 16.3) is thus not an effective apparatus for separating the original mixture as
this apparatus works only for immiscible liquids. If a player uses the coarse filter
paper (item at the top in the apparatus panel on the left), she will obtain two deriva-
tive substances, and she can choose to load her weapon cartridge with one of the
substances. When the players encounter the monsters a second time in level 1 of the
game, they will find that they are no better off than before. If a player uses the sepa-
rating funnel, the mixture of sand and acid will flow straight through the funnel;
hence, their experience in trying to ward off the monsters will be the same as before.
If a player uses the substance in the beaker that was derived from mixture separation
with the coarse filter paper, she will find that her ammunition is more effective than
previously, but her weapon still jams occasionally. However, if the player uses the
substance collected in the filter paper as her ammunition (sand), she would find her
weapon jamming even more frequently than before. In addition, she will find that
her ammunition is largely, but not totally, ineffective against the monster. It is only
when a student uses the fine filter paper and she chooses the filtered substance in the
beaker as her ammunition that she will experience the greatest success in repelling
the attacking monsters (as indicated by the on-screen hit points). In this way, the
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Fig. 16.3 A player performing a chemistry separation technique at the laboratory bench

game space allows students to experiment with quite different solution paths and to
put different problem-solving solutions to the test in the second battle with the mon-
sters. Thus, the game allows divergent solution paths, and students are not all
required to do the same thing at the same time. This design allows for greater per-
sonal agency in game play and consequent learning. The vital pedagogical principle
in operation here is that the design-for-learning must support meaning making in a
relational way. By experimenting with different alternative solutions, some of which
work and others do not, students begin to understand why some actions work better
than others and why other actions do not work at all. In short, the designed learning
experience gives them the opportunity to cite evidence and to provide justifications
for what they believe is “right” (i.e., it is a solution that solves the problem) because
they have personally experienced how other alternatives fail to solve the problem.
Hence, what is “right” is “right” only in relation to all that is “wrong”: an important
idea drawn from structuralism (Klages 2006).

Assuming that students execute different methods of mixture separation and
based on the fact that the associated consequences of those actions will manifest
differently in the second encounter with the monsters, the question that students will
invariably ask is why? For example, why was Peter able to kill the monsters when I
was not able to do so?

The cognitive dissonance generated by students’ game play transitions into a
classroom space of dialogic learning where, under the guidance of a teacher,
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students learn with one another to construct answers to their pressing questions.
This form of dialogic learning can take place first at the student group level, then at
the whole class level. In this process, students engage in making sense of their
collective game experience. Depending on the time available and on teacher prefer-
ence, it is also possible to go directly into whole class discussion. In our research
experience, we have had occasion to use both. When using the latter arrangement,
we place students belonging to the same game play together so that they can speak
from a common perspective based on a common game play experience. Students
reason to establish what different ammunition effects were observed and then work
to identify the causal chain of actions that led to the observed effects. This process
requires systematic reasoning that parallels the cycle of scientific inquiry involving
questioning, hypothesizing, testing, analyzing, modeling, and evaluating.

As students continue playing “Legends of Alkhimia,” the chemistry involved
becomes increasingly complex. Like the apprentice scientists that the game posi-
tions them to be, they are required to develop their own classifications of the sub-
stances that they encounter in the game world. They do not experience the world as
a prelabeled and a preconfigured place. This deliberate design inducts students into
an authentic practice of science making by requiring them to construct functional
and concise representations and organizations of knowledge. Drawing upon the
knowledge constructions of different student groups, the teacher helps students to
make critical evaluations about the constructions proposed by different groups. In
this manner, students can begin to understand that the construction of scientific
knowledge is a social enterprise based on a set of values that esteem explanations
that are simple, parsimonious, and generalizable. Students can thus learn to imbibe
the values, dispositions, and beliefs that undergird the practice of science making.
From the perspective of learning design, we anticipate that learning chemistry in
this manner will yield rather different outcomes compared to traditional emphases
on content mastery. Given the limits on chapter length and the fact that the focus of
this chapter is on design-for-learning, we have deliberately excluded rigorous
reporting of empirical findings. Such results can be found in separate publications
related to this research project.

16.4 Epistemological Basis of the Learning Design

The epistemological basis of learning with the Alkhimia learning environment is
depicted in Fig. 16.4. It shows our performance—play—dialog (PPD) model of game-
based learning design (Chee 2010b). This model instantiates a performance episte-
mology. It views knowledge as constituted in action, rather than existing a priori to
action, and performance as the activity that allows students to develop competence
in the field they are trying to master. By engaging in game play accompanied by
speech acts in the form of dialogic conversations (Alexander 2004, 2008; Lemke
1990) that help to make sense of what took place in the game world, students mani-
fest their understanding of chemistry phenomena in the game world of Alkhimia by
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Fig. 16.4 The performance—play—dialog model of game-based learning design

performing (by word and deed) the actions that lead to successful in-game and
out-of-game outcomes. Game play (depicted in the lower right corner of Fig. 16.4)
takes place in the virtual world of the LoA game; the learning experience is embod-
ied through the student’s in-game avatar, embedded in the game world, and richly
experiential in nature (Chee 2007).

It is necessary, however, for students to step out of the world of real-time game
play and into a dialogic space of conversation where different ideas and viewpoints,
or “voices,” can interact with one another (Bakhtin 1981). From the Bakhtinian
perspective of dialogicality, a voice refers to a “speaking personality.” Utterances
come into existence through being produced by a voice. As Clark and Holquist
(1984) explain: “An utterance, spoken or written, is always expressed from a point
of view, which for Bakhtin is a process rather than a location. Utterance is an activ-
ity that enacts differences in values.” Dialog is thus an activity that creates a space
for different student ideas and values to collide and interact with one another. The
dialogic process (depicted in the lower left corner of Fig. 16.4) is facilitated by a
teacher within a broader context of structured post-game play activities that scaffold
students’ meaning-making efforts. By engaging in this learning process, students
come to understand chemistry performatively.

As shown in Fig. 16.4, as students engage in multiple levels of game play, they
iterate over the play—dialog cycle that places them on a forward trajectory of devel-
oping competence through performance. Based on the model, they are envisaged to
develop a performative capacity to think, talk, and act increasingly like professional
chemists. This trajectory of the learning process, projected forward into time, is
depicted by images of the student that become more faint as they move upward in
Fig. 16.4. Learning in this manner operationalizes the dialectical interplay between
first-person learning by doing and third-person learning by thinking/reflection that
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is key to Dewey’s epistemology of learning by doing. In addition, performative
learning is characterized by the gradual development of a self-identity that becomes
a member of a professional practice community related to the domain, in this con-
text, chemistry. This conception of learning is consistent with Thomas and Brown’s
(2007) call for student learning to shift away from “learning about” to “learning to
be.” As an approach to learning that places identity development as a key target
outcome, the development of the student’s professional identity constitutes a trajec-
tory of becoming (Rogers 1961, 1980). Learning can thus be conceived of as a
journey entailing becoming a certain kind of professional person, grounded in a
community of practice.

16.5 Pedagogical Basis of the Learning Design

In striving for a chemistry learning environment that can support authentic, disci-
plinary learning, we have taken professional practice as a basic reference point for
our pedagogical method. We seek to foster a form of learning that will enable stu-
dents to begin to think, feel, and act like professional chemists. Our first level of
theoretical reference, therefore, in designing the Alkhimia learning environment, is
to the work of Bourdieu (1977, 1998) and to his theory of practice. As a social theo-
rist, Bourdieu wrote extensively about social structures in relation to everyday
human practices. A key concept in Bourdieu’s discourse of practice is that of habi-
tus, which expresses the way in which individuals “become themselves” through the
development of attitudes and dispositions related to a professional field on the one
hand and the ways in which individuals engage in everyday practices of the field on
the other. The notion of habitus mirrors the concept of practical reason (also referred
to as practical sense) that refers to a person’s ability to understand and negotiate
positions within the sites of cultural practice that are comparable to a sportsperson’s
“feel” for the game (Calhoun 2003). It should be evident from the foregoing that
this orientation is praxiological. It is altogether situated in practice and focused on
the enaction of behaviors that signify the values associated with a practice. It seeks
to help students develop the vocabulary in use, the discourses, and the practices of
a professional community, such as that of a scientific community. In short, it helps
students to experience what being a chemist is like: an orientation that is ontological
(see Fig. 16.1).

There is a second level of theoretical reference for our pedagogical design.
This level is that of designing for students to participate in scientific inquiry.
Like authentic scientists, students engage in “world construction” and meaning-
making processes to construct their personal, and justifiable, understanding of the
chemistry-related regularities that operate in the game world of “Legends of
Alkhimia.” The scientific inquiry process involves constructing pertinent questions
for inquiry, framing candidate hypotheses that address the questions, engaging in
empirical investigations to test the hypotheses, analyzing the data collected from
the investigations, constructing an explanatory model of the experience phenom-
ena, and evaluating the robustness of the model.
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Fig. 16.5 Class activity of proposing names for game substances as part of the inquiry process

To illustrate one aspect of authentic engagement in scientific inquiry, we draw
upon our first in-class enaction of the Alkhimia curriculum in a secondary school in
Singapore to provide a concrete example. The participants in our research were
13-year-old students completing the chemistry portion of a general science curricu-
lum that also included physics and biology. As part of our learning design, we asked
students to make sense of the nature of in-game chemical substances that they
encountered while playing the game. In the out-of-game classroom context, the
teacher put up illustrations of the in-game substances introduced in level 1 of the
game and invited students to propose suitable names for these substances. Figure 16.5
illustrates this activity in the classroom. It shows how five student groups suggested
what they felt would be suitable names for the two substances they encountered in
level 1: substance A, a green liquid, and substance B, composed of brown solid
particles. As part of the learning process, students were asked to think about the
properties of the substances and to provide justifications for why the name they
proposed would constitute a “good” name. By facilitating an interrogation of what
might constitute a “good” and hence suitable name, the teacher helped students to
consider the experienced properties of the substances while playing the game and to
relate this experience to naming norms within a scientific community. The latter
activity is inherently value-laden because what constitutes a “good” name will vary
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from one professional community to another. Students were asked to vote on a
preferred name so that the game substances could be referred to with unique names
when they were encountered again in subsequent levels of the game. Students
showed a strong tendency to name the substances based on perceived surface attri-
butes of the substances. As is evident from Fig. 16.5, the names that were agreed on
were “squishy liquid” and “dust.”

Returning to the sociology of Bourdieu, our learning design is intended to help
students to be reflexive about their own learning and to be critical in interrogating
assumptions and biases that may shape the construction of their personal understanding.
In this way, students are encouraged to practice epistemological vigilance, so that any
social and cultural biases in their thinking can be exposed, queried, and discussed.

In summary, our design-for-learning seeks to address all four aspects of the gen-
eral framework shown in Fig. 16.1: knowing, doing, being, and values. Student
learning is conceived of as knowing that arises from doing within the broader con-
text of being and learning to be, that is, becoming. All of this takes place against the
background of a value system associated with the professional community of prac-
tice in question.

16.6 Challenges in Enacting Performance Pedagogy

Schoolteachers are faced with significant challenges when they consider the adop-
tion of modes of teaching and learning implied in our pedagogy of game-based
learning grounded on the construct of performance. Based on our experience to date
working with teachers attempting to enact the Alkhimia curriculum for the first
time, we found that they need to adopt a different mind with respect to teaching and
learning because our pedagogy embeds deep epistemic change. Adopting this dif-
ferent mind-set, in effect, requires crossing a boundary into a new mode of teaching
practice that is based on quite different epistemic assumptions.

We outline below the kinds of challenges that teachers face when contemplating
adoption of a performance pedagogy in game-based learning. The distillation of
these challenges arises from the conversations that we have had with teachers from
two schools collaborating with us to enact the Alkhimia curriculum in their chemis-
try classes. By identifying the challenges explicitly, we hope that teachers not famil-
iar with the pedagogy can better equip themselves to address the issues they will
likely face to successfully enact the pedagogy.

16.6.1 Learning Outcomes and Epistemology

Traditional ways of teaching lower secondary school chemistry focus on students’
mastery of content that arise from didactic teaching on the part of the teacher. We
have argued that students’ learning outcomes associated with this mode of teaching
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are weak because students have no opportunity to engage in the practices of doing
science and constructing meaning in science. A performance epistemology values
learning outcomes that enable students to enact authentic practices related to the
doing of science as part of a broader goal of learning as being and becoming. This
orientation represents a fundamental change in student learning goals toward iden-
tity development and professional practice. It is based on an epistemology of learn-
ing by doing rather than learning by being told.

16.6.2 Curriculum and Assessment

Conventional curricula goals and forms of assessment place great emphasis on stu-
dents’ mastery of subject content. Teachers are concerned that the adoption of
game-based learning should not harm traditional content mastery given the same
number of teaching hours. While this outcome may be desirable from a pragmatic
perspective, it is not likely to hold in practice. Student mastery is likely to correlate
highly with what a pedagogy seeks to promote. Thus, teaching for content mastery
will lead to student excellence in content mastery, while teaching for performative
outcomes will lead to student excellence in performative outcomes.

Teachers are also concerned about modes of student assessment and conforming
to standard tests across a class level in school. The modes of student assessment
need to be broadened to encompass more qualitative and rubric-based assessments
given that outcomes are no longer evaluated purely in terms of getting the answers
to standard questions right or wrong.

16.6.3 Concerns Relating to Student Prior Knowledge

Many teachers voice the fear that students will not know how to play the game suc-
cessfully if they are not first taught the facts of the subject domain. This challenge
reflects the difficulty that teachers face in recognizing that from a learning-by-doing
perspective, competence is achieved only with performance. That is, students gain
performance mastery in the domain through what they do. Distilling the knowledge
products of learning is merely a by-product of learning by doing. The promotion of
learning by doing does not take place in lieu of learning content. Rather, the latter is
ancillary to the former.

16.6.4 School Logistics

The structure of student learning in schools is organized in terms of discrete blocks
of time that range from about 35 to 60 min. Enacting a game-based learning curriculum
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typically requires blocks of approximately 120 min in order for game play and
dialogic interaction and reflection to take place without feeling rushed. It is neces-
sary, therefore, for schools to make special arrangements with respect to time-
tabling in order for a game-based learning curriculum to be enacted.

16.6.5 Sustaining Innovation

Game-based learning, as a pedagogical innovation, takes place within the cul-
tural space of schooling. Our experience working with teachers across multiple
schools strongly suggests that schools are inherently culturally bound spaces that
are largely resistant to change. As stable systems, school practices have an inher-
ent tendency toward self-perpetuation. Given that game-based learning requires
change at a deep, epistemic level, there is often no assurance that a teacher who
adopts an innovation will continue with it in future. This challenge is the out-
come of deep tensions, and it is not easily resolved because the tension is sys-
temic in nature.

16.7 Conclusion

In this chapter, we have articulated our conception of how lower secondary school
chemistry can be enacted with game-based learning. We have argued that tradi-
tional ways of teaching chemistry, based on information dissemination and the
assertion of scientific truth claims, are weak because this mode of teaching fails to
deliver performative learning outcomes on the part of students. In lieu of tradi-
tional pedagogy, we have argued, based on a praxiological framework for studying
human learning, that learning must address ontological, epistemological, praxio-
logical, and axiological dimensions. Game-based learning, as we have constructed
it, allows us to reconceive learning in a way that incorporates the processes of
knowing, doing, being, and valuing, processes that we view as vital to an authentic
approach to learning.

We elaborated on the epistemological and pedagogical bases of our design-for-
learning and explained how learning in the Alkhimia learning environment pro-
ceeds. At the time of writing, two curriculum interventions, conducted in separate
Singapore schools, have recently been completed. The findings from the empirical
work in the classroom will be published elsewhere in due course. We also set out
some of the known challenges to boundary crossing facing teachers contemplating
the adoption of game-based learning as performance. The distillation of challenges
arose from conversations that we had with teachers collaborating with us on the
Alkhimia research project.

To conclude, we hope that this chapter helps to inform readers about the vision
and opportunities for enhancing pedagogy through a performance approach to
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game-based learning. We also hope to alert teachers to challenges they may face in
adopting this pedagogical innovation.
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Chapter 17
Challenging Opportunities: Integrating ICT
in School Science Education

Julie Crough, Louise Fogg, and Jenni Webber

17.1 Introduction

This chapter details a research and ICT-based initiative that helps bridge an identified
gap between science that is conducted in the real world and science education in
schools. Section 17.1 outlines the challenges of the problem, the context, the purpose
and opportunities of the research initiative. Section 17.2 examines the pathways to
resolving the problem including the participatory approaches used throughout the
project and the research underpinning the resources that were developed. Section 17.3
discusses the diverging pathways involved in developing and implementing the
resources. Section 17.4 reflects on the lessons learnt from the research initiative and
identifies some potential future directions.

17.1.1 Challenges for Science Education

In northern Australia, the population density is extremely sparse with an average of
0.3 people per square kilometre who live in an expansive area covering 1.5 million
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square kilometres (Garnett et al. 2008; Woinarski et al. 2007). In stark contrast,
Singapore has a population density of 6,814 people per square kilometre and a land
area of 710.2 square kilometres (Statistics Singapore 2009). Such a sparsely settled
region presents considerable challenges where nearly half the schools are located in
rural or remote areas, where the teacher retention rates are low, but where chal-
lenges for schools in general and science education in particular are high. Other
unique demographics that characterise this region create further challenges. In 2007,
39.5% of students enrolled in schools in the jurisdiction of the northern territory
(NT) were indigenous, and this percentage is increasing relative to the total student
cohort (Department of Education and Training 2008). The Secondary Education
Review highlighted the significance of this high proportion of young indigenous
people in the NT. In particular, such a demographically young and rapidly expanding
indigenous population has responsibility, through the Aboriginal Land Rights
(Northern Territory) Act 1976 for custodianship of 85% of the Northern Territory
coastline and half of its land mass. The implications of this for education, and par-
ticularly science education for indigenous students, are significant; in order to fulfil
responsibilities for ‘caring for country’, indigenous people will increasingly need to
access and engage with Western knowledge systems (Ramsey etal. 2003). Educational
technologies provide critical tools for both teachers and students living in these
remote areas. For example, the ‘schools-of-the-air’ that service many remote parts
of northern Australia rely on interactive distance learning technologies.

This sparsely settled population of northern Australia lives in a landscape that is
dominated by tropical savannas (see Fig. 17.1) covering about 25% of the continent
(Hutley and Setterfield 2007). While savanna ecosystems are most commonly
associated with the great African plains, with huge herds of animals, they occur in
over 20 countries, mainly in the wet-dry tropics (Hutley and Setterfield 2007).
Savannas are defined as ‘grassy landscapes — woodlands with a grassy ground layer,
or grasslands — that occur in tropical areas where the climate is seasonally dry’
(Dyer et al. 2001, p. 5). Due to aboriginal occupation for nearly 50,000 years, cou-
pled with relatively recent European settlement in the last 150 years, northern
Australia has been bestowed with a great natural legacy where an ecologically func-
tional landscape-scale natural environment has biodiversity of international signifi-
cance (Woinarski et al. 2007). However, its savanna landscapes are in flux where
fire, large grazing animals and invasive species have all been implicated as drivers
of adverse change (Woinarski et al. 2007). While this internationally and ecologically
significant area includes three World Heritage Areas, Kakadu, Purnulula and
Einasleigh, it has remained largely ignored as a focus for quality, web-based
and accessible educational resources.

However, many of the challenges facing science education in Australia’s savannas
are mirrored elsewhere. Science education, not only in Australia but also in many
other parts of the world, faces other challenges as political influence intensifies on
education and mandated testing (especially in Literacy and Numeracy). Similar
concerns for science education are echoed by Rodriguez and Zozakiewicz (2010)
who warn that science education is becoming an ‘endangered species’ in the United
States due to the strong emphasis on literacy skills and standardised tests in isolation
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from specific content areas. While science education faces considerable challenges
throughout the world, many of the issues are similar in Australia. In 2001, The
Status and Quality of Teaching and Learning of Science in Australian Schools iden-
tified the need to provide quality curriculum resources for lower secondary teachers
and raised the concern of the lack of an interesting, relevant and challenging
curriculum that actively engages students (Goodrum et al. 2001). Another study in
2005 commissioned by the Deans of Science found that a large percentage of teachers
had not completed a major 3-year undergraduate degree in the science subject for
which they were responsible (Fensham 2006). In 2007, Tytler highlighted the
mismatch of science that was taught in school with how science exists in the real
world (Tytler 2007). Furthermore, Tytler (2007) identified the growing necessity to
bridge the gap between scientific research and science education. These issues and
concerns are further exacerbated in northern Australia. The need to increase student
engagement in science that is relevant and provides a meaningful and contemporary
context is a significant challenge particularly in rural and remote areas where there
are difficulties securing teachers, let alone qualified science teachers. Access to
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appropriate curriculum resources that are relevant and current to the environment in
which the teachers and students live is also a considerable challenge. Not only has
this been a limiting factor for teaching and learning science in remote schools but
also for teachers and students in many urban schools.

17.1.2 Opportunities for Science Education

17.1.2.1 New Curriculum Pathways

In response to the aforementioned research and other studies and concerns, the
new Australian Curriculum: Science has been developed. It focuses on the per-
sonal and practical relevance of science to students and addresses contemporary
science issues. This gives teachers the basis for teaching science in a way that will
engage students in meaningful ways and prepare them to use science in everyday
life. The strand Science as a human endeavour, a relatively new development for
science education in Australia, includes content with a focus on contemporary
and future issues relevant to Australian students’ lives, for example, sustainability,
water in Australia, health, genetics applications, renewable energy, global warming,
climate change, technological innovation and engineering (Australian Curriculum
Assessment and Reporting Authority 2010). As this new curriculum is imple-
mented throughout Australia, it will become increasingly necessary for teachers
to not only integrate this new strand with the other two strands, Science under-
standing and Science enquiry skills, but also to ensure that science is relevant and
engaging for their students, including studying local contexts where students can
make better sense of the ideas to be learnt (Australian Curriculum Assessment
and Reporting Authority 2010).

17.1.2.2 Partnership Pathways

In response to such needs at both a national and large regional level, the project —
Tropical Savannas Knowledge in Schools — was created to develop relevant, current,
interactive and authoritative resources for sustainability in northern Australia. It was
the first collaborative online project for the Northern Territory Department of
Education and Training (NT DET) as well as the first project between the Tropical
Savannas Cooperative Research Centre (TS-CRC) and NT DET. Thus, no models to
adopt or adapt were available that could guide the design-based research and
resource development. From the outset, however, this research initiative had two
key directives from NT DET: it needed to be an online project in terms of outputs
(to provide access to all schools, especially those in remote areas) as well as support
for the newly implemented outcomes-focused Northern Territory Curriculum
Framework. Subsequently, the output of such a collaborative project would be the
creative development of a dedicated website for schools. It would be designed with
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teachers and students, as well as scientific researchers, educational designers and
ICT professionals, to address this identified need and help bridge the gap between
savanna science and science education in schools.

Cooperative Research Centres (CRCs) are an Australian Government initiative
established in 1990 to strengthen collaborative research links between industry,
research organisations, educational institutions and relevant government agencies.
The Tropical Savannas CRC (TS-CRC), with its 16 partner organisations — including
Charles Darwin University — focuses research on sustainable land-management
issues in northern Australia. Therefore, through its extensive research partnerships,
the TS-CRC provided the opportunities to collaborate with many scientists from
disciplines ranging from archaeologists to zoologists.

17.2 Converging Pathways: ICT, Science Education
and Savanna Science

17.2.1 ICT Affordances

Not only do computer-based learning environments provide access to all schools in
the Northern Territory, irrespective of their remoteness, but they also provide an
opportunity to adopt different approaches to learning in science education. Research
supports that constructivist beliefs are more conducive to technology integration
than traditional beliefs. Becker and Ravitz (1999) identify ‘constructivist-compatible’
instructional activities that include: designing activities around teacher and students’
interests; engaging students in collaborative group projects in which skills are taught
and practised in context, rather than sequentially; focusing instruction on students’
understandings of complex ideas rather than on definitions and facts; teaching
students to self-consciously assess their own understanding; and engaging in learning
in front of students, rather than presenting oneself as fully knowledgeable. These
constructivist approaches are also supported by research on effective learning that
emphasises the following three principles: learning is enhanced when learning
opportunities are tailored to an individual’s current levels of readiness; learning is
more effective when it leads to deep understandings of subject matter; and learning
is more effective when learners are supported to monitor and take responsibility for
their learning (Bransford et al. 2000). Thus, it was essential that the ICT resources
that were developed for the project needed to embrace constructivist pedagogies.

17.2.2  Participatory Approaches

Collaborative and participatory research methodologies were integral to the design and
development of the EnviroNorth: Living Sustainably in Australia’s Savannas website.
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Fig. 17.2 Participatory framework for EnviroNorth initiative

A framework was developed to facilitate the collaborative and participatory nature of
the project (see Fig. 17.2). Small multidisciplinary teams were formed at various
junctures in the project. Teachers and students were engaged in the project at various
stages including small teacher pilot groups who provided timely and constructive
feedback. Scientists and other researchers were engaged in advising the project at
strategic points. In particular, their extensive knowledge and experience was sought
during the design and development phases of the learning modules and thus embed-
ded in the resources. While key teachers have been involved in the initiative since its
inception, they have continued to provide constructive feedback and champion exem-
plary science education practices in their respective schools and regions. The col-
laborative nature of the Tropical Savannas CRC facilitated access to both researchers
and scientific research in the real world. The overall concept and overarching
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Table 17.1 Pedagogical, design and development features of EnviroNorth initiative

Multimodal literacy Design and development

EnviroNorth Pedagogical features features process
Teach savannas  Curriculum links Scientific articles Co-designed with and for
Teaching for understanding ~ Graphic organisers teachers, plus ICT
framework Videos professionals
Assessment Transcripts
Templates
Field guides
Learn savannas  Enquiry-based Interactive modules Informant co-design with
Scaffolding integrating: teachers, students,
Characters/researchers as Videos sci.entists, graphic
tutors Audio artists, programmers
Concepts interconnected Animation and other resear(l:hers
Contextual learning Graphics Research-based design
Pedagogical content Artefacts
embedded Imagery
Multiple perspectives — Simulation

including indigenous
Democratic and prescriptive

learning environments
Multi-disciplinary
Open-ended performance

task
Savanna Issues-based content Subject and Co-authored with science
windows Student/teacher guided geographically communicators,
enquiry based articles scientists and other
Multiple perspectives Images researchers
Cross disciplinary Graphs

website, EnviroNorth, drew heavily from ethnography, user observation and user
testing approaches to inform its design, structure and development (Futurelab 2004).

17.2.3 Pathways for ICT, Science Education
and Savanna Science

The website resources, EnviroNorth: Living Sustainably in Australia’s Savannas,
include three key sections: Teach Savannas, Learn Savannas and Savanna Windows.
Table 17.1 provides a summary of the pedagogical, multimodal literacy features, the
design and development process. At the heart of the EnviroNorth web site are the
interactive multimodal learning modules. These modules support knowledge con-
struction and enable learning (by embedding authentic tasks and resources) that are
related to context, to practice (Oliver and Herrington 2001) and to the physical
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world in which the students live (i.e. northern Australia). The learning modules,
Savanna Walkabout and Burning Issues use an enquiry-based approach to engage
students in issues that reflect the challenges of researchers in the real world. These issues
focus on biodiversity conservation, environmental management and climate change
and sustainable resource use in the tropical savannas. By way of example, Table 17.2
provides a summary of the integrated enquiry, essential questions and learning
outcomes for Savanna Walkabout. The learning modules, based on learning design,
have been co-designed with teachers, researchers and students to represent credible
activity and resemble the contexts in which the knowledge that the users are learning
can be realistically applied (Herrington et al. 2003).

17.2.3.1 Learning Modules

The learning modules, Savanna Walkabout, Burning Issues and more recently,
Outback Mobs were underpinned by current research in educational technology
(including: Futurelab 2004; Haughey and Muirhead 2005; Hedberg and Harper
1997; Jonassen 2000; Herrington et al. 2007; Ma and Harmon 2009; McLoughlin
and Oliver 2000; Oliver and Herrington, 2001), science and sustainability education
(including: Goodrum and Rennie 2007; Tytler 2007; Fensham 2006; Aikenhead
2006; Australian Government Department of the Environment and Heritage 2005;
Goodrum et al. 2001) and scientific research conducted in northern Australia
(including: Hutley and Setterfield 2007; Woinarski et al. 2007; Whitehead et al.
2005; Dyer et al. 2001).

A modified informant design approach was adopted for the development of each
module whereby ‘expert’ informants (researchers, students and teachers) were
involved in early co-designing and later tested prototypes in development. For
example, with Burning Issues, a small group of educators formed the expert informant
group to develop the overarching performance task and continued as key co-designers
throughout the module’s development. Once a draft prototype was developed, a
teacher focus group informed the early design phase. Students were key informants
and user-tested an early prototype as well as provided constructive feedback by talking
aloud during semi-structured interviews. The development and production were
participatory and iterative and at times, messy when numerous iterations were involved
particularly during the user-testing and corrections phases. However, these phases
were essential in order to ensure that each module’s interface was usable and engaging
as well as to maintain the scientific rigour of the content.

Scaffolding, as illustrated in Fig. 17.3, is offered throughout each module using
different strategies. Scaffolding includes controlling the focus whereby tutors or
experts guide students through explicit questioning or emphasising key ideas or
concepts (Bruner 1986). Another form of scaffolding is offered through the student
guide in Burning Issues (see Fig. 17.3). The guide is accessible throughout the
module and helps students formulate their ideas and plan their public awareness
campaign. In the guide, a briefing template referred to as ‘My Notes’ acts as part of
an online portfolio for students’ ideas and learning so that it can be continually
annotated and saved.
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Table 17.2 Summary of integrated enquiry, essential questions and learning outcomes for savanna

walkabout

Section (enquiry)

Essential questions

Learning outcomes

Learners

Living savannas
(tuning in)

Termite trails

Meet the termites
(finding out)

Interdependence
(finding out)

Impacts (finding
out)

Research tracks

Meet the
researchers
(going further)

Join the researchers
(going further)

Savanna treasures
(taking action)

What do we know
about tropical
savannas?

What is the social

structure of termite

colonies?

Why are termites the

lifeblood of
savannas?
What threatens
savannas and
people?

Who are some of the

researchers
addressing

biodiversity issues

in Australia’s

tropical savannas?
What is happening to

the Northern Quoll

in Kakadu National

Park?

What opportunities
exist to conserve
our biodiversity?

Reflect on their existing knowledge and under-
standings of what re tropical savannas

Develop understandings of the key characteristics
of the tropical savannas biome

Understand that unsustainable land use threatens
biodiversity in savannas throughout the world

Understand that termites (as decomposers and
herbivores) play a key role in Australia’s
savannas

Understand that communities of plants, animals
and people live and interact in Australia’s
tropical savanna ecosystems

Develop skills and understandings to build simple
food chains and food webs with real world
examples

Understand some of the key factors — weeds, feral
animals and changed fire regimes — that
threaten Australia’s tropical savanna
ecosystems

Understand some of the processes as well as the
challenges that researchers face as part of
working scientifically

Understand that researchers have a major role to play
so that well-informed planning and management
for biodiversity conservation occurs

Participate (through a guided, virtual environment)
in exemplary scientific research to overcome
current threats to biodiversity in northern
Australia

Understand that indigenous knowledge and
Western scientific knowledge both play a key
role in understanding and conserving
biodiversity

Understand that they can make a difference
towards biodiversity conservation and consider
how they could get involved in current issues

Understand the challenges for biodiversity
conservation in the tropical savannas biome

Understand that it takes less energy and fewer
resources to conserve ecosystems than it does
to restore them after significant modification

Act individually or as part of a group to make
lifestyle choices and take action to protect
biodiversity
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Fig. 17.3 Scaffolding is integral to each learning module such as Burning Issues

17.2.3.2 Learning Designs

Learning designs represent a planned set of learning activities, with resources
and supports designed to bring about the development of specific knowledge, skills
and understandings (Oliver and Herrington 2001). The modules use a learner-centred
approach (Sims 2005), where knowledge construction is supported (Haughey and
Muirhead 2005) and where technologies support an active, constructive, intentional,
complex, contextual, conversational and reflective approach (Jonassen 2000).

17.2.3.3 Authentic Learning Tasks

As part of the learning design, authentic learning tasks and activities need to
provide the types of multiple roles and perspectives that are available in real-
world challenges. Learn Savannas — the home for the learning modules — aims to
engage students in science that is relevant to their lives but also the content
pedagogy that helps make this possible. For example, in Join the Researchers,
Dr. John Woinarski tutors students not only through the scientific process but
also emphasises the considerations and challenges that are involved with such
human endeavours.

Herrington et al. (2007) assert that the affordances of the Internet enable alternative
perspectives to be readily accessed and can be targeted for specific tasks. In the
context of the existing strong connection of indigenous peoples in northern Australia
to their land, wherever appropriate, indigenous perspectives regarding issues were
embedded in the modules. For example, the Savanna Walkabout module investigates
the impacts of weeds on an indigenous homeland — the Rak Mak Mak Marranunggu
People and how they have addressed their problem. In the Burning Issues module,
the role of fire from a range of perspectives, including early European explorers and
Traditional Owners, is woven into the module.
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17.3 Diverging Pathways: Barriers and Enablers
for ICT Integration

17.3.1 Overcoming Barriers

Research and experience has demonstrated that common barriers to technology
integration includes lack of infrastructure and practical computer access for teachers
and students, lack of teachers’ confidence and skills, lack of curriculum freedom to
integrate technology, social norms in teaching and learning communities that do not
support technology integration, and teachers’ pedagogical beliefs that do not align
with constructivist pedagogy (Becker and Ravitz 1999; Ertmer 2005). Hedberg
(2007) identifies the range of obstacles to integrating ICT including the lack of
confidence and/or time for teachers to learn how to integrate ICT in their practices,
the lack of ICT infrastructure and support, and the lack of compatibility between
traditional teaching practices and constructivist pedagogies partnered by ICT.

The online modules and the whole EnviroNorth website were developed to align
with the Standard Operating Environment in all NT schools and effort was placed on
overcoming barriers wherever possible. For other educators whose system might be
different, the Flash plug-in option and link is available with the online modules. As
much as possible, any potential infrastructure barriers have been addressed and con-
tinue to be revised. For example, teachers in remote schools identified the need for a
CD version of the modules to overcome Internet bandwidth constraints and unreliable
online facilities. This need was confirmed early in the user-testing phase of Savanna
Walkabout with CDs subsequently produced and disseminated accordingly.

17.3.2 Creating Enablers

Becker and Ravitz (1999) identify key enablers to technology integration as opinion
climate, information and social support resources, and appropriate educational
resources in sufficient quantity. Wherever possible, enabling strategies were included
in the research initiative. Ethnography, user observation and user-testing approaches
with middle-year students and teachers were conducted as part of the needs analysis
of the EnviroNorth project. Feedback was incorporated into the resources by ensuring
that users have the opportunity to explore the democratic learning environment and
are actively engaging with it to construct their own understandings.

17.3.3 Integrating Computer-Based Simulations

Computer-based simulations can provide students with opportunities to predict-
observe-explain by using phenomena that otherwise would not be available.
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Hennessey et al. (2007) recognise the affordances of multimedia simulation that
offer dynamic and visual representations of physical phenomena that would other-
wise be dangerous, costly or not feasible in a school laboratory. Further, Papadouris
et al. (Papadouris et al. 2009) identify the value and role of simulations for students
as a powerful tool for exploring, investigating and interpreting natural phenomena.
In Burning Issues, students ‘enter’ a virtual world and have the opportunity to
manipulate the Flames model. In order to guide students in manipulating and under-
standing the model and its implications for real world situations, a key scientist who
developed the Flames model, Dr. Adam Liedloff scaffolds the learning process.
Ongoing support from Dr. Liedloff is offered via email messages that are generated
at appropriate times and pose questions, emphasise key points and explain the more
complex concepts.

17.3.4 Applying Web 2.0 Tools

The merits of Web 2.0 tools are evident as they provide particular opportunities to
personalise learning for various reasons especially as they enable learners to create
their own resources, which also potentially enables increased creativity in the
curriculum (Becta 2008). The emergence of Web 2.0 over recent years has provided
opportunities to embed Web 2.0 tools into the performance and assessment task in
the more recent Burning Issues module. As previously mentioned, students are
provided with a template Guide and teachers are provided with more support tools
in the application of Web 2.0 for effective learning in the Teach Savannas section.
The Guide is structured in two sections: My Notes provides scaffolding about how
students might approach their public awareness campaign, while My Tools provides
support on some of the Web 2.0 tools learners might like to adopt as part of their
campaign. These tools were selected to provide a range of options that align with
multiple intelligences (Gardner 1999) and their affordance to enhance learning and
creativity.

17.3.5 Providing Learning Supports

A comprehensive teaching guide for each module is provided in the Teach Savannas
section which includes curriculum links, assessment and learning plan suggestions.
For example, Savanna Walkabout is fully supported on the EnviroNorth website by
a suggested learning plan based on the Teaching for Understanding framework
(Blythe 1998). Overarching understandings or ‘big ideas’, understanding goals that
identify what students should know and do — the concepts, processes, skills and key
questions — all help to focus the teaching/learning programme towards the intended
outcomes. The learning plan is designed so that students are actively involved in
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their learning and continually construct/reconstruct understandings in the light of
experience as they move from acquisition of facts to the development of deeper
understandings. A metacognitive approach helps learners take control of their learning
by defining goals and monitoring their progress in achieving them. The culminating
performance task gives students a chance to apply and demonstrate their under-
standings in a purposeful and contextualised way. This section also includes relevant
scientific articles and graphic organisers to support scientific literacy.

The democratic learning environment of each module is flexible enough to meet
a diversity of learner needs depending on the learning focus taken and the offline
teaching and learning. Some students will thrive in such an environment while others
will need more support than is provided within the online environment. Teachers, in
the role of facilitators of learning, guide their learners with the process of making
meaning. By targeting specific assessment for and as learning opportunities within
the module and/or offline to gain and give feedback, teachers can be informed as to
what focused teaching or support different learners require. Also, the teaching guide
is home to a range of further materials including articles (written in accessible
language by the scientists), videos, data sets and graphics. The teaching guide offers
arange of teaching and learning options for integrating across learning areas.

17.3.6 Implementing Savanna Science: School Snapshots

Savanna science programmes in schools that incorporate EnviroNorth resources
and other innovative ICT practices have provided engaging, relevant, meaningful
and purposeful learning for students. The following snapshots from a primary
school and secondary school provide insights into the potential and realised pathways
from integrating ICT in science education with a focus on the EnviroNorth
resources.

17.3.6.1 Primary School Snapshot

Most children who attend a large primary school, located 40 km south of Darwin
situated in a rapidly growing rural area, live on 2-ha blocks and small farms. This
rural area is undergoing major change and the population has increased significantly
over the past 15 years with the once predominantly savanna landscape now under-
going rapid subdivision into small holdings for residences and micro-agriculture.
Environmental and sustainability education is a central part of the school’s mission
and its curriculum plan. The purpose is to encourage learners to examine and interpret
the environment, both locally and globally, from a variety of perspectives; encourage
learners to participate actively in resolving problems associated with sustainable
development in the students’ locality and the development of the school as a sustainable
community; give learners ‘first-hand’ experiences within the environment — the school
grounds, the immediate locality and other visits within the region and beyond — and
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involve learners in finding practical ways of ensuring the caring use of the environment
and its resources, now and in the future.

At this school, the EnviroNorth website has been identified as a preferred primary
resource for the teaching of (and for) the savanna environment and related issues
both locally and globally. Since 2007, the resources have been used to support
teaching and learning programmes targeting science, studies of society and environ-
ment, English, mathematics, learning technology and visual arts learning outcomes.
The versatility of the website has allowed for flexibility in the delivery of content
and supports a variety of teaching strategies. The resources have afforded a range of
opportunities from teaching a comprehensive integrated unit of work that spans a
whole semester to taking advantage of discrete sections of the site for targeted
teaching.

In primary schools, students have used Savanna Walkabout’s Termite Trails to
prepare oral presentations for both students and parents. This has involved students
using programmes such as Kidspiration, PowerPoint and Photostory to plan,
construct and represent local savanna food webs. Throughout this process, students
sourced suitable images, manipulated and presented information and shared under-
standings and concerns for savanna ecosystems.

Another integrated programme in the upper primary at this school included
culminating tasks that created claymations where students scripted their short films
and used webcams to produce the footage. This particular performance task enabled
students to use educational technologies to represent their knowledge through
narrative writing. These cooperative claymation films not only reflected the depth of
the students’ understanding about, and for, conserving savanna environments but
they also provided students with opportunities to embed field work and investigate
ecological and historical aspects of the savannas.

In early childhood at this school, EnviroNorth has been used to introduce
students to scientists, the scientific method and dispel the myth of the white lab-coated
scientist. The interviews with the savanna scientists and the great number of images
of scientists in the field (in Meet the Researchers section of Savanna Walkabout)
had most students agreeing that being a scientist out in the ‘bush’ looked like a lot
of fun. Use of this section also provided an engaging way to introduce students to
the type of questions that scientists use.

Graphs and data from the Cane Toad (Bufo marinus) and Northern Quoll
(Dasyurus hallucatus) research provided an active way to engage students in data
that reflected recent environmental changes in their own backyards. This area of the
website — Join the Researchers — was chosen by teachers to teach focused lessons
on enhancing students’ visual literacy skills.

17.3.6.2 Secondary School Snapshot

In a nearby secondary school, also located in a rural setting, most students live on
5-ha blocks usually with stands of natural savanna woodland vegetation. Catering
for over 1100 students from Year 7 to Year 12, it incorporates a 75-ha working
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mixed produce farm in the areas of stock, horticulture and aquaculture and a 150-ha
reserve of natural open woodland where students undertake research and practical
studies in conservation and land management. A savannas-focused integrated unit
of work is introduced at Year 7. The unit aims to engage and connect students with
their local environment and incorporates science, studies of society and environ-
ment, English and mathematics, building on students’ prior learning by utilising the
mapping skills developed earlier in the year. Students developed their knowledge
and understanding of the adjacent savanna woodland reserve which they had visited
earlier in the year. Fieldwork was supported by local government weeds officers
who supported both students and teachers in the field. Links with both home and
community were achieved through the development and implementation of the
students own weed management plan. This process enabled students to take direct
action in their own environment by knowing and applying effective weed manage-
ment strategies.

Both the primary and secondary schools are well resourced with many aspects of
ICT in the classrooms including Interactive White Boards and individual computers.
However, challenges have arisen with the use of individual PCs in student computer
labs. Older computers were very slow and several instances of machines freezing
hampered students ability to complete set work in the lesson time available.

17.4 Conclusions and Future Directions

This project’s participatory framework and research-based design approach has
enabled it to embed pedagogical strategies and practices, partnered with educational
technologies, to develop accessible online resources for science education. However,
overcoming some of the barriers to effective ICT integration in science education
has been a challenge since the EnviroNorth website was launched in 2007. As
Conole and Fill (2005, p. 5) emphasise, ‘the key to online education and construc-
tivism is not whether or not the potential exists, but rather, whether or not the
potential will be actualised’. Actualising such potential, by overcoming barriers to
the implementation of these resources, is a challenge. Unfortunately, due to resource
shortages (especially people) within the education department and the priority
placed on high-stakes testing of literacy and numeracy at a national level the imple-
mentation has not been supported at a systemic level. While some infrastructural
barriers still exist, they are relatively minor. Confidence and capability in teaching
science is still a considerable barrier in many primary, secondary and remote
schools in northern Australia where teachers often do not have any tertiary back-
ground or experience in science and so are reluctant to take risks and introduce it to
their students.

Despite these barriers, EnviroNorth has been widely supported not only in northern
Australia but throughout the rest of Australia. Evidence from the website usage
statistics also suggests that the resources have been used in other countries throughout
the world although to a lesser extent. EnviroNorth resources have been incorporated
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in arange of higher education programmes — such as teacher pre-service undergraduate
and post-graduate programmes and Vocational Education and Training (VET) pro-
grammes. VET in schools is expanding, particularly in remote schools in northern
Australia and will be a consideration especially in future. For many indigenous
people whose homelands lie in these remote areas, VET is providing pathways for
relevant education programmes while completing their schooling.

Experience has demonstrated that supporting teachers with professional learning
can be problematic. In northern Australia, not only are there vast distances to cover
for teachers to meet for the Science Teachers Association of the Northern Territory,
there is also difficulty finding appropriate times. While face-to-face meetings are
usually preferable, Web 2.0 tools such as wikis offer greater flexibility for teachers
to exchange ideas, experiences and resources irrespective of time and physical
location. Such potential opportunities are currently being explored.

The research initiative and resulting suite of website resources, EnviroNorth:
Living Sustainably in Australia’s Savannas, has been successful in achieving its
purpose. It is bridging the gap between how science is conducted in the real world
in northern Australia and how students conduct science at school. The web-based
medium enables new technologies and other initiatives such as the new Australian
Curriculum to be integrated into existing resources. The flexibility of such a medium
enables new technologies to be accommodated as well as curriculum links and
teacher support materials to be easily updated. The research project continues with
the next module providing challenging opportunities: how to develop a ‘caring for
country’ module that targets indigenous learners while integrating science, literacy
and numeracy.
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Chapter 18
Science in Early Learning Centres: Satisfying
Curiosity, Guided Play or Lost Opportunities?

Elaine Blake and Christine Howitt

18.1 Introduction

With limited research into emergent science skills and a lack of classroom-based
research to investigate young children’s thinking of scientific concepts (Fleer 2006;
Fleer and Robbins 2003; Venville et al. 2003), it is generally unknown how very
young children process their scientific curiosity into knowledge. Johnston (2009,
p. 2511) explains that important factors affecting the development of scientific skills
are found to be in a combination of context and social interactions between indi-
viduals, peers and adults. Johnston (2009, p. 2512) also asserts that development of
learning specific skills such as observation skills should be supported by focused
and structured teaching. Advancing these skills also call on a child’s prior experi-
ence which are enhanced by using the senses associated with touch, smell, sight,
sound and taste. Becoming skilled in observation leads to other scientific skills such
as classification, explanation and prediction. By using an integrated curriculum and
insightful questioning, educators can present opportunities for children to transform
their ideas and rethink what they observe by placing a different perspective on an
investigation. New possibilities can be created, and exciting connections made
between people and the learning environment when alternative methods of exploring
an idea are presented or discovered.

Children, according to O’Sullivan-Smyser (1996, p. 20), are wise about their
own learning as they ‘seem to know instinctively how to acquire information at a
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level that is useful to them’. A major premise to this is an educators’ belief that from
birth a child is biologically predisposed to relating to and learning from others
(Millikin 2003). Therefore, in developing scientific concepts, children often need
adult assistance to advance complex thoughts and understand why things are the
way they are and why things work the way they do. Young children also require a
battery of experiences that allow them to freely explore a concept and move their
understandings to more refined knowledge, usually with the assistance of others.
What children pay attention to is determined by the environment provided, freedom
to explore and what adults or significant others in their company point out to them
(Fleer 2007). Steps to encourage and develop scientific thinking should therefore
be undertaken by significant others such as teachers, caregivers and parents who
have a social and cultural awareness of a child’s background and prior learning
experiences.

This chapter presents a window into the teaching and learning practices of science
concepts for young children in early learning centres, describing both positive expe-
riences and lost opportunities for the development of emergent science skills. The first
part of the chapter introduces a socio-cultural context for learning and the notion
of a zone of proximal development as a theoretical framework. In the second part of
this chapter, the research design and the findings are presented.

18.1.1 A Socio-cultural Context for Learning

Generally, learning environments are made up of social and cultural factors that
represent the personal, environmental, interpersonal and contextual influences on a
person (Robbins 2005). Children integrate their experiences and curiosity, with the
guidance of others, to build new understandings about their world and its workings.
Adults who pay attention to how the child’s involvement changes and transforms as
he or she participates in experiences (Robbins 2005) assist learning and conceptual
understanding within a social-cultural context. A social-cultural context recognises
prior learning and provides connections and social interaction between individual
cognitive thought and actions and those of a group (Venville et al. 2003; Robbins
2005; Fleer and Robbins 2003; Rogoff 2003). The relationship between cognitive
and emotional areas of development contributes to and benefits the socio-cultural
perspective where social practices rather than individual actions are central to the
structure of cognition (Robbins 2005).

The abilities to think logically and sequentially to solve problems in a safe and
encouraging environment are essential skills which are honed through engagement
with others and opportunities to practise them. ‘Thinking is embedded in socio-
cultural contexts, and reflects local practices, beliefs, values and goals’ (Robbins
2008, p. 27). When teachers are aware of a child’s prior learning and include
new experiences in a learning environment that could extend their knowledge, an
opportunity is provided to make connections between the old and the new knowl-
edge, thus advancing intellect. A child’s interpersonal and contextual influences on
intellectual learning are clarified and developed when individual thoughts are
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positively influenced by others in their environment (Robbins 2008). However,
cognitive development is not just thinking. It includes a wide range of mental
behaviours such as remembering, concentrating, perceiving, reasoning and problem
solving (Szarkowicz 2006). Moving a child’s conceptual understanding to a new level
occurs when he or she is actively engaged and feels confident with new information.

18.1.2 The Zone of Proximal Development

The space between the known and the capability of adding new knowledge is
described by Vygotsky (Millikin 2003) as the Zone of Proximal Development
(ZPD). Fleer (2006) described this space as ‘hypothetical’ and elaborated that it is
the distance between a child’s actual developmental level and their potential level of
development. Motivation and social influences by others can assist a child to realise
potential. Millikin (2003) concurred that the value and influences of social interaction
and feedback from interpersonal and intrapersonal connections advances a child’s
potential development with the help of adults. Mulaguzzi (1998), however, urges
caution with a model where adult intervention is relied upon to develop a child’s
potential learning. He feels it could result in a return to traditional teaching where
words and answers are provided rather than a supportive environment where play,
listening and respect for a child’s wonder is acknowledged. Robbins (2005, p. 152)
supports Mulaguzzi’s concern and warns about the dangers of ‘preconceived ideas
of what children know and can do’.

The aim of teaching, according to Piaget (Mulaguzzi 1998), is to provide condi-
tions for learning that require adults to understand that children are producers, not
just consumers, of knowledge and culture. Rinaldi (2005) insists that time and
understanding are also essential ingredients for successful learning and adds that
adults should only guide a child’s learning and ensure enough time is provided to
listen to and model effective skills. Rinaldi considers respectful listening skills
legitimates another’s point of view and can assist a child’s understanding of new
concepts. Millikin (2003) and Robbins (2005) agree that a socio-cultural context
affects the role of the learner and the educator, when children’s own questions and
theories are thoughtfully considered and negotiated with others. This then supports
new learning, consolidates what is known and prepares the child for new experi-
ences. Involvement in investigative events or activities, which move a child from
known experiences to new experiences, in an environment where adults assist the
advancement of cognitive development rather than providing answers, has the makings
of a rich learning environment.

18.1.3 Early Learning Centres

An early learning centre (ELC) is a place where adults and young children come
together to exchange knowledge in defined surroundings. These centres can cater
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for children from birth to 8 years of age and are defined in many ways: child care
centres, playgroup, pre-kindy, kindergarten, pre-primary and school years 1-3.
A progressive ELC recognises the rights of a child and is attuned to each child’s
welfare. Simply having aesthetically stimulating environments and educators to
provide answers is insufficient in an ELC as children need to be actively engaged in
their learning. In a socio-cultural setting where the environment and community are
at one with children’s needs, adults can provide a semi-structured environment that
enables children to communicate, participate and make meaning of their surround-
ings (Fleer and Robbins 2003). Young children therefore require an ELC where the
context is conducive to guided and investigative play and where an interested adult
is on hand to assist their constructive thinking so that new concepts are expanded
and built upon.

Playgroups serve to connect families within a community. They are informal
groups usually led by parents and set up as a community entity, supported by local
governments. Attending children are accompanied by an adult (usually a parent or
guardian) and meet weekly in a relaxed environment. Children may attend
playgroup from birth to 5 years of age with a view of developing social skills, to
play and forge friendships.

18.1.4 Research Questions

The following research questions will be addressed in this paper.

1. What opportunities are provided for young children to become engaged in scientific
inquiry in early learning centres?

2. In what way do opportunities presented in early learning centres benefit the
development of scientific concepts for young children?

18.2 Methodology

The overall purpose of this qualitative research was to gain knowledge of opportunities
provided for young children to participate in science in early learning centres. In
order to gain this information, a flexible and patient method of inquiry was required
to accommodate the unpredictable behaviour that children of this age can present.
To achieve this method and generate an understanding of how science is developed
and represented in ELCs, a multiple case study research design was used. Multiple
case studies allow researchers to better understand the complexity, context and
depth of situations, while providing intensive, holistic descriptions and analyses of
these situations (Yin 2003).
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18.2.1 Settings: Early Learning Centres

Three diverse ELCs were used as the settings for this research. An overview of
each ELC can be found in Table 18.1. In each ELC, children directly involved in
this research were observed as they engaged in daily activities. Some of the activ-
ities were related directly to scientific inquiry. Different physical and institutional
teaching and learning contexts were presented in each centre. Two of the three
centres (ELC1 and ELC2) were pre-kindergarten classes. These pre-kindergarten
classes were attached to larger schools and supported by a Christian religious
sector. The third centre (ELC3) was a local government non-sector community
playgroup, run by parents. Parents of children in ELC1 and ELC2 contributed
fees to the schools so their child(ren) could attend pre-kindergarten. At ELC3,
parents contributed to a managed fund that covered the costs of day-to-day running
of the centre.

18.2.2 Educators

In each pre-kindergarten (ELC1 and ELC2), a qualified teacher was assisted by a
trained education assistant (EA). EAs, under teacher direction, attend to the
children’s emotional and social needs and assist the preparation of lessons and the
classroom. In the playgroup (ELC3), parents help each other in the physical set-up
of the learning areas and take responsibility for their own child’s welfare.

Teachers (ELC1 and ELC2) were interviewed separately to find whether or not
they thought science an important part of the ELC curriculum and to find their levels
of confidence and experience in teaching science concepts to young children.
Parents were engaged in casual conversations in all three learning centres where
their opinion about the value of science teaching and learning was sought.

The teacher in ELC1 was trained to teach at primary school, and her 15 years’
teaching experience was mostly in kindergarten and pre-primary classrooms. She
was confident to teach science and thoroughly enjoyed teaching young children.
Her rich educational background included teaching in Australia and overseas.
Currently, she felt restricted by political pressure to ‘push-down’ the curriculum
which she believed would restrict children’s time for discovery learning.

The teacher in ELC2 was also trained to teach primary school. In her 12 years of
teaching experience, she had taught a number of different primary year levels, five
of which were in Year 1 and pre-primary classrooms. This educator’s science expe-
rience teaching was in primary school years above Year 1. She did not feel confident
teaching science and recalled only having learnt how to teach science to upper
primary students when at university. She did not specifically seek professional
development to teach early childhood science as she did not consider the subject to
be an important part of the pre-kindergarten curriculum.
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Table 18.1 An overview of the three early learning centres

Description ELC1 ELC2 ELC3
Institution Independent PK-Yr 12 PK-Yr 6 primary Local government
school school community
playgroup
Days children attended 4 x'2days per week 4 xY2days per week 1x2 h per week
School population >1,000 ~250 ~19
Group observed and Pre-kindergarten Pre-kindergarten Playgroup: up to 20
ages 20x3 and 4 year 15%3 and 4 year from 3 months to
old old 4-year-olds
Educators Teacher plus one Teacher plus one Parents
education assistant education assistant
Training and Primary trained with ~ Primary trained, some Fully parent-assisted
experience of ECE units ECE units limited programme
teacher and 15 years ECE ECE experience No specific training or
education assistant  EA: qualified EA: qualified experience
(EA) discussed with
researcher
Gender Boys and girls Boys and girls Boys and girls
Specific science offered Daily Special occasions Incidental learning
Parent involvement Minimal — could Invited to start day Total involvement by
in class choose to with child and help mothers
participate on him/her settle.
rostered help. Mothers and
Fathers and grandmothers
mothers involved attended. Roster
being developed
Data collection Fourth term 2008 First term 2009 Third term 2008

ECE early childhood education

Being a playgroup, there was no main teacher in ELC3. A parent, who was trained
as an English as a second-language teacher, participated in an interview and suggested
that as science was a part of ‘nearly everything we do, it should be a part of what the
kids do in kindergarten and every other year at school’. Yet, another parent offered that
she did not see the relevance in this research as ‘these children are too young to do
science’. She thought science could be ‘dangerous and was really a high school subject’.

As the study progressed, it became clear to the researcher that considering
whether or not science was an important part of an ELC was something not
previously discussed by any of the centre’s communities.

18.2.3 Data Collection

Being thoroughly familiar with the detail of the context in which data would be
collected was an essential starting point to find what opportunities were provided
for children to become engaged in scientific inquiry and how these opportunities
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benefited the teaching and learning of science for young children. Each ELC was
visited once a week and over the period of one school term, during the centre’s
morning session. Visits were designed to collect data through conversations with
children, parents and teachers; record and conduct casual interviews with teachers;
obtain work samples from children; take photographs if permitted; and make field
notes of observations so that a clear picture of children’s engagement in scientific
activities could be formed.

The research was conducted in four stages in each ELC: (1) pre-research,
(2) initial visit, (3) subsequent visits and (4) post-data collection. In the pre-research
stage, contact was made with each ELC to determine a willingness to participate.
Once agreement to participate was attained, approval was sought and gained from
the principal of each of the three centres. In the initial visit stage, the researcher
discussed details and implications of the research with classroom teachers. Parents
were informed and children approached for permission to observe their scientific
investigations. Booklets containing ethical implications, information on the research
and consent forms, for both teachers and parents, were then delivered to each ELC
for signatures of consent. In subsequent visits, the researcher became familiar with
the context of the ELC. Interrelationships between children and adults, children and
other children were observed and noted along with teachers’ and children’s interac-
tions with the resources used within the physical and socio-cultural environment. So
that children in the centre became familiar with the researcher’s presence, a participant-
observer role was engaged by joining in activities and, where appropriate, assisting
the teacher. This strategy strengthened the relationship within the centre and with
children. Planned visits ensured adequate time was available to obtain detailed obser-
vations and conversations with children and teachers. Where permitted, photographs
and children’s drawings were added to data collected. Post-data collection involved
a return visit to the ELC to share photographs and initial findings.

18.2.4 Construction and Interpretation of Case Studies

To illustrate the range of science teaching and learning opportunities within the
ELCs, three case studies were developed. Each case study was constructed with a
general introduction to provide the context, a short vignette to capture the science
learning available to the young children and an interpretation. Each vignette incor-
porated sufficient detail to provide authenticity and captured the action and interac-
tion of the children within their environment in a vivid and life-like manner (Wildy
1999). Interpretation of the vignettes related to the science learning present and
opportunities that could have been presented within each ELC.

18.3 Findings

The three case studies entitled Satisfying curiosity, Guided play and Lost opportunities
are presented to elaborate findings.
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18.3.1 Case Study 1: Satisfying Curiosity

18.3.1.1 Introduction

This case study was taken from the community playgroup (ELC3) and features a
three-and-a-half-year-old boy who will be called Skater Boy. Skater Boy is confident
in the setting, knows all the parents and children who attend the playgroup and is
familiar with its routines and resources. Children in this playgroup are able to play
freely and direct their own experiences.

18.3.1.2 Vignette

Skater Boy announced to no one in particular that he was going to make a skate-
board. He noticed the researcher was close by and mentioned, without direct
contact, his plan to make the skateboard. He collected one rectangular and two
cylindrical 3D wooden building blocks from the block box and placed the cylinders
under the rectangle. “These are rollers’, he said out loud. He tested his design and
found the original prototype unsuccessful, so went back to the block collection,
found another cylinder and added it to his skateboard (see Fig. 18.1). ‘There’s three
now’, Skater Boy said to himself. The new model was tested, but again the result
was not acceptable (see Fig. 18.2), so he retrieved more wooden cylinders to act
as rollers.

For each new design, Skater Boy patiently added just one more cylinder, counted
them (see Fig. 18.3), then tested his skateboard by standing on it. With each trial, the
cylinders rolled out from under the rectangle. Skater Boy then moved his testing to
include holding onto a cupboard for stability (see Fig. 18.4). During construction,
he continually chatted away to himself counting cylinders, planning his next move,
testing, thinking out loud and trying to gain balance.

Skater Boy displayed no frustration with the unsuccessful trials but did engage
the researcher in his conversation from time to time:

Skater Boy: It’s not working.
Researcher: Why isn’t it working?
Skater Boy: It needs more rollers.
Skater Boy: Look there’s five of ‘em.

Finally, Skater Boy announced, ‘There’s no room left. It’d better work’.
Carefully, Skater Boy stood on the rectangle covering the five cylinders, again
hanging onto the cupboard to help his balance, he discovered that his construction
felt more stable. His smile indicated he was happy with this result. He then let go
of the support, bent his knees and momentarily balanced on his skateboard. In a
celebratory salute, he held his arms aloft before he felt the skateboard start to
topple and had to jump off.

Skater Boy: Did you see? Did you see it? It worked. Good!



18 Science in Early Learning Centres: Satisfying Curiosity, Guided Play or Lost... 289

Fig. 18.1 Skater Boy
modifies the prototype

Fig. 18.2 Testing the new
model

Skater Boy then disassembled his skateboard, threw the pieces he had used back
in the block box and disappeared into another room without further comment.

18.3.1.3 Interpretation

Skater Boy told the story of his skateboard without prompting, and communicated
using egocentric speech or ‘self-talk’ during the activity. His curiosity had been



290 E. Blake and C. Howitt

Fig. 18.3 Counting extra
rollers

Fig. 18.4 Using support
during a test

aroused after watching older boys playing with skateboards in a car park. Within his
unstructured play space, Skater Boy was able to test his curiosity by designing and
making his own version of a skateboard.

Beginning with self interest, Skater Boy constructed a plan in his mind, talked
his thoughts through, gathered components, tested his ideas and redesigned them
until he was satisfied with the results. Skater Boy had unwittingly used the plan to
make, test, appraise scheme of technology development that saw him redesign his
skateboard again and again until he was satisfied. Skater Boy was confident that a
cylinder would roll but never articulated the name of the shape. And, although he
did not use the word ‘balance’ in his dialogue, it was clear he was aware of the
scientific concept of balance. This was demonstrated through actions of jumping off
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the construction when it felt unstable, by recognising a need to hold the cupboard to
help adjust stability and by demonstrating balance when he controlled his stance on
the construction.

Consolidation and transference of prior learning was demonstrated as Skater
Boy included the mathematical concept of one to one correspondence, verbally
counting and adding on. Socially, he worked alone. When other children came close,
he shielded his work and made it clear (in a non-threatening way) this was his
territory. From observed actions, it is suggested that Skater Boy also demonstrated
creativity, confidence, concentration, sustained interest and determination as his
individual approach satisfied his self-interest and needs at this stage of his develop-
ment. Had intervention been provided, he may have lost interest or been persuaded
to change his plan. Either way, he would not have achieved his personal goal and the
obvious satisfaction brought about by achievement. As an unsolicited engineering
activity and self-motivated concept, Skater Boy exposed clear thought processes,
scientific investigation and concepts of balance. Without assistance, this young boy
took himself into a ZPD as he engaged the complex higher-order thinking skills
required to modify and retest his design until product satisfaction was achieved. His
self-talk helped him plan the sequence of his invention and clarify his ideas. Later
in the morning, Skater Boy was noticed building a ramp for his skate board,
illustrating that he was once again transferring past learning to that of a new project.

18.3.2 Case Study 2: Guided Play

18.3.2.1 Introduction

The researcher was on her third visit to ELC2, where children had only been attending
the centre for 6 weeks. Nature Boy and Nature Girl were the focus of the observa-
tions in ELC2. Both children were three and a half years old. Nature Boy and Nature
Girl were confident and cooperative children who enjoyed being the centre of attention
in the class.

The ELC was set up so that during ‘free-play time’, the children could move about
at will, thread beads, do puzzles that were placed on tables or on the floor, colour in
pictures and draw on paper. A wooden train set with magnetic points was placed in the
middle of the floor with which the children could play. A folding book case housed a
selection of picture books in the reading corner. The home corner consisted of a cup-
board with cups, tea, coffee, sugar and milk containers, a table and two chairs, a low
rail with dress-ups on hangers, some hats and cardboard crowns on top of the hanger
and a vase of feathers. Noticeably, there were no curiosity tables containing items of
interest to investigate during the first few weeks of the research in ELC2.

During free play, confident children flittered about from table to table, while the
more immature children tended to stand and watch other children play. As much as
they were encouraged to go to activities, they seemed unsure about what to do and
did not spend this free-play time engaged in any activity in depth.
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18.3.2.2 Vignette

A table set-up with a variety of natural products, such as various seed pods, leaves,
bark and a bird’s nest, was added to the classroom for children to freely explore if
they wished. When parents arrived at school, they took their children to this new
exhibit, modelled curiosity and pointed out features of the leaves and pods to their
children. However, nothing was touched. Later, during the free-play time, the
researcher stayed at that nature table to encourage investigation. Although children
were slightly curious, they were not keen to touch or play with these natural items,
which they described as ‘dirty’ and ‘not toys’.

Nature Boy and Nature Girl were invited to participate in a guided investigation
of a variety of seeds pods with the researcher, while the other children joined the
teacher on the mat. After a discussion about seed pods, the children were encouraged
to use their senses to find differences between a gum nut and a pine cone. Nature Boy
and Nature Girl participated but showed little initial interest in the objects. Next, it
was suggested to sort the seeds pods into two groups: big seed pods and small seed
pods (see Fig. 18.5). Once big seed pods were separated from small seed pods accord-
ing to their own definition of ‘small” and ‘big’, the children were asked to reclassify
one of these groups using the same criteria: big and small (see Fig. 18.6).

The children were then left to make their own classifications. Nature Boy decided
to put all the pods with ‘sharp’ edges into a group (see Fig. 18.7), while Nature Girl
sorted pine cones from all the other seed pods (see Fig. 18.8).

Rather than returning to the mat for the next session, Nature Boy and Nature Girl
remained at the table to continue sorting according to their own rules. With freedom
to play, they involved imagination to manipulate objects and extended their classifi-
cation skills. Nature Boy put leaves end to end to represent the outline of a track for
his ‘train’ to travel along, while Nature Girl imagined palm bark to be a boat and
sailed it on an imaginary sea of leaves.

18.3.2.3 Interpretation

As a result of guided play, these children were able to classify objects using obser-
vational skills and extended their learning by creating personal classifications and
renaming objects that exposed their prior experiences related to trains and boats.
Additionally, once the children became ‘lost in their play’, the researcher noted their
actions displayed persistence, humour, curiosity and communication. Nature Boy
and Nature Girl had formed a positive relationship as they jointly discussed possi-
bilities and extended knowledge while engaged in ‘giggling’ play. Confidence and
sustained shared thinking were exhibited as they handled and classified the natural
objects they had earlier rejected. Adult assistance respectfully supported the
children’s learning helping them to focus their attention and expose a ZPD. As such,
the children extended their ability to stay on task and gain skills of perseverance and
concentration enabling them to acquire new knowledge such as that associated with
the skill of classification. Guided play helped Nature Boy and Nature girl overcome
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Fig. 18.5 Nature Boy
compares the size of pods

Fig. 18.6 Nature Girl
reclassifies the pods

their initial fear. Offered in a supportive and deliberate way, guidance also encouraged
them to solve problems by making critical choices and discover the value of their
personal observational skills.

Initially, the young children in this centre displayed shallow engagement as they
skimmed the surface of a variety of activities offered to engage their learning. Given
they had only been attending ELC2 for 6 weeks, it was not unusual to see some of
the children struggling to settle into a routine and become distracted in their new
environment. This pre-kindergarten group was unaccustomed to classroom rules,
the structure, resources and adults attached to this centre. The children required
nurturing, one-on-one attention, small group activities and time to become acquainted
with their socio-cultural context before they could comfortably form new relationships
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Fig. 18.7 Nature Boy sorts
pods with sharp edges from
smooth pods

Fig. 18.8 Nature Girl sorts
pine cones from other objects

and enhance their academic intelligence. This process was applied with Nature Boy
and Nature Girl as they employed a scientific investigation.

According to Fleer (2007), if children are to gain the most of a playful context
for learning, they require adult mediation in order to pay attention to the scientific
opportunities being offered. Using guided play as pedagogy, the scientific skills of
observation, classification, problem solving, creativity and critical choice, considered
highly important in emergent science, were well served.

18.3.3 Case Study 3: Lost Opportunities

18.3.3.1 Introduction

A small room within ELC1 had been prepared for this corn-popping experience.
All furnishings had been removed, and in the centre of the room an electric fry-pan
had been placed in the middle of a circular carpet of paper. Children were assembled
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as they arrived at school in another area and told about the science investigation.
Curiosity was running high as the eager children were given instructions to sit
around the edge of the paper and not to touch the cord. The EA was sitting with the
pan to ensure children kept a safe distance.

18.3.3.2 Vignette

Once the group was settled, the children were asked about their experiences with
pop corn. The teacher initiated questions such as: “Who has eaten popped corn?’
‘How was it cooked?” “When and where did you eat it?” Responses governed by
each child’s experience included: ‘It cooks in the microwave, in a bag’. ‘It stinks’.
“You put butter on to make it taste nice’. ‘No, you put salt on it’. “You eat it when
you watch TV’. “It’s white’. ‘If you buy it, it’s got colours’. ‘It’s only white’. “You buy
it in a bucket at the movies’.

This prolonged question and answer time provided an opportunity for children to
elaborate their past experiences. Each child was given a piece of corn in its seed
state to observe. They were then asked to use their five senses to investigate the seed
and talk about it with the person sitting next to them. Following this short discus-
sion, the children were told to keep this corn seed because they would need it later
for scientific purposes. Selected children then reported their findings to the group
regarding the look, smell, sound, feel and taste of the seed. The teacher prompted
and insisted on ‘full sentence answers’. She also modelled possible responses and
congratulated participation.

When the oil in the electric fry-pan was fully heated, seeds were placed into the
pan and the heated corn started popping all over the place. Shrieks of joy and laughter
filled the room. Exclamations included: ‘It’s flying!” ‘It’s shooting!” ‘It’s going up
high’. ‘Look! It’s on the shelf’. ‘Look! It’s landed on me’. ‘It’s snowing everywhere’.
Continuous excited chatter and wide-eyed amazement from the children, as the corn
popped around the room, made this activity a joy to observe.

The children were then asked to collect one wayward piece of popped corn each
and reminded not to eat any. Next, they used their five senses to test the cooked
product and talk about their findings with the person sitting next to them. While this
conversation happened, the teacher and EA safely removed the pan and oil splat-
tered paper from the floor. As the lesson continued with the teacher, the EA cooked
more corn in the kitchen and placed small paper bags of popped corn into each
child’s locker to take home.

The teacher resettled the children in their semi-circle before asking them for a com-
parison between the two pieces (uncooked and cooked corn). Comparisons included
hard to soft, no smell to good smell, hard to squishy, brown to white and small to big.
As before, responses had to be elaborated and questions from the teacher prompted
more expansive language. For example, if a child stated, ‘It smells different’, the teacher
would ask, “What did it smell like before it popped and how is it different now?” Other
comparisons from the children included ‘The corn was hard before it was cooked and
now it is soft” and ‘The corn changed from brown to white’.
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After the activity, the children were free to play independently in a learning
centre of their choice. There was no further follow-up with the popping experience
until just before ‘home time’. Once the children were packed up and seated in a
‘sharing circle’, they were asked to recall what they had done that day. The only
details about popping corn that the children remembered were the smell, the pieces
that “flew up high’, and they had some popcorn to take home. The experience and
scientific concept of ‘change’ had been largely forgotten.

18.3.3.3 Interpretation

This activity began with such promise yet provided a learning opportunity lost. The
children thoroughly enjoyed watching change take place as the corn popped. They
enjoyed examining the uncooked and cooked state of the corn, however grew listless
when they were not more practically engaged. Sitting in a large group longer than
their concentration span and interest allowed did not assist the concept development.
Most children were able to report change when questioned during the activity, yet had
difficulty recalling scientific details of the experience during the sharing circle time.
Treated as a one-off science activity, little scientific learning occurred as a
consequence of not following up the corn activity. Many strategies could have been
used to capitalise on the initial excitement and wonder of the children. For example,
with assistance from the EA, small groups of children could have cooked their own
take-home serve of popcorn. This more intimate experience with the EA could
allow the children to talk through their experience, providing an opportunity to ask
more questions and consolidate the learning. A free-play learning centre featuring
corn could have been established where children could expand their experience with
corn. This centre could include a container of corn seeds to play with, plunge hands
into, measure, spoon, pour or count. Implements to inspire play, such as containers,
a balance and a ladle, would add more learning opportunities. Role playing a piece
of corn popping would have personified the change sequence they witnessed.
Additionally, photographs could have been taken of the corn popping and, along
with comments made by the children, made into a story book. This book would then
be used to explain and elaborate the scientific concept of change. Not only was the
opportunity to extend scientific understanding of the demonstration lost when the
children were not encouraged to discuss related thoughts with an adult, but they
were denied a chance to move into a ZPD to actualise potential. These extra strategies
would have enabled children to consolidate present knowledge and gain new knowledge
while offering rich opportunities for the teacher’s reflections and future planning.

18.4 Conclusion

Each of the three case studies presented offers a different aspect of scientific inquiry
by young children, and various pedagogies engaged to deliver those experiences.
The richness and appropriateness of staff interactions with children through guiding,
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modelling and questioning, plus the acceptance of young children’s competence
and potential are the basis of quality pedagogy (Elliott 2006; Johansson and Emilson
2010). Examples illustrate competence through enabling individual pursuit and
interaction in guided play to develop potential, and while the corn-popping experi-
ence largely missed the intended scientific concept of change, important question-
ing skills were developed. Where the pedagogies and experiences related to each
scientific inquiry had merit, opportunities for science teaching and learning were
lost. For example, a rich opportunity to engage the theory of a ZPD was lost when
the corn-popping experience was not extended, whereas children classifying the
seed pods were guided to a higher level of engagement and learning by an adult who
acknowledged their potential development. Skater Boy, on the other hand, led his
own learning to new levels through purposeful play and competence.

Opportunities for educators to gain insight into a child’s potential are presented
during purposeful play, through responses to open-ended questioning and through
discussions during guided play. Actively observing and listening to children as they
divulge their interests and knowledge provides a layer of rich information and
planning material for the educator (Fleer 2006). This knowledge then directs the
establishment of appropriate support, resources and learning centres that offer
children science investigations designed to extend their potential cognitive and
physical development.

Children are innate explorers and researchers, yet facilitation is required to
encourage scientific characteristics and develop sound skills. Johnston (2009,
p. 2512) states that the development of good observational skills, for example, needs
to be supported by focused teaching. Children are naturally curious. They love to be
involved in playful inquiry and have an innate interest in the world in which they
live. As such, children are constantly trying to make sense of their everyday experi-
ences and to satisfy their curiosity. The thrill of experiencing popping corn, building
a skateboard and being able to create an imaginary train line from leaves are exam-
ples of children having a desire to be involved in unravelling the workings of their
world and of adults assisting learning. Given the everyday nature of science and the
potential of a child, an obvious starting point for planning an integrated curriculum
would be based on scientific concepts.

When questioned, teachers’ responses about the importance of science teaching
and learning varied and did not appear to match the investigations in two ELCs.
Where the experience in ELC2 enabled the children to advance their scientific
knowledge through hands-on engagement, the experience in ELC1 tended to lose its
initial possibilities as children lost interest and no follow-up activities to embed the
learning, provided. In contrast, a liberal approach to learning in ELC3 gave children
an unstructured environment where they could freely use resources to advance skills
according to their own agenda, all the while being encouraged and supported by
caregivers.

Having interested adults as active participants in the child’s learning environ-
ment is essential (Johnston 2009). This role includes actively listening to children’s
ideas, providing guidance rather than answers, initiating and stimulating talk and
modelling how to think things through in a logical sequence. Exciting socio-cultural
settings with unimpeded spaces in which a child can wonder about things, chat to
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others and investigate everyday curiosities can engage their ZPD and thus increase
understanding of scientific concepts. This research has found that a balance of
planning, flexibility, deliberate teaching and free play is required for a sound platform
on which harmonious and positive science learning can occur for young children.
Intelligent, thoughtful pedagogy that creates a positive attitude towards science will
incorporate meaningful investigations that meet both policy demands and a child’s
interest whereas over regulated demands and practical constraints will impede
learning for young children.

The greatest challenge for early childhood educators is to convince others that
play is an integral part of a child’s life, even after school has started. Rigorous
efforts must be made within the education community to reinforce the value of
guided play and intentional, reflective planning for the sound development of scientific
skills and concept development in ELCs.
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Chapter 19

Engaging Children in Learning Ecological
Science: Two Botanic Garden Educators’
Pedagogical Practices

Junqing Zhai

19.1 Introduction

In recent years, researchers and policy makers around the world have increasingly
called for greater attention to be paid to the educational potential of out-of-school
settings, citing the many benefits and the necessity of learning in settings other than
the classroom. For example, the Manifesto for Learning Outside the Classroom
introduced by the British government, encourages schools to provide children with
learning opportunities beyond the classroom (DfES 2006). A significant body of
research has indicated that school visits to informal settings such as science museums,
botanic gardens and zoos are valuable in growing students’ understanding of and interest
in science (e.g. Malone 2008; Rickinson et al. 2004; Slingsby 2006).

The botanic garden is one of the most popular settings for school excursions. In
England, botanic garden educators’ lesson for school groups is one of the most
important components of botanic garden education (BGEN 2009). Unlike class-
room teachers who may lack confidence in teaching beyond the classroom (Glackin
2007; O’Donnell et al. 2006), the botanic garden educators are experienced in
delivering outdoor learning activities to different age groups of children. In particular,
they effectively offer students an environment that supports inspirational learning
about plants and their importance as they serve as the communicators of ecological
science and plant conservations to the garden visitors. With respect to school groups,
these educators help students to connect their normal daily life experiences to the
knowledge about the plants on display in botanic gardens (Sanders 2004). In addition,
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previous research on education carried out in botanic gardens has suggested that the
botanic garden educators fulfill a variety of roles, such as those of ‘professional
educator, tour guide, and a source of information’ (Stewart 2003, p. 354).

To explore the pedagogical practices of the botanic garden educators in England,
two research questions guided this study. First, what was the structure of the botanic
garden educators’ lessons? Second, how did the botanic garden educators support
students’ learning? The study reported in this chapter has emerged from a doctoral
research project and offered a brief picture about botanic garden educators’
pedagogical practices.

19.2 Botanic Gardens as Teaching
and Learning Environments

Research on museum visitors has suggested that young people’s museum visiting
experiences have positive impacts on their cognitive, affective, physical, and social
development (Anderson et al. Anderson et al. 2003; Falk and Dierking 2000; Hein
1998). The limited literature on learning in botanic gardens has highlighted the
importance of early learning experience in forming children’s attitudes and active
concern for the environment (Bowker 2004; Sanders 2007; Tunnicliffe 2001).

School trips to botanic gardens take place for many reasons (Jones 2000). For
many schoolteachers, the most important one is the opportunity to address topics in
science and geography curricula. Either often the learning activities organized by
schoolteachers or botanic garden educators are focused on investigating plant adap-
tation, measuring temperature and humidity, and observing plants from all over the
world. During the visits, students not only obtain the knowledge regarding science
and geography, but also develop their sense of social justice and moral responsibility
and begin to understand that their own choices and behaviour can affect local,
national and global issues. With respect to this, research has suggested that school
trips to botanic gardens should include ‘not only knowledge and understanding of
animals or plants groups, but also the process of science and general aspects such as
care for the environment and communication’ (Tunnicliffe 2001, p. 33).

Most school trips to botanic gardens are 1-day trips or just a few hours in duration,
and because of this limited period of time the question arises as to how can such a
short experience impact on their learning, both cognitively and affectively. In order
to discover whether attitudes towards plants can be changed by visiting a botanic
garden on a school trip, South (1999) asked elementary students to draw a leaf at the
beginning of a visit and again after it. She found that ‘there was an increase in the
percentage of atypical leaves in the second set of drawings in all the classes’ (South
1999, p. 72) which she concluded that the botanic garden visiting experience had
expanded students’ observational view about plants. From this research, South
(1999) suggested that if the botanic garden experience is to produce any significant
impact on students’ environmental awareness, botanic garden educators need to stimu-
late student interest by challenging their conceptual thinking.
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Similarly, Stewart (2003) has investigated the experience of seven groups of
elementary and secondary children aged from 5 to 18 during their school excursion
to the Royal Botanic Gardens in Sydney. Both pre- and post-visit interviews with
students (n=>50) were conducted and a survey about their visit experience (n=284)
was carried out. The author reported that school trips to botanic gardens usually
involve two types of learning: learning for cognitive gains and for ‘scheme-building’
with the former referring to the measurable cognitive outcomes that students can
achieve during tightly structured activities such as visits to specific displays to con-
duct specific tasks, whereas the latter is achieved when students demonstrate long
term recall of plants, plant displays and specific locations at a botanic garden.
Furthermore, these recollections are linked to specific outcomes sought by the
classroom teacher and can contribute to the students’ deeper understandings of
plants, especially plant structure and biodiversity. Stewart (2003) proposed that
practical activities, especially sensory experiences form part of students’ long-term
recall of their botanic garden experience.

Although botanic garden visiting experiences have a positive impact on students’
cognitive learning, some researchers have found that inappropriate teaching may
lead to a low level of learning. For example, Bowker (2004) studied a group of
7—11-years-old children who were led by a schoolteacher to the Eden Project in
Cornwall. The purpose of his study was to elicit the most effective methods of uti-
lizing a teacher-led school trip so as to enhance children’s perceptions of plants and
their understanding of people’s relationship with them. In total, 72 participating
students were interviewed within 1 month of the initial visit and the researcher dis-
covered that they were affected by the sensory experience of being immersed in the
garden with such a profusion of plants from around the world. Although most of the
students showed an interest in the plants that were relevant to their lives, it emerged
that they were often unsure of the relationship between plants, people and resources.
In light of this outcome, the researcher contended that to facilitate the understanding
of plants and the relationship that human society has with them, it was essential for
the educator who is guiding the group during the visit to challenge the students’
ideas. This can be achieved by asking ‘quality questions that will focus children’s
attention on important aspects of plants such as plant adaptations to their climate or
how people have used and cultivated certain plants’ (Bowker 2004, p. 240).

19.3 Research Methods

19.3.1 Research Context

Two botanic gardens, Garden A and Garden B, from two cities in England were
selected for this study based on their accessibility, representation of an outdoor class-
room in botanic garden settings, and reputation of the education service to the public.
Both sites are well-known education institutions in local communities and offer a
variety of educational programmes to schools and resources for classroom teachers.
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The participating gardens have diverse collections, including plants that live in arid,
tropical, and Mediterranean environments.

The education programmes in both sites shared some similarities, and the topics
they provided to schools were comparable and consistent with those offered by
most botanic gardens in England (Bowker 2002; Sanders 2007; South 1999). The
botanic garden educators’ lessons observed for this study were pre-planned, one-off
lessons to students. The schoolteachers were required to book and prepare the visit
in advance. Most teachers selected the topics that the gardens had advertised
although sometimes they may have made special requests, such as integrating
different subjects into one lesson. As the botanic garden educators explained, each
lesson topic was designed in order to suit the requirements stated in the English
National Curriculum and the need of the students.

19.3.2 Research Participants

Two botanic garden educators were recruited for this study. By the time of data
collection in 2009, Mark had been working as an outdoor educator in Garden A for
15 years. Mark held a BSc degree in ecology, but he had never received formal
teacher education. He started his botanic garden educator career after 3 years observing
other outdoor educators’ teaching. In contrast, Simon, the botanic garden educator
from Garden B, was trained to be a teacher as he held a BSc degree in physics and
PGCE in secondary science. Prior to becoming a botanic garden educator 6 years
ago, he had taught in several urban schools for 20 years.

19.3.3 Data Collection

Before data collection, I spent at least 1 week with Mark and Simon to build rapport
and get familiar with their education programmes. Through filed observations
and casual talk with the participants, basic information about their background and
teaching experiences were obtained. Five lessons led by each educator were observed
as initial fieldwork, which provided a brief picture of their teaching procedures
and approaches. The data analyzed for this chapter was collected between May and
October 2009 (see Table 19.1).

The lessons observed in Garden A were video recorded. I held the camcorder at
the back of the class or at the back of the group when they were outside in order to
minimize the intrusiveness of the research. The camera always focused on the
educator to record discourse and behaviour when he was interacting with students.
The camcorder does not work well all the time especially when the educator and
students were outdoors due to the noise and movement reduces the video quality,
thus I gave the educator an audio-recorder with a clipped microphone to back up the
discourse data.
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Table 19.1 Details of lesson observed in Garden A and Garden B

Garden A (Mark) Garden B (Simon)
Lesson code AM-Y5-26/6 AM-Y5-29/6 BS-Y3-07/5 BS-Y3-15/6
Topic Plants and habitats Plants and habitats Plant adaptation Plant adaptation
Year group Year 5 Year 5 Year 3 Year 3
No. of students 40 19 19 19
Data type Audio, video Audio, video Audio, note Audio, note
Length of lesson 95 94 97 95

(minute)

Garden B did not give permission to film the visits. Thus, I only used an
audio-recorder to capture the discourse between the educator and students. Because
the microphone linked to the audio-recorder was clipped on the garden educator’s
cloth, sometimes it was difficult to hear the recordings from the students who were
far away from the educator. As a result, a field note was taken to record students’
voices, especially when they were talking to the educator. All the audio-recordings
were transcribed verbatim.

The participating educators were interviewed 2 weeks after the lesson observations
once I had finished data transcription. During the interview, I showed the educators
the transcribed data and audio/video clips to help them to reflect on their teaching
practices. The interviews lasted 2040 min depending on their availability.

19.3.4 Data Analysis

The transcribed interviews were analyzed using open-coding procedures (Strauss
and Corbin 1990). The interviews were designed to support the interpretation of
botanic garden educators’ talk. The combination of educator—student interactions
and educator interviews offers a triangulation which enriches the understanding of
the teaching and learning practices in botanic gardens. The transcribed discourse
data collected from observations were analyzed by applying Mortimer and Scott’s
(2003) analytical framework, which combines two dimensions of classroom dis-
course and constructs a matrix that classified the classroom communication into
four classes. The four classes of communicative approaches defined by Scott et al.
(2006, pp. 612-613) as follows:

 Interactive/dialogic: Teacher and students consider a range of ideas.

e Non-interactive/dialogic: Teacher revisits and summarizes different points of
view, either simply listening them or exploring similarities and differences.

 Interactive/authoritative: Teacher focuses on one specific point of view and leads
students through a question and answer routine with the aim of establishing and
consolidating that point of view.

* Non-interactive/authoritative: Teacher presents a specific point of view.
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All the discourse data were analyzed line by line so as to discover the nature of
the interaction between the botanic garden educator and students.

19.4 Research Findings

19.4.1 What Was the Structure of the Botanic Garden
Educators’ Lessons?

Typically, Mark and Simon’s lessons involved a structured, narrative-style, and
educator-directed experience, in which students and their schoolteachers moved
together as a whole group. This finding is consistent with museum docent guided tours
to school visiting groups (Cox-Petersen et al. 2003). Both educators appeared to use
time well. Mark spent only 9.5% of lesson time in delivering health and safety
issues, managing the group, and walking the students from the classroom to glass-
houses. The class management time for Simon’s lessons was a little longer—11.6%
of the whole visiting time—which was, perhaps, due to the fact that the students in
his groups were much younger (7 years old) and it would be easier for them to lose
their concentration.

The observational data suggests that there is a balance between whole class
teaching and students’ exploratory work within the ‘effective lesson phase’ when
educators focused on teaching instead of managing the group. Students spent 48%
of their time doing exploratory activities in Mark’s lessons and 52% in Simon’s. It seems
that students have sufficient time to discover the garden by themselves as well as
listen to the educators’ explanations. In this sense, the structure of Simon and Mark’s
lessons, to a large extent, was educator-directed and student exploratory-based.

The analysis of discourse data has shown that Mark and Simon’s talk dominated
the lesson discourse, as the student to educator utterance ratio was approximately
1-6. Most of the educators’ talk was authoritative/non-interactive in nature and
devoted to lecturing type of presentations and demonstrations. Although a relatively
large proportion of the educators’ talk involved interactions with students (on aver-
age, 39% of Mark’s talk and 54% of Simon’s talk), this interactive discourse was
mainly triadic (initiation-response-evaluation) in pattern, which indicates an author-
itative role of the educator during the process of exchanging ideas with students. In
contrast, the discourse occurred in a chain of interactions (I-R-F-R-F- in pattern),
where ‘the elaborative feedback from the educator is followed by a further response
from the student and so on’ (Mortimer and Scott 2003, p. 41) was not broadly
observed. In this pattern of discourse, the educator encouraged the students to con-
tribute more to the discussion by engaging them in extended sequences of dialogue.
Scott et al. (2006) argued that the dialogic process of and working on ideas has a
greater potential to support meaningful learning of disciplinary knowledge. In this
regard, Mark and Simon need to further elicit the students’ thinking to enable them
to articulate, reflect upon and modify their own understanding.
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19.4.2 How Did the Botanic Garden Educators
Support Students’ Learning?

Four prominent teaching strategies that motivate, interest, and support students’
learning were found in Mark and Simon’s pedagogical practices. These strategies
are: (1) using questions to support intellectual engagement; (2) using astounding
piece of information to support emotive focus; (3) focusing on learning the
language of science; and (4) learning about plants through sensory engagement.

19.4.2.1 Using Questions to Support Intellectual Engagement

Questioning is an effective way to engage students in thinking for understanding
(Chin 2007). By analyzing the class discourse, I found that both botanic garden
educators preferred to use questions to start their teaching though the amount of
questions they asked varied. In the four observed lessons, Mark asked questions
25 times and Simon 102 times.

Mark started his lesson Plants by asking ‘Did anyone have breakfast?’ and then
‘Who had plants for breakfast?” The purpose of Mark asking these questions was to
check students’ understanding about plants. By asking “Who had plants for breakfast?’
‘he cued students’ understanding so they could begin to connect plants with food.
This question engaged students in thinking about which plants are edible for food. As
Mark explained in his interview, the guiding principle for his lesson design was to
help children to learn about useful plants, such as those used for food, clothing and
medicine. For Mark, connecting teaching and the curriculum with the experiences
of learners’ home and daily life facilitated the process of meaning making.

Compared to Mark’s classes, Simon asked more open-ended questions. Questions
such as “What do the roots do for the plants?’, “What bit of the plant grows up from
the roots and reach to the sky?’, “Why do you think flowers have petals?’ challenged
students’ prior knowledge about plants and encouraged them to speculate. These
questions provide students with the opportunity to predict, to describe and to explain.
The following excerpt is a good example to demonstrate how Simon used questions
to support learners’ higher-order thinking when teaching plant growth to a group of
Year 3 students.

Excerpt 1 The function of roots (BS-Y3-15/6)

1 Simon: What do the roots do for the plants? What’s their job? What do they

2 do?

3 S4: To make the plants growing bigger.

4 Simon: They do. I think at the end of Year 3 we need should know exactly what they do to
5 make it grow bigger. What do the roots actually do?

6 Sl: They grow.

7 Simon:  What are they doing when they are growing? They must be doing something.

8 Every part has a job.

(continued)
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Excerpt 1 (continued)

9 Se: When there’s the wind it keeps the flower in.

10 Simon:  When the wind blows it keeps the flower in. Good girl. It’s quite like

11 that because it anchors down to the ground. If it grows in the soil then

12 the roots anchor that plant down to the ground. So it’s very important.

13 This afternoon you may see some roots that do not grow under the ground:
14 some grow in the water maybe and some grow and climb up the walls.

15 So that’s one of their important jobs. To hold that plant, to anchor it.

16 What else do the roots do?

17 S7: They suck the water.

Simon proposed three questions consecutively to challenge students’ understanding
about the root’s function. The first answer ‘to make the plants growing bigger’ (line 3)
is, to some extent, acceptable but Simon has higher expectation from this Year 3
group. Simon prompted the students’ idea again by asking ‘what do the roots actu-
ally do’ (lines 4-5) to seek the proper answer to his question. Student 1 answered
“They grow’ (line 6), but this is an unclear statement about the function of roots
because it could be interpreted as ‘the roots help the plant grow’ or ‘the roots are
growing’. This ambiguity might explain why Simon did not comment on S1’s
answer. Instead, he reformulated the question into “What are they doing when they
are growing?’ (lines 7-8) which makes the question easier to understand. “When
there’s the wind it keeps the flower in’ (line 9), the answer from S6 met Simon’s
expectation as he repeated that student’s answer to confirm her contribution. After
explaining how roots anchor the plant, Simon cued students to think about the func-
tion of the roots. During the interview, Simon explained why he used the strategy of
prompting children by asking questions constantly:

It’s very interesting to listen into the kids talking. It’s always very interesting to me. I try to
get the chance to listen to the kids because it’s obviously they construct information, they
have to think. So, one of the big things about visit botanic gardens like this is to give them
some spaces to think. (Interview with Simon)

Using questions to engage students in knowledge construction is a popular
pedagogical approach adapted by classroom teachers (Chin 2007). The data
above suggests that questioning could also be an efficient pedagogical strategy
for outdoor educators to engage students in thinking about what they have noticed
on the visit and finding connections with their daily life experiences. In short,
questions are a key component in teaching-learning discourse which educators
from different learning contexts can use as a psychological tool to mediate stu-
dents’ knowledge construction and support them to move towards their ‘zone of
proximal development’ (Vygotsky 1978), which represents current potential
learning and leads to new development. To achieve this process, educators need
to engage students in student-centred discussions by asking conceptual questions
to elicit students’ ideas and facilitate productive thinking. The discourse in such
a class is educator-led but not educator-dominated and the educator’s talk is more
like ‘talk-scaffolding’ (Westgate and Hughes 1997) rather than knowledge
transmission.
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19.4.2.2 Using Astounding Piece of Information to Support Emotive Focus

Research carried out in museums has suggested that affective talk is a common
behaviour for visitors to use to express their pleasure, displeasure or surprise
about the exhibition (Allen 2002). The plant kingdom is a world full of exotic
things for people to discover. On a school excursion to a botanic garden, stu-
dents can get access to the exotic part of the natural world and experience dif-
ferent living environments which may affect their emotions and feelings. As
Carson (1998) suggested, feelings towards the natural world are antecedents to
intellectual growth:

Once the emotions have been aroused—a sense of the beautiful, the excitement of the new and
the unknown, a feeling of sympathy, pity, admiration or love—then we wish for knowledge
about the object of our emotional response. Once found, it has lasting meaning. (p. 56)

The astounding piece of information is powerful motivation and stimuli for
learning and development. It is more than factual information. It could provide stu-
dents with long-term memories and facilitate situational interest being developed
into personal interest, which may engage them in learning ecological science to a
higher level (Hidi and Renninger 2006).

Young people are normally interested in watching, hearing and talking about
wild facts. Mark, the educator from Garden A, thought that talking about an astound-
ing piece of information to students was a part of his ideal lesson. The following two
excerpts illustrate how Mark supported the student emotional engagement.

When Mark was teaching about living habitats to a group of Year 5 students, he
showed them the living creatures in the pond water through a microscope (see
Excerpt 2). When he magnified the image, the cell-shaped moving creatures sur-
prised students. It turned out that those students had never thought pond water har-
boured many tiny animals. During lunchtime, a student reminded his partners to
wash their hands by referring to the scenario of moving cells.

Excerpt 2 Pond lives under microscope (AM-Y5-26/6)

1 Mark: What I’ve done is put four drops of it underneath the microscope here and that’s on
2 what you can see through the screen. These are tiny creatures they are living

3 there. This is their home. [Mark adjusted the microscope to enlarge the image

4 the screen]

5 Mark: What you see now is magnified by 650 times.

6 Mark: [Many living creatures showed up on the screen] If I zoom it in, it is magnified

7 by 1,500 times.

8 Ss: [There are some cell live things are moving around on the screen] Whoa.

In another Year 5 class, Mark presented the biggest and smallest seed in the
world (see Excerpt 3). Students were amazed by seeing the real object and were
surprised by getting the information that the smallest seed can weigh only one thou-
sandth of a gram. When I contacted the class teacher of the Year 5 group 2 weeks
after the visit, the teacher told me that students talked a lot about seeds dispersal
when they went back school.
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Excerpt 3 The giant Coco de Mer (AM-Y5-29/6)

1 Mark: [Mark puta Coco de Mer on the table] It is a double coconut. It’s the
2 heaviest seed in the world.

3 Ss: Whoa.

4 ST: It’s so big.

5 Mark: The heaviest one in the world, bear in mind it is a seed, I heard is

6 22 kilo grams.

7 Mark: [Mark showed students a Petri dish with orchid seeds in] These are the seeds
8 from a type of plant called orchid, its actual name is Vanda. These are
9 so small they might even be floating in the air around us right now.

10 They weigh one thousandth of a gram.

11 S3: Seriously?

12 Mark: Yes.

Another example of using astounding piece of information to support emotive
focus was when Mark explained how Venus flytraps capture insects to get miner-
als for living to a group of Year 5 students. Some of the students used their hands
to model how a Venus flytrap trapped insects, which indicates that they were
engaged in learning how carnivorous plants are adapted to a wet and poor soil
environment.

19.4.2.3 Focusing on Learning the Language of Science

Science is rich in words and terms. Wellington and Osborne (2001) suggested that
learning the language of science is a major part of science education. In the 1998
National Curriculum for England, there was a section on the use of language across
the curriculum which requires teachers to teach students to ‘use language precisely
and cogently’ when talking about science (DfEE 1999, p. 69). The 2008 National
Curriculum continues this focus, which suggested that the development of essential
literacy skills, through discussion and the use of scientific vocabulary and terminol-
ogy as one of educational aims of secondary science curricula (QCDA 2008). School
trips to botanic gardens offer an excellent opportunity for students to develop the
language of science.

The students taught by Simon were from inner city schools where a large propor-
tion of the children do not have English as a home language. To help these students
to develop their communication skills was an important task for Simon. What he
focused on during his teaching was to facilitate students by using proper words to
describe plants, and he stated this as his educational goal to the students and class
teachers at the very beginning of his lesson. During the course of the lesson, Simon
reminded the students several times to use the scientific words to describe plants.
For instance, when a Year 3 boy referred to ‘roots’ and ‘leaves’ as ‘the bottom bit’
and ‘the green bit’, Simon asked the whole class to repeat the correct words to
describe those specific parts of a plant.

The next excerpt shows how the language of science was taught to the students
in some detail. Before getting into the acid glasshouse, Simon demonstrated to the
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students how to read the mark on a thermometer by using the science word ‘Celsius’.
Excerpt 4 was taken from the teaching session in the acid glasshouse where students
were requested to find the temperature of the room by themselves. Simon checked
a student’s fieldwork and asked her about the reading on the thermometer. The girl
gave the answer immediately, but she only reported the number showed on the
equipment. Because her answer ‘18’ did not make any sense, Simon told her the
answer should be ‘18 Celsius’. Simon gave a daily life example to help students to
understand that a unit can make sense of the number (lines 5-6). This case high-
lights the importance of teaching children the meaning of science words rather than
simply giving the words themselves. Children’s understanding of words can be
developed through appropriate teaching and authentic real world experiences
(Wellington and Ireson 2008).

Excerpt 4 The Celsius scale of temperature (BS-Y3-07/5)

Simon:  Remember to put a unit. Ok? If you go to a shop somebody doesn’t say 18 but
they say 18 pence or 18 pounds, so we have to say 18 Celsius

1 Simon: What temperature is it?
2 SO 18

3 Simon: 18 Celsius

4 S9: Celsius

5

6

Teaching children the language of science is a big challenge for botanic garden
educators. Simon complained, during the interview, according to his working expe-
rience in mainstream schools and local education authority, that the schoolteachers
seldom focus their teaching goals on the development of children’s language. So a
challenge for botanic garden educator is to teach proper science words to young
children, especially those whose first language is not English.

19.4.2.4 Learning About Plants Through Sensory Engagement

According to Vygotsky (1978), ‘children solve practical tasks with the help of their
speech as well as their eyes and hands’ (p. 26). Children can not only develop their
language of ecological science on a botanic garden visit, but also the direct interac-
tions with plants may increase their interest in plants and attitudes to appreciate the
wonder of nature. It is important for students to be able to see, hear, touch, smell and
live the experience during the visit (Ballantyne and Packer 2009). However, the
health and safety concerns are the barriers for them to be encouraged to interact
with plants through their multisensory modalities. Botanic garden educators usually
have enough knowledge of botany to know which plants are harmful for touching,
smelling, or tasting. They can guide the students in a safe way to interact with plants
by touching or smelling them.

Collecting specimens was an important method for Darwin to develop his famous
theory of natural selection (Kohn 2008). Botanic garden educators have designed
various hands-on activities to support their young visitors’ interaction with plant
artifices. In Garden A, students were encouraged to collect leaves, flowers, and feathers
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Fig. 19.1 Students’ art products

from the ground in the garden and stick their collections onto a sticky card to make
different pictures as they wish (see Fig. 19.1). In the activity named Sketching,
Mark suggested that students do an observational drawing of the plant artifices
displayed on their table. When Mark led the students into the Tropical Glasshouse,
he recommended that they recorded what they found interesting in their books. The
observational drawing and specimen collecting activities were designed to increase
the students’ interest in exploring the botanic garden and also developed their
observation skills.

When Mark channelled students across the lawn, he suggested that they pick up
a Eucalyptus leaf from the ground and crush it up to smell. Mark found that the
students liked the smell, and he explained that the leaf is the favourite food of the
Koala and the leaf can be used to flavour toothpaste and chewing gum. The students
were also allowed to touch and smell the leaves when they were looking at the
perfume plants. Most of the students identified mint and lemon from other plants
according to their fragrant smell. By using their sense of smell, the students linked
their daily life experiences to the botanic garden visit, which enhanced their direct
experience of and knowledge about plants.

19.5 Discussion and Implications

Although Mark and Simon’s teaching experiences and working contexts varied,
there were some shared features in their observed lessons. First of all, Mark and
Simon managed the visiting school groups in an effective way so that much of time
was spent on learning rather than disciplinary issues. Moreover, both of them
intended to control the conversations with students and dialogic interactions were
rarely observed. Last but not least, they emphasized the direct experiences of the
students and engaged them with hands-on activities such as pond dipping, observa-
tional drawings and plant collage. The findings of this study suggest that learning in
botanic gardens is experience-oriented and the garden educators may benefit great
from appropriate continuing professional development.
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19.5.1 Learning in a Botanic Garden Is Experientially Based

Learning outside the classroom can provide students with an authentic experience
of their real-life world (Ofsted 2008). School trips to botanic gardens can enable
children to interact with the plants, gain first-hand information about different living
environments, and increase their understandings of the natural world (Ballantyne
and Packer 2002; Brody 2005). The findings from this study suggest how botanic
garden educators support students’ experience-based learning through adapting
different teaching strategies. Kolb (1984) noted that ‘the process whereby knowl-
edge is created through the transformation of experience’ (p. 41), thus knowledge is
constructed through a combination of grasping and transforming that experience.
Education in the botanic garden context might benefit from focusing on providing
the students with concrete experiences and interactions with plants. Therefore, the
educators have the responsibility to facilitate students to integrate their botanic
garden experience with ongoing school subject knowledge. During and after
observations of plants, educators might elicit students’ thinking and assist them to
conceptualise abstract concepts. The social constructivist theory of learning empha-
sises that knowledge is ‘socially co-constructed as new ideas emerge from the
blending of voices and gradually meshed to produce a dialogic outcome’ (Chin
2007, p. 837). In this sense, the garden educators can ask a series of open-ended
questions to prompt and guide students thinking and thus promote conceptual
learning.

19.5.2 Supporting Botanic Garden Educators’
Professional Development

Compared to their counterparts in schools, the botanic garden educators have to
work with different students. There is a short time for them to assess students’ prior
knowledge and the academic level they are working at. Because the education pro-
grammes are designed based on the English National Curriculum, botanic garden
educators have to update their knowledge about governmental documents and
recent education research findings. As a result, botanic garden educators need
support from their institutions to develop their professional knowledge and skills.
The Botanic Garden Conservation International carried out an online survey recently
and found that half the botanic gardens or ecological education sites responding
required their education staff to have ongoing professional development. The
findings of this study suggest that the botanic garden educators need to be given
sufficient opportunities to further develop their subject knowledge and pedagogical
skills constantly. The botanic gardens may establish a collaborative partnership with
teacher training institutes to enable botanic garden educators to receive continuous
professional development. In addition, frequent networking opportunities might
facilitate these educators to share teaching experiences and thus to reflect on their
own practices.
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Chapter 20
Knowledge Advancement in Environmental
Science Through Knowledge Building

Jennifer Yeo and Yew-Jin Lee

20.1 Introduction

Inquiry has been the cornerstone of many science education reforms all around the
world for the past five decades (Zion et al. 2007). Likewise in Singapore, the current
primary science syllabus promotes inquiry as the overarching framework to achieve
the aims of the science curriculum and to cultivate scientific literacy (MOE 2004,
2007). These aims include mastery of science content knowledge, development of
skills and attitudes for science, and personal appreciation and decision making
related to science and the environment. Inquiry has therefore been understood as the
ideal vehicle for helping students to learn science content, master how to do science,
and understand the nature of science.

Over the years, inquiry learning in science education has encompassed a wide
spectrum of approaches—practical work, investigative work, discovery learning,
problem solving, and project work as they closely resemble components of scien-
tific work and activities by professional scientists. For example, practical work has
been said to mimic the processes of observation, concentration, and reasoning
needed to do science, whereas discovery learning is believed to capture the creativity
of doing science. While inquiry activities in school may mirror some of the work of
scientists, some researchers have questioned the ability of school science to nurture
scientific thinking, at least in the form seen commonly among practicing scientists.
Lee (2008), for example, has critiqued inquiry science in schools as being more
visual spectacle and rule following than is often admitted, while Tan (2008) found

J. Yeo (<) » Y.-J. Lee
Natural Sciences and Science Education, National Institute of Education, Singapore
e-mail: jennifer.yeo@nie.edu.sg

K.C.D. Tan and M. Kim (eds.), Issues and Challenges in Science 317
Education Research: Moving Forward, DOI 10.1007/978-94-007-3980-2_20,
© Springer Science+Business Media B.V. 2012



318 J. Yeo and Y.-J. Lee

that the completion of tasks was paramount as was the arrival at similar prescribed
or canonical answers that the teacher had in mind. Such task-oriented activities that
tend to dominate science classrooms everywhere (e.g., Hodson 1996; Hume and
Coll 2008) often depart from the knowledge creation enterprise that characterizes
the heart of scientific practice whereby novel findings or theories are produced
and refined.

As an alternative to task-centered inquiry activities so prevalent in school settings,
knowledge building (KB) is a pedagogical approach to inquiry that places student
ideas at the center with the goal to work continually at the forefront of knowledge
as learners advance the knowledge of their community (Scardamalia and Bereiter
2003). First adopted in elementary schools about 20 years ago for improving read-
ing comprehension, KB has now spread to other subject areas including science.
Such idea-centered activities more closely resemble the actual theory building and
knowledge advancement practices of scientists compared to the emphasis on task
completion and mastery of known knowledge during school science learning. In
this study, our goal is to introduce KB as a powerful albeit underutilized pedagogi-
cal approach to learning environmental science among a group of school children in
Singapore. Whereas some might wonder if such young children could achieve a
high level of understanding of inquiry and of scientific knowledge in school set-
tings, our study shows that adopting a KB approach managed to achieve many of
these desirable learning outcomes. The research questions addressed in our study
are (1) how do the students’ ideas about environmental science progress while engaged
in KB and (2) how does KB mediate students’ advancement of ideas about environ-
mental science? In the following sections, we describe KB for science learning and
provide a case study that showed how a group of grade 5 students investigated the
science of meat decomposition. This case example showed the students working
continuously to advance the ideas of the group (community) that eventually resulted
in a conceptual artifact—a generalized description of decomposition of meat, which
underlies a sophisticated understanding of science. We conclude the chapter with
some implications of how KB can be introduced to school science classrooms and
the associated challenges with this pedagogy.

20.2 Knowledge Building as a Science Inquiry Approach

Knowledge building (KB) is defined as the “creative work with ideas that really
matter to the people doing the work” (Bereiter and Scardamalia 2003, p. 68). Placing
ideas at the center of its activity, KB involves creative knowledge workers seeking
to advance the ideas of the community through collaborative efforts. Three key
features about KB are highlighted below: idea improvement, creating conceptual
artifacts, and collective effort and collaborative discourse. These characteristics
distinguish KB in very subtle ways from allied forms of inquiry such as problem-
based learning or project-based learning.
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20.2.1 Idea Improvement

Idea centeredness is a key characteristic of KB. Traditional inquiry approaches in
school such as practical work and investigative work often provide students a
predetermined set of procedures to arrive at similar answers that will be tested at
examinations. The focus of such cookbook-style inquiry is on completing the task
as instructed rather than invoking critical thinking and arousing interest and curiosity
to work creatively to advance/improve/learn ideas (Roth 1994). In a similar vein,
contemporary inquiry activities such as design-based inquiry (e.g., building a draw-
bridge, tower, and rocket) and problem-based work (e.g., solving a science-based
mystery) are often task-centered and may not lead naturally to inquiry into the
underlying science even though there may be some aspects of knowledge creation
such as creativity and critical thinking (Bereiter and Scardamalia 2003). Instead, the
emphasis here is often placed on achieving a specific predetermined end state such
as a correct solution, building a working model, or writing a report assessed for its
alignment with canonical knowledge. Although allowing students greater ownership
of the research problem and problem trajectory is something that we unanimously
celebrate, such forms of learning remain uncommon even in explicitly inquiry-
based learning.

In contrast to the aforementioned task-centered science inquiry approaches, KB
places ideas in the center of its activity, not so much the actions that help achieve
these tasks. Characteristic of the work of scientists and designers, there is no final
state of perfection and no state of repose in the knowledge growth. Every idea is
improvable, leading to better designs or refined scientific theories—there is little
sense that one has “arrived.” Placing ideas at the center of inquiry does not imply
that investigations or research activities are not conducted or that one just “theorizes”
in abstractions. KB tasks are not conducted as an end-in-itself, but, rather they are
performed in order to advance ideas and by doing so, mirror the everyday activities
of scientists, which as mentioned is never static. Through careful observations of
phenomena, theories are invented to make sense of those observations. Changes in
context or situations may, however, result in new observations. This may challenge
prevailing theories which after further rigorous testing and investigation result in
refined or new knowledge for the individual and the group (Lee and Roth 2007).
In a similar vein, students doing KB might conduct investigations to find out the
effect of size of seeds on the rate of germination of seeds, for example. However,
such tasks are conducted to increase the understanding of a community of people
(e.g., fellow learners, or people in a Listserv) who had developed an interest on the
germination of seeds. This differs a great deal from the nature of school tasks,
which seek a certain endpoint that is valued for school examinations. In other words,
by placing ideas at the center of inquiry, idea improvement becomes an explicit
principle that guides the efforts of students and teachers (Scardamalia and Bereiter
2006). The direct pursuit of idea improvement brings science learning closer in
alignment with the genuine knowledge creation enterprise of scientific practices
than the learning, if not memorization, of known facts in school science.
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20.2.2 Creating Conceptual Artifacts

Creating artifacts is one key activity during school science inquiry. In practical
work, a report that needs to conform to the style of the scientific method is often the
eventual artifact expected. In project work or problem-based activities, common
artifacts include a poster, a presentation, a model, or a worked solution. In contrast
to these material artifacts, KB emphasizes conceptual artifacts such as theories,
proofs, laws, and problem formulations. Such outcomes show greater affinity with
those created by scientists: theories that can explain relatively huge sets of seem-
ingly unrelated observations or laws that can account for every single instance of
phenomenon in a simple and comprehensive manner (Elfin et al. 1999).

In KB, students are encouraged to work on self-selected problems with the goal
of developing generalized knowledge. While such knowledge can be found in
abundance in school science textbooks, they are nonetheless declarative knowledge
about something; knowledge that is retrieved is often inert, that is, unable to be
transferred to other contexts. In contrast, the conceptual knowledge referred to in
KB is knowledge of a phenomenon, which includes not just declarative knowledge
that can be easily regurgitated when asked but the implicit or intuitive knowledge
that comes with deep understanding of the idea. Project- and problem-based activities
may involve contextualized knowledge but often do not have generalized theory
creation as its key focus. Rather, the artifacts created tend to be context specific,
often leaving the task of learning generalized theories to learning during classroom
lectures.

20.2.3 Collective Effort and Collaborative Discourse

Finally, KB emphasizes the community advancement of knowledge, which is
radically different from the usual (traditional) educational practice which has individual
achievement as the beginning and endpoint. KB seeks collective effort to advance
the state of knowledge within the school classroom or interested group, rather than
an individual inquirer. The goal of knowledge creation is not just for an individual’s
interest or glory but to produce ideas of value to others and the community. At this
juncture, we cannot but find similarities here to the Wikipedia project that has just
celebrated a decade of existence. In a science classroom, the community, which can
be an entire class or a group of students, should share a common goal and direction
in pursuing the advancement of the knowledge that it values. This calls for collective
responsibility from every member in the community to contribute toward the
advancement of community’s knowledge rather than honoring an individual for
what he/she knows (Scardamalia 2002).

With emphasis on collective effort to move the frontiers of the community’s
knowledge, collaboration becomes an important feature in KB. While group work



20 Knowledge Advancement in Environmental Science Through Knowledge Building 321

may be a common feature in many inquiry activities, collaboration is less common
in science classrooms (Yeo et al. 2008). Peer tutoring and cooperation are certainly
common ways of organizing group work although such discourse patterns do not
extend beyond sharing of information, providing opinions, simple agreement, or
critiquing ideas. A robust KB discourse, on the other hand, seeks progress, common
understanding, and expansion of ideas. Such discourse has been described as
“constructive and progressive” (Bereiter et al. 1997) or “productive collaboration”
(Barron and Darling-Hammond 2008). Given how different KB is from other
inquiry-based learning approaches, we now support our claims by means of data
taken from a larger study on teaching and learning using KB in Singapore.

20.3 A Case Example of Knowledge Building

This case example illustrates how an intact group of six primary five (equivalent of
grade 5) boys from a local primary school performed KB as they went about finding
out what happened during the rotting of meat. This was a self-forming group
whereby students gathered according to their interests to pursue problems that had
puzzled them or one which they found interesting. The school was a typical neigh-
borhood school (catering to average ability students) in the western part of Singapore.
One of its science teachers was a strong environment advocate who involved her
students in environmental projects and activities organized by external agencies,
including our research project. The latter aimed to introduce KB into primary
schools in the context of environmental science. Known as the Nature Learning
Camp, the program introduced KB to the school as an enrichment program con-
ducted after curriculum hours. The participating students were selected based on
their good academic results and keen interest in science. Two of them joined the
program at primary four while the rest joined later in primary five at the start of
the knowledge work on decomposition of meat. The group met once a week in the
school’s computer laboratory during school term, except during examination period,
school holidays, and other public holidays. During each session, the students would
do a show-and-tell, conduct research, or participate in collaborative discussion
through an online platform called Knowledge Forum. Figure 20.1 shows a screen-
shot of an online discussion on Knowledge Forum. Each note (i.e., ideas in a single
posting) posted by the students is represented by a square. A title given by the author
of the note and the author’s name appear beside the colored icon. Lines are used to
link notes that are built on one another. A linear linkage of notes is referred to as a
discussion thread (refer to Fig. 20.1).

Data on students’ knowledge-building process was captured on video and tran-
scribed for face-to-face interaction. These data included show-and-tell sessions and
small group face-to-face discussion. Online data was captured on the database of
Knowledge Forum. These data were analyzed and examined for the field of talk
(content) and the forms of interaction.
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20.3.1 What Happens When Meat Rots

In this case example, the topic for KB in science was initially triggered by a discussion
with this group of students about decomposition after a visit to their school garden.
A boy wondered aloud what would happen when meat rotted, and this remark then
generated much interest from the rest of the boys to find out more. The boys as a
group were then left to conduct the science investigation on their own as the research-
ers monitored student progress on Knowledge Forum. The boys had some initial
discussions on Knowledge Forum to decide how they would investigate their prob-
lem, what meat they would use, and who would bring the piece of meat home (they
had two weeks before they had to report their findings). From their first show-and-tell
two weeks later, it was understood that they bought a piece of chicken meat from
their canteen vendor and persuaded one boy to bring the piece of meat home and
monitor the process of rotting. This boy reported that the chicken meat was left to rot
in the open initially but was wrapped up after a few days due to its stench.

What the children saw was more than what they had expected. An earlier note on
Knowledge Forum showed that they had thought the meat would merely stink.
Instead, they saw crawling maggots and yellow-colored meat that was somewhat
mushy. Many questions were raised by the students, both during the show-and-tell
as well as on Knowledge Forum, such as “what is the black thing” in the container,
“what is the water from the meat,” “why did meat smell when it rotted,” and “how
does maggot help in the rotting of meat.” One of the questions that they raised was
“what was the water,” referring to the liquid they found in the box, which led to an
exchange of “hypotheses” as shown in Excerpt 1.

Excerpt 1 “And what was the water?”

Speaker Content

DL And what was the water?

A I don’t know whether is it discharge from the maggots or something like that.
SZ I think it’s water vapour.

A No. not water vapour.

SZ I mean water than condensed. Water vapour that condensed. Water vapour

can condense ... Maybe it’s the water vapour that condenses?

There were also quite a number of student notes posted on Knowledge Forum
about the role of maggots in the process of decomposition. The first author challenged
them to think of how the rotting of meat would be affected if there were no maggots
on the meat. One of the boys suggested that bacteria would eat the meat and the
meat would decompose. But they found that this theory could not explain whether
rotting of meat would be affected if there were no maggots. They thus decided to
test their ideas by conducting another investigation to resolve these differing/
competing ideas. Their goals were, first, to further investigate what was the liquid in
decomposition and, second, to compare whether a piece of meat with no maggots
could rot faster than a piece of meat with maggots.
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Meat in closed box Meat in open box Explanations

Turned yellow Stayed "fresh” No idea.

Smelled pungent Smelled horrible(not as bad ) Decomposition iz taking place.

Turned gooey Femains intact except smaller Maggots eat the rotten meat.

Seens to be enlarged -Nil- Ho idea too! ~.~

Inferences:

1. EBoth are decomposing but meat in the open box has a slower rate of decomposition
than the one closed.

2. The smell and the liquid is not formed by the maggots compared to the last
experiment.

3. This experiment shows that decomposition produces liquid and smell.

4. The maggots eat the rotten meat.

5. (Hypothesi=) There is no circulation of air in the closed box 30 it smelled worse
than the meat in the open box.

Fig. 20.2 Observation and inferences made from second investigation

After discussing on the online platform Knowledge Forum, they decided they
had to set up a control to find out where the liquid came from by using two pieces
of chicken meat, one left in the open and another covered to keep out the flies from
laying eggs on the meat. The postings on Knowledge Forum also showed a negotia-
tion among the students on their individual roles in this second investigation. Finally,
the same boy agreed to do it one more time. They reported their findings two weeks
later during show-and-tell as well as on the Knowledge Forum which is shown in
Fig. 20.2.

Here, they found that both pieces of meat turned “gooey,” with the closed
container more gooey than the one in the open container. Therefore, they concluded
that the liquid must be a product of decomposition.

Additionally, the new observations resulted in more puzzling problems to be
raised. For example, they wondered why the two pieces of meat looked different,
why flies were attracted to the meat in the open container, and so on. They thus
decided to test out with different types of meat and in different conditions to gener-
alize the process of decomposition of meat. This time, they investigated with dead
lizards, fish and squid from the market, and dead stick insect. Finally, they summed
up their findings with a group summary as shown in Fig. 20.3.

This summary showed students’ generalization about the decomposition of
meat in their claim that “when meat decomposes, a pungent smell was produced
and if meat is left in an open container, flies are attracted.” Extending their claims
further, they also mentioned that maggots “feed on the rotting meat which will help
in decomposition” and “smell is produced ... and liquid is formed.” While the
students may not have arrived at very sophisticated theories or laws, their ideas
progressed from simple, specific understanding of decomposition to more complex
and generalized science-based descriptions of the process of decomposition,
nonetheless.
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Fig. 20.3 Group summary

20.4 Principles Mediating Knowledge Building

The above case example illustrates some principles of KB in an elementary science
classroom, including idea improvement, conceptual artifacts, collective efforts, and
collaborative discourse.

20.4.1 Idea Improvement

Knowledge attainment is the common factor in both school science and science
enterprise. However, the similarity often ends there. While school science is often
concerned with what people ought to know, science as enterprise is concerned with
usefulness, adequacy, and improvability—what Bereiter and Scardamalia (2003)
describes as belief mode and design mode, respectively. In this case example, the
activities happening in the classroom were different from a usual science classroom
activity. No knowledge about decomposition was taught explicitly beforehand nor
were the experiments done to validate unquestionable knowledge presented, as
often seen in classrooms operating in belief mode. Instead, the ideas are from different
sources (e.g., students in Excerpt 1). These ideas, which formed the seeds of knowl-
edge creation, were worked on and improved as a collaborative group. As one boy
aptly put it during an interview, “the old idea is the foundation of all the other new
ideas.” What we saw in the case example was a group of boys treating an idea as an
improvable artifact. They built upon their initial ideas about the liquid found in the
box with the rotting meat and conducted investigations to test out their ideas. One
boy mentioned in the interview that to “find out how the thing happens ... we did
the experiments, (because) we did not know what is the liquid.” Through repeated
investigations with different types of meat, they generalized the process of
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decomposition as they did in Fig. 20.3. From simple and specific knowledge
about decomposition, the students’ ideas progressed to a more complex and gener-
alized description of the process. In this case, investigations were not conducted to
validate a known piece of knowledge, but as a means to advance the group’s ideas
as students continually place ideas at the center of their activity. Students in this
activity would be described by Bereiter and Scardamalia (2003) to be working in a
design mode.

20.4.2 Conceptual Artifacts

The eventual artifact created by the boys in this case example is a generalized
description of the process of decomposition of meat. Such generalized knowledge
type is described by Bereiter and Scardamalia (2003) to be context general, as
opposed to knowledge that is limited to specific context (e.g., engineering prob-
lems in PBL activities). However, this description is unlike the kind of declarative
knowledge they could easily obtain from textbooks or other authoritative sources.
While most elementary science textbooks would describe decomposition to be a
process which results in the breaking down of the organic matter into simpler
substances, these boys would have developed a much deeper understanding of this
statement through this KB process. In their reflection notes, one boy wrote that
“I have seen maggots for the first time in 10 years”; another summed up the
process of decomposition in his own words, “flies are attracted to rotting meat, ...
liquid and a (horrid and pungent) smell is emitted ...”; and a third wrote that he had
now seen decomposition happening right in front of him. Extending to their daily
life, one boy advised “never to leave fish/chicken/pork meat alone in the fridge
unless you want a nightmare when you open it.” Thus, these boys were not only
able to verbalize the definition of decomposition in their reflection notes but also
they could also visualize the process of decomposition since they had seen it hap-
pening right before their eyes and could relate the process to their everyday life.
Such context-general knowledge, referred to as knowledge of a phenomenon by
Bereiter and Scardamalia (2003), is definitely much richer than the mere declara-
tive knowledge about decomposition found in school science textbooks. We argue
that the creation of such context-general knowledge of phenomenon is made pos-
sible as students treated ideas as artifacts to be improved rather than mere comple-
tion of an activity.

20.4.3 Collective Effort and Collaborative Discourse

Collaboration is a process of shared meaning construction whereby its achievement
is dependent on participants building on one another’s ideas (Sawyer 2006). This
calls for participants to be engaged in discourse that demonstrates commitment
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to progress, seeking common understanding, and expansion of knowledge base
(Scardamalia and Bereiter 2006). This case example shows a group of five boys
demonstrating collective responsibility toward knowledge building, albeit slowly
but progressively as they went about the KB activity. We see instances of this
responsibility emerging as they took up greater ownership in performing investiga-
tions and building on one another’s ideas. Show-and-tell sessions also involved an
increasing number of boys reporting what they found out from their investigation
with more ideas generated. All these collective effort from each boy contributed
toward the generalization of the process of decomposition.

Discourse patterns also changed as students assumed greater collective responsi-
bility to advance the group’s ideas. This can be seen in the discussion taking place
on Knowledge Forum, which tended to be short in the earlier stages of knowledge
building consisting of mainly question and answer. For example, questions such as
“what happens when meat rots?” initiated by the teacher elicited single unbuilt
answers such as “they will affect our health,” “it can be decomposed by e.g. fungi,”
and “it decomposes, is smelly ....” However, the discourse pattern changed as each
student became more and more engaged in finding answers to the group’s puzzling
questions. For example, when planning an investigation to find out what happened
when meat rotted, the discourse pattern was more argumentative. Excerpt 2 is an
example of an argumentative discourse that shows students proposing (notes 4
and 7), challenging (turn 23), and supporting (turn 26) ideas on how they could go
about investigating the process of decomposition. Here, we see students displaying
a more critical stance toward ideas put forth.

Excerpt 2 What happens when meat rots?

Note Author Title Content
1 DL, SZ, A, MT, Rotting of Meat I need to understand what happens when meat rots?
HR, LY
4 MT Steps to We need to get some meat and leave it in the open
conducting our air on a plate to rot. Then, we should observe the
rotting meat characteristics of the rotting meat and note it
experiment... down on a piece of paper. The End...
7 HR Another reply Good idea, maybe we should get several pieces of
meat to observe on.....
23 DL Several pieces of I need to understand why is there a need for several
meat? pieces of meat when you need only a piece of
meat?
26 HR Reason Just in case something happens to one of them ...

but it’s just in my opinion.

The argumentative discourse pattern was also observed when the students were
discussing conceptual issues. Excerpt 3 shows the students collectively building
their argument about the function of maggot in the rotting meat process among
other things.
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Here, students were observed to be extending one another’s ideas by hypothesizing
(notes 2 and 9), elaborating (notes 4 and 5), challenging (note 10), and questioning
(note 10) how maggots affect the rotting of meat as they built on one another’s ideas.
Such inductive, self-regulatory, and argumentative interactions are described by
Dillenbourg (1999) to be characteristic of collaborative processes. Furthermore, the
presence of the two group notes (notes 10 and 27) which represent the common
knowledge and action of the group further supports the collaborative nature of work
the students were engaged in. From what is shown in this case example, knowledge
work discourse with its more constructive and progressive character could potentially
advance students’ scientific ideas.

20.5 Discussion and Implications for Science Learning

Idea improvement, creating conceptual artifacts, collective responsibility, community
effort, and collaborative discourse are the key principles of KB. By analyzing students’
talk online and off-line, we show how these principles could mediate creative
knowledge work. The result is construction of new knowledge and development of
valuable skills as students performed evidence-based investigation.

We have identified, through this case study, some enabling factors that lead to
these successful outcomes. For one, problems that were authentic (i.e., of intrinsic
interest) to the students, ideas that come from students’ prior experience, observa-
tions from investigations, or even from authoritative sources contributed to the
successful knowledge-building activity. This notion is long- and well-supported in
the literature that draws on personal interest, motivation, and goal setting as the
impetus for deep learning in science and indeed for all school subjects (Bransford
et al. 1999; Hattie 2009; National Research Council 2006).

The findings from this study also suggest that tasks such as experiments should not
be mere exercises or at least perceived to be by the students. Instead, teachers should
allow students to take up collective responsibility to chart how they want to advance
their ideas. However, such epistemic agency is only possible if teachers believe that their
students are capable of creating knowledge that is useful to their community and in
advancing the knowledge-building effort. Calling it “participating productively in science,”
the report by Michaels et al. (2008) paints an alternative vision of science that sees
children as co-learners with teachers and as co-inquirers with scientists and peers.

What we see in this case example reported here does not happen overnight. Students
had to get used to the idea that they were legitimate constructors, rather than receivers,
of knowledge. They had to learn to engage in different types of discourse that was
often different from the triadic discourse (Lemke 1990) found in science classrooms.
Teachers also had to adjust to their new roles as co-constructors of knowledge and
facilitators. They had to look beyond inquiry as mere vehicle to a set of predetermined
knowledge. In this same spirit of knowledge building, science educators who wish to
transform their science classroom practice need to recreate the concept of inquiry
so that children are now legitimate participants of knowledge creation.
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Knowledge building has shown advantages in improving the scientific literacy of
students—core scientific knowledge and ability to conduct evidence-based investi-
gations and participate in argumentation. By involving students directly in creative
and sustained work, it is a promising inquiry model to enculturate students into the
practices of science.
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Chapter 21
Issues and Challenges: Impacting Practice
and Policy

Kim Chwee Daniel Tan and Mijung Kim

21.1 Impact of Science Education Research

In this book, science educators and researchers have addressed their responses and
efforts to the challenges and issues of science education in the contexts of learning
and teaching science, science teacher education, innovations and new technologies
in science education, and science teaching in informal settings. However, for these
responses and efforts to make a difference in school science, they need to influence
the practices in classrooms and educational policy making. Unfortunately the impact
of research on practice and policy seems to be still limited; teachers and policy
makers have expressed scepticism about research evidence, indicating that there are
large gaps in current research knowledge, that research is driven by the researchers’
agendas rather than the users’ needs (Baker et al. 2007; Bell et al. 2004; Millar et al.
2006; Nutley et al. 2002), that “there is a gulf between research design and real-
world practice, and that research findings have limited applicability to their local
contexts” (Nelson et al. 2009, p. 50).To make research findings and suggestions
meaningful and connected to real world practice, there needs further reflection on
these research-practice and policy issues.
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21.2 Conceptual Change Perspectives on Research
Impacting Practice and Policy

The classical perspective of conceptual change (Posner et al. 1982) could suggest a
way to explain the lack of impact of research on practice and policy. It suggests that
the intelligibility, plausibility, and fruitfulness of the research knowledge need to be
considered in order to be of help to teachers and policy makers who are dissatisfied,
in the first instance, with certain situations in the classroom or educational system.
Assuming the teachers’ and policy makers’ experiences of conflict or dissatisfaction
provide the impetus for them to explore the use of education research, education
research needs to be first intelligible to them; the discourse used by researchers may
be different from the teachers and policy makers, and they also may not have the
requisite knowledge and background to read and interpret the research material; few
researchers would write with the teacher or policy maker in mind (Bell et al. 2004;
Nelson et al. 2009; Taber 2001).

Educational research also needs to be available to the users in terms of awareness
that relevant research exists and access to such research. Teachers and policy makers
are generally unaware of relevant research available (Liu 2001; Taber 2001) and
they may have to spend much time ploughing through the large volume of material
in databases and/or results generated by search engines, decreasing their motivation
to use research material. If they know of relevant research, they may have difficulty
acquiring the material because of the cost of buying the research publications or
paying the membership subscription to get access to the journals or databases.

Often the lack of implementation details may put the teachers and policy makers
off using research as they are uncertain of the plausibility of the research; they need
to look at lesson plans, resources and assessment used, and know what the teachers
and students actually did in the studies to make judgement calls (Ratcliffe et al.
2006). In addition, though they may believe in the findings of a study, they may
think that the research has limited applicability because the research context may be
different from their local contexts or they may have difficulty adapting and imple-
menting the findings (Millar and Hames 2006; Nelson et al. 2009). Nutley et al.
(2002) and Baker et al. (2007) agree that successful interventions or programmes
are highly dependent on context, for example, time, students, teachers, school envi-
ronment and leadership, examination requirements and availability of resources.
Interestingly enough, Nelson et al. (2009) reported that their study participants
also wanted to know what did not work in the studies so that they would be able to
avoid the pitfalls that the researchers encountered; however, things that do not work
are seldom mentioned in research publications. Teachers and policy makers often
complain that research is not timely enough in that the findings may be outdated,
and hence of not much use, by the time the research is completed as the initiatives
of the past may be superceded by newer educational initiatives in their contexts
(Nelson et al. 2009). These issues often lead to the lack of plausibility and fruitful-
ness of research to teachers and policy makers.
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21.3 Concluding Remarks

In addition to doing research in science education to determine how best to increase
the science literacy of students and help them thrive in the twenty-first century, there
is also an urgent need to ensure that practice in the classroom and policy making
take into account the research undertaken. The large quantity of research available
and time required to sieve through them, the timeliness of the research, the format
in which the studies have been reported and the language used in these reports, and
the lack of access to the published studies make them virtually inaccessible to practi-
tioners and policy makers (Nelson et al. 2009; Wandersee et al. 1994). Thus,
researchers need to understand the needs and constraints of teachers and policy
makers in order to help align their research to these needs and constraints (Nelson
et al. 2009). Systems need to be developed for researchers to enhance the relevance
and transformation of research findings to practitioners. For example, researchers
and/or relevant intermediaries need to work with teachers and policy makers to
“aggregate, translate, and apply research evidence directly to specific, highly local
issues” (Nelson et al. 2009, p. 52), and “findings need to be interpreted into implica-
tions that apply to specific problems and decisions” (Tseng 2010, p. 16). This can
be accomplished by building a community of practice to establish collaborative and
mutual reflection on research agendas and needs of teachers and policy makers,
sharing and understanding conflicts, introducing relevant research, supporting
access to research findings and resources, and interpreting research in their own
contexts, times, and places. Within this collaborative reflection, our language,
knowledge, meaning making, and problem solving will be renegotiated and trans-
formed to build up the applicability of research in practice and the enquiry of prac-
tice in research agendas. To make communication active and fruitful in the
community of practice, there also needs to be systemic support, shared interests,
and respect and openness among members, which opens up another realm of
research for us. If little is done in this direction, the complaints that “educational
research has been rather more preoccupied with arcane theoretical debates (or the
professional ambitions of academics) than making a difference in the classroom or
decision-making forums” (Baker et al. 2007, p. 794) will persist and science educa-
tional research will merely become an end to itself, serving only the researchers’
career interests, instead of a means to an end, to improve the teaching and learning
of science in the classroom.
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