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Preface

This book is motivated by the research presentations at the International Science
Education Conference (ISEC) 2014. Centred on the theme of ‘Pushing the boundar-
ies — Investing in our future’, these papers sought to pursue new ways of helping
learners of science appreciate the diversity and changes in science that result from a
globalised world facing complex and diverse environmental and technological
issues. This book thus aims to showcase some of the best papers presented in ISEC
2014.

The conference attracted many presentations of research conducted by research-
ers not only in Singapore but also in the Asia-Pacific region and beyond. Also note-
worthy were the presentations by Singapore science teachers whose research were
aimed at advancing their pedagogical practices in order to improve students’ learn-
ing and to prepare them for the present and future challenges. In this book, we
showcase some of the finest papers presented by researchers from the Asia-Pacific
region and beyond, as well as those conducted by science teachers. These chapters
touch on various themes in science education that explore and investigate issues of
scientific literacy, societal challenges and affect and teacher professional develop-
ment. As we forge forward to address the challenges facing science educators in our
own contexts, we hope these chapters will engender new ideas and conversation
among science educators.

This book is divided into three parts. Part I focuses on different aspects of scien-
tific practices, Part II examines societal issues and affective dimensions of science
learning, and Part III explores different teacher education models for preparing sci-
ence teachers to face the complex pedagogical challenges of today’s classroom.

Part I consists of chapters surrounding scientific practices. It opens with a chap-
ter by Erduran, Kaya and Dagher on conceptualising scientific practices as compo-
nents of the nature of science. In this chapter, the authors argued for the inclusion of
scientific practices for a more holistic consideration of the nature of science, based
on the notion of the family resemblance approach. Further, they reported findings
how the model was used to inform pre-service teacher education programmes in
Turkey and influenced pre-service teachers’ representations of scientific practices.
Chapters 2, 3, 4 and 5 examine the different aspects of scientific practices — model-
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ling, scientific explanations, report writing and use of evidence. In Chap. 2, Gilbert
and Justi reviewed and critiqued research and practices of modelling, one of the key
aspects of scientific practices, in East Asia. They also presented a model of model-
ling to support teachers in implementing modelling-based teaching in the class-
room. In Chap. 3, Talanquer foregrounded the challenges students face when
producing mechanistic explanations in chemistry. His finding about the unproduc-
tive use of intuitive schemas constructing mechanistic explanations in chemistry
highlights the need for more productive ways of thinking rather than acquisition of
fragmented knowledge in chemistry education. In Chap. 4, Putra and Tang’s focus
was on the scientific practice on communication, particularly in report writing. They
put forth a case for the need to help students unpack the characteristics of scientific
report. Their finding, showing the lack of authoritativeness and rhetoric in students’
scientific report, highlights the need to help students unpack the characteristics of
scientific report as well as on writing in science learning. In Chap. 5, Oshima and
Roberts examined another aspect of scientific practices, that is, students’ under-
standing of evidence. As an exploratory study of Japanese students’ understanding
of evidence, the authors found that students seemed to conceptualise the idea from
a ‘doing’ perspective even though they appeared to have a good grasp of variables
in the context of scientific investigations. They concluded the chapter with calls for
understanding evidence as a set of concepts and variables rather than process skills
to be mastered by doing.

Part IL is a collection of papers that highlights societal issues and affective dimen-
sion of learning. In Chap. 6, Dillon highlighted the need for convergence in science
education and environmental education if we were to educate the next generation of
some of the pressing environmental and biodiversity issues that are facing the soci-
ety. In Chap. 7, Alsop reminded us that science learning was not all about achieve-
ment scores. Rather, the role of interest is an important part of science learning and
should not be ignored. And indeed, Chaps. 8 and 9 showed us how play can engage
students’ interest and bring about science learning among preschoolers. In Chap. 8,
DeSouza explored how young children learn science-related concepts when inter-
acting with nature in an outdoor classroom, and the extent the SE instructional
model aided preservice teachers in their planning and use of inquiry-based practices
to design the learning process. In Chap. 9, Teo, Yan, Ong and Goh demonstrated
how purposeful play could contribute to young children’s science experiential learn-
ing and understanding as they participated in science activities at a garden. The
affordances of purposeful play, as illuminated through the teacher-students
and student-student social interaction, gave us a glimpse on how to capitalise on
naturalistic context to enhance children’s learning.

The chapters in Part III joined the conversation of preceding chapters by focus-
ing on issues surrounding professional development and classroom implementation.
In Chap. 10, Tan and Gilbert examined the impact of educational research in inform-
ing Singapore middle and high school chemistry teachers’ instructional and curricu-
lar practices and presented factors which facilitated or impeded changes in Singapore
teachers’ existing practices. In Chap. 11, Yeo surveyed the presentations made by
teacher researchers during ISEC 2014 and showcased some of these research as
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well as identified the extent that teacher research supported professional develop-
ment of in-service teachers. In Chap. 12, Ramnarain examined the extent that physi-
cal sciences teachers at township schools in South Africa constructed a coherent
‘science content storyline’ in teaching chemistry. Conducted as part of a video-
based analysis-of-practice professional development programme to improve teacher
and student learning at the upper elementary level, findings showed that the lessons
were fragmented, disconnected and incoherent. His inference of the low achieve-
ment of chemistry in the country to conceptual incoherence in the classroom fore-
grounded the importance of these pedagogical characteristics in teachers’
professional development in ensuring students’ conceptual development in science.
In Chap. 13, Namsone and Cakane introduced a teachers’ continuous professional
learning model which emphasised on teacher collaboration to enhance teachers’
professional development. Their investigation showed that the model had enhanced
the development of teaching, reflection and collaboration skills among the mathe-
matics and science teachers, as well as primary school teachers, who participated in
the study. We concluded the section with Chap. 14 by Chan and Yung, who illus-
trated the importance of subject matter analysis and formative assessment of stu-
dents when experienced science teachers need to teach new content. Consequently,
they proposed a three-step mechanism of on-site development process that could
support science teachers in developing the requisite knowledge for teaching new
topics that they had never taught before.

In sum, we hope that these papers provide a platform for evoking new research
ideas and discussions for the science education research fraternity and inspire new
conversations at the next ISEC.

Singapore Jennifer Yeo
Singapore Tang Wee Teo
Australia Kok-Sing Tang
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Chapter 1

From Lists in Pieces to Coherent Wholes:
Nature of Science, Scientific Practices,
and Science Teacher Education

Sibel Erduran, Ebru Kaya, and Zoubeida R. Dagher

Abstract The chapter provides a case for holistic consideration of nature of sci-
ence (NOS) such that NOS can be inclusive of themes as scientific practices. One
account of NOS is based on the family resemblance approach (FRA) developed by
Erduran and Dagher (Reconceptualizing the nature of science for science education:
scientific knowledge, practices and other family categories. Springer, Dordrecht,
2014a). In this framework, NOS is a cognitive-epistemic and social-institutional
system, and scientific practices is one category embedded in the system. We briefly
review the recent debates on NOS to contextualize our approach and define FRA-
based NOS. As part of our depiction of scientific practices as a component of NOS,
we proposed a theoretical framework called the benzene ring heuristic (BRH) which
consolidates the epistemic, cognitive, and social aspects of scientific practices into
a holistic and visual representation. BRH describes scientific practices in terms of
concepts such as data, models, explanations, predictions, argumentation, and social
certification. After reviewing BRH, we describe a funded project that integrated
BRH in a preservice science teacher education program in Turkey. Qualitative anal-
ysis of preservice science teachers’ representations of scientific practices is
described in detail and contrasted pre- and post-intervention that involved training
through the use of BRH. The results indicate that in some cases there was improve-
ment in preservice science teachers’ depiction of scientific practices as being holis-
tic. The study provides empirical evidence on the implementation of a relatively
new approach to NOS that is inclusive of scientific practices.

S. Erduran (0<)
University of Oxford, Oxford, UK

National Taiwan Normal University, Taipei City, Taiwan
e-mail: Sibel. Erduran@education.ox.ac.uk

E. Kaya
Bogazici University, Istanbul, Turkey
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University of Delaware, Newark, DE, USA
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4 S. Erduran et al.

Introduction

The nature of science (NOS) has been a predominant area of research in science
education (Allchin 2011; Alters 1997; Erduran 2017; Erduran and Dagher 2014a;
Irzik and Nola 2014; Lederman 1992; McComas et al. 1998). NOS has also infil-
trated curriculum policy documents worldwide including key documents such as
Science for all Americans (AAAS 1989) and Science Education Content Standards
(NRC 1996) in the USA and Specifications for Junior Cycle Science in Ireland
(NCCA 2015). A comparative study of eight curriculum standards that included
four from the USA and four from Australia, Canada, England/Wales, and New
Zealand illustrates the level of interest in NOS (McComas and Olson 1998).

In a review of the literature between 1990 and 2007, Chang et al.” (2010) identi-
fied an approach to NOS labeled as the “consensus view” of the nature of science
(Abd-El-Khalick 2012; Lederman et al. 2002). This view supports emphasis on
seven key aspects or tenets deemed appropriate for school science that include (1)
tentativeness of scientific knowledge, (2) observations and inferences, (3) subjectiv-
ity and objectivity in science, (4) creativity and rationality, (5) social and cultural
embeddedness in science, (6) scientific theories and laws, and (7) scientific meth-
ods. The “consensus view” has led to a major body of empirical studies on student
and teacher conceptions of NOS in science education (Abd-El-Khalick and
Lederman 2000) and has culminated in several points of debate in the science edu-
cation community. One of the issues in this debate pertains to Lederman’s (2007)
stance that even though NOS and scientific inquiry are related, they should be dif-
ferentiated. The main premise of this argument is that “inquiry” can be specified as
the methods and procedures of science, while the NOS concerns more on the epis-
temological features of scientific processes and knowledge. Grandy and Duschl
(2008) have disputed these arguments on the basis that they “greatly oversimplify
the nature of observation and theory and almost entirely ignore the role of models
in the conceptual structure of science” (p. 144). Erduran and Dagher (2014a) pro-
posed a more holistic account of NOS by drawing on the family resemblance
approach where scientific methods, practices, and other aspects such as the social-
institutional dimensions all contribute to a definition of NOS.

Additional critiques focus on the declarative statement characteristic of the con-
sensus view, which may constrain thought about NOS. Allchin (2011) calls for
“reframing current NOS characterizations from selective lists of tenets to the mul-
tiple dimensions shaping reliability in scientific practice, from the experimental to
the social, namely to Whole Science” (p. 518). He argues that many items related to
science as an enterprise, for instance, the role of funding, motivations, peer review,
cognitive biases, fraud, and the validation of new methods, are absent in the “con-
sensus view” of NOS list, and yet they are “unified by the theme of reliability.”
From Allchin’s perspective, this shift better prepares students for dealing with how
claims might fail and how scientists deal with sources of error (Allchin 2011,
p- 524). Allchin states that:
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Whole Science, like whole food, does not exclude essential ingredients. It supports healthier
understanding. Metaphorically, educators must discourage a diet of highly processed,
refined “school science.” Short lists of NOS features should be recognized as inherently
incomplete and insufficient for functional scientific literacy. (Allchin 2011, p. 524)

Noting the limitations of the consensus view, Matthews (2012) suggests replac-
ing the notion of “nature” of science (NOS) with “features” of science (FOS) that
encompass a more inclusive range of ideas about science that would be possible by
strictly following an epistemological emphasis, or focusing on scientific knowl-
edge, as is the case with the “consensus view.” The FOS features that Matthews has
proposed resemble a disparate set of ideas some of which reflect epistemic aspects
of science on the one hand (e.g., explanation, theory choice, and rationality), while
others reflect a philosophical stance (e.g., feminism, realism, and constructivism).

The brief introduction to some recent debates on NOS illustrates that while ques-
tions on what NOS content is optimal for school science have been settled for pro-
ponents of the consensus view, they are far from settled for others. In our work, we
have previously argued that one of the limitations of the consensus accounts of NOS
is that the declarative statements do not necessarily promote a holistic account of
NOS where the various features of NOS are interrelated (Erduran and Dagher
2014a). When various aspects of NOS remain fragmented as lists of ideas, there is
danger of not promoting understanding of science a coherent whole. There is already
ample evidence that many students are turned off of science because they do not see
the relevance of science for their everyday lives, and significant amount of work has
been done in related areas of research to socially contextualize science for effective
learning (e.g., Zeidler et al. 2002).

In this chapter, we present an argument for a broad articulation of NOS to include
scientific practices. Our account draws on recent theoretical work drawing on the
family resemblance approach (FRA) to NOS (Erduran and Dagher 2014a) referred
to by Kaya and Erduran (2016) as “RFN” (short for ‘“Reconceptualised Family
Resemblance Approach to NOS”). Given FRA-based NOS accounts are relatively
new and limited in the science education literature (e.g., Irzik and Nola 2014), our
aim is to contribute to this discussion by also providing some empirical evidence on
the utility of this approach to NOS. After reviewing the theoretical framework on
NOS and scientific practices, we illustrate the application of a heuristic on scientific
practices in preservice science teacher education. The heuristic is derived from a
theoretical account of scientific practices as subsumed within NOS (Dagher and
Erduran 2016; Erduran and Dagher 2014a) and has been applied to the design of a
teacher training intervention program. We illustrate how the heuristic has been used
in teacher training and the impact of the intervention on preservice science teachers’
representations of scientific practices.
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Nature of Science Based on the Family Resemblance
Approach

The family resemblance approach (FRA) to NOS points to a wide range of shared
and distinctive scientific practices, methodologies, aims and values, social norms,
and the very aspects that contextualize and frame scientific knowledge (Erduran
2014; Erduran and Dagher 2014a; Irzik and Nola 2014; Kaya and Erduran 2016).
We have previously argued that excluding any of these is to deny access to key
aspects of these disciplinary elements and consequently results in limited attention
to factors that influence the formation and validation of scientific claims (Dagher
and Erduran 2016). The advantage of using the FRA to characterize a scientific field
of study is that it allows a set of broad categories to address a diverse set of features
that are common to all the sciences and the activities carried out within them. This is
particularly useful in science, where all subdisciplines share a number of common
characteristics, but no one specific characteristic per se can be used to define a
domain as scientific or to demarcate it from other disciplines. For instance, if we take
observation (i.e., human or artificial through the use of detecting devices) and argue
that even though observing is common to all the sciences, the very act of observing
is not exclusive to science and therefore does not necessarily grant family member-
ship in and of itself. The same applies to other practices such as making inferences
and collecting data, whereby these are shared by the sciences, but their use is not
necessarily limited to science disciplines. One of the appealing aspects of the FRA
is its ability to consolidate the epistemic, cognitive, and social aspects of science in
a wholesome, flexible, descriptive but non-prescriptive way. FRA provides focus
zones that support the discussion of critical elements about science that can poten-
tially be fruitful for science educators as well as among teachers and students.

The FRA captures a meta-level characterization of the key categories related to
science in a broad sense. In other words, the FRA is more inclusive of various
aspects in its depiction of science. It is the holistic, inclusive, diverse and compre-
hensive, and meta-level conceptualization of FRA that we have argued to be appeal-
ing for science educators (Dagher and Erduran 2016). Having a more diverse
representation of science has potentially more appeal to wider range of students. For
example, students who may not necessarily be drawn to the epistemic dimensions
of science may now find more motivation and interest in the social-institutional
aspects of science.

How do the components of science as a cognitive-epistemic system relate to
those of science as a social-institutional system? This relationship is considered in
terms of the FRA Wheel presented in Fig. 1.1 from Erduran and Dagher (2014a).
The idea can be characterized in the following way. Science as a cognitive-epistemic
system occupies a space divided into four quadrants that accommodate its four cat-
egories. This circle floats within a larger concentric one also divided into four quad-
rants, pertaining to the four components of science as a social-institutional system.
This, in turn, is surrounded by an outermost circle that includes the three additional
components. Locating the three new categories in the outer circle simply indicates
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Fig. 1.1 Family resemblance approach (FRA) wheel from Erduran and Dagher (2014a, p.28)

the role of societal influences on the scientific enterprise further reinforcing that
science is not insulated from the larger society in which it exists. The boundaries
between the circles (or spaces) and the individual compartments of the FRA Wheel
are porous, allowing fluid movement among its components. In reality, these com-
ponents are not compartmentalized but flow naturally in all directions. One of the
FRA categories concerns scientific practices which have been gaining increasing
attention since the publication of the Next Generation Science Standards in the USA
(NGSS Lead States 2013). In the subsequent sections, we turn to a discussion of
scientific practices and explore the implications of our conceptualization of scien-
tific practices in science teacher education.

Scientific Practices as a Component of Nature of Science

The National Research Council (NRC 2012) of National Academy of Sciences
designed a framework for K-12 science education in order to create standards of sci-
ence education. The framework is based on evidence-based findings of current
research and introduced three major dimensions of science education. Scientific prac-
tices were recommended as one of them and defined as “(a) the major practices that
scientists employ as they investigate and build models and theories about the world”
(NRC 2012, p.30). The National Research Council (NRC 2012) presented eight prac-
tices that propose the necessary components of science curriculum. These are:

1. Asking questions (for science) and defining problems (for engineering)
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. Developing and using models

. Planning and carrying out investigations

. Analyzing and interpreting data

. Using mathematics and computational thinking

. Constructing explanations (for science) and designing solutions (for
engineering)

. Engaging in argument from evidence

8. Obtaining, evaluating, and communicating information (p. 49)

AN AW

~

Research revealed that including these practices in the science curriculum helps
students understand scientific knowledge development, the way scientists work, and
may increase students’ cognitive abilities (NRC 2012). On the other hand, curricu-
lum by itself may not be enough for understanding and experiencing scientific prac-
tices. Teachers as the major actors of learning environment should also have an
understanding of scientific practices per se.

Zembal-Saul (2009) emphasizes children’s engagement in appropriate scientific
practices, discourses, and reasoning. It was suggested that a standard-based curricu-
lum should be provided for teachers to support students engaging in scientific prac-
tices (NRC 2012). Erduran and Dagher (2014a) discuss that scientific practices and
science process skills need to be differentiated. Scientific practice is a term that
engages skills and knowledge meaningfully to make scientific investigation. In this
respect, it is more comprehensive than the term science process skills. In other
words, scientific practices do not only involve practicing skills but also refer to mak-
ing sense of the relationship between skills and underlying scientific content knowl-
edge and epistemology. In order to appreciate the nature of scientific knowledge,
one has to both understand and experience scientific practices. Hence, scientific
practices were also emphasized in nature of science studies (Irzik and Nola 2014;
Erduran and Dagher 2014a, b). This recent line of nature of studies focuses on the
importance of scientific practices for appreciation of science. In this respect, it sub-
stantially contributes to previous nature of science studies which suggest explicitly
teaching the aspects of nature of science (Abd-El-Khalick and Lederman 2000).

In our previous work, we have developed a framework of scientific practices,
namely, benzene ring heuristics (BRH) (Erduran and Dagher 2014a). BRH includes
epistemic, cognitive, and social components. Epistemic components refer to scien-
tific activities, data, real world, model, explanation, and prediction. These compo-
nents also refer to the features of the scientific practices. Cognitive and social
components, respectively, refer to representations and reasoning and social dissemi-
nation and certification of scientific claims. BRH suggests that all features of scien-
tific practices are related to each other and these relationships do not have a linear
order. In other words, holistic understanding of scientific practices was emphasized
with the representation referring to an analogy that is benzene ring. In this heuristic,
components of scientific practices represent the atoms, and the social components
(representation, reasoning, discourse, social certification) stand in the place of elec-
tron clouds (See Fig. 1.2). The representation in Fig. 1.2 is inclusive of the compo-
nents of science, the nonlinear relationships between these components, and a
holistic understanding of science. Therefore, BRH makes a strong contribution
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Fig. 1.2 Benzene ring heuristic (BRH) (Erduran and Dagher 2014a, b, p.82)

overcoming the procedural understanding of science with its holistic approach.
Given BRH is a theoretical framework by nature, we wanted to explore the implica-
tions of its implementation in practice. Here we will review its adaptation to science
teacher education and describe a research project based in Turkey where we inte-
grated BRH to teacher training and investigated the impact on preservice science
teachers.

Methodology

The study reported in the following section focused on introducing BRH as a heu-
ristic of scientific practices to develop preservice teachers’ understanding of scien-
tific practices. In other words, this study aimed to investigate preservice science
teachers’ representations of scientific practices in terms of features and the relation-
ships between these features of scientific practices, as well as the holistic under-
standing of scientific practices. Moreover, the study investigated the influence of a
teacher training intervention workshops. The research was guided by the following
question: What are the preservice science teachers’ representations of scientific
practices before and after a set of training workshops informed by the BRH? The
full description of the intervention is available as a teacher training resource
(Erduran et al. 2016).

Sample

The sample of the study comprised 21 preservice science teachers: 18 females and
3 males. All participants were third-year students in a 4-year science teacher educa-
tion program of a state university in Turkey. The language of instruction at this
university is English. Upon graduation, the preservice teachers in this study would
be qualified to teach science in primary schools (Grades 3-8).
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Research Design

In order to develop students’ representations of scientific practices, an intervention
consisting of three structured workshops on scientific practices based on BRH was
carried out. Each workshop was taught for 3 hours. The workshops aimed to con-
solidate preservice teachers’ understanding of the BRH by (a) reviewing its applica-
tion to particular science examples and (b) using BRH for lesson planning. In
Table 1.1 the aims and content of the workshops are summarized. In the first work-
shop, an example activity on “acids and bases” (Appendix) was used to illustrate the
various components of BRH. The preservice teachers used everyday acids and bases
(real world) to collect sensory data (data) in order to generate a model (model) of
the key properties of acids and bases. They subsequently used their models to
explain and predict (explanation, prediction) what would happen at neutralization.
In other words, the activity explicitly promoted the articulation of the BRH and its
components. There were group discussions and evaluations of the models produced,
which promoted argumentation, reasoning, and social certification of ideas. These
were considered to be the mediational components of the BRH represented by the
internal electron cloud analogy in Fig. 1.2.

Both quantitative and qualitative data were collected before and after the training
in order to investigate various aspects of preservice science teachers’ perceptions
and understanding of scientific practices. In this chapter, we are focusing on the
qualitative data and in particular the comparison of representations of scientific
practices. The representations were from posters that five groups constructed before
and after the sequence of workshops. Each poster is described in depth, comparing
and contrasting their features. Each poster resulted in a particular representation of
scientific practices. All statements from the posters are reported “as is” in terms of
the use of English. Any grammatical inaccuracies have not been corrected to ensure
authenticity in data.

Results

The findings present both preservice teachers’ representations of scientific practices
which are generated from their poster drawings. The analysis of preservice teach-
ers’ representations of scientific practices suggested five key categories which are
varied in terms of linear and cyclic representations. The linear representations used
the key concepts such as data and models in a stepwise and linear fashion, while the
cyclic representations connected the concepts in a circle. The emerging categories
were (a) linear to circular; (b) part linear-part circular to circular; (c) linear and
hierarchical with new connections; (d) from conceptual to conceptual and epistemic,
pre and post; and (e) linear to linear. In the following sections, we will describe each
category as a case.
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Table 1.1 The aims, main themes, and content of the preservice teacher training workshops

‘Workshop

Aim

Main theme

Content

1

To engage preservice
teachers in a discussion
on scientific practices

Introducing scientific
practices

Preservice teachers:

(a) Designed posters to
represent their ideas about
scientific practices at the
beginning of the workshop
before the taught content

(b) Conducted “acids and
bases” activity to situate
scientific practices in the
context of a school lesson
example

(c) Were introduced to BRH

(d) Discussed activity in the
light of BRH

To consolidate
understanding of BRH
and to start designing
lesson plans

Adapting BRH to
lesson planning

Preservice teachers:

(a) Discussed components
and relationships of scientific
practices based on their
activities

(b) Incorporated their
activities into lesson plans

(c) Reflected upon their
lesson plans in terms of
teaching scientific practices

To engage the
participants in
reflection, model
evaluation, and revision

Implementing
pedagogical strategies
to teach scientific
practices

Preservice teachers:

(a) Were introduced with
three lesson plans with
different pedagogical
approaches (e.g., verification,
open inquiry)

(b) Evaluated the lesson
plans in terms of scientific
practices

(c) Revised their previous
lesson plans

(d) Designed posters to
represent their ideas about
scientific practices

Case 1: Linear to Circular
In the pre-poster, there is a linear representation of scientific practices (see Fig. 1.3).
The group classified scientific practices as “asking question, determining the prob-
lem, collecting data, constructing a hypothesis, testing hypothesis, analyzing the
data, and communicating results” in a linear order. They determined “asking ques-
tion” as the first step in a scientific procedure. The other practices follow each other
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Fig. 1.3 Linear to circular representation of scientific practices
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in an ordered fashion. However, in the poster produced after the intervention, the
group characterized scientific practices as being different from the pre-intervention
poster and presented these scientific practices in a circular representation. They
also classified scientific practices as “real world, prediction, model, activity, data,
and explanation.” In this circular representation of scientific practices, they used a
chemistry context, specifically acids and bases. For example, they drew some
objects such as salt, soap, lemon, and orange as examples of real world. They wrote
“Students made some predictions about these real world samples about their acid-
ity and basicity. Results with the help of their senses (smelling, touching...) were
as examples of prediction.” For the model idea, they drew two pictures as examples
of model. They modeled the senses of touching soap and tasting lemon. The group
classified the activity as observation and experiment. For “observation,” they wrote
“they make an observation about these samples.” For “experiment,” they wrote “we
set up an experiment with litmus paper for taking a data between 0-14 gap.” For the
data as scientific practice, the group drew the substances like lemon, soap, salt, and
litmus papers for each substance. They also colored the litmus papers for each
substance and wrote the pH values for each substance based on the color change of
the litmus papers. That is to say, they presented some numerical and visual data as
a result of observation and experiment activities. The group explained “explana-
tion” as “students explain the numerical values of the acids & bases.” In addition,
they drew a sun with a smiling face in the middle of this circular representation. All
scientific practices follow each other with a one-way arrow in a circular
system.

Case 2: Part Linear-Part Circular to Circular

The pre-poster shows part linear-part circular representation of scientific practices
(see Fig. 1.4). The group starts with “question” as a scientific practice at the top of
the representation. Then they classified “question” as “scientific activities” and
“observation” and also specified question requires scientific activities and/or obser-
vation. They combined scientific activities and observation as “data” and stated
“enable us to construct” on the arrows. Therefore, the group presented a circular
representation of scientific practices at the top of their poster. The other part of the
poster shows a linear representation of some scientific practices which are “data,”
“prediction,” and “model.” The group connected “data” to “prediction” with the
statement of “give an opportunity to make” and connected “prediction” to “model”
with the statement of “provides us to construct a.” However, in the post-poster, the
group classified scientific practices as “reality,” “model,” “argumentation,” “expla-
nation,” “discussion,” “scientific activities,” “data,” and “prediction” in a circular
system. They did not use any arrows in a specific way between these scientific prac-
tices; they just used lines between them. In addition, they wrote “Removing and
adding of these concepts is possible. Using of them is dependent on the topic. They
are also replaced.” under their drawing. They did not use any arrows between scien-
tific practices.
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Fig. 1.4 Part linear-part circular to circular representation of scientific practices
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Case 3: Linear and Hierarchical with New Connections

The pre-poster starts with “discussion,” “prediction,” and “data” with a linear order
(see Fig. 1.5). The group wrote “A problem or argument is determined” in the dis-
cussion part, and they also put some question marks here to show the problem. After
discussion, prediction is made. Data are then generated. The “data” concept is con-
nected to “scientific practices.” At this point, they classified scientific practices as
“modeling” and “experimenting.” In “modeling,” “observation” is made and in
“experimenting,” “explanation” is made. Then, the group finished by putting
“Review of other scientists” at the bottom of the poster by combining observation
and explanation. They did not use any arrows between the concepts in the poster,
only lines between them. In the post-poster, the group starts with “real-world
events,” “problem,” and “data.” They connected real-world events and problem with
the sentence of “by looking the nature, we can observe some changes and we would
like to understand how it happens. It gives us a problem.” They classified data as
“model” and “prediction.” They wrote “If it is possible, you build a model according
to your data or previous research” as an explanation for the model. Then they com-
bined data, model, and prediction concepts as ‘“scientific practices.” They put
“explanation” as a final step in their representation and wrote “Our practice of sci-
ence should give some explanation about the problem” as a connection between
scientific practices and explanation. Additionally, there is another connection which
is “review of previous scientific works” between prediction and explanation. They
stated that review of previous scientific works can shape the prediction at the begin-
ning. They connected review of previous scientific works and explanation with the
sentence of “We should check our answer with previous works if they are consis-
tence.” They also put “argumentation” as another connection in the poster and stated
that argumentation may occur at all steps.

Case 4: From Conceptual to Conceptual and Epistemic

In both pre- and post-posters, there is a science concept being used to explain par-
ticular phenomena (see Fig. 1.6). In other words, the group selected a concept (i.e.,
the water cycle) to turn into a cyclic representation. In the pre-poster, the emphasis
is not on the epistemic features of scientific practices but rather on the conceptual
domain related to the water cycle. In the pre-poster, there is a mix of the conceptual
domain as well as the epistemic features related to scientific practices as described
in the BRH. The group presented the concepts of ecosystem such as photosynthesis,
vaporization, decomposers, glucose, CO,, O,, and N,. For photosynthesis, they
drew a sun, a tree with some arrows from sun to tree, from tree to gases like CO, and
O,. They also showed the cycle of N,, considering decomposition of N, in air by
plants in Earth. They drew a rabbit as a consumer of O, and exhaler of CO,. In the
post-poster, the group added new concepts such as “data,” “inferring,” “real world,”
“model,” “argumentation,” and “analyzing data.” They considered all these con-
cepts in terms of a pedagogical context. They wrote “data” after “real world.” Under
“data,” they put photosynthesis, respiration, nitrification, and vaporization as exam-
ples. They also explained that all these components (i.e., photosynthesis, respira-
tion, nitrification, and vaporization) are related to each other. And they stated that
“teacher expects students to make connection among them” and named this as
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“inferring” in the poster. Finally, they connected inferring to “argumentation” by the
sentence of “Students may make predictions about the ecosystem. For example,
they estimate that consumers such as animals take oxygen and glucose (to make
respiration) from photosynthetic living creatures (like from tree), which produce
oxygen and glucose.” They also explained argumentation as “Children discuss the
topic known as ecosystem after all these concepts. Because of this, they vary their
opinions by affecting each other.”

Case 5: Linear to Linear

The pre-poster shows a linear representation of scientific practices. The group clas-
sified scientific practices as six steps following each other (see Fig. 1.7). For the first
step, they wrote “scientific practices begin with a question or curiosity” and put a
big question mark here. The second step is “making an educated prediction about a
specific topic.” The third step is “creating a model or experiment mechanism to
make an observation.” The following step is “making an observation recording
whatever we see.” The next is “making logical explanation to support the prediction
that we created at the beginning of the process.” The last step is “evaluating the
result and discussing what we did, and thinking about the reliability of our scientific
activity.” In the post-poster, the group shows again a linear representation of scien-
tific practices but with a four-step classification and in a chemistry context which is
different from the pre-poster. They formed their poster based on the topic of the
atom. As the first step of scientific practices, they wrote “Our scientific activity
begins with a question that is what is the smallest structure of that forms matters in
real world?” Here, they considered both real world and asking questions from real
world. As the second step, they wrote “Students make predictions. Then we offer
materials to model the structure of the matter.” Here, they considered both predic-
tion and modeling. They also used models to explain this step. They drew pictures
indicating atom, element, compound, and molecules. For example, for the atom
model, they drew circles to represent atoms with same colors. For the element
model, they drew two elements. One of these elements is composed of four atoms
with red color; the other is composed of two atoms with blue color. And for the
compound model, they drew two compounds. They used atoms with different colors
to show compound. As the third step of scientific practices, they wrote “After the
activity, we get a result. Students form an explanation.” As the final step, the group
wrote “This activity makes clear the concept of atom, element, and compound for
students. They model a real world case.”

Cases 1, 2, and 3 are examples of representations that suggest changes in
preservice teachers’ perceptions about scientific practices as more holistic and inter-
connected. Case 4 framed scientific practices as conceptual and epistemic in nature
after the training when the emphasis was on the conceptual domain at the beginning.
Finally, there was no change in Case 5 in terms of a switch from a linear to circular
representation which would suggest a more holistic approach. In Cases 1, 4, and 5,
there is inclusion of the pedagogical dimensions of scientific practices, while in
Cases 2 and 3, this aspect is missing. The data suggest that the training intervention
had some influence on holistic representation of scientific practices by preservice
science teachers as illustrated in three of the five cases.
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Conclusions

The representations of groups of preservice teachers are identified on the basis of an
analysis of their drawings. Investigation of the drawings suggested five key categories
which showed qualitative differences between the posters drawn pre- and post-
training intervention. The terms used to construct the drawings could be placed in
various combinations to each other. Some preservice teachers chose to link these
terms in a linear fashion, while others had more cyclic representations. In some
instances hierarchies were used in combination with either linear or cyclic represen-
tations. The cognitive basis of representations is well established (Chi 2006; Novak
1990) suggesting that some of the representations might indicate quality in reasoning.
Although changes have been observed in preservice science teachers’ representations
of scientific practices, it is possible that the participants simply recalled the BRH and
responded by using the tool without deeper understanding. Although this is a possi-
bility, the fact that they have applied the BRH to a new content area often either
supplementing the figure with explanatory text or using the BRH in a new content
area is a promising indicator of improved understanding. Data on pre- and post-inter-
views with the participants are currently being carried out which will help further
illustrate the extent of the impact of the intervention on preservice science teachers’
understanding of scientific practices. The study reported here will have broader inter-
est to colleagues who are studying scientific practices in the context of teaching and
learning of science in particular in terms of enhancement of science teaching.

The chapter contributes to the literature on scientific practices in particular and
NOS in general given the broader conceptualization of NOS in our work. Our account
of NOS (Erduran and Dagher 2014a) is based on the family resemblance approach
(FRA) which enables the inclusion of scientific practices as a dimension of NOS. As
the FRA is a relatively new concept in NOS studies in science education (i.e., Dagher
and Erduran 2016; Dagher et al. 2017; Erduran and Dagher 2014b; Kaya and Erduran
2016; and Erduran 2015; Irzik and Nola 2014), empirical testing of ideas based on
the FRA has been scarce. In this sense, the teacher training project described in the
chapter contributes to the empirical articulation of FRA-based NOS accounts and
illustrates the utility of the BRH as a potentially useful heuristic for science teacher
education. As the study illustrates, the BRH has been effectively used to inform the
design of a series of preservice teacher training workshops. BRH has furthermore
been useful in serving as a tool for evaluating the representations of preservice sci-
ence teachers in conceptualizing scientific practices. Given the vast amount of work
in the science education research literature on the linear and mythical depiction of the
scientific method (Windschitl et al. 2008; Wivagg and Allchin 2002), the study
reported here is promising in influencing the perceptions of preservice teachers’ per-
ceptions of scientific practices in a more holistic and circular sense, even though not
all groups made progress in this respect. The chapter will be relevant for researchers
who are interested not only in the themes of NOS and scientific practices but also in
science teacher education. A new project called “Whole Science” led by Kaya and
Erduran (www.natureofscience.net) is underway to integrate all components of NOS
from a FRA perspective in preservice teacher education, providing further evidence
on holistic accounts of NOS in science education.
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Appendix 1: Acids and Bases Activity (From Erduran 1999)

Testing Acids and Bases by Your Senses!

Part 1 In this activity, you will test different substances with our senses. You will
see, smell, taste, and touch them. In the spaces provided in the table, please describe
your experience. Guess if you think they contain acids, bases, or neither.

To do these tests, take a sample of each substance using toothpicks. Once you
finish your test, break and dispose of the toothpick. For each test, use a fresh tooth-
pick and wash your mouth with cold water.

Lemons | Vinegar | Soap | Unsweetened chocolate | Baking powder

Sight
Smell
Touch
Taste

Contains acid/base/
neither

Part 2 In this activity, you will do more tests with some of the substances from Part
1. This time, you will add water to them and then test them.

First add ten drops of water to each liquid and gently stir. Take a few drops of
each liquid using toothpicks. Once you finish your test, break and dispose of the
toothpick. For each test, use a fresh toothpick and wash your mouth with cold water.
Write down your observations in the following table.

Then put ten more drops to the same liquid and test. Again, record your observa-
tions. Finally, add ten more drops and write down your observations.

Tell if you think each substance is acid, base, or neither.

Lemons | Vinegar |Soap | Unsweetened chocolate | Baking powder

Sight
Smell
Touch
Taste

Contains acid/base/
neither
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Part 3 Draw a picture to tell what happens when you put more and more water to
the liquids in Part 2. Your picture is to explain any change that you see, smell, touch,
and taste.

Picture to show what happens when you put more and more water in an acid.

Picture to show what happens when you put more and more water in a base.
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Chapter 2
Introducing Modelling into School Science

John K. Gilbert and Rosaria Justi

Abstract Arguments for the importance of modelling in school science are
rehearsed. In the light of the historical neglect of this aspect of the school curricu-
lum, there is a need to develop and implement successful teaching strategies. A
Model of Modelling that has been successfully implemented is presented, and the
requirements for its widespread introduction are outlined. The challenges that have
to be met for the success in this enterprise are outlined. The limited evidence avail-
able on the meeting of these challenges in Far East countries, as reported in the
international press, is reviewed.

Teaching Modelling in School Science

The word ‘model” can be thought in scientific contexts as meaning an accessible
representation of theory and of data directly related to the world as experienced. Put
another way, models have been described as ‘mediating between theory and data’
(Morrison and Morgan 1999). Modelling is the complex operation involved in pro-
ducing and validating such models. Learning modelling should be an important
aspect of school science education, for two reasons. Firstly, modelling is a key
aspect of all thinking, and so developing the skills of thinking must therefore form
part of all formal education. Secondly, modelling is a key aspect of the nature of
science, that is, how science is conducted and validated. Learning about the nature
of science has, in recent years, come to be seen as a vital component of science
education (Abd-El-Khalick 2005; Allchin 2013), hence the need for a clearer focus
on modelling.

There are several major handicaps to realising the importance of modelling in
school science. Firstly, ever since science education began to be formally provided
in schools in the mid-eighteenth century, the focus of curricula and of public exami-
nations has been on content — the learning of the separate facts and overarching
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concepts of science. As a consequence, teaching schemes focus on the nature of
science, including modelling, have not been generally available. Secondly, it has
become evident that the personal education and professional training of almost all
science teachers have grossly neglected the theme of nature of science in general
and of modelling in particular. Taken together, these two handicaps have resulted in
little effective widespread teaching and learning of the nature of science and, inevi-
tably, of modelling (Lederman and Lederman 2014).

Approaches and Conditions to the Teaching and Learning
of Modelling

A principled approach to the introduction of the teaching and learning of modelling
in science has, following its extensive trial in a limited range of school contexts,
been reported in full (Gilbert and Justi 2016). However, attempts to implement the
teaching of modelling in a wide variety of school contexts will, based on the severe
and sustained problems that other teaching innovations have met (Van den Akker
1998), require that close attention be paid to particular aspects of what has to be
done. In the three sections that follow, we summarise the main component of the
Model of Modelling that forms the central theme of the work reported in Gilbert and
Justi (2016), identify the key issues that may arise during its introduction into con-
ventional — content-driven — classrooms, and then suggest ways in which progress
towards effective implementation of teaching based on the model can be made.
Finally, we summarise and evaluate the work on modelling that has been both
undertaken in East Asia and published in international-level journals, suggesting
some ways forward in that context.

The Model of Modelling

Although we recognise that modelling is a dynamic process and that it is impossible
to define a precise method for performing it, we have identified some stages that
seem important in order to generate a model that will be valid in any given context.
We organised such stages into a representation which we called a model of model-
ling (Justi and Gilbert 2002). The most recent form of our Model of Modelling is
given in Fig. 2.1. For more details about its foundations and structure, please see
Gilbert and Justi (2016).

Modelling-based teaching (MBT) is the phrase that has been used in the litera-
ture to characterise teaching situations in which students are provided with an
opportunity to create and use models (Clement and Rea-Ramirez 2008; Gobert and
Buckley 2000; Maia and Justi 2009; Svoboda and Passmore 2013). From the per-
spective of the model of modelling, it entails four kinds of activity, each of which
requires mental (and sometimes physical) engagement by students. The activities
are outlined in the following four sections:



2 Introducing Modelling into School Science 27

of‘eat'\o\'\

/i

W) Tes*
“lyation %

RS
<(:"’At:i ress\®

Fig. 2.1 The Model of Modelling (Gilbert and Justi 2016, p. 36)

The Creation of an Initial Mental Model

Although there is no universally agreed definition of ‘mental model’, the phrase
can, for our purposes, refer to ‘a representation in the mind of a person of some
aspect of the world as experienced’. The action of creating a mental model has four
components or elements. These are:

e Taking a decision on the aims of the model, that is, deciding on the type of expla-
nation it is intended to facilitate. The possible types of explanation are contextual
(naming what is being investigated), intentional (stating why an explanation is
needed), descriptive (measuring the properties of the model), interpretative
(describing the model in full), causal (stating why the model behaves as it does),
and predictive (thinking what the behaviours of the model would be in different
circumstances) (Gilbert et al. 1998). In the classroom teaching context, the deci-
sion on the aims of a model is often taken by the teacher and, at best, communi-
cated to students.

e Acquiring experience of the phenomenon to be modelled. Experience may be
gained either directly, by laboratory or field work on it, or indirectly, for exam-
ple, by viewing a video of its behaviour or by reading something written about it
by someone else.
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Relating the aims for the model to the experience of the phenomenon. This
involves matching the two, that is, deciding the explanation type(s) that would
lead to the aim(s) of the mental model being achieved.

Using analogical reasoning approach to argumentation (Treagust et al. 1998) in
order to produce the initial version of the mental model, which may be called the
‘proto-model’.

Expression of the Proto-model

This involves taking actions on the proto-model in order to make it communicable
to other people. Three elements are involved here, which are:

Producing a ‘visualisation’ of the proto-model, which makes it possible to ‘see’
the mental model in your ‘mind’s eye’ (Gilbert 2005).

Expressing the proto-model in one of the five main ‘modes of representation’
which are possible (i.e. the concrete/material, verbal, visual, symbolic, virtual).
Each of these has sub-modes that vary in their capacity to represent and so to
facilitate visualisation (Gilbert et al. 1998). Doing so places a proto-model in the
realm of common experience.

Adapting the model that has been expressed (the ‘expressed model’) in the light
of the aims underlying its creation and of the experience previously had of the
phenomenon. The intention is to make it more closely meet those aims.

Testing the Model

A major component of scientific methodology is the requirement that a proposed
explanation, based on a model, be used to see the extent of its match with the rele-
vant aspect of the behaviour of the phenomenon.

This testing of the model has four elements, which are:

Planning and conducting ‘thought experimentation’ using the expressed model.
This has all the usual components of practical work but is carried out mentally
rather than empirically (Gilbert and Reiner 2000).

Planning and conducting ‘empirical experimentation’. To see if the thought
experimentation has had a positive outcome to some degree (i.e. the predicted
results had been obtained), and if the empirical (laboratory) versions of the
experiments can be successfully carried out.

Critically evaluating the results of both the ‘thought’ and the ‘empirical’
experiments.

Modifying the model if needed, assuming that the thought and/or empirical
experimental results were reasonably satisfactory. However, if the experiments
produced unsatisfactory results, another proto-model will have to be created, and
the procedure started again.
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Evaluation of the Model

The evaluation of the model involves comparing the degree to which behaviour
based on it agrees with that of the phenomenon itself.
Evaluation involves three elements which are:

o Establishing the limitations of the model in terms of its declared aims. This may
be done by answering the following question: to what extent does the model
properly play the role that was expected of it?

» Establishing the scope of the model by using it for similar purposes in respect of
allied phenomena. This capacity for ‘transferability’ is an important indicator of
the value of a model (Gilbert 2006).

e Convincing others (e.g. fellow students) of the validity of the model that has been
expressed. The skills of argumentation are vital here (Mendonga and Justi 2013;
Passmore and Svoboda 2012).

The existence of these three elements means that a single teaching activity in
which students are only asked to reproduce a pre-existing model cannot be charac-
terised as providing an MBT context.

Studies that investigate the involvement of students in all of these sorts of activity
have shown that they collectively provide an opportunity to experience a more
authentic science education (Gilbert 2004) and have contributed to an improvement
in their learning of science and about science (for instance, Clement and Rea-
Ramirez 2008; Maia and Justi 2009; Mendonga and Justi 2011; Prins et al. 2009;
Windschitl et al. 2008). However, providing the circumstances for this to be achieved
does require the presence of a particular set of classroom conditions. To emphasise
this importance, we summarise the complete list in the next section.

The Requirements for Successful Modelling-Based Teaching

The several general social, psychological, and pragmatic conditions that have to be
met if the Model of Modelling is to have a chance of being successfully imple-
mented in a science class are:

e MBT must be implemented in respect of a phenomenon for which the students
might have had practical experience (directly or indirectly) and which is, or
might be, of interest to them.

e The class should seek a particular type of explanation, this enabling the students
to know why they are learning about the phenomenon.

e The teaching should involve a phenomenon or idea for which the students do not
already know of an established model.

e The aims of the activity (the purposes for which the model is to be developed)
should be capable of engaging the sustained interest and commitment of the
class.
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The class must consist of a reasonable number of students so that extensive inter-
actions between students working in small groups and between the teacher and
the groups are feasible.

The class must have a pedagogic history characterised by extensive two-way
interaction between the teacher and the students, especially when initiated by
students (Mortimer and Scott 2003).

Each session for the class must be of sufficient duration to enable discussion-led
progress to be made from interactions between students in small groups, between
students from distinct groups in whole class discussions, and between students
and the teacher.

Students must already have had extensive experience of attempting to persuade
others of the value of their ideas (Berland and Reiser 2010; Jiménez-Aleixandre
and Erduran 2008; Jiménez-Aleixandre and Pereiro Muifioz 2002; Sampson et al.
2011).

The general pedagogic conditions will be met if the students have already had

extensive experience of the skills of:

Relating the aims that the class are addressing to the theoretical and empirical
decisions that are being taken and implemented in the class.

Engaging in analogical reasoning (Mozzer and Justi 2011; Treagust et al. 1998).
Producing visualisations (Gilbert 2005).

Planning and conducting thought experiments (Gilbert and Reiner 2000).
Participating in argumentative situations (Jiménez-Aleixandre 2008; Sampson
and Clarke 2008).

The above conditions are demanding, and in many school contexts, there will be

problems in meeting them. Such problems will arise for a series of reasons. Teachers
may lack the knowledge necessary to implement MBT. Parents may complain about
the introduction of the approach because of their ignorance and/or misunderstand-
ings about the MBT approach and its possible outcomes in terms of students’ devel-
opment in traditional content transmission terms. However, the excellent outcomes
reported in empirical studies conducted in regular classrooms where most of the
above conditions were satisfied (for more details, see Gilbert and Justi 2016) show
that it is worth facing the challenges of providing (or improving) the necessary con-
ditions in schools.

Problems in Introducing and Sustaining Modelling-Based
Learning

The usual conditions for the provision of science teaching in school science — what
Thomas Kuhn calls ‘the normal paradigm’ (Kuhn 2012) — contain several elements
that are not supportive of modelling-based classes. These are the existence of:
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* Very large class sizes. Meaningful interaction between and with all the students
tends to not be feasible in these circumstances.

* A lack of experience of group work. The problems of managing a class consist-
ing of many groups, when students have no strong interest in the work being
done, often preclude the extensive use of such groups.

e A lack of meaningful interactions within the class. The above two conditions
mean that many, if not most, interactions are initiated by the teacher and are of
the question-response-evaluation format.

e There is no tradition in many science classes of the conduct of analogical think-
ing, of the explicit creation of visualisations, and of the explicit use of the ‘modes
of representation’.

e The underuse of argumentation by students with other students.

On the other hand, some studies conducted in regular classes composed of more
than 30 students, but in which the teacher had the knowledge and skills needed to
implement MBT activities, show that the participation in those activities also sup-
port students’ learning of, and engagement in, analogical thinking (Mozzer and
Justi 2011), producing visualisations (Gilbert et al. 2010; Oliveira et al. 2015), plan-
ning and conducting ‘thought experiments’ (Maia and Justi 2009; Mendonca and
Justi 2011), and participating in argumentative situations (Mendonga and Justi
2013; Oliveira et al. 2015). Therefore, the ‘normal’ paradigm of school science
teaching cannot be viewed as a barrier to the implementation of an MBT approach
to science education. In fact, it seems that the main obstacles to the implementation
of an MBT approach in science classrooms are the teacher’s willingness and knowl-
edge about how to do so. In the case of any education innovation, the teacher is
ultimately responsible for implementing it. Therefore, the challenges of educating
teachers about contemporary perspectives on science education and in supporting
their innovatory work seem to really be the key to changing the ‘normal’ paradigm
of school science teaching.

Strategies for Introducing and Sustaining Modelling-Based
Teaching and Learning

A number of strategies can be adopted so that not only is the initial phased introduc-
tion to modelling successful, but it becomes an established style of teaching and
learning. These are:

 Increasing the reciprocal extent and broadening the range of teacher-student and
student-student interactions.

e Explicit teaching of the use of analogical reasoning in science and science
education.
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» Explicit teaching of the codes of representation (the aspects of a model that can
be clearly represented in a particular mode) of the various modes of representa-
tion (whether the visual, verbal, concrete material, diagrammatic).

» Explicit teaching of the skills of visualisation.

» Explicit teaching about argumentation and its role in the production, communi-
cation and discussion of scientific knowledge.

* Making clear the relations between models and modelling and essential attri-
butes of scientific knowledge.

e Starting by ‘teaching the nature of models’ and working towards modelling-
based teaching.

Modelling-based science teaching is gradually being introduced throughout the
world, including in Far East countries.

Modelling in School Science in East Asian Countries

Many East Asian countries are introducing ‘nature of science’ and ‘inquiry-based
teaching’, with their implicit inclusion of modelling as a topic and skill set, into
their school science curricula. A very recent overview of science education research
and practice in East Asia, as published in international and national science educa-
tion journals (Lin et al. 2016), included such data under two headings: ‘history and
philosophy of science and nature of science (HPNOS) * and ‘learning inquiry and
practical’ (LIP). That data is presented by country, the number of papers being fol-
lowed by the percentage of that type of paper in all science education research out-
put in a given country, in Table 2.1.

These numbers suggest that publishing papers on modelling may not yet have
achieved a degree of priority, but the situation is not clear. Looking more closely at
the international-level literature specifically in science education, we identified only
a few papers apparently explicitly concerned with modelling that had East Asian
authors: Chiu et al. (2002), Zhang et al. (2006), Wu (2010), Lin and Chiu (2010), Oh
and Oh (2011), Chang and Chang (2013), Wu et al. (2013), Lin (2014), Liu et al.
(2014), and Cheng and Lin (2015).

Although there are overlaps between papers, the following modelling-related
themes are present.

Table 2.1 East Asia Country | HPNOS LIP

publications that may have China |27 (43%) |87 (13.8%)

modelling Japan  |8(08%) |59 (6.2%)
Korea | 117(54%) | 300 (13.8%)
Taiwan | 25 (7.8%) 24 (7.5%)

Abstracted from Song et al. (2016,
Table 6, p. 148-150)
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Teacher Knowledge About Modelling

The study into teachers’ knowledge reported in Lin (2014) looked into the situation
in Taiwan and in respect of ‘elementary schools’. It is not clear why such a focus
was decided upon, perhaps because modelling is first encountered in that (unde-
fined) age phase. More informatively, the knowledge of ‘specialist’ and ‘non-
specialist’ teachers was compared: this is helpful, because the latter group is
presumably the more numerous. Using primarily a Likert scale questionnaire, which
by its very nature just required respondents to recognise statements about model-
ling, the knowledge of both groups was found to be adequate. Follow-up interviews
showed, as one would expect, that only the specialist teachers had the pedagogic
content knowledge required for successful teaching of the practical skills involved.
Improved pre- and in-service education was suggested.

In an interesting study, Lin and Chiu (2010) administered a pre- and post-
instruction test on acids and bases and focused the teaching of this topic through a
modelling approach to a class of ninth grade students in Taiwan. From the pretest
results, small groups of low and high achievers were identified and interviewed.
Following instruction, which was recorded, both groups were also reinterviewed.
The results show that the teacher made correct interpretations of the pre-instruction
understandings of the high-achieving group but not that of the low-achieving group.
In the latter case, the teacher’s subsequent actions just reinforced the low-achieving
group’s pre-instruction misunderstandings. This study seems to reinforce the notion
that teachers’ pedagogic content knowledge must include a grasp of students’ pre-
instruction knowledge about modelling if this is to be the focus of instruction. This
knowledge would enable the teacher to provide appropriate support for students in
their reconstruction and construction of models.

The efficacy of this support was shown in a study by Chiu et al. (2002) of tenth
grade students in Taiwan, working on the theme of chemical equilibrium, where the
teacher’s ‘cognitive apprenticeship’ engagement during practical work enabled
acceptable models of the phenomenon to be created. Indeed, the teachers’ class-
room practice corresponded fairly closely to the norms of practice as outlined
earlier.

These three studies show that, when teaching through and about modelling,
teachers must have a sound understanding of the approach, must be aware of what
their students understand about the phenomenon being addressed, and must behave
supportively rather than deductively.

The Teaching of Modelling

That a focus on modelling has only recently begun to emerge in East Asian coun-
tries is shown by the fact that a fairly recent review of the fields of models and
modelling in science education (Oh and Oh 2011) concentrates on the former rather
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than on the latter. There is a general temptation in research and development work
on science education to both concentrate on development before sufficient research
has been undertaken and to proceed without a due sensitivity to the cultural context
of any future general (i.e. multicultural) application. An early paper on the use of a
computer-managed modelling kit which has an apparently East Asian authorship
fails to identify the national context in which the work was undertaken (Zhang et al.
2006). Following the long tradition in East Asian countries to learn from texts, a
recent study (Jong et al. 2015) investigates the effect of students reading a text that
explicitly discussed the specific stages of modelling. This was done with the exem-
plification of the ideal gas law through the use of modelling competences (assumed
by the authors to be “the thinking skills that students use to generate, validate,
revise, and reconstruct their mental models” (Jong et al. 2015, p. 988)). It shows that
the new educational demand may be met, at least in part, by traditional approaches.

The Skills Involved in Modelling

The fact that it is ‘early days’ in research and development concerned with model-
ling in East Asia is shown by the very fragmentary attention so far paid to the mul-
tiple skills, as outlined in this chapter, that are involved in it. The necessity of a good
grasp on the ‘nature of a scientific model’ by students was shown in the study of
ninth graders in Taiwan, whose performance in this respect was very variable
(Cheng and Lin 2015). The ability of tenth grade students in Hong Kong to visualise
the various sub-modes of diagrammatic representation that are used in human biol-
ogy has been shown to their attitudes in general to this type of work (Liu et al.
2014). The paper by Chang and Chang (2013), showing that eighth grade students
in Taiwan, when provided with a scaffolded programme of support, learnt the skills
of evaluating expert- and peer-generated models, may set a precedent for the change
of attitudes that seem to be called for.

Fundamental Research into Modelling

Given the sparseness of fairly straightforward empirical work on modelling in East
Asia so far, it is hardly surprising that little fundamental work, which is inherently
more demanding, has been done. A notable exception has been the work by Wu,
who has been conducting interesting studies on students’ visualisation and model-
ling in the last decade. For instance, in one of her studies (Wu 2010), students were
really involved in learning to construct a model de novo (Justi and Gilbert 2002).
This arose from their engagement in the epistemic practices involved in modelling
when they used a technology-enhanced learning environment (that included a
computer-based modelling tool and was developed from the analysis of novice and
experts modelling practices) when learning about air quality. The students had
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neither previous experience with modelling nor previous knowledge about the topic.
The results of the study (supported by substantial data) show that most of them
developed both the skills of modelling and conceptual knowledge about modelling.
However, independently of the results, this study has the merits of providing stu-
dents with nearly authentic conditions in which to create their models' and analys-
ing the process of students’ development of modelling practices. From both aspects,
the study generated knowledge that may contribute to the research in the area and
support new relevant questions to be investigated.

Other Matters

The brief literature review given above, albeit only focusing on papers that appeared
in international journals, drew very heavily of work with a Taiwanese authorship. It
may be that work elsewhere in East Asia is still only published in national journals.
We would encourage the authors of such work to make it available to international
audiences. Three other matters came to our attention on which we would encourage
further work:

*  Almost all the studies reported were concerned with students in grades 8—10 and
their teachers. It may be that modelling only enters curricula at this stage or that
gaining access to such students for research purposes is easiest in those grades.
However, the skills involved in modelling are both many and complex. The abil-
ity to model must surely develop slowly in even the most advantageous class-
rooms. Surely there is a need for studies of students of grade 7 and below as well
as of those in grades 10—12 and university students, better still, longitudinal stud-
ies across the whole school and university science curriculum.

e Computer-based modelling kits are becoming widely available. Whilst these are
attractive because of their apparent efficiency of time use, we would encourage
work that sought to build bridges of understanding about modelling with and
without the use of such systems. Guidelines from doing this could be drawn up
from the studies conducted by Wu and her group (Wu 2010; Wu et al. 2013). Our
ambition is that scientific modelling becomes a widespread mental skill that can
be deployed in any physical environment.

e As previously emphasised, science MBT may not be introduced into East Asian
schools if teachers do not have the required knowledge and were not convinced
about its effectiveness in supporting students’ learning of and about science.
Therefore, we view the planning of teachers’ education activities from a
modelling-based approach as very important, together with the conduct of stud-
ies on (i) the development of teachers’ knowledge about modelling and MBT and

'The author recognises that one of the limitations of her study is that the computer modelling tool
does not allow students to create any variable they want. But she also informs the reader that such
a limitation would be addressed in a new version of the tool.
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(i1) the way teachers integrate such knowledge into actions in regular classes.
The current literature published by authors from other countries (discussed in
chapter 11 of our recent book (Gilbert and Justi 2016)) may help those interested
in facing this challenge.

Some Progressive Changes to Teaching

In the meantime, and assuming that teachers understand the basics of MBT, there
are a number of avenues for the development of teaching practice that would sup-
port the progressive introduction of modelling-based teaching into schools. These
are:

» Seeking to have larger blocks of time for at least some lessons, for this would
accommodate sustained work.

* Expanding the use of group work in teaching.

* Expanding the use of question-and-answer approaches to teaching.

e Introducing the study of examples of phenomena in which the students may be
genuinely interested and for which they have not already been taught standard
models.

* Introducing and providing sustained practice in the notion of ‘explanation’ in
science.

* Providing explicit instruction and practice in the use of analogy in seeking
explanations.

* Providing extended experience in the production of visualisations of mental
models and their communication to others (students, the teacher).

e Introducing and providing extensive opportunities to construct and run ‘thought
experiments’.
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Chapter 3
Exploring Mechanistic Reasoning
in Chemistry

Vicente Talanquer

Abstract Science educators across the world recognize the importance of develop-
ing students’ ability to build arguments and explanations using scientific models.
However, the type of mechanistic reasoning that we would like students to develop
is challenging for many learners because it demands the simultaneous analysis of
multiple factors operating at different scales. In this contribution, we summarize the
major reasoning challenges that we have uncovered in our studies focused on the
analysis of students’ ability to use structure-property relationships to build mecha-
nistic explanations about chemical substances and phenomena. Our investigations
have revealed that students at all educational levels often rely on implicit knowledge
and reasoning strategies to simplify tasks. In particular, they tend to apply quick
heuristics that facilitate decision-making and intuitive schemas that simplify the
construction of inferences. The three most common types of heuristics used by the
participants in our studies include recognition, similarity, and one-reason decision-
making. The most dominant intuitive schemas elicited by our research are an addi-
tive property schema and a centralized causality schema.

Introduction

Science education reform efforts in the past 20 years have stressed the need for
students to actively engage in generating arguments and building explanations of
relevant phenomena using scientific models (NRC 2007, 2011, 2013). Students’
initial explanations of a process or event will likely include a variety of nonnorma-
tive ideas, some more productive than others. However, by asking students to
express and discuss their ideas in public, teachers can assess student understanding,
provide formative feedback, and better scaffold student learning (Windschitl et al.
2012). In this environment, a teacher’s ability to notice more or less productive
ways of thinking and to effectively respond to and build upon the ideas that students
express strongly depends on her or his knowledge of how novice learners and
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experts in the field reason about the systems and processes under consideration
(Coffey et al. 2011; Robertson et al. 2016).

Explanations of natural phenomena generated by scientists in different disci-
plines tend to be mechanistic in nature (Russ et al. 2008). These mechanistic
accounts invoke the existence of specific agents (e.g., atoms, molecules, cells,
organs) with particular properties (e.g., mass, charge, selective permeability) that
determine how different agents interact with each other and the types of processes
or activities in which they participate (Machamer et al. 2000). Mechanistic explana-
tions are highly valued in science because they can be used to describe, explain, and
predict the behavior of many systems of interest. Unfortunately, research in science
education has shown that students often struggle to build mechanistic accounts of
natural phenomena (Bolger et al. 2012; Grotzer 2003; Talanquer 2010) and that few
science teachers know how to foster, scaffold, and assess students’ development in
this area (Robertson et al. 2016; Russ et al. 2009).

To better support the work of chemistry teachers and students when engaging in
the construction of explanations, our research group has sought to characterize
major roadblocks in the elaboration of mechanistic accounts of chemical phenom-
ena. In particular, we have focused our attention on the characterization of patterns
of reasoning that affect students’ ability to explain and predict physical and chemi-
cal properties of substances using chemical models of the composition and structure
of their submicroscopic components. The ability to build arguments and explana-
tions based on structure-property relationships is a core competence in chemistry,
and it is thus critical for teachers to recognize the types of difficulties that students
face in developing and applying this type of reasoning. The central goal of this con-
tribution is to summarize the reasoning challenges that we have uncovered and to
discuss their implications for chemistry education at the secondary school and col-
lege levels.

Expert Reasoning About Structure-Property Relationships

Chemical scientists have developed a variety of models to explain and predict the
physical and chemical properties of the different substances in our surroundings.
Many of these models describe the composition and structure of matter at submicro-
scopic scales (Taber 2013a; Talanquer 2011). It is proposed, for example, that many
pure chemical compounds are composed of myriads of identical particles (e.g., mol-
ecules, ions) in constant motion and interaction. The composition and structure of
these particles are assumed to be unique for each type of substance and responsible
for its macroscopic properties. A considerable amount of practical and theoretical
efforts are thus invested in building composition-structure-property connections.
Chemical models of submicroscopic structure are mechanistic in nature. A spe-
cific set of agents, such as electrons, atoms, ions, and molecules, are defined and
used to build mechanisms that explain how and why processes of interest (e.g.,
phase transitions, chemical reactions) happen. Relevant agents are assumed to have
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certain properties that determine their behaviors. Many of these properties are
implicit rather than explicit, such as electrical charge, electronegativity, polarity,
and polarizability. These properties affect how an agent interacts with other agents
of the same or different types. These interactions, in turn, determine how a large
collection of agents may respond to changes in their environment. For example,
how their spatial and speed distributions may change when energy is exchanged
with the surroundings.

Many models of chemical systems assume that the properties of a macroscopic
sample of a material “emerge” from the random interactions and configurations that
its submicroscopic components can adopt under particular conditions (Luisi 2002).
This assumption implies that observed macroscopic properties differ from the prop-
erties attributed to the individual particles that compose the system. For example,
the flexibility of a plastic is not explained as resulting from the flexibility of its
individual molecular components but rather as emerging from the specific arrange-
ment of and interactions between the myriads of molecules that make up the mate-
rial. Nevertheless, the nature of these arrangements and interactions may often be
inferred from the composition and structure of the individual particles.

Mechanistic explanations in chemistry frequently involve shifting between dif-
ferent scales of description of the agents, interactions, and processes that are invoked
to explain or predict a phenomenon (Gilbert and Treagust 2009; Taber 2013a;
Talanquer 2011). To illustrate this point, let us look at an explanation for why oil
does not dissolve in water. As we begin our explanation, we may pay attention to the
atomic composition and structure of a single molecule of each substance (analysis
at a molecular scale). This information can be used to infer how electronic charge is
distributed between the different atoms that comprise each molecule (analysis at an
atomic scale) and thus make claims about molecular polarity and polarizability
(analysis at the molecular scale). These inferred properties support predictions
about the nature and relative strength of the intermolecular forces between different
types of particles and allow us to evaluate whether the mixed or the unmixed states
are more likely to be observed. However, the likelihood of mixing also depends on
the extent to which the process increases or decreases the number of configurations
that the collection of interacting particles can adopt (analysis at the multi-particle
scale). In general, the construction of sound mechanistic explanations of chemical
phenomena demands the analysis of interactions and processes occurring at the
atomic, molecular, and multi-particle scales. We can surmise that such explanatory
effort may be a daunting task for many learners, as well as a major instructional
challenge for the teachers who seek to engage students in that type of reasoning.

Novice Reasoning About Structure-Property Relationships

Answers to questions involving structure-property relationships demand the identi-
fication of the various compositional and structural factors that are relevant in
explaining or predicting the macroscopic properties of the substances of interest. In
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general, decisions need to be made about what factors to consider, and inferences
should be built about the relative effects of these factors on the properties of interest.
Our research studies have revealed that many students struggle with these types of
multivariate problems in chemistry. Rather than applying explicit mechanistic rea-
soning based on scientific models, they often rely on implicit knowledge and rea-
soning strategies to simplify the tasks. In particular, they tend to apply quick
heuristics that facilitate decision-making and intuitive schemas that simplify the
construction of inferences. Major research findings in each of these two areas are
summarized in the following paragraphs.

Heuristic Strategies

Research on human reasoning in social contexts has shown that people often rely on
fast and frugal heuristics to make judgments and decisions (Kahneman 2011). These
heuristics are tacit strategies for searching, selecting, and acting on relevant cues
when making decisions. They can be thought of as implicit rules of thumb for
quickly making choices under conditions of limited time, knowledge, or motivation
to complete a task (Todd and Gigerenzer 2000). For example, we often rely on a
“recognition” heuristic when buying a new product sold by different brands: we
tend to choose the brand that we recognize despite the lack of information about the
actual quality of all choices. The use of heuristic strategies often leads to reasonable
decisions in diverse contexts, but it is also responsible for a variety of biases in judg-
ment and decision-making. Although different heuristic strategies have been identi-
fied, they seem to share a similar cognitive mechanism (Morewedge and Kahneman
2010).

When asked to make a choice given limited time and information, the human
mind tends to look for explicit and implicit differences between existing options,
processing first those features that are more salient to an individual (Oppenheimer
2008). The most salient features are likely to include explicit characteristics, such as
the relative size of objects, or familiar characteristics, such as the name of a known
brand. During this search, our mind seeks to associate the noticed salient feature
with the actual quality under evaluation. For example, in deciding whether Peter or
John is more generous, our mind may first process the fact that Peter invited us for
lunch 2 days ago. This action is likely to be associated with generosity in our mind,
biasing our choice toward Peter. These cognitive processes unconsciously lead us to
substitute a difficult question (e.g., who is more generous?) by a simpler one (e.g.,
who invited us to lunch recently?). In general, the choices that people make are
strongly influenced by the features that are most salient to them in a given context
and by the implicit associations made in their minds (Kahneman 2011).

We have been interested in exploring the extent to which chemistry students rely
on heuristic reasoning rather than on mechanistic reasoning when engaged in mak-
ing judgments, decisions, and predictions in chemical contexts (Talanquer 2014).
Through questionnaires and individual interviews with college students who have
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completed general chemistry and organic chemistry courses at our university, we
have investigated how they make decisions about the relative values of physical and
chemical properties of different sets of substances. For example, how they decide
which chemical compound in a set will have the highest melting point, be most
soluble in water, or be the strongest acid (Maeyer and Talanquer 2010; McClary and
Talanquer 2011). We have also analyzed how they decide which chemical reaction
in a group will be most thermodynamically favored (Maeyer and Talanquer 2013).
Making these choices demands the application of relevant structure-property rela-
tionships as well as properly weighing the effects of different variables. Our work
has revealed that a large proportion of college students consistently rely on heuristic
reasoning to make these types of chemical decisions, eluding the application of
mechanistic reasoning.

The three most common types of heuristics used by the participants in our stud-
ies include recognition, similarity, and one-reason decision-making. When using
recognition, students seem to apply the following rule when comparing and ranking
chemical substances or processes: “If an option is recognized that exhibits the prop-
erty under evaluation, place this option at the top or bottom of the ranking”
(Goldstein and Gigerenzer 2002). For example, when comparing the acid strength
of HCI, HBr, and HI, a significant number of general chemistry students selected
HCI as the strongest acid simply because they recognized it as a strong acid of com-
mon use in the laboratory. Similarly, many students chose NaCl as the most soluble
substance in a set also including NaBr and Nal based on their familiarity with the
solubility of common salt. In our studies, “recognition” often provided a quick
anchor for students to begin the ranking process reducing the likelihood of invoking
structure-property relationships to justify decisions (Maeyer and Talanquer 2010).

Similarity is another heuristic often used by students to make and justify their
choices. When applying this reasoning strategy, individuals identify similarities in
explicit features of the substances or processes under analysis and use these simi-
larities to guide their choices (Read and Grushka-Cockayne 2011). For example, in
comparing the acid strength of HCI, HBr, and H,S, students using this heuristic may
judge HBr to be stronger than H,S simply based on the similarity between the chem-
ical formulas of the HBr and HCI (a substance that many students recognize as a
strong acid). The use of similarity offers a shortcut for the more cognitive demand-
ing task of identifying and weighing the effects of the different structural factors
that affect acid strength (e.g., bond strength in the acid molecules, charge density
and polarizability of the conjugate base molecules, etc.). Students who actually
embark in this type of structural analysis frequently end up simplifying their reason-
ing by selecting a single variable on which to base their decision. Students who
apply this one-reason decision-making heuristic (Gigerenzer and Gaissmaier 2011)
search for a cue (one at a time) that can be used to differentiate between options
(e.g., bromine is more electronegative than sulfur, H,S has two hydrogen atoms) and
then select the option with the highest or lowest cue value (e.g., HBr is a stronger
acid than H,S because the Br atom is more electronegative than the sulfur atom, H,S
is a stronger acid than HBr because it has more hydrogen atoms).
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Heuristic reasoning is guided by the cues that individuals more easily identify
when facing a problem. Thus, their reasoning may not be consistent across tasks as
different types of features may be more salient in different contexts. What charac-
teristics of the substances or processes represented in a chemistry task are most
salient to students depend on their prior knowledge and experiences, which influ-
ence the assumptions they make about the nature and properties of the objects and
events under consideration. Let us analyze some of the most common assumptions
guiding novice chemistry students’ reasoning.

Intuitive Schemas

Through constant interaction with the natural and social worlds, our mind develops
implicit assumptions about the properties and behaviors of different entities and
processes taking place in our surroundings (Chi 2008; diSessa 1993; Vosniadou
et al. 2008). We assume, for example, that solid objects will always move in con-
tinuous trajectories and will not suddenly disappear into thin air (Spelke and Kinzler
2007). These types of assumptions guide the explanations and predictions we make
when confronted with familiar and unfamiliar problems or situations. Imagine you
were sitting in a chemistry class learning for the first time about the electrons and
protons that make up an atom. In this situation, it is likely that your mind will tacitly
categorize these subatomic entities as tiny solid particles and attribute to them the
set of properties we associate with solid objects (e.g., moving coherently through
space, persisting over time, being impenetrable). These implicit assumptions will
help you make sense of what you are learning about entities you have never seen or
interacted with before but may constrain your thinking when learning about, for
example, the dual particle-wave nature of matter.

A significant part of our research has been focused on identifying and character-
izing the implicit assumptions that novice chemistry students make when thinking
about chemical systems and phenomena (Talanquer 2006, 2009, 2013a). Our find-
ings suggest that some of these assumptions are tightly interrelated and can be con-
ceived as intuitive schemas that guide but also constrain the explanations and
predictions that students make (Talanquer 2015). Other authors in the conceptual
change literature have identified these types of intuitive cognitive elements and dis-
cussed their critical role in the construction of knowledge. They have referred to
them as framework presuppositions (Vosniadou et al. 2008), core hypotheses and
ontological beliefs (Chi 2008), and core knowledge (Spelke and Kinzler 2007).
These intuitive cognitive elements are frequently the source of alternative concep-
tions about specific systems or phenomena (Brown 2014; Chi et al. 2011; Coley and
Tanner 2015; Taber and Garcia-Franco 2010; Talanquer 2006), but they can serve as
productive resources in the development of scientific understandings (Wiser and
Smith 2016).

The intuitive schemas that seem to guide novice students’ reasoning in chemistry
often differ from the normative schemas used by experts to build structure-property
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relationships and seem to be resistant to change with training in the discipline.
Results from our investigations indicate that the application of these schemas may
depend on the nature of the question or problem faced by the students. Two of the
most pervasive schemas elicited by our studies are the “additive property” schema
and the “centralized causality” schema described below. These schemas have a
strong influence on how students think about structure-property relationships.

Additive Property Schema This intuitive schema seems to guide students’ infer-
ences about the properties of substances based on available information about their
chemical composition and structure. The core interrelated assumptions that charac-
terize this schema may be expressed as (Taber and Garcia-Franco 2010; Talanquer
2008, 2015):

(a) Chemical substances can be thought of as homogeneous aggregates or mixtures
of diverse components (e.g., atoms, elements, ions, molecules, chemical bonds).

(b) Each component has inherent properties that are not affected by the presence of
other components.

(c) The properties of each component are the same at all scales, from the macro to
the submicroscopic scale.

(d) The properties of the substance result from the weighted average of the proper-
ties of all its components.

This “additive property” schema manifests in diverse ways when students engage in
thinking about the relationship between chemical compositional and structural fea-
tures and observable properties. For example, when college chemistry students were
asked about the likely color, flavor, or smell of the product of a chemical reaction,
the majority of them selected an answer consistent with the assumption of simple
combination of properties of the reactants (e.g., the reaction between a blue reactant
and a yellow reactant produces a green product) (Talanquer 2008). This response
was common not only among novice college students but also among students who
had completed 1 and 2 years of chemistry courses at our university (Talanquer
2013a). Similarly, these types of students inferred that a substance like silver chlo-
ride (AgCl) was likely to be shiny and malleable due to its silver content and that
methanol (CH,O) or ethanol (C,HsO) was more combustible than methane (CH,)
because their molecules contained oxygen, a substance they assumed to be flam-
mable (Banks et al. 2015; Cullipher et al. 2015).

When learners apply an “additive property” schema, they think of the compo-
nents of a chemical system as noninteractive parts with fixed properties. For exam-
ple, they think of molecules as composite static objects that require energy to be
assembled, and the larger the number of atoms in the molecule, the larger the
amount of energy that needs to be invested to synthesize it (Maeyer and Talanquer
2013). When making judgments about the chemical reactivity of a molecular entity,
students who apply this intuitive schema tend to pay attention to the number of
atoms of a certain type which are seen as responsible for particular behaviors. For
example, the more electronegative atoms are present in a molecule, the more reac-
tive the molecule will be, or the more acidic protons a molecule has, the stronger
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acid it will be. The “additive property” schema supports reasoning based on a one-
reason decision-making heuristic, where a single property of a component is used as
cue to make inferences of the form “more A-more B (Cooper et al. 2013; Stavy and
Tirosh 2000).

The “additive property” schema applied by novice learners is substantially dif-
ferent from the “emergent property” schema held by expert chemists who think of
atoms, molecules, and chemical substances as dynamic collection of interacting
particles, with properties that emerge from such interactions. When using an emer-
gent property schema to reason about a chemical system, inferences about proper-
ties are built based on the analysis of potential interaction between components
rather than on the mere identification of the types of constituents and the quantifica-
tion of their amounts. Research in chemistry education suggests that the shift from
an “additive property” to an “emergent property” schema is not easy for many learn-
ers. We have found students at different educational levels expressing ideas that
suggest they hold an additive property schema when reasoning about chemical sub-
stances and processes (Banks et al. 2015; Cullipher et al. 2015; Talanquer 2008).
However, more advanced students tend to think of some properties in additive ways
while thinking about other properties using an emergent property schema. For
example, they may explain the difference in boiling points between CH, and CH,O
based on the relative strength of intermolecular interactions between molecules of
these compounds, while attributing higher combustibility to CH,O simply based on
the presence of an extra oxygen atom in the molecules of this compound. These
results suggest that the shift from one schema to the other is gradual and property
dependent.

Centralized Causality Schema Students’ reasoning about why and how physical
and chemical processes happen based on compositional and structural cues is often
guided by an intuitive schema based on the following interrelated implicit assump-
tions (Grotzer 2003; Resnick 1996; Talanquer 2006, 2013b):

(a) Processes are caused or driven by an active agent that can either orchestrate
events or create conditions to enable them. This active agent acts on one or
more passive agents.

(b) Processes are conceived as a linear chain of sequential events resulting from the
action of one or more protagonists.

(c) The active agent tends to act purposefully, seeking to achieve some goal that
will allow the system adopt a more desirable state.

This way of thinking has been elicited in different contexts, from asking students to
make sense of bonding patterns in chemical compounds to asking them to explain
why certain compounds react with one another. For example, chemistry students
commonly think that ionic compounds are formed in a process in which some active
atoms take away electrons from other more passive atoms that willingly donate their
electrons. Such electron exchange is judged to occur because each type of atom
“wants” to acquire a full valence electron shell (Taber 1998, 2013b; Talanquer
2013b). In our investigations of how students think about why and how different
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types of chemical reactions happen, the most common way of thinking expressed by
undergraduate and graduate chemistry students rested on the assumption that sub-
stances react with each other in order to become more stable (Yan and Talanquer
2015). Highly reactive substances were often seen as the initiators of chemical pro-
cesses that would take them to lower energy states. Within this schema, students
consider that molecules of an acid donate a proton to molecules of a base in order to
become more stable, and oxidizing agents take electrons from reducing agents for
the same purpose. Stability is often associated with reduced energy, and thus a sys-
tem’s desire to reduce its energy is judged as the major driver for chemical change
(Weinrich and Talanquer 2015).

As was the case with the “additive property” schema, the results of our investiga-
tions reveal that the application of a “centralized causality” schema is more com-
mon when thinking about some types of systems than others. For example,
undergraduate and graduate chemistry students are more likely to apply this schema
when thinking about reactions in which two substances combine to form a single
product (combination reactions) than when analyzing processes in which two sub-
stances participate in a double displacement reaction. In this latter case, students are
more likely to invoke a mechanism based on attraction and repulsion of charged
particles to explain the process (Yan and Talanquer 2015). This result suggests that
the intuitive “centralized causality” schema loses strength as explanatory tool on a
case-by-case basis as students assimilate alternative mechanisms to explain chemi-
cal processes.

One can expect that students will struggle to develop more normative ideas about
why and how physical and chemical processes happen using compositional and
structural cues. Mechanistic explanations in chemistry typically involve the analy-
ses of two of more processes occurring simultaneously across the system. Some of
these processes may be conceptualized as opposite to each other (e.g., evaporation
versus condensation, forward reaction versus backward reaction). The net outcome
of these processes is determined by internal and external constraints that affect the
relative probability of different random events. Observable patterns at the macro-
scopic level emerge from the continuous and dynamic random interaction of parti-
cles at the submicroscopic level. These interactions have equal status, with no
recognizable “leaders” or “enablers.” The required analyses are multivariate and
multiscale in nature and thus demand high cognitive effort. Students” minds tend to
simplify this task by focusing on a single agent and a single process, thinking at a
single scale, and attributing preferentiality to probable outcomes.

Conclusions and Implications

The type of mechanistic reasoning that we would like our students to apply in chem-
istry classrooms is challenging for many learners because it demands the analysis of
multiple variables and simultaneous processes. Additionally, it requires that stu-
dents build connections between agents, properties, and processes defined at
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different scales (Taber 2013a; Talanquer 2011). These types of mechanistic expla-
nations are quite different from the types of explanations we commonly build in our
daily lives to make sense of the differences in properties and behaviors of the diverse
entities and events happening in our surroundings. The human mind often develops
implicit reasoning strategies to facilitate judgment and decision-making (Kahneman
2011), as well as tacit assumptions about the nature of things that guide the con-
struction of inferences (Spelke and Kinzler 2007; Talmy 1988). These same heuris-
tics and assumptions seem to guide students’ thinking in the classroom and may
constrain the application of more sophisticated mechanistic reasoning.

The results of our research suggest that novice learners tend to conceive chemi-
cal substances as composite objects and explain their properties and behaviors in
terms of the inherent properties and behaviors of their individual components. This
is not very different from how we make sense of the differences we observe in
objects in our surroundings (Cimpian and Salomon 2014). We assume, for example,
that the different colors in the wings of butterflies are due to the presence of differ-
ent colored pigments, rather than considering that those colors actually emerge from
interactions between wing materials and solar light. Our thinking about the changes
that take place around us is also similar to that expressed by students when reason-
ing about physical and chemical changes in the classroom. We tend to think of
larger, stronger, and faster objects as having more agency than smaller, weaker, and
slower ones (Talmy 1988). We also tend to attribute intentionality to processes when
there is none, like when we assume that plants turn toward the sun to get more light
or that ants communicate with each other to gather their food (Kelemen and Rosset
2009). The assumptions that we make affect the features of a system or phenome-
non to which we pay attention, biasing our judgments and decisions. Heuristic rea-
soning is as pervasive in our daily lives as it is in the classroom.

Our studies indicate that students develop the ability to use normative mechanis-
tic reasoning to think about chemical systems and phenomena, but this ability seems
to develop slowly and in pieces (Weinrich and Talanquer 2015; Yan and Talanquer
2015). This is, students learn to think in normative mechanistic ways about some
specific processes while applying intuitive schemas to reason about others. This
fragmentation may be due in part to our traditional approaches to teaching chemis-
try which focus more on acquisition of factual knowledge than on the development
of productive ways of thinking in the discipline. Students tend to be confronted with
mechanistic reasoning in isolated situations (e.g., explaining why a substance dis-
solves in water or why a chemical reaction reaches equilibrium), but there is no
systematic effort to help them develop mechanistic frameworks that can be applied
across different types of phenomena.

Traditional chemistry courses are organized as a sequence of topics (e.g., atomic
structure, chemical bonding, chemical reactions) rather than around fundamental
ways of reasoning in the domain. Teachers tend to emphasize the acquisition of
descriptive knowledge and basic problem-solving skills. In these traditional envi-
ronments, students learn to, for example, balance chemical equations, calculate
amounts of substances, draw Lewis structures, and assign oxidation states. There
are far fewer opportunities for students to engage in building arguments and
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explanations to make sense of properties and phenomena in relevant situations
(Sevian and Talanquer 2014; Talanquer and Pollard 2010). Even when they do, few
teachers are prepared to press students to generate mechanistic accounts, support
learners in these efforts, and create activities that help them build generalizable
ways of thinking that can be applied across different contexts (Russ et al. 2009;
Robertson et al. 2016).

There is evidence to support the claim that students can engage in sophisticated
mechanistic reasoning when given opportunities to do so in scaffolded learning
environments. In these types of classrooms, students are confronted with authentic
problems and asked to build explanations or design solutions using models
(Windschitl et al. 2008, 2012). Teachers implement activities that elicit students’
ideas and make their thinking public. Shared ideas can then be analyzed and chal-
lenged if necessary. Many students often express productive ways of reasoning that
can be used to build more normative understandings (Wiser and Smith 2016).
Comparing and contrasting different ways of explaining a system or phenomenon
helps students identify the scope and limitations of different types of reasoning (Chi
et al. 2011). Engaging students in collaborative construction of ideas has been
shown to be highly successful in fostering the development of meaningful under-
standings (NRC 2005; Chi and Wylie 2014).

Changing the teaching approach, however, is only a part of what is needed to
strengthen students’ ability to engage in normative mechanistic reasoning.
Chemistry educators and chemistry education researchers also need to more care-
fully reflect on the type of mechanistic reasoning that would be most productive for
students to develop. There are major ways of explaining and inferring chemical
properties and phenomena based on structure-property relationships that need to be
made more explicit to both teachers and students (Talanquer 2015). Chemistry cur-
ricula could be modified to use these fundamental ways of thinking as central axes
in the organization of the core ideas discussed and the major activities implemented
in the classroom. A focus on fundamental mechanisms would help students better
understand how some basic ideas in chemistry can be used to make sense of the
properties of many diverse substances and a wide range of phenomena.
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Chapter 4
Supporting Scientific Report Writing
in a Chemistry Classroom

Gde Buana Sandila Putra and Kok-Sing Tang

Abstract Communication skill is one of the competency domains gaining promi-
nence in the twenty-first century. In Singapore, developing students’ literacy and
communication skills has been emphasised in all subjects, including science.
Despite the emphasis, science teachers have been reluctant to shift the focus from
learning content knowledge to including literacy and communication skill teaching
in their repertoire. Thus, literacy activities such as reading, writing, and presenting
are rarely observed in science classrooms. This study explored and examined scien-
tific report writing activity in a secondary three chemistry classroom in Singapore.
A lesson series was codeveloped with a chemistry teacher to infuse literacy activi-
ties, especially scientific report writing, in the teaching of the topic of atmosphere.
Video data and student-generated group reports were collected and analysed to
explore how the teacher taught scientific report writing and the outcomes of the
teaching as reflected by student-generated group reports. The findings from this
study suggest a need for stronger emphasis on teaching writing in science
classrooms.

Introduction

In today’s Digital Age, information has become more accessible. Not only can any-
one retrieve information easily, they can also contribute and communicate their
knowledge through writing for the world to see. When information has become the
new currency in the twenty-first century, it is important for people to know how they
can access, comprehend, assess, and even communicate information. It is thus cru-
cial to have good literacy and communicative skills to navigate the twenty-first
century.
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The development of literacy and communication has gained prominence in
recent years in Singapore. The English Language Institute of Singapore, an institute
under Singapore’s Ministry of Education, launched the Whole School Approach to
Effective Communication programme to help develop effective communication and
literacy practices in all subjects, including science subject (Tang et al. 2016). Despite
the emphasis on developing literacy and communication skills, many science teach-
ers seem reluctant to infuse literacy and communication skill teaching in their
classes as English language class is assumed to be taking care of it.

Literacy scholars (e.g. Fang 2014; Hillman 2013; Moje 2007; Pearson et al.
2010; Shanahan and Shanahan 2008, 2012) have been examining the notion of dis-
ciplinary literacy — the ability to use the specialised language, representations, and
practices of a given discipline. They highlight that each discipline requires a differ-
ent set of literacy skills as each discipline has its own conventions that are valued by
the members of the discipline community. Shanahan and Shanahan (2008) proposed
that disciplinary literacy is a form of advanced literacy and is specific to a discipline.
Thus, a general language class does not fully cater to the specific disciplinary liter-
acy requirements of different subjects, such as science, mathematics, and history.

In line with the notion of disciplinary literacy, Fang (2005) pointed out that sci-
ence cannot be done using ordinary everyday language; science has its own peculiar
language and grammar to represent the complex nature of scientific endeavours
(Fang 2005; Graddol et al. 2007; Halliday and Martin 1993; Lee 1978, 1983;
Wellington and Osborne 2001). Thus, not only do learners of science have to learn
the content knowledge of the discipline but also the peculiar language and grammar,
for example, the use of precise technical vocabulary, embedded clauses, and passive
voice (Lee and Spratley 2010). Knowing scientific concepts from teachers is not
enough as learners of science; they have to be able to access and comprehend scien-
tific knowledge from texts. Science evolves rapidly, and it is important for students
to be able to understand its development through reading. Furthermore, they have to
be able to express their scientific knowledge verbally or in written forms for reasons
including writing in examinations and sharing scientific ideas among peers.
However, despite its importance, the learning of the language of science usually
takes a back seat in science teaching and learning.

Writing, in particular, is an important activity in science learning. It encourages
students to think and organise their thought before penning it down and makes stu-
dents’ thinking visible. One issue often encountered in science classrooms is that
students know the relevant scientific facts and concepts but they are not able to
express them in written form (Lee and Fradd 1996). This is worrying because at the
end of the day, students have to write in order to demonstrate their competency in
the discipline. Moreover, not knowing how to pen down their thought could be taken
to mean that students are not knowledgeable in science. Although this is an issue for
many students, teaching how to write is rarely observed in science classrooms, let
alone giving opportunity for students to write independently. In an earlier study
where we examined the time spent in various literacy activities in science class-
rooms in Singapore, we found that writing activity was limited to mainly copying
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what teachers wrote on boards. Little emphasis was given to develop students’ writ-
ing skill in the science discipline (Tang 2016b).

In light of the minimal attention given to teaching writing skill, we embarked on
the present study to explore and examine the teaching of report writing in science
classroom. The aim of the present study was to find out how report writing was
taught in science classroom and the outcome of such teaching.

The Study

The present study focused on exploring and examining the teaching of scientific
writing in science classroom. In particular, we focused on report writing, which is
one of the four major genres of scientific writing (Wellington and Osborne 2001).
The research questions that guided the study were as follows: (1) How was report
writing taught in science classroom? (2) What was the outcome of the teaching in
terms of student-generated group reports?

The data for this study were taken from a larger 3-year research project aimed at
developing disciplinary literacy pedagogy in science classrooms in secondary
schools in Singapore. The project focused on chemistry and physics and involved
four teachers from two different schools. In this study, data from one chemistry
class were presented.

Context

The study was situated at a secondary 3 (grade 9) chemistry classroom in an all-girls
school in Singapore. The school was recruited because the school management was
interested in participating in the project. There were 28 students in the classroom,
taught by a female chemistry teacher Kathryn, a pseudonym, who had 8 years of
teaching experience at the time the study was conducted. The study comprised a
lesson series on the topic of atmosphere, designed in conjunction with the school’s
self-directed learning programme in which students were expected to learn a topic
independently through reading at home. The lessons were designed to develop stu-
dents’ literacy skills, especially report writing skill. Although report writing is not
emphasised nor examinable in Singapore, Kathryn considered report writing to be a
useful skill to hone as it could improve her students’ communication skill which is
an area of focus in the school.
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Lesson Design

The lesson series on the topic of atmosphere was codeveloped with Kathryn.
Although it was a joint effort in planning the lessons, Kathryn made the decision as
to how the learning experience was going to be. In conjunction with the self-directed
learning programme, the lessons were planned to include reading articles, writing,
and presenting scientific reports, to support independent learning, and at the same
time to develop students’ literacy skills. The lesson series took approximately four
1-hour lessons in a span of 2-week period.

The 28 students were grouped into 7 groups of 4 and tasked to conduct a mini-
research on the haze issue in Singapore as a warm-up activity in the first lesson.
They were expected to look for information about haze, write a short two-to-three-
paragraph report on their findings, and present their reports to the class. The activity
was followed by Kathryn giving tips on how to write scientific report and decon-
structing a model text to highlight the features of scientific reports to the students.
Each group of the students was assigned a topic out of the four topics available —
global warming, depletion of the ozone layer, air pollution, and acid rain — and
tasked to write a report on the assigned topic which had to be presented to the class
at the end of the lesson series. To support the report writing, each group was given
a set of reading materials and writing worksheets.

In the second lesson, Kathryn gave the students extra time to read the set of read-
ing materials, discuss about the assigned topic, write the reports, and craft their
presentation slides. Kathryn was present to assist the students. The students submit-
ted their reports, and four of the groups presented their reports in the third lesson.
The rest of the groups presented their reports in the fourth lesson. Kathryn wrapped
up the lesson series by summarising the presentations.

Materials

Each group was given a set of reading materials which consisted of four articles on
a specific topic, e.g. global warming. The articles were obtained from various reli-
able sources such as National Geographic articles, undergraduate-level articles
published in university websites, government agency websites, and children science
magazine articles. The choice of articles was made based on the information they
contained. They were selected to be complementary to each other, e.g. one article
provided the chemical equation for acid rain, while the other provided the impact of
acid rain to the environment. The set of reading materials given to the students
served two purposes: (1) to expose them to and provide them with samples of the
genre of scientific report and (2) to provide necessary information for the students
to synthesise their reports, regardless of their reading level.

Worksheets were given to support the students in synthesising their reports. The
worksheets were adapted from Literacy Design’s template tasks (Crawford et al.
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2011) and contained a role-play scenario in which the students had to assume the
role of environmental chemists who were to educate secondary school chemistry
students in Singapore about one environmental issue through their report writing and
presentation. Singapore secondary school chemistry students were selected to be the
audience to encourage the students to include chemical equations in their reports.
Four guiding questions were included in the worksheet to help the students filter rel-
evant information from the set of reading materials. Depending on the topic, the four
guiding questions were as follows: (1) What is <the topic> (e.g. global warming)? (2)
How does it come about? (3) What are some of the consequences of <the topic>
(e.g. global warming)? (4) How could the consequences be minimised?

Grading rubrics were also given to the students to help them structure their
reports. The rubrics were organised in a way to guide the students step-by-step in
organising their reports. The grading rubrics also contained language requirement.

Data Sources

The data for this study were generated from multiple sources. The lessons were
video recorded, and the video data were collected for analysis. The video data
included Kathryn’s facilitation/lecture, discussions among the students, and presen-
tations by the students. Written artefacts were also collected and scanned. They
included initial research reports that students did in the first lesson, their work-
sheets, final scientific reports, and presentation slides. For this study, video data of
Kathryn’s facilitation and the final scientific reports will be the focus of analysis.

Analytical Framework

The video data were analysed sequentially. Important teaching repertoire was high-
lighted. Student-generated group reports were analysed through systemic functional
linguistics and genre analysis lenses. Systemic functional linguistic lens was used to
analyse the reports for its linguistic features, while genre analysis lens was used to
analyse the structure of the reports.

Linguistic Features

Fang (2005) described four peculiar features of scientific writings: informational
density, authoritativeness, abstraction, and technicality. Due to the nature of the
chemistry topic, we focused on two of the linguistic features, informational density
and authoritativeness, in the present study.
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Informational density refers to the packing of information in a text — how much
information a text contains. Informational density is synonymous and reflected by
lexical density. Lexical density can be measured in two ways: (1) by calculating the
number of lexical items per non-embedded clause (Halliday 1994) or (2) by calcu-
lating the percentage of content words over total running words (Eggins 1994).
Content words include nouns, main verbs, adjective, and some adverbs; non-content
words include prepositions, conjunctions, auxiliary verbs, determiners, pronouns,
and some adverbs. A clause minimally consists of a subject (as expressed by noun
phrase) and a predicate (as expressed by verb phrase). Excerpt 4.1 below exempli-
fies how the students’ reports were analysed in terms of lexical density. There are 66
words in total, of which 38 are content words, and 6 non-embedded clauses in
Excerpt 4.1. Thus, the lexical density of the excerpt is 6.3 content words per non-
embedded clause or 57.6% of content words.

Excerpt 4.1: An Excerpt from Student-Generated Group Report Ozone
1. Clause Boundaries Are Marked with //. Content Words Are in Bold

Ozone layer is a belt of naturally occurring ozone gas that sits fifteen to
thirty kilometres above Earth. // Its purpose is to shield Earth away from
harmful ultraviolet B radiation emitted by the Sun. / Ozone is also a
highly reactive molecule. // It contains three oxygen atoms. // It is continu-
ally being formed and broken down in stratosphere. // Stratosphere is the
second major layer of the Earth’s atmosphere.

In scientific writing, information is typically presented objectively and in asser-
tive tone and impersonal ways (Schleppegrell 2002). Such presentation gives rise to
the feature of authoritativeness. Authoritativeness is a feature that presents to read-
ers a sense of authority — that the text contains objective, evidence-based informa-
tion that is to be taken as ‘facts’. Scientific texts are written without any reference to
first person, to mental processes (e.g. I think), and to direct quotes (Chafe 1982) to
remove possible subjectivity, achieving that position of authority. Attempts to
engage or ‘talk’ to readers are also rarely seen as such attempts lessen the degree of
objectivity and impersonality. In analysing student-generated group reports,
instances or signs of non-authoritativeness are identified and tabulated. For exam-
ple, ‘if your parents must use the car, ask them to avoid it... * has two instances of
informality as underlined. Both instances attempt to interact with readers by includ-
ing readers in the text (as denoted by your parents) and using imperative clause (as
denoted by ask them...).
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Genre Analysis

Every genre of written text has its own ‘rule’ that distinguishes one genre from
another. For example, a promotional text such as sales promotion letter is easily
distinguishable from an introduction section of a research article. Swales (1981,
1990) and Bhatia (1993) proposed that the distinguishability arises from the content
and organisation of information at text level. The organisation of information at text
level is built upon what Bhatia (1993) called rhetorical move structure. Texts are
constructed through carefully thought moves or steps to achieve the intended com-
municative purpose. For example, promotional texts typically have seven-move
structure (Bhatia 1993): (1) establishing credentials, (2) introducing the offer, (3)
offering incentive, (4) enclosing documents, (5) soliciting response, (6) using pres-
sure tactics, and (7) ending politely. Likewise, scientific texts have their own unique
genres and thus have their own set of rhetorical move structures.

There are four major genres of science: report, explanation, experimental
account, and exposition/argumentation (Martin and Miller 1988). The student-
generated group reports fall under the report genre, specifically the descriptive
report genre. Descriptive reports have a communicative purpose of informing read-
ers about scientific phenomena, concepts, or ideas. Unlike everyday texts, descrip-
tive reports do not have a linear temporal narrative; rather, they have multiple parts
of the same phenomenon to be described separately. Below is a seven-move organ-
isational structure that is typically suggested for writing scientific reports (e.g.
Cresent Public Schools n.d.; Monash University 2007). Using this organisational
structure, student-generated group reports were analysed for their rhetorical move
structure.

Stage Rhetorical move
Introduction Move 1 Introducing the main phenomenon
Move 2 Giving necessary background information
Body Move 3 Introducing one part of the phenomenon
Move 4 Elaborating the part
Conclusion Move 5 Summarising the key points
Move 6 Stating the conclusion
Reference Move 7 Listing references

Move 1 is identified by locating the key words or question that encompasses and
drives the flow of the report. Move 2 is identified when relevant background infor-
mation such as definition, examples, or brief history is presented. Move 3 is typically
identified by looking at the topic sentence of the body paragraph. However, it has to
be relevant to and constitute the central question/phenomenon being reported. Move
4 is identified when sentences after the topic sentence answer the ‘so what?’, ‘how?’,
or ‘why?’. Move 5 is identified by looking at the repetition of key points in the body
paragraphs. Move 6 concludes the article by stating the main idea of the article, or
the moral of the article. Move 7 is simply citing the references used in writing the
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article. Below is an example of how the move structure was identified in a student-
generated group report.

Doomsday is approaching. [Introduction]

[Move 1] Well, we don’t know for sure, but there is certainly global warming,
which all the more confirms this statement [Move 1]. [Move 2] What is global
warming? It is the slow and steady rise in the overall temperature of the earth’s
atmosphere mainly due to the greenhouse effect caused by increased levels of
carbon dioxide, CFCs, and other pollutants. [Move 2]

What are the causes of Global Warming? [Body]

[Move 3] Human beings have caused the greenhouse effect, by increasing the
carbon dioxide (CO,) concentration in the atmosphere by about 30%. [Move
3] to [Move 4] This increase in CO, concentration contributes to global warm-
ing by increasing temperatures. This is because heat energy from the earth, or
infrared radiation is trapped by CO, molecules. Thus heat energy is retained
in the earth’s atmosphere by CO, gas, causing a rise in temperature of the
earth. [Move 4]

Conclusion [Conclusion]

[Move 5] In conclusion, global warming is a serious matter. We have to take
really quick action on this matter, or our whole planet will be in danger.
Humans can lose homes, food and possible even their lives due to the extreme
climate changes. We should implement measures such as the three ‘R’s and
find new ways to produce electricity [Move 5]. [Move 6] Whether doomsday
comes or not, the consequences of global warming are very real and are hap-
pening presently. The ultimate choice on whether to act on this problem lies
with us. [Move 6]

[Missing Move 7]

Findings and Analyses

Teaching Scientific Report Writing

The teaching of scientific report writing was done by, first and foremost, providing
opportunity for the students to write one. If students were only lectured on how to
write without providing an opportunity to apply the newly learnt skill, learning
would not occur. Kathryn provided two opportunities for her students to attempt
writing scientific reports. The first opportunity was given without any writing sup-
port at the start of the lesson to gauge the students’ report writing skill. In the first
attempt, most of the groups of the students wrote in bulleted form and were lacking



4 Supporting Scientific Report Writing in a Chemistry Classroom 61

organisation in their reports. Hence, prior to giving out the second writing assign-
ment to the students, Kathryn gave a few pointers that the students need to know to
be able to write a good scientific article:

So what are some of the writing tips? Number 1. When I start to write an article, I must
make sure that it is clear and concise... make sure your ideas are well organised...you
should know your audience..., and adjust your language accordingly. Okay? Use head-
ings to organise your article systematically...use scientific or technical terms, you must
understand the word that you use... use other scientific convention such as chemical
equations, or tables to help you present your article more scientifically. These are
essence... use passive voice whenever possible to create objectivity...use appropriate
tenses... including the references towards the end of your article, alright?

There were a few things that Kathryn emphasised: (1) to write clearly and con-
cisely, (2) to be organised by using headings, (3) to use appropriate language, (4) to
use scientific terms and conventions, and (5) to include references, but there was no
direct reference made to the special linguistic features of scientific texts. Although
knowing the linguistic features of scientific report is important, the teaching of these
linguistic features may not be practical. Direct mentioning about informational den-
sity, authoritativeness, technicality, and abstraction may do little in helping students
to write, or it may confuse the students. Instead, Kathryn taught ways to write that led
to having linguistic features of scientific writing — something that the students could
act upon immediately. For instance, to achieve conciseness, students need to pack
their ideas into a few words which will result in lexically or informationally dense
reports. Using appropriate language such as passive voice helps to create authorita-
tive tone in their reports as students can distance themselves from readers. Technicality
and abstraction are also achieved when students use scientific terms and conventions
in their reports and also when they write concisely (Fang and Wang 2011).

Kathryn further supported her students by modelling the report writing. She took
a sample report, projected it onto a screen, and deconstructed the report by high-
lighting the relevant features to show her students how the writing tips she gave
them could come into realisation:

If you just take a few minutes to just take a look at this article on the flue gas desulfuri-
sation. So the first thing, that is important, is to make sure that it’s concise, there is a head-
ing... you notice that apart from the main heading, I also have subheadings. Next, in
your scientific article, you’re supposed to use scientific or technical terms such as chemical
equations, or tables to help you to present your articles clearly. So, instead of saying, this
and this will react to give you this and this, I might as well use it in terms of an equation...
Use table or diagrams or pictures, if there is any. So for example if I want to show the entire
process of a flue gas desulfurisation, the best way to show a process is through diagram,
or flowchart.

In the above excerpt, Kathryn pointed out to her students some of the points that
she made earlier. She showed them the headings and subheadings that help organise
the sample report. She also highlighted that lengthy description of a reaction could
be replaced by chemical equation — a signature of chemistry texts — to compress
information into a more meaningful representation. The use of diagrams or flow-
charts was also pointed out to be the best way to show a process.



62 G.B.S. Putra and K.-S. Tang

Kathryn continued by showing her students the process of writing the article. She
showed them how she could get all the information to write the sample report. She
showed them her reading materials, of which the relevant points were already high-
lighted, and transferred the points into the writing worksheet to organise the points
to form the skeleton of the reports. However, due to time constraint, Kathryn had to
stop at that point. She gave out copies of the sample report to her students as a refer-
ence and writing rubrics that could help them refine their reports. The teaching of
the move structure was left to the student to learn independently from the rubrics
given. Kathryn continued to facilitate the writing process in the subsequent lesson
by giving comments and attend to the students’ questions pertaining to the reports.
There was, however, no additional opportunity for the students to try their hands on
applying the writing tips prior to the final report writing assignment.

Student-Generated Scientific Reports

Seven student-generated group reports were analysed for informational density and
instances of non-authoritativeness. The table below summarises the result of the
analysis. The rhetorical move structure was also analysed, and the moves identified
in the reports were tabulated below.

Lexical density

Non- (content word/ Rhetorical move
Report topic | authoritativeness | clause) Lexical density (%) | present
Ozone 1 0 7.2 48.3 2,34
Acid rain 1 1 7.8 52.3 1,234
Global 12 7.4 535 1,2,4,5,6,7
warming |
Air pollution |7 8.0 559 1,234
Acid rain 2 10 5.3 46.6 1,234
Global 10 8.7 52.8 234
warming
Ozone 2 17 7.2 48.8 1,2,3,4,5.6
Average 8.1 74 51.2 -

The analysis of the reports shows that there are instances of non-authoritativeness in
the reports, with an average of 8.1 instances. Only two groups of students (Ozone 1
and Acid rain 1) managed to maintain the feature of authoritativeness throughout
their reports as reflected by the near-absence of non-authoritative instances. This
result may suggest that the students may not be aware of the importance of main-
taining an authoritative stance, thus objectivity, in writing scientific reports.

Taking an even closer look at the instances of non-authoritativeness that the stu-
dents made, the non-authoritativeness arises mostly because of attempts to engage
and interact with readers, rather than the use of first person reference, reference to
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mental process, or direct quotes. Examples of non-authoritative instances are pre-
sented below:

e How can we minimise the consequences?

* Do you know what the causes of air pollution are?

* Asindividuals, we can help prevent acid rain by conserving energy.
e If your parents must use the car, ask them to avoid using it.

The use of plural first person pronoun “we” and second person pronoun “you’
may suggest that the students attempted to include the readers in the conversation to
explore the phenomenon being described. While the use of the pronouns may make
the reports more reader-friendly and engaging, it introduces informality and subjec-
tivity, lessening the degree of objectivity that scientific reports typically have.

The attempts made by the students to engage readers are likely due to the fact
that the students also had to present their reports at the end of the lesson series ver-
bally. Oral communication is different from written communication in terms of the
audience presence. In oral communication such as presentation, the audience is
present within the same space and time as the presenters and they can interact with
each other immediately. Presenters, thus, tend to be required to engage the audience
present in front of them. On the other hand, in written communication, there is no
immediate audience who can respond to the writers immediately; thus, there is less
obligation to engage readers. Therefore, it is possible when the students were writ-
ing the scientific reports, they were writing in preparation for their presentations,
using the reports as their speech guides. The interactivity in the scientific reports
could be their scripts to engage the audience in their presentations.

Although authoritativeness is an important feature of scientific writing, Fang
(2005) reported that there is a growing trend of using informal and interactive lan-
guage in science textbooks to engage readers and capture their interest. The use of
such language, however, is dangerous and students need to be careful. Schleppegrell
(2004) argued that if the informal and interactive language is not carefully juxta-
posed with the more authoritative and objective language of science, incoherent
registers can arise. This may result in distortion of the genre as the reports lose its
objectivity.

In terms of lexical density, the reports written by the students had 7.4 content
words per clause or 51.2% content words over the total words on average. According
to Halliday (1994), in everyday speech there are two to three content words per
clause, while in written language the number increases to four to six content words
per clause. The number can become considerably higher in scientific texts, some-
times as high as 10-13 content words per clause. Ure (1971) suggested lexical den-
sity of greater than 40% is considered high and implies complex writing. Although
the reports written by the students can be classified as complex texts, the lexical
density in terms of content words per clause is not as high as typical scientific texts
as suggested by Halliday (1994). However, it is still higher than spoken language
and everyday written language. The result of the analysis suggests that the students
are able to produce complex texts that are considerably dense in information as
reflected by the lexical density.
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The result of the analysis of the rhetorical move structure of the student-generated
group reports suggests that the students may not have a good grasp on how to struc-
ture their reports. Only moves 2 (giving necessary background information), 3
(introducing parts of the phenomenon), and 4 (elaborating the parts) are common
across the seven reports. Moves 5 (summarising key points), 6 (stating the conclu-
sion), and 7 (listing references) are largely absent. The absence of moves 5 and 6
suggests that writing out the conclusion could be deemed as unnecessary by the
students. Likewise could also be said to providing a list of references.

The absence of the 3 rhetorical moves could affect the reports in a few ways. As
the phenomenon is discussed in different parts (e.g. causes of the phenomenon,
effect of the phenomenon), it is imperative to put the parts together as a whole.
Thus, the absence of the conclusion section may affect readers’ understanding as
the information presented is left in parts. Providing a list of citation is also important
to convince readers that the information presented in the reports is obtained from
reliable sources. Failing to provide reference may affect the reliability and the
authoritativeness of the reports.

Finally, the analysis shows an interesting result. The reports that have the linguis-
tic features of scientific texts do not have the structure. This suggests that having
appropriate writing style and information organisation at the sentence level, which
are responsible for the features of authoritativeness and informational density, does
not translate into organisation of information at the text level as reflected by the
rhetorical move structure.

Discussion

The teaching of scientific report writing was brief due to time constraint but seemed
effective for the most parts as reflected by the analysis of the students’ reports.
Kathryn was able to point out the relevant points that allow students to write the
reports effectively. What is worth noting in her lesson was the deconstruction of the
sample report. In science teaching and learning, teachers tend to provide answers
(e.g. explanation or description), but the answers are normally not unpacked to stu-
dents. There is a missing puzzle that students have to solve as they have to figure out
on their own how to arrive at the answers or the way to structure the answers. In the
lessons observed, Kathryn unpacked the scientific writing by talking about how
students could write the report and also working backward to show how her writing
tips were realised in the sample report. This is in line with the genrist point of view.
According to Hyland (2007), it is important to surface writing convention including
linguistic features and organisation of information. It allows students to have the
‘mould” of the reports they ought to write. Although this ‘mould’ method seems
rigid and allows little room for creativity, it is important to remember that the stu-
dents were not experienced report writers and therefore familiarising the students
with the genre would be of higher priority.
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However, the absence of opportunity for the students to try applying the writing
tips prior to the final assignment could contribute to the ineffectiveness reflected by
some missing moves and the many instances of non-authoritativeness in some of the
students’ reports. Rothery (1996) suggested that after text deconstruction by the
teacher, the students should be engaged in a joint text construction, where the
teacher and students create a text collaboratively as a means of applying the features
of the text deconstructed. Joint text construction allows the students to get instant
feedback on how their use of language in their writings could be further improved
to meet the writing convention and to get assurance that they are in the right track in
applying the writing tips given.

In terms of the students’ report writing, considering that it was the first time the
students had the chance to write them, the students were able to produce reports that
could resemble typical scientific reports. There are, however, a few areas that still
need some improvements: authoritativeness and organisation of the rhetorical
moves. The lack of authoritativeness in the reports could suggest that the students
were not familiar with the writing genres of the science discipline. The interactivity
exhibited in the reports could suggest that they were more familiar with other
‘everyday’ texts such as blogs or magazine articles which value interactivity with
readers. In terms of rhetorical move structure, the missing moves 5, 6, and 7 could
suggest that the students did not value conclusion and reference sections. The audi-
ence of the reports was secondary school chemistry students themselves. It is thus
possible that they wrote the reports with themselves in mind, writing what they
would like to see or treating the reports as a mere summary for the topic. Despite the
missing moves, the reports did meet the intended communicative purpose, which
was to inform and educate secondary school students on various environmental
issues. The missing moves, while affecting the quality of the reports in terms of
scientific conventions, did not affect the achievement of that objective.

Implication

The present study implies there is a value in explicitly teaching students the struc-
ture of scientific texts by deconstructing model texts to show the features and pro-
viding pedagogical opportunities for students to write. This is essentially a
genre-based pedagogy that is typically adopted in language classes. While science
class is certainly different from language class, science teachers can still consider
genre-based pedagogy in science classroom to teach scientific writing. The present
study focused on report writing, but there are also other important writing genres in
science that students need to be familiar with. For instance, the genres of explana-
tion and argument are essential to science learning and ought to be taught to stu-
dents (Tang 2016a; Putra and Tang 2016). The complex nature of these two genres
warrants teachers to guide students explicitly and help them understand how to
write an explanation or an argument and why these genres are necessary. These
writing skills are important for both science content mastery and communication
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competency in the twenty-first century. After all, students have to write for their sci-
ence examinations, and should they decide to participate in the science discipline in
the future, they have to be able to communicate their scientific ideas and findings.

Conclusion

The present study has shown how the teacher Kathryn taught report writing in a
chemistry class. Kathryn explicitly taught the important features of scientific report
and deconstructed a sample report to show the features to students, along with pro-
viding worksheets and rubrics as writing supports. The outcome of the teaching was
that the students’ reports, for the most parts, resembled typical scientific reports in
terms of linguistic features and rhetorical move structures. The findings of the pres-
ent study suggest the need for more genre-based pedagogy in science classrooms in
order to teach and support students’ writing in science.
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Chapter 5

Exploring ‘The Thinking Behind the Doing’
in an Investigation: Students’ Understanding
of Variables

Ryugo Oshima and Ros Roberts

Abstract Recent curriculum developments emphasise that scientific practice
involves understanding about evidence. The concepts of evidence have been identi-
fied as ‘the thinking behind the doing’ and have been validated as a knowledge base
underpinning this understanding, and we contrast this conceptual approach with the
widespread ‘process approach’ in which the understandings may be implicit. One
aspect of understanding is the validity of design and its underpinning variable struc-
ture. This small-scale exploratory questionnaire study, conducted with over 150
lower secondary school students from a school in Japan, enabled us to explore stu-
dents’ understanding of variables. Some items were answered well, suggesting stu-
dents’ competence with the ideas addressed, but interestingly a comparison of items
that targeted similar understandings identified different responses. We tentatively
suggest that the differences may be explained by students approaching the items
from a ‘doing’ perspective — they may be imagining the stages they may go through,
as if they were conducting the investigation — rather than from a ‘thinking behind
the doing’ perspective wherein they would draw on their understanding of evidence,
and specifically their understanding of variables, to respond to the items.

The Importance of Understanding Evidence

Over the years, how ‘doing of science’ has been conceived and expressed in the
research, policy and assessment literature has differed. Some of the key develop-
ments and issues have been summarised by various authors (e.g. Glaesser et al.
2009; Hofstein and Lunetta 2004; Jenkins 2009; Kind 2013; OECD 2013). For a
long time, the ‘doing of science’ was conceived in terms of various ‘process skills’
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which were assumed to be ‘context-free’ and acquired through practice (Millar and
Driver 1987). The process skills perspective is characterised by performance. The
main characteristic of such a perspective is that the procedural component is to be
learned by repeated exposure to practical work. The procedural component is
largely implicit in teaching, and any guidance given to students is through a simple
exemplification of the process (Abrahams and Millar 2008). Research has shown
that ‘children failed to develop meaningful understanding under science-as-process
instructional programs ... but its legacy persists in both policy and practice’
(National Research Council 2007, p. 215). Elements of that legacy can still be seen
in curricula that either have procedural components specified as behavioural objec-
tives, since these may be translated into classroom practice and assessment as just
‘doing’, or in curricula that emphasise using investigations as a pedagogical
approach, a way of teaching, mainly to illustrate substantive understanding. In such
pedagogical approaches, the ‘doing’ of science is considered to be sufficient to meet
the procedural component of the curriculum; students ‘discover’ the procedural ele-
ment with practice.

However, recognition that the ‘doing’ is ‘supported by the integration of science
concepts and processes, metacognitive processes, critical reasoning skills, and cul-
tural aspects of science’ (Cavagnetto 2010, p. 337; emphasis added) has come to
recent prominence. Many researchers (e.g. Lederman et al. 2014; Lubben et al.
2010; Roberts and Gott 2010; Schalk et al. 2013; Tytler 2007) have moved beyond
describing what scientists do (wherein any understanding may be implicit) and
explicitly articulate some of the ideas required to understand evidence since:

At the core, science is fundamentally about establishing lines of evidence and using the
evidence to develop and refine explanations using theories, models, hypotheses, measure-
ments, and observations. (National Research Council, [NRC] 2007, p. 18)

The ideas required to understand evidence represent ‘the thinking behind the
doing’ of science and have been termed the concepts of evidence. These ideas about
evidence and their interrelationship underpin the overarching concepts of validity
and reliability.

The knowledge base of evidence was developed with a detailed yet tentative
specification given by Gott, Duggan, Roberts and Hussain (n.d.) and has been fur-
ther exemplified by Gott and Duggan (2003). The premise is that these are a set of
concepts to understand rather than processes to be mastered by practice. To empha-
sise the conceptual basis of evidence (in effect, no different to other concepts which
we are familiar with in science), Roberts and Johnson (2015) have recently pre-
sented the interrelationships between some of the key constituent ideas required for
decision-making as a concept map (similar to Fig. 5.1) and have shown how evi-
dence is inherently related to the more traditional substantive knowledge and theo-
ries of science.

The map centralises the question of the validity of a pattern in data since the
confidence in the validity in any research practice gives it weight as evidence for a
claim — it is the validity or quality of the data that all investigators are striving for,
regardless of what they are researching, and is at the forefront of investigators’
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Fig. 5.1 A concept map of ‘the thinking behind the doing’ based on Roberts and Johnson (2015).
The concepts and their interrelationships within the highlighted area are the focus of this research

thinking whether they are researching in a lab or the field, doing ‘classical experi-
ments’ or ‘observational study’ (Gray 2014).

Understanding of the Variable Structure of an Investigation

At the heart of any investigation are variables (Roberts and Johnson 2015). Validly
designed investigations attempt to explore the relationship between variables while
reducing the effects of other potentially confounding variables. It is students’ under-
standing of variables and their importance in the validity of the design of an inves-
tigation that is the focus of this research (Fig. 5.1).

All investigations involve defined variables. These variables are the basic struc-
ture of existing substantive (subject) knowledge — they constitute the disciplines of
biology, chemistry, physics, earth science, etc. (Roberts and Johnson 2015).
Variables can be categoric, having values which are descriptive (i.e. colour, sub-
stance, species), or continuous with values along a linear scale (i.e. length, volume).
The nature of the variables’ values in an investigation affects how patterns in data
are presented graphically.
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Variables may have a relationship with each other — a change in one may corre-
spond to a change in the other. These two variables are identified as the independent
variable (the IV) and the dependent variable (the DV), although other terms are
sometimes used, such as input and output factors or, somewhat more simplistically,
‘the thing we change’ and ‘the thing we measure’. To explore the relationship
between the IV and the DV, the effects of any confounding variables which might
also impact on the DV must be controlled in some way.

In the laboratory, typical of an ‘experimental’ approach, the ability to isolate and
manipulate confounding variables so that their values can be controlled is exploited.
Control variable (CV) values can be fixed at values that enable the relationship
between the IV and DV to be validly explored.

Thus, an important element of students being able to understand evidence is that
they can understand the interrelated ideas about the validity of the design of an
investigation. We explore some aspects of this in this research.

Research into Students’ Understanding of Variables

There has been extensive research into aspects of students’ understanding of vari-
ables and their role in the validity of design (see National Research Council 2007,
Chapter 5, for a comprehensive summary) conducted from different theoretical per-
spectives (Glaesser et al. 2009). Much has developed from a psychology (particu-
larly Piagetian)-influenced perspective (Roberts and Gott 2008) where different
aspects of reasoning have been studied, such as ‘control of variables strategies’,
‘evaluation of covariance’ and ‘beliefs about causal mechanisms’. Our work over-
laps with this, but the ‘understanding ideas about evidence’ perspective focuses on
ideas integral to science and covers, as a consequence, more ideas from science than
does the psychology-focused development of schemas.

Some research suggests that students can learn about variables’ roles through
‘frequent engagement with the inquiry environment alone” (NRC 2007, p 150), an
extreme form of the ‘process skills’ approach discussed earlier. However, much
interactive classroom practice will provide opportunities for prompts and question-
ing (of individuals or the whole class) via direct teacher interventions or through
written prompts, and these have been shown to enhance understanding of variables
(NRC 2007) although work in the UK suggests that many opportunities for this are
missed by teachers (Abrahams and Millar 2008). Students’ opportunities to engage
with all the ideas about variables such that they can develop an understanding would
therefore appear to be somewhat serendipitous. Roberts and Johnson (2015) have
argued that the specification of the concepts of evidence and the consequent ability
to then plan systematically for their teaching within a curriculum would be less
haphazard.
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The Context of This Research

The legacy of the ‘process skills” approach — a ‘doing’ perspective — still exists in
classroom practice, including in our experience in Japan. Students tend to conduct
investigations wherein both the substantive ideas of the curriculum and scientific
practices are illustrated.

In this research, we explore aspects of students’ understanding in contexts famil-
iar to them from their teaching, that is, in a lab-based experimental approach where
variables can be isolated and manipulated.

The Research

Methodology

A total of 151 pupils aged 12—14 years in a municipal lower secondary school in
Japan took part in the research in March 2014. They completed written surveys
comprising questions about the variables involved in different scientific contexts.
The answers were analysed to investigate students’ understanding about the role of
variables in an investigation.

Sample

Of the 151 students taking part in the survey, 60 were in Year 7 and 91 were in Year
8 in a municipal lower secondary school. In Japan, the school calendar begins in
April and ends in March, so the Year 7 students had been at the school for almost a
year and the Year 8 students had been there for almost two. Municipal schools
recruit students locally, without any entrance examination: students simply enter a
school in their school district. These schools follow the course of study (the national
curriculum), and there is little variation between municipal lower secondary schools
in terms of the grades attained by students in national tests (National Institute for
Educational Policy Research 2012). These facts support that schools such as the one
studied have a broad range of abilities, and we can reasonably assume that the one
studied is fairly typical of other municipal lower secondary schools.

Questionnaire

The questionnaire was based on assessment items found in Gott et al. (1997). It
consisted of a series of short response questions about the variables in the scenarios,
and pupils had about 45 minutes to complete it anonymously. The questionnaire was
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composed of seven items, and each item included a few questions. Some questions
were based on scenarios typical of the curriculum and which — according to their
teachers — the students could be expected to be familiar with, for example, the addi-
tion of mass to a spring to determine its extension or the effect of changing the
volume of water on the amount of alum that would dissolve. Other simple scenarios
involved toy parachutes and the bending of a ruler. Scenarios involving both cate-
goric and continuous variables were included. Figures 5.2, 5.3 and 5.4 are examples
typical of the questions used.

In some questions students were provided with the question and conditions of an
investigation and were asked to identify the variables involved. In others (e.g. see
Fig. 5.2), headed tables of results were provided, and students were asked what the
investigation must have been. In two items (shown in Figs. 5.3 and 5.4), students
were asked to devise further similar questions they might investigate. There were
also items about whether a variable was categoric or continuous and a multiple
choice item about variable types and data presentation.

Questions were written in such a way as to concentrate on the students’ under-
standing of variables, as follows: First, each question demanded only simple scientific
knowledge, in order to reduce the difficulty of substantive knowledge, which might
influence the results. Second, the questions which were presented to the students in
Japanese were worded in a similar way, to reduce reading difficulty. For example, in
item 2 students were asked to identify the I'V, the DV and a CV in each question, for

Item 5: Tables 1, 2 & 3 show the results of three different investigations.What was tested in each experiment?

Table 1
Addition of mass to a spring (g) Extension of the spring (cm)
50 1.4
100 2.9
150 4.5
200 6.1
Table 2
Type of material Reaction when acid was added
Material A Bubbled
Material B No reaction
Material C Bubbled
Table 3
Water temperature to Amount of water to Amount of alum that would
dissolve alum (°C) dissolve alum (ml) dissolve (g)
20 50 55
30 50 8.4
40 50 12.3
50 50 19.8

Fig. 5.2 Translation from Japanese of Questionnaire Item 5
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Item 7 :This was written by Taro.

I tested the plastic ruler first. I clamped it to the table with 20 cm sticking over the edge. I then placed
3 metal weights right at the end of the ruler and measured how far the ruler bent. I did the same with
the wooden ruler, making sure it stuck out by 20 cm and that the 3 weights were right at the end
again. This diagram shows what I did.

These are my results.

Ruler Amount it bent (mm)
Plastic ruler 34
Wooden ruler 17

(Modified from: Gott, R., et. al.: Science investigations 1,
London, Collins Educational, 1997, p. 51)

Q1: What question was Taro testing in this investigation?

Q2: Give three potential conditions that might affect the ‘Amount it bent’.
Q3: Which condition did Taro change in this investigation?

Q4: What did Taro actually measure in this investigation?

Q5: Which condition did Taro keep consistent?

Q6: What did Taro find out from the result?

Q7: What other relationship could you investigate from the conditions identified in Q2 apart from the one
that Taro tested? Write the relationship as a question that could be tested.

Fig. 5.3 Translation from Japanese of Questionnaire Item 7

Item 3:Daisuke had a question “How does the diameter of a parachute affect the time it takes to land?” to
test conditions to affect the time for aparachute to land.

Q1: Which conditions does Daisuke need to keep consistent to test his question? Give three conditions.

Q2: Give another two questions that could test other conditions that affect the time for the parachute to
landas well as Daisuke’s question.

Fig. 5.4 Translation from Japanese of Questionnaire Item 3

which QI was ‘How is the maximum amount of alum that dissolves affected by the
amount of water used?’” and Q2 was ‘How is the extension of a spring affected by the
number of weights added?’. Third, examples of how to answer to the questions were
clearly given to the students to reduce writing difficulty. This is because Japanese
students seem not to be familiar with questions asking about procedural understand-
ing. Fourth, the word ‘condition’ (‘jouken’ in Japanese) was used in the questionnaire
instead of ‘variable’ because it is more commonly used in Japanese schools. For
example, IV was converted to ‘condition to change’ in the questions. However, the
term ‘variable’ is used in this paper to make the focus clear. Similar questions in
English have been extensively used in research in the UK by Gott et al. (n.d.). We are
aware that such linguistic differences may influence the students’ responses.
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Results and Interpretation

This research is exploratory and care must be taken when interpreting the results.
These observations are therefore tentative.

Although we were interested in the students’ understanding of ‘isolated’ items,
we anticipated that the students would find many of the questions quite easy, and
this was the case, with >70% of the sample giving correct responses to some items.
For instance, the design of an investigation in terms of it having only one variable
affecting the other by controlling the effects of others is familiar to Japanese stu-
dents from primary school age; this ‘controlling variables’ is set as a main enquiry
process to study at Year 5 in the course of study in Japan (MEXT 2008). We were
aware, as well, that the items themselves may have acted as prompts to the students’
reasoning (NRC 2007). So the generally high score on some individual items was
unsurprising. However, the items in the questionnaire enabled comparisons between
items that targeted similar understandings but from different perspectives so that we
could explore a more holistic evaluation of the students’ understanding — we could
get beyond the responses to each isolated item and, through triangulation with
ostensibly similar items, better establish whether students had developed a deeper
understanding. By looking at the different responses, we were also able to infer how
the students approached the items. We are aware that comparisons between small
numbers of items must be treated with caution since other factors (such as the word-
ing of the question) may have invoked different responses, but the differences we
have identified are, we believe, worth further exploration.

The Context of the Question

The percentage of students with correct responses to some of the questions was
high, suggesting that they had a good understanding of the underpinning ideas. For
instance, students were asked to identify [item 2Q2] the IV, a CV and the DV in an
investigation to answer ‘How is the extension of a spring affected by the number of
weights added?’, and 84.1% identified the IV correctly and 70.9% the DV. However,
when students were similarly asked to identify the IV, a CV and the DV in another
investigation [item 2Q1] to answer ‘How is the maximum amount of alum that dis-
solves affected by the amount of water used?’, fewer (64.2% and 41.1%, respec-
tively) identified the IV and DV correctly than in the spring investigation [item 2Q2]
(Table 5.1). Only 31.8% were able to say what a table of results about dissolving
alum [item 5Q3] (see Fig. 5.2) was investigating. The difference between the spring
scenario and the alum may reveal what the students are thinking about when answer-
ing the question. In the spring scenario, as the investigator adds a mass (the IV,
expressed in Japanese in the questionnaire as ‘the condition to change’) to the
spring, the increase in length (the DV, expressed in Japanese as ‘the thing to mea-
sure’) is evident. However, in the alum scenario, the practical situation is less
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Table 5.1 Percentage of variables identified correctly (Item 2 in the questionnaire)

v aCV DV
Q1: How does the maximum amount of alum dissolving into 642% 20.5% |41.1%
water change by an amount of water?

Q2: How does the number of loads connected to the edge of a 84.1% |84.1% | 70.9%
spring change by spring’s expansion?

directly obvious though this phenomenon itself is quite simple: the investigator
would need several beakers (at the same time or sequentially) with different vol-
umes of water (IV), and alum would have to be added, a little at a time, until no
more would dissolve (DV). Yet from the students’ perspective of ‘doing’, ‘what you
change’ and ‘what you measure’ can readily be confused in this context — after all,
the volume gets measured and they’re changing the amount of alum added. Many
students who failed in this question identified ‘the amount of alum’ as a CV. A pos-
sible reason for this is that a common practice in school practical experiments is for
students to work by adding increasing amounts of alum to the water, either mea-
sured in equal-sized ‘spoonfuls’ or by tipping in alum that has been preweighed
onto sheets of paper (to reduce the time it would take for students to weigh it them-
selves). So students might confuse ‘the same amount of alum’ (preweighed, on each
piece of paper, or measured by the spoonful) as ‘the condition not to change’ and
hence consider it is acting as a CV. In this scenario, answering the question from the
perspective of ‘doing’ may have confused at least some of the students.

In another item [item 5Q1] (Fig. 5.2), when presented with a fully labelled table
of results from an experiment looking at the relationship between mass and length
of a spring, only 62.9% were able to say what the experiment was testing for.
Responses like ‘How will the expansion of the spring be changed by the weight of
the load hung on the spring?’ and ‘How many cm will it expand with x grammes?’
were both coded as correct responses since they identified — with varying degrees of
clarity — both variables in the relationship. Although a correct response rate of
62.9% seems high, comparison with item 2Q2 suggests that, despite both items
targeting the use of the same underpinning ideas, using information as if planning
an investigation appeared to be easier than deducing what had been done. This sup-
ports our tentative interpretation of students being more familiar with the ideas in
the context of ‘doing’ or that they are relying on tacit clues within the items them-
selves when responding. It seems reasonable to suggest that the students do not have
a clear understanding of the variable structure of an investigation. Moreover, there
is a possibility that students do not know that the IV and DV compose the frame-
work of an investigation nor realise that an investigation’s purpose is to explore the
relationship between the IV and a DV. We come to this tentative conclusion because
32.7% of incorrect answers expressed the research theme of an investigation using
just one variable, for example, ‘the weight of the parachute’ in item 3, even though
examples of how to answer to the question had been given, and potential IVs were
identified by themselves.
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Categoric and Continuous Values

All scenarios in the questionnaire in which one or both variables had categoric val-
ues had lower scores than those in which with both variables were continuous
despite categoric values being easier for students to handle in investigations (Gott
and Duggan 2003).

Asked [item 6] whether variables had values expressed as numbers (continuous)
or not (categoric), more than 90% of the continuous variables (94.0%, 92.7% and
96.7%) were correctly assigned. We have to be tentative in our claims since in three
of the six questions the values in the questions were expected to be identified as
categoric, but the students might have classified them as continuous since they could
have been expressed as numbers, for example, colours are expressed not only by the
words ‘red’, ‘blue’, ‘green’ but also in wavelength, and thus students who identified
them as continuous variables are not strictly wrong. However, given the age of the
respondents, it does not seem unreasonable to conclude that some were unable to
distinguish categoric from continuous values. When presented [item 4] with a bar
chart, a line graph or a pie chart and asked about how data from different investiga-
tions should be presented, the number of students who identified categoric data as
being presented on a bar chart was only 31.8% compared with 55.0-66.9% for
responses about continuous data and line graphs (Table 5.2).

With regard to a table of results [item 5Q2] showing the relationship between
two categoric variables — types of material and whether they bubbled or not when
acid was added — it was much harder for students to generate the question that this
table represented (Table 5.3); 43.0% could do this, compared to 62.9% for a table
[item 5Q1] showing two continuous variables which was a statistically significant
difference (McNemar test was used; two-sided tests, p <.01). In the scenario shown
in Fig. 5.3 [item 7Q1] with a categoric IV, only 53.6% correctly stated the question
being investigated, compared with the 62.9% for two continuous variables in a table
[item 5Q1] (Table 5.4). McNemar test was used, and this was marginally significant
(two-sided tests, .5 < p <.10); however, a table of results and a picture were included
in [item 7Q1] as a prompt, and this might be one of the reasons why the difference
was not statistically significant. Overall, students’ responses to all items involving

Table 5.2 Understanding of relationship between continuity of data and the ways of presenting

Ways of
Questions presenting data | Percentages
Q1: How does water height in a bathtub change by length Line 66.9%
pouring water?
Q2: How does an amount of leaves eaten by different Bar 31.8%
insects in a day differ by kinds of insects?
Q3: How does the maximum amount of alum dissolving Line 59.6%
into water change by an amount of water?
Q4: How does the number of loads connected to the edge of | Line 55.0%
a spring change by spring’s expansion?
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Table 5.3 The result of item 5Q1 and item 5Q2

The number of students who answered

(In item 5Q2)
(In item 5Q1) Correctly Incorrectly
Correctly 52 43
Incorrectly 13 43
Table 5.4 The result of item 5Q1 and item 7Q1
The number of students who answered
(In item 7Q1)
(In item 5Q1) Correctly Incorrectly
Correctly 64 31
Incorrectly 17 39

categoric variables were less good than those involving continuous variables even
though Duggan et al. (1996) report that continuous independent variables are more
difficult to understand in an investigation than categoric values.

Categoric variables are usually taught prior to the introduction of continuous
variables, and this is how it is presented in the Japanese curriculum. This sample of
pupils had already progressed to working with continuous IV. If the students had
developed a sound understanding underpinning their investigations, they might be
expected to be able to work with categoric variables. Even if it is possible that stu-
dents are able to think about whether a variable can be expressed in numbers or not,
they do not seem to understand the connection with the graph type and the relation-
ship that it represents. Students appear to lack the procedural understanding about
continuous variables that a continuous IV and DV enable — using a display on a line
graph — the details of the relationship to be seen. This implies that such an under-
standing should be taught explicitly.

CVs as Variables That Might Affect the DV

Students’ recognition that confounding variables had to be controlled in an investi-
gation was explored in many questions. When asked if heating an aluminium pan on
a low heat and a copper pan on a high heat enabled the materials to be tested [item
1], 74.8% identified correctly that they couldn’t be. Identification of variables that
needed to be controlled in different scenarios, when a question identifying the IV
and DV was presented [item 2Q2 = 84.1% correct; item 3Q1 = 72.2% correct; item
7Q2 = 64.2% correct; item 7Q5 = 72.8% correct], showed that identification of CVs
was not a problem for most. Yet in two scenarios — that of investigating factors
affecting how long a parachute takes to land [item 3Q2 = 45.0% correct] and
Fig. 5.4°s question 7 [item 7Q7 = ~40% correct] about other factors that could be
investigated about the bending ruler — only about half of students were able to iden-
tify a variable that they had previously controlled as being a potentially new IV to
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answer a different question. Approximately 20.5% of other responses were incor-
rect. Incorrect responses did not identify both an IV and a DV in their response, for
instance, ‘dropping from the high place and the low place’. About 35.4% of students
failed to respond at all, possibly a sign that they had not understood that CVs from
an investigation were factors that might affect the DV and that could therefore be the
focus of further investigation in turn. In addition, more than 70% correctly identi-
fied ‘potential IVs’ in item 7 as the ‘CVs which were actually kept consistent in this
investigation’ in the same item. However, 28.5% failed to recognise that variables
that had been controlled in one investigation (because they might impact on the DV)
could be ‘potential IVs’ in another investigation with the same DV.

It seems that students have enough skills to identify variables but do not have an
understanding about the relationships between variables (or that since CVs are vari-
ables that could affect the DV, they too could act as IVs) and the importance of
variables in terms of the validity of the design of an investigation. This may also
indicate that some students did not understand the underpinning variable structure
of an investigation.

Further Discussion

We must be very careful in our conclusions. On the whole, this sample of students
from a school that is reasonably typical of many in Japan seemed to be able to iden-
tify the I'V, the DV and CV. The limitations of short response questionnaire items at
really eliciting students’ understanding are evident from our work and have implica-
tions for attempts to assess students’ understanding with such items.

This preliminary work has identified some interesting differences in some stu-
dents’ responses which may suggest that they have a less secure understanding of
variables than responses to isolated questions suggest. Further in-depth work, inter-
viewing the students while answering questions about a range of other scenarios is
called for.

We have only limited clues about the different responses to some items. But a
possible explanation for all the observations noted above is that some students have
a limited understanding of the variable structure of an investigation and instead
approach the items as ‘process’, as if they were imagining doing it, a possible con-
sequence of ‘science-as-process instructional programs ... [whose] legacy persists
in both policy and practice’ (National Research Council 2007, p. 215). This
preliminary work’s findings are not atypical of others’ research into students’ under-
standings of evidence (described earlier).

As shown in Fig. 5.1, we restricted the items to lab-based contexts in which con-
trol could be exerted by manipulating variables to maintain CV values, one of the
simplest contexts to understand according to Roberts and Johnson (2015). Other
ideas about variables shown on the map were not explored. The IVs used have all
been relatively homogeneous, with little if any variation in type (e.g. alum, unless
the sample was contaminated, has no variation; a spring, unless overstretched,
behaves like other springs). We have not yet explored students’ understanding in



5 Exploring ‘The Thinking Behind the Doing’ in an Investigation: Students’... 81

contexts where variables cannot be manipulated — in fieldwork or medical trials, for
instance — nor have we explored their understanding of how the range and interval
of I'V values affect the validity of the pattern arising with the DV, nor how evidence
is collected in investigations with variables which have inherent variation (such as
‘sediment size in a stream’ or ‘people’). These understandings require more sophis-
ticated understanding — called for in international comparisons such as PISA 2015:
Draft Science Framework (OECD 2013) — yet such an understanding arguably
depends on a strong foundation of ideas addressed here.

The Educational Implications

Work cited in Gott et al. (n.d.) shows that an understanding of the conceptual basis
for evidence — ‘the thinking behind the doing” — can be taught explicitly. This rep-
resents a cognitive approach to understanding evidence in contrast to the ‘process’
approach wherein mastery is assumed to be achieved through practice. The advan-
tage of a curriculum conceived in terms of ideas to be understood is that it can be
planned in the same way as any other aspect of the curriculum in terms of progres-
sion, coverage and pace.

Teachers may be unfamiliar with teaching from this perspective. Gott and
Duggan (2003) have developed materials to support teachers’ own understanding of
evidence as well as resources that can be used in the classroom (Gott et al. 1997,
1998, 1999). Other suggestions for teaching can be found in Campbell (2010),
Roberts and Gott (2002 and 2008).

Roberts and Johnson (2015) have presented the key understandings on a concept
map, thus emphasising that evidence has a conceptual basis (in the same way that
the ‘substantive’ ideas of science are conceived). They argue that the concept map
of evidence is a means of representing the understanding of evidence necessary for
these curriculum developments and exemplify the ideas and understanding with
reference to two investigations that have been particularly useful in teaching.

We are not suggesting that teachers do not teach about the importance of the
validity of design. It is usual for teachers to encourage students to identify variables
and make a relationship between the I'V, the DV and CVs in order to form a founda-
tion of an investigation. To help students conduct valid investigations, teachers in
Japan often use prompt sheets so that students can move on to the next step.
However, as mentioned earlier, students in this context may be able to pick up clues
from the sheet, identifying variables even when they do not have a sound under-
standing of them. Then, if the prompt sheets guide students almost automatically to
the next step by letting students get away with just ‘doing’, they may not explicitly
consider the understanding underpinning the validity of an investigation. So, when
teachers teach, they should pay attention to the difference between routine
approaches to ‘helping students conduct valid investigations’ and instead should be
‘helping students consider the validity of a design of an investigation’ to develop
their deeper conceptual understanding (Oshima 2015). If the conceptual basis is not



82 R. Oshima and R. Roberts

made explicit, students will likely miss the opportunity for cognitive development
since their focus is just on ‘doing’.

We conclude from our results that students’ understanding of variables in an
investigation would benefit from them being explicitly taught these ideas. Teachers
should first adopt a higher-level ‘thinking perspective’ about variables in an investi-
gation instead of a more routine ‘doing perspective’. For example, teachers have to
be confident in their own understanding of evidence to teach explicitly and help
students realise the need to examine the validity of the design of an investigation
through identifying the role of variables. We argue that this requires a paradigm
shift from a process view of identifying variables in the context of ‘doing’ to realis-
ing that there is an understanding underpinning validity of the design of an investi-
gation. To put it in an extreme way, teachers should not be satisfied when students
just identify variables correctly, but teachers can be satisfied when students are con-
sidering the validity of the design of an investigation, even if as they develop this
understanding, they make mistakes along the way. Students’ understanding will
take time to develop, and they will make mistakes just as they do when developing
their substantive knowledge, although as their understanding develops they can be
expected to understand the role of variables.

Success in teaching for a procedural understanding, for example, understanding
variables, does not end with students conducting a valid investigation, but success-
ful teaching will be evident when students are able to start considering the underpin-
ning role of variables in the validity of the design of different investigations. It is the
teacher’s key role that encourages students to consider the validity of the design of
an investigation.
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Chapter 6
On the Convergence Between Science
and Environmental Education

Justin Dillon

Abstract A growing number of ‘wicked problems’ faced by society including cli-
mate change and biodiversity loss need to be engaged with as sustainability chal-
lenges. Addressing such problems might appear to necessitate science educators
and environmental educators working together. However, science education, which
has tended to focus primarily on teaching knowledge and skills, and environmental
education which is characterised by the incorporation of values and a focus on
changing behaviours have, over the years, moved apart significantly. In order to
address the wicked problems, a convergence of science and environmental educa-
tion is now needed. One strategy might involve collaborative research among scien-
tists, educators and the public which could link science and society with place and
identity. The outcome of this convergence would be more effective processes of
public engagement and learning that could result in meaningful socioecological out-
comes. The data gathered and shared using information and communication tech-
nologies can provide useful input to scientists. At the same time, such projects can
empower citizens to engage in debates about local and global environmental and
sustainability issues. More importantly, perhaps, they can support the public in tak-
ing action to address the key issues and challenges faced by society.

Introduction

The theme of ISEC 2014 was to question ‘the arbitrary boundaries that have shaped
current practices and mindsets in science education’ (NIE 2014). In that spirit, this
paper examines the relationship between science and environmental education in
the context of moves to ‘develop scientifically literate global citizens’ (ibid.).

My intention is to expand the argument I and colleagues made in a paper in
Science a couple of years ago (Wals et al. 2014). We were approached by staff at the
journal as we had recently published the first ever International Handbook of
Research on Environmental Education (Stevenson et al. 2014), and they thought
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that we might have something to say that would interest their readers. I have to say
that it was probably the most difficult paper to get accepted that I've ever been
involved with. After numerous drafts and heavy editing by the journal, the final ver-
sion made it into the journal. Because of Science’s space constraints, the argument
is condensed and the writing style somewhat terse. It also doesn’t help that it was
written by four people with somewhat differing ideas about what was the most
important message.

The advantage of publishing in Science is that it reaches an audience beyond the
normal readership of education journals. So far, our paper has been cited in Current
Opinion in Environmental Sustainability, Food Research International, Journal of
Cleaner Production, Ecological Research, Land and Journal of Organisational
Transformation & Social Change. However, that diverse readership means that the
message has to be simplified and yet convincing. Our paper summed up our key
message as follows:

We advocate support for collaborative research efforts among scientists, educators, and the
public, linking science and society with place and identity, through more effective pro-
cesses of public engagement and learning that can result in meaningful socioecological
outcomes. The data gathered and shared using ICT can provide useful input to environmen-
tal scientists while simultaneously empowering citizens to engage in ongoing debates about
local and global sustainability issues and what needs to be done to address them. (Wals
etal. 2014, p. 584)

Our starting point in writing the Science paper was that a growing number of
‘wicked problems’ faced by society, such as climate change and biodiversity loss,
need to be engaged with as sustainability challenges which, on first inspection,
might seem to involve a natural liaison between science educators and environmen-
tal educators. However, as we pointed out:

Regrettably, science education (SE), which focuses primarily on teaching knowledge and
skills, and environmental education (EE), which also stresses the incorporation of values
and changing behaviors, have become increasingly distant. The relationship between SE
and EE has been characterized as “distant, competitive, predator-prey and host-parasite”
(2). We examine the potential for a convergence of EE and SE that might engage people in
addressing fundamental socioecological challenges.

In this paper, I will unpack some of these issues and outline the case for a con-
vergence of science and environmental education. The first section of the paper
looks at some of the challenges faced by science education.

Challenges Faced by Science Education

In Science Education in Europe: Critical Reflections (Osborne and Dillon 2008),
we noted that while science education is widely regarded as being important for all
school students, its nature and structure have rarely been adequately discussed. The
school science curriculum has evolved rather slowly over a long period. The cur-
riculum has often been heavily influenced by scientists who have regarded school
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science as a foundational preparation for a science degree. Such a curriculum, which
invariably focuses on biology, chemistry, and physics:

does not meet the needs of the majority of students who require a broad overview of the
major ideas that science offers, how it produces reliable knowledge and the limits to cer-
tainty [and] both the content and pedagogy associated with such curricula are increasingly
failing to engage young people with the further study of science. (ibid., p. 7)

We saw this as a major problem as:

many of the political and moral dilemmas confronting society are posed by the advance of
science and technology and require a solution which, whilst rooted in science and technol-
ogy, involve a combination of the assessment of risk and uncertainty, a consideration of the
economic benefits and values, and some understanding of both the strengths and limits of
science. (ibid., p. 8)

Global climate change provides a topical example, and the question we posed
was, ‘Is it amenable to a technological solution or will it simply require humanity to
adapt to the inevitable changes through measures such as better flood defences,
improved water conservation and changes in agricultural land use?’ (ibid.)

We argued for a new kind of science curriculum:

To understand the role of science in such deliberations, all students, including future scien-
tists, need to be educated to be critical consumers of scientific knowledge. Improving the
public’s ability to engage with such socio-scientific issues requires, therefore, not only a
knowledge of the content of science but also a knowledge of ‘how science works’ — an ele-
ment which should be an essential component of any school science curriculum. (ibid.)

However, I should point out that changing the curriculum will only work if there
are changes in pedagogy. Unless teachers use different approaches to teaching about
socio-scientific issues, then there will not be any change in student understanding
and engagement. In this paper, I argue that some of the pedagogic approaches that
might improve science education come from looking closely at what works in envi-
ronmental education.

Finally, to illustrate that these issues are current and relevant to more than just the
English context, a European Expert Group on Science Education has recently pro-
duced a report entitled Science Education for Responsible Citizenship in which the
authors articulate ‘a 21st century vision for science for society within the broader
European agenda’ (Expert Group 2015, p. 5). They suggest that an interdisciplinary
approach is the way forward:

Greater attention should be given to the value of all disciplines and how inter-disciplinarity
[...] can contribute to our understanding and knowledge of scientific principles to solve
societal challenges. (ibid., p.30)

They also advocate stronger collaborations between schools and the rest of the
education sector:

Collaboration between formal, non-formal and informal educational providers, enterprise
and civil society should be enhanced to ensure relevant and meaningful engagement of all
societal actors with science and increase uptake of science studies and science-based
careers to improve employability and competitiveness. (ibid, p. 10)
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However, given the influence of international comparisons such as the OECD’s
PISA, it is unlikely that many countries, whether they do well or badly in such tests,
would be likely to make radical changes to its school science curriculum. Until
policy-makers realise that PISA is constraining change in science education rather
than driving much needed change then nothing much will happen.

Challenges Faced by Environmental Education

In comparison with science education, environmental education is relatively new.
For a number of reasons including being a newly emerging and contested area, it has
undergone substantial changes over the past few decades (Stevenson et al. 2014).

Much of the early work in the area was driven by a positivist philosophy which
reflected the quantitative psychological background of a number of US
researchers.

Initially, much research in EE (especially in the United States) focused on the effectiveness
of EE activities in changing individual environmental behaviors. This approach contributed
to the persistent but ill-founded assumption that there is a simple linear relationship between
knowledge, awareness, attitude, and environmental behavior. Research, most notably from
social psychology, has long revealed that this is far too simplistic an explanation of what
affects people’s actions (Wals et al. 2014, p. 583)

EE research nowadays tends to focus on examining how learners develop the
competence or capacity to:

(1) think critically, ethically, and creatively in appraising environmental situations;
(ii) make informed decisions about those situations; and
(iii) develop the capacity and commitment to act individually and collectively in ways that
sustain and enhance the environment. (ibid.)
In more recent years, the focus has shifted away from looking for simple link-

ages between educational interventions and desired behavioural outcomes. Indeed:

More attention is now being given to an understanding of the learning processes and the
capacities of individuals and communities needed to help resolve complex socioecological
issues. This focus also calls for a better understanding of people’s cognitive and emotional
responses to environmental issues. These responses are influenced by their worldviews and
belief systems, which in turn are linked to identity. For example, recent research has ren-
dered problematic a focus solely on better comprehension of the science of climate change
owing to “identity-protective cognition theory,” which indicates that many people’s posi-
tions on climate change are largely shaped by their political and religious affiliations and
identities. (ibid.)

Early in the century, in the introduction to a special issue of the International
Journal of Science Education on ‘Perspectives on Environmental Education-related
Research in Science Education’, William Scott and I wrote that ‘environmental edu-
cation offers a conceptual richness that challenges current thinking in science edu-
cation because of its multi-disciplinary origins and traditions’ (Dillon and Scott
2002, p. 1112). We went on to comment that:
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Environmental education provides an opportunity to bring in modern and challenging
social and scientific issues into the classroom that is currently hindered by the packed and
conservative science curricula of many countries around the world. (ibid.)

Citizen Science

The convergence of science and environmental education that we advocated in the
Science paper emerges in the guise of new approaches to ‘citizen science’. I have
been quite critical of many citizen science projects in the past for not really involv-
ing the public in science but for simply using them to ‘crowdsource data’ as my
colleague Colin Johnson once remarked. However, the public involvement in the
scientific enterprise — the Public Participation in Scientific Research (PPSR) — as
Bonney et al. call it, has a long history dating back at least as far as 1880 when data
about bird strikes were recorded by lighthouse keepers.

As well as getting some insights into some aspects of science, the public can
benefit in other ways:

Participants in many PPSR projects also gain knowledge of the process of science. Indeed,
this is one area where PPSR projects have the potential to yield major impacts, particularly
Collaborative and Co-created projects, which engage participants in project design and data
interpretation to a significant degree. (Bonney et al. 2009, 12)

Projects involving collecting data using simple test kits or straightforward obser-
vation techniques (such as counting numbers of birds) seem to me to be at one end
of a spectrum of PPSR. But new technologies have meant that the public engage-
ment can be much more sophisticated and, perhaps, more scientific:

Citizen science most often refers to community-based local monitoring of changes in the
environment using simple data acquisition devices and communication tools. More recently,
CS has taken advantage of the Internet, social media, and mobile applications in crowd-
sourcing scientific data—resulting in what we refer to as ICT-supported CS. This trend
connects well with recent EE research that identifies the use of social media as well as
technology-enhanced citizen data acquisition as a way to enhance the interaction between
research in science, education, and the environment. (Wals et al. 2014)

In a relatively recent review, Dickinson et al. (2012) argued that citizen science
is expanding ecology and the biological sciences related to global climate change.

citizen science pushes the envelope of what ecologists can achieve, both in expanding the
potential for spatial ecology research and in supplementing existing, but localized, research
programs. The primary impacts of citizen science are seen in biological studies of global
climate change, including analyses of phenology, landscape ecology, and macro-ecology, as
well as in sub-disciplines focused on species (rare and invasive), disease, populations, com-
munities, and ecosystems. Citizen science and the resulting ecological data can be viewed
as a public good that is generated through increasingly collaborative tools and resources,
while supporting public participation in science and Earth stewardship. (Dickinson et al.
2012, p. 291)
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The idea of Earth stewardship can be fostered in a number of ways in school:

For instance, by creating “edible gardens” [...] schools can, with the involvement of a wide
range of societal actors (e.g., a local garden center, a restaurant, a community organization,
and the local government), simultaneously improve the quality and relevance of their edu-
cation and transform their relationship with the local community (15). Soil preparation,
seed selection, planting, maintaining, harvesting, and preparing a meal require basic scien-
tific knowledge that connects with the SE curriculum while also creating other benefits,
such as community engagement, learner empowerment, improved personal health, and a
better connection with food and place. Wals et al. 2014, p. 344)

Some years ago, I visited the Edible Schoolyard in Berkeley, California. It is a
0.4 ha garden which was established in 1995 by a local restaurateur and activist,
Alice Waters, at Martin Luther King Junior Middle School. The Edible Schoolyard
has been an inspiration for a number of other initiatives and is a good example of the
kind convergence that might prepare students for living in the world of today and
tomorrow.

Another way in which Earth stewardship might be fostered in this case using
information technology is the YardMap' project. YardMap encourages collaboration
between users and scientists, and using Google Maps and the YardMap interface,
the public can map their own back gardens or local open spaces. The project was
created by the Cornell Lab of Ornithology (CLO) and is designed to help users to
improve the quality of local habitats for the benefit of visiting birds.

YardMap is also the world’s first interactive citizen scientist social network. When you join

you are instantly connected to the work of like-minded individuals in your neighborhood,

and across the country. Together you can become a conservation community focused on
sharing strategies, maps, and successes to build more bird habitat.

The CLO hosts a number of other citizen science sites including the Great
Backyard Bird Count,?> Celebrate Urban Birds,® Project FeederWatch* and
NestWatch.’ In the UK, a number of citizen science project have been set up over
the years including OPALS (Open Air Laboratories) project. OPAL was launched in
2007 and since then more than 25,000 geographic sites have been examined by
members of the public in collaboration with professional community scientists.

Although they are very popular, many citizen science projects offer participants
little access to working in a scientific way or to solving their own problems. What
we were arguing for in the Science paper was for citizen science projects which
involved the public collaborating with scientists to identify their own research ques-
tions, codesign the research, collect data and benefit from its analysis. A recent
guide to designing, implementing and evaluating citizen science projects noted that:

'www.yardmap.org

2http://birdcount.org/
3http://celebrateurbanbirds.org/
*http://feederwatch.org/
Shttp://mestwatch.org/
Shttp://www3.imperial.ac.uk/opal/aboutus
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In the right situations, citizen science can be extremely effective, not only for carrying out
environmental surveys, wildlife recording or monitoring, but also for engaging people with
how science works and for increasing their awareness of environmental issues and their
local environment. One of the core strengths of the approach is that it can be used to present
global issues - such as the impacts of climate change or biodiversity loss — in a way that is
locally relevant and meaningful. For many people the opportunity to make a difference at
the local level provides the motivation to get involved. (Tweddle et al. 2012, p. 2)

Final Thoughts

I began the chapter by noting that the theme of ISEC 2014 was questioning ‘the
arbitrary boundaries that have shaped current practices and mindsets in science edu-
cation’” (NIE 2014). I began by pointing out that science education and environmen-
tal education have moved apart over the years creating, to some extent, a rather
arbitrary boundary between two fields of education. Now that we are faced by a
series of ‘wicked’ problems such as biodiversity loss, food security, water security
and climate change, we need to see a convergence between science education and
environmental education.

Almost 15 years ago, the Australian EE researcher, Annette Gough, used the
term ‘mutualism’ in arguing that science education and environmental education
had much to offer each other. She wrote that ‘Science education needs EE to reas-
sert itself in the curriculum by making science seem appropriate to a wider range of
students and making it more culturally and socially relevant’ (Gough 2002, p. 1210).
Addressing the issue of curriculum placement, Gough argued that:

EE needs science education to underpin the achievement of its objectives and to provide it
with a legitimate space in the curriculum to meet its goals because they are very unlikely to
be achieved from the margins. (p. 1210)

My feeling is that is only possible if teachers are encouraged to change their
pedagogies so that they empower students and their communities to work together
to address their own sustainability challenges.

The ISEC conference focused on the need to rethink science education to encour-
age the development of ‘scientifically literate global citizens’ (NIE 2014). The
notion of scientific literacy is contested, and some see it as almost a meaningless
phrase. However, it will be around for a long time even if no one agrees on what it
means. [ am sympathetic with the view expressed in Rethinking Scientific Literacy
by Roth and Barton (2004). In the book, they promote a radical view that scientific
literacy ‘emerges as a recognizable and analyzable feature of (collective) human
struggle in which the child is but one part’ (p. 75) and they propose a science educa-
tion that ‘acknowledges the limitations of science’ (p. 177) arguing that:

Acknowledging the nature of science as it is and can be practiced in the community opens
the doors to richer understandings of science as a creative and perhaps imaginative activity,
mediated by honesty in the face of agreed-upon evidence [...] Such an approach permits
groups and communities to enact different relations between scientific and other forms of
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knowledge (e.g. traditional, relational). Rather than privileging disciplinary science, we
ought to foster situations that allow the negotiations of different forms of knowledge geared
to particular (controversial) problems as these arise in the daily life of a community. (p. 177)

So, the challenge is to foster the convergence of science education and environ-
mental education. This is a challenge of pedagogy as much as it is one of curricu-
lum. It will require funding for innovative projects and professional development
that supports and sustains change in and out of the classroom. For that to happen,
we need visionary policy-makers and funders willing to rise up to the challenges
faced by society.
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Chapter 7
Science Education and Promises and Prospects
of Interest

Steve Alsop

Abstract This chapter offers some reflections on affect and measurement. In an era
of high-stakes testing, I argue that there is an ever-present danger of overlooking
important subjective aspects of educational research and practices. Interest has
become a very popular measurement in science education influencing policy
reforms. It is commonly noted that secondary children lack interest in science.
However, the politics of what gets to count as interest are rarely discussed. What
might we be valuing in our interest in interest? How might we value interest differ-
ently? Where and when? What promises and prospects might such interests hold?

Introduction

This chapter is based on a keynote that I gave at the ICEC conference. At the time,
my local educational jurisdiction, Ontario, Canada, was grappling with lower than
anticipated test scores in a recent OECD study. The local headlines read ‘Canada’s
students slipping in math and science’, followed with a mixed proviso; ‘Canadian
scores above average, but well behind front-running students in Shanghai, China’
(CBC 2013). Discussions of educational performance continue in Canada. I know
that we are not alone in this regard. The conference was in Singapore, a country
widely recognised for its practices of high-stakes testing. David Hogan et al. (2013:
58) comment on mixed effects of external testing in Singaporean schools:

Singapore’s national high stakes regime has had both positive and negative consequences
for the quality of teaching and learning. On the one hand, it goes a long way towards
explaining the clear-eyed focus, coherence and effectiveness of instructional practice and
the underlying performative pedagogical orientation that underwrites it in Singapore. On
the other hand, we also think that the national high stakes assessment system has resulted
in a pedagogy that is intractably didactic rather than dialogical, compromised the epistemic
quality and the transparency or ‘visibility’ (Hattie 2009, 2012) of learning processes during
lessons, restricted the opportunities of students to engage in knowledge building work in
class, and constrained the ability of the system to successfully introduce substantial and
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sustainable pedagogical improvements despite a strong policy commitment to doing so as
reflected in the two key policy documents of the past 15 years. Thinking schools, learning
nation (TSLN 1997) and Teach less, learn more (TLLM 2004).

Tests reduce complex systems, educational processes, teachers and students to
seductive numeric forms. Such representations invite comparison and thereby seem
to evoke, perhaps a better word is demand, particular responses in teaching and poli-
cies. Theodore Porter (1997) writes more broadly of our profound trust in numbers,
which he binds with associated promises and desires of greater objectivity.
Measurements from a distance appeal, Porter suggests, because they offer bird’s-
eye views of social jurisdictions. Nevertheless, such measurements can mask com-
plexities, ambiguities and intimacies found within all social practices. These are
perhaps only apparent when experienced and scrutinised up-close.

The is little doubting that numbers are powerful. They offer bureaucratic officials
ammunition to make decisions that have a moral ‘appearance of being fair and
impersonal’ (Porter 1997: 8). They provide a language of authority to shape the
entire educational jurisdictions without ‘seeming to decide’ (p. 8). Of course, we
should never overlook that particular measurements value some things more than
others. While we might value our measurements, our measurements can never be
entirely set free from our values. Perhaps values and knowledge are rarely as sepa-
rable as they might at first appear.

The focus in what follows is research that explores the construct ‘interest’. My
evolving argument is that ways that we measure ‘interest’ incorporates certain val-
ues, and thereby the ‘interest” we measure becomes constituted with these values.
My more general point is that measurements are simultaneously judgements, and as
a consequence they carry particular affectations, promises, wishes and desires.
What concerns me in my latest research is what I am conceiving as a loss of subjec-
tivities in an educational era that increasingly strives for objectivity (through prolif-
erating forms of measurement).

Science Education and Affect

I have a long history of interest in emotions and feelings in science education (see
Alsop 2006, 2015). Most would agree that emotions, feelings and affect are central
to science education. Indeed, this is often a starting point for a wide variety of
research that concerns itself with improving teaching and learning. Periodically
there are even associated calls for a fundamental shift in science education to focus
much greater attention on affect. Nearly 30 years ago, John Head (Head 1989: 162),
for instance, commented ‘the affective area will prove to be crucial in research and
curriculum planning in the future’. There have been similar calls over the interven-
ing years with similar commitments. Although emotions are, perhaps, not the most
popular area of study in our field, there is now a fairly substantive body of research
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concerning the ‘effect of affect in science education’, to use my previous words
(Alsop 2006: 4).

Despite growing recognition and attention, emotions and feelings still seem dis-
tant in some ways. They carry hopes of unlocking fundamental features of educa-
tion and thereby shaping lasting education reforms. Yet simultaneously they retain
somewhat nebulous, fragile and illusionary qualities. There is something unculti-
vated, perhaps unruly, about emotions, more especially within science — a subject
that prides itself with rationality, reason and objectivity.

There are many contrasting theories of emotions. These include psychological
theories, evolutionary theories, psychoanalytical theories, neuroscience theories,
physiological theories, evolutionary theories, sociological and cultural theories and
others as well. Of late in social sciences and humanities, there has been somewhat
of a renaissance in studies of emotions within the so-called affective turn (Clough
2010). While such diversity of scholarship seems liberating, it can be unsettling in
its plurality. Emotions can mean quite different things to different researchers in
different context and at different times. In this respect, emotions are difficult to tame
and control. Distinctions, for example, are sometimes drawn between emotions and
feelings often centring on the natural, biological and universal as opposed to the
contextual, sociological and cultural. For some such distinctions matter deeply,
while for others they are less important. Emotions are commonly conceived as inter-
nal states. The question how do you feel? is commonly met with a personalised,
individual response, such as I feel tired or I feel excited. For others, emotions are far
more social and external. Emile Durkheim’s (1966) early sociological work dis-
cusses emotions in crowds. Arlie Hochschild (1979) is a sociologist who writes of
the ‘managed heart’, describing instances in which different social contexts manage
our feelings. One widely discussed example is flight stewards who smile when ask-
ing passengers what they would like from the drinks trolley. Our hearts are ‘man-
aged’ during such brief commercial exchanges. These affect our moods and can
lead to commercial transactions as well as lasting memories.

Emotions, needless to say, are central to who and where we are. They are some-
thing that we all experience on a day-to-day, moment-by-moment basis. Given this,
it does seem rather odd that in science education research, we need to keep remind-
ing ourselves that they matter so deeply and profoundly. It is also perhaps perplex-
ing that research and theorising have been unable to reconcile contrasting approaches
to emotional meaning and study. There is no single grand-theory of emotions.
Emotions it turns out are rather slippery and elusive. In what follows my analysis
draws largely from Sara Ahmed’s (2004) cultural politics of emotions.

Interest, Motivation and Attitude [IMA]

As previously mentioned, there is a history of research in science education that
focuses on emotions. There are a series of quite distinctive traditions that dominate
our field. By far the most popular are studies of ‘interest’, ‘attitudes’ and
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‘motivation’. I restrict my reflections to the emotional construct ‘interest’, although
I believe similar comments might be made about ‘attitudes’ and ‘motivation’. As
Potvin and Hasni (2014) note, while ‘interest’, ‘motivation’ and ‘attitude’ can be
distinguished, they are usually extremely close, and in multiple instances, their
meanings both overlap and blur.

So, my interest is research in science education on interest. In contrast to familiar
practices of studying interest in classrooms, however, my approach is different. I
turn around to focus on research itself. I'm interested in traditions of studies of
interest in science education. I have a cluster of guiding questions: How do we study
interest in science education? Where do we study interest? What interest(s) do we
study? Why? What do we want from our studies of interests? How might we study
interests differently?

With this focus my intent is not to enter into a debate about right or wrong, desir-
able or less desirable, research methods. My focus is on underpinning assump-
tions — the modes of thought and practices that underwrite our studies of interest
(specifically in science education). The following quotation from Michel Foucault
(1988) nicely elaborates my perspective:

Critique is not a matter of saying that things are not right as they are. It is a matter of point-

ing out on what kinds of assumptions, what kinds of familiar, unchallenged, unconsidered
modes of thought the practices we accept rest. (p. 154)

The Promise of Interest

Perhaps the first point to stress is that there have been hundreds of studies that have
sought to measure interest in science education. Indeed, some of the most cited
articles in the field are reviews of this literature (see, for instance, Osborne et al.
2003). By far the most popular approaches use quantitative research methods based
on questionnaires. Potvin and Hasni’s (2014) recent article offers a thorough review
of 228 articles of this nature, all published in leading journals between 2000 and
2012 (indexed in the ERIC database). As the authors note, interest has recently
become a part of the PISA international assessments. This is another indication, I
suggest, of its popularity and influence.

Given that different researchers use slightly different methods and question sets
when studying interest (see PISA, TOSRA and the ROSE project tests), it is not
always as straightforward as it might seem at first to synthesise extant research into
a series of consistent outcomes. Nevertheless, I suggest that the following three
themes are now fairly widely recognised in the field (see Potvin and Hasni 2014, for
further details):

* Gender differences are frequently recorded with boys often having slightly more
interest in science than girls (especially at the elementary level). More signifi-
cantly, when individual disciplines are disaggregated, boys express considerably
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greater interest in physics and technology. While, biology is often preferred by
girls although to a smaller extent and not in all studies.

* Age differences are also widely recorded, with older, high school students
expressing less interest in science. A considerable number of articles highlight
the elementary/secondary school transition period as significant point in declin-
ing interests. A cluster of different variables are linked with interest including
‘self-efficacy’ and ‘positive school experience’ (including out of school and
inquiry lessons).

* Expressions of interest in science can be different in different countries. The
ROSE project (2004), for instance, notes a trend that countries lower on the
Human Development Index often have greater interest in science.

Potvin and Hasni (ibid: 112) conclude their review suggesting three next steps
for interest research:

1. To deepen our understanding of some of the most ambiguous or controversial
results, like the causes of the decline of interest

2. To confirm the most promising ones, like the effects of inquiry-based pedagogi-
cal designs

3. To look deeper into places that, for all sorts of reasons, research has not paid
attention to, [including] assessments of interest that would not be obtained by
other means such as opinion questionnaires

Why the Interest in Interest?

There has been so much attention granted to studies of interest in science education.
As the previous discussions indicate, important empirical trends are now emerging,
no doubt shaping future work and policy. The study of interest is a lively, generative,
progressive research programme. Here my interest in interest, however, is less about
emerging patterns or the associated methodological tensions of validity and reli-
ability. I recognise that these are important, but I want to hold to my focus on cul-
tural politics and values (Ahmed 2004).

There is little doubt that we value interest greatly. An interest in science is fre-
quently seen as, perhaps, the most important aspect of scientific literacy (the science
education ‘golden chalice’). An interest in science has been linked to thriving
national economies (see Schreiner and Sjoberg 2004) and a necessary response to a
shortage of highly skilled personnel (see OECD 2007). For others, interest is an
indicator of successful and innovative pedagogy, sometimes framed as an equity
issue in response to marginalised students excluded from scientific careers and
future life pursuits that might involve science through their lack of interest (see
discussions in Anderhag 2014).

As teachers and researchers, we certainly value interest greatly. The interested
science student is a desirable student. Interest is something that we wish for in both
theory and practice. In policy, interest comes across as an answer to a variety of
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things, including stronger economies, efficacious classrooms and future interactions
with science (as previously mentioned). But associated educational questions
accompanying these answers are not always as clear as they might be. I wonder
what might we wish for our interest(s)? What wishes might our interests be carry-
ing? There is an ever-present danger when discussing such things as slipping into a
self-referential logic of interest is good, because interest is good. Interested students
are desirable because they are just desirable. Good students are interested students
because they are good. And so on.

I wonder why interest is so important. There are, of course, numerous other emo-
tions: what about joy, happiness, pleasure, surprise, awe, contentment, love and
hope, to name but a few. Are these emotions comparatively less or perhaps even
more important? Perhaps they are just different. Although I suspect that they fre-
quently get taken up and counted as interest in our research. In this regard, interest,
I suspect, has become a ubiquitous exemplar for positive emotions in science
education.

There are precious few studies of other emotions (although I must acknowledge
a very recent special issue of Cultural Studies of Science Education 2016, Vol. 11,
Issue 43, which is pushing an envelope in this regard). But if you look for studies of
anger, angst, anguish, annoyance, anxiety and apathy (to focus just on those starting
with the letter ‘a’), there is only modest research, if any research at all. One might
imagine that anger, annoyance and/or frustration are highly influential emotional
responses in science education. But there is only one article, to my knowledge, in a
major science education journal on ‘frustration’ (Ho 1996) and none that I am aware
of on anger. In science education, it seems, we place nearly all our emotional eggs
in the interest basket. I wonder what might we be overlooking with such a heavy
emphasis?

Interest has a long history of research in psychology spanning over a hundred
years. There are well-established traditions of studying interest, and our research in
science education, of course, builds on such traditions. As Sara Ahmed (2004)
points out, some emotions are more culturally desirable than others in particular
contexts. She describes ways in which emotions map onto culturally established
hierarchies often relating to their closeness to reason and rationality. Some emotions
are thereby ‘elevated’ as ‘signs of cultivation’, while others are cast as inferior and
‘signs of weakness’ (p. 3). Ahmed links this reasoning to early evolutionary models,
citing Charles Darwin:

With mankind some expressions, such as the bristling of the hair under the influence of
extreme terror, or the uncovering of the teeth under that of furious rage, can hardly be
understood except on the belief that man once existed in a much lower and animal-like
condition. (Darwin 1904: 13—-14 cited by Ahmed 2004: 3)

Evolutionary theory presents some emotions as being a residue of much earlier,
more primitive, less developed times. Perhaps interest appeals, in part, because it is
one of the more rational emotions. Indeed, there is discussion about whether interest
should count as an emotion at all (see Hidi and Renninger 2006). Perhaps it is an
especially desirable emotion in science education because of its long association
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with the cultivated, rational mind. Whereas other emotions, such as anger or frustra-
tion (to give two examples), are considered more ‘primitive’ and thereby less desir-
able and need to be kept more closely in check. The point is some emotions have
cultural status of being ‘more attractive’, while others less so. Perhaps what rumbles
beneath these judgements is the familiar reference point of the rational mind — an
imaginary of a mind set free from the burdens and impurities of feelings, emotions
and the body. Some emotions are considered more appealing because they are con-
ceived more rational and more appropriate for a given cultural context.

While different emotions might have different cultural values, such designations
are always likely over simplifications and generalisations. For instance, should
interest always have a high status? Is interest always good? Is it always desirable?
On occasions could it be bad or perhaps just indifferent or irrelevant. I suspect it
depends. Perhaps the point is that interest is always about something, somewhere
and at some point in time (Ahmed 2004). This needs to be taken into careful consid-
eration. Is it possible, for instance, for children to be overly interested? Or what
about overly self-interested? I think both need considering. If children are interested
in something other than the intended focus of the lesson, one might imagine it less
educationally harmonious and conducive. Perhaps this should count as ‘disinterest’
or ‘interest in an undesirable way’. The general point is that context and orientation
are clearly both important, especially I suggest, when discussing emotions. However,
one of the associated problems of emotions is that we commonly value them as
something without context, meaning or agency. This is a ‘dumb view of emotions’
to use Spelman’s (1989: 265) term. With this viewpoint, emotions are not allowed
to do anything — they are granted no/limited capacity to influence or act (Ahmed
2004).

We can ask similar questions of other emotions. Frustration might have a lower
cultural status, but is it always bad? Might it be important? Might it be interesting
(to confuse things even further)? It probably depends, once more, on what it is
about. In science education, frustration is commonly linked with failure. The frus-
trated child is associated with lower academic achievements. But is this always the
case? Indeed, a strong case can be made that frustration is quite central to both
teaching and learning (perhaps even more so than interest). Many constructivist
theorists, for instance, consider ‘cognitive dissonance’ an axiomatic feature of
learning. In this light, it could be argued that frustration is an emotion of dissonance.
In Piagetian terms, it might represent reactions to ‘disequilibrium’ and thereby act
as an affective driving force for ‘accommodation’ and lasting conceptual change. I
also suspect that frustration plays a key role in science. I'm sure that scientific
research at times is highly frustrating. To conceive otherwise (I suspect) overlooks
significant aspects of scientific achievements. Is the more ‘modest’ emotion of
‘interest’ able to drive complex scientific discovery, I wonder (see Haraway 1997).

Drawing from Ahmed (2004), my more general point is that emotions often have
cultural legacies of being either ‘good’ or ‘bad’. But this way of looking at them can
be overly restrictive and unnecessarily limiting. For instance, I suspect that as a
teacher I can find frustrated students frustrating in part because frustration is cultur-
ally conceived as a raw, unruly, less desirable emotion in education (in ways that
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interest is not). I now wonder how I might value frustration more in my educational
research and pedagogy. In more general terms, might there be a danger in seeking
to manage and suppress learners’ frustrations too readily in our pedagogical prac-
tices? I wonder how I might take more emotions more seriously, which incidentally
was the theme of my associated ISEC keynote.

An additional consideration here, of course, is intensity, duration and orientation.
What emotional responses are about, their agencies, what they do and how they do
it are all important. But this way of thinking about emotions is relatively unusual
and has not been a central feature of sustained interest in science education research
(or should this be a sustained frustration in science education research, I ponder).

I also wonder if our fixation on interest might be overlooking the need to repair
more deep-rooted and systemic injustices and inequalities in classrooms. In science
education research, adolescents and women repeatedly emerge as lacking interest
(as the previous discussions indicate). But this is very much a deficit argument built
on a comparative sense of lacking something. It leaves open what unique emotions
adolescents and women might have in science classrooms, rather than what they
seem not to have or what they are lacking. Perhaps a better understanding of these
emotions might offer a firmer basis to respond to deep-rooted and persistent inequal-
ities and injustices. This reframing somewhat sidesteps compulsions to change ‘dis-
interested children’ into ‘interested ones’. After all, I wonder when students might
have rights to be disinterested. As teachers and researchers, we must be careful not
to overlook such rights and freedoms of expression.

Measuring Interest

As previously noted there is a diversity of ways that interest has been studied in sci-
ence education. Some of these are much more situated, ‘studies of emotions-in-
science education contexts’ (Alsop 2014). Excellent examples of this type include
Jennifer Ann Jocz et al.’s (2014) classroom-based study of factors affecting student
interest focusing on inquiry in Singapore classrooms and Per Anderhag’s (2014)
study of interest in a Swedish high school as constitution of a taste for science.

The most common studies of interest, however, are qualitative (not quantitative)
in nature, derived from mainly questionnaires, often comprising of banks of ‘Likert
scales’. Once more, I am not questioning whether such approaches are right or
wrong or desirable or less desirable. My point is that all research, whether qualita-
tive, quantitative or mixed, has a series of opening assumptions. Here I reflect on
some of the assumptions or values (my preferred term) underwriting these dominant
studies of interest.

These studies generate data by encouraging participants to express preferences
in response to written or spoken questions, often in the form of sliding ‘Likert
scales’, frequently spanning poles, say from ‘very interested’ to ‘not interested’. In
this manner, they value individual responses on a common scale, recording and
analysing differences on this scale. The interest that they value is thereby
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individualised and is assumed ‘universal’, varying only in degree (from strong to
weak) and not in substance and form. My response to a question might be different
to yours in intensity, but in order to make comparisons, interest is assumed to be the
same affect (sensation) for both of us — otherwise comparative statistical analyses
become undesirably compromised. If my ‘interest” were entirely different to yours
(other than in range/intensity), then large-scale comparisons and associations would
become unmanageable or severely limited.

Moreover, questionnaires measure interest as a rational response to spoken or
written questions. These are rational in the sense that research processes are gener-
ally not designed or encouraged to be an emotional experience but a reasoned,
sedated ‘clinical’ exercise. It is expected that participants make judgements by
weighing up various alternatives and making a personally revealing choice, such as
a degree of interest in physics, biology, periodic tables, atomic chemistry and so on
and so forth. This is largely a rational judgement of an emotional attachment, which
is worthy of some reflection. It is also a decontextualised judgement made mostly
from outside educational contexts. Questionnaires are rarely administered in educa-
tional settings, such as during lessons. They are mostly conducted in more peaceful,
clinical environments far away from the hustle and bustle of classroom life. In this
way they are, perhaps, more objectively appealing because they measure interest
from afar (returning to Theodore Porter’s argument outlined in the early para-
graphs). Paradoxically, such methods account for emotions in conditions designed
to be as ‘unemotional’ or ‘uninteresting’ as possible. I wonder what would happen
if this were to change. What would be lost and/or gained if we measure interest
under research conditions designed to be really interesting (see Despret 2004)?

A more general point is that science education research has more dominant (and
less common) ways of measuring interest. Dominant methods measure interest as
individualised, universalised, rationalised, decontextualised and de-emotionalised.
Other research methods might value interest in different ways and thereby account
for different interests differently. With our present emphasis, I ponder what and
whose interests might be getting overlooked?

Conclusions

In broad terms, this chapter has been a discussion of how we might value emotions,
as well as how we might allow such emotions, meanings and values. I started by
discussing some of the more influential ways that education is currently being mea-
sured. We live in an era in which international and national tests are demonstrably
shaping policies and practices. In this era, we often value educational measurements
from a distance. My concern is that as a consequence, some things are becoming
overlooked in practice, research and policy. In part, I suggest that this is because
they don’t easily show up on the radars of our favoured research methods. We value
what we measure. But I believe we need much greater discussion of what our
research values and, perhaps even more importantly, what it ought to value more.



104 S. Alsop

The preceding discussions suggest we need more discussion of values in our
education research on emotions, not only about how we might value different
approaches to emotions but also how these approaches are themselves underwritten
by different values. So how should we value interest in science education? What
interests should we value? I believe that this discussion could fruitfully start by
considering ways existing research methods value interest and how different meth-
ods might value quite different interests (rather than a single decontextualised static
status, I think it is important to recognise interests in more situated, dynamic, per-
formative and pluralistic terms). My concern is that some research practices have
become so entrenched and normalised, and thereby other approaches are currently
being overlooked and marginalised. I hope to extend these conversations in interest-
ing ways in my ongoing research (see Alsop 2016).
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Chapter 8
Nature Teaches: Young Children’s Experiences
Learning Science Outdoors

Josephine M. Shireen DeSouza

Abstract The purpose of the study is to explore how young children learn science-
related concepts when interacting with nature in an outdoor classroom. This study
is also designed to examine how preservice education majors’ perceptions of teach-
ing inquiry are developed when they plan and teach young children in an outdoor
field-based setting. Children are curious about their environment and learn through
discovery. The direct experiences provided an opportunity for exploration and inter-
actions with peers. Preservice teachers learned to use an inquiry-based instructional
model in their planning for outdoor experiences.

Introduction

The inquisitive nature of young children urging them to engage in explorations and
inventive behaviours mimics how scientists perform to generate knowledge. The
learning process and understanding are fostered when young children participate in
activities that are designed to promote investigation, solve problems and interact
with peers. Even at an early age, all children have the capability and are predisposed
to making observations and explorations and discovering their environments
(National Research Council, 2012). In recent years there has been a paradigm shift
in early childhood educational research, with a significant emphasis on studying
child development and learning from a sociocultural-historical theory (Anning et al.
2008) perspective. The broad spectrum of theories and ideas purport that child
development and learning take place through the external forces of interaction that
children have with their peers, adults, teachers, families and the environment
whether it is within the classroom or outside (Maynard et al. 2013). The rationale
for providing environmental education in the early years is based on two premises.
According to Wilson (1996), the first premise is that children should develop respect
for living things and the environment in the first few years of their life or be at risk
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at not developing those attitudes at all. Secondly, the positive interactions with the
natural environment are very significant for healthy child development.

Theoretical Framework

The science-based curriculum by French et al. (2000) was designed for children to
gain information and experience the interconnectedness in the world around them.
Through participation in curricular activities, children developed receptive and
expressive language skills, self-regulation of attention skills and problem-solving
skills. Children’s motivational beliefs and perceptions of competency are positive
when they participate in integrated inquiry and literacy activities that nurture explo-
ration during their kindergarten year (Patrick et al. 2008).

The Abecedarian Study (Campbell et al. 2002), a longitudinal research project
that followed preschool children until they reached 21, found that those children
who participated in consistent, quality early childhood education were more likely
to score higher on standardised tests, enrol in and graduate from a 4-year college,
delay parenthood and become employed. Thus, providing a stimulating educational
environment to young children that nurtures their natural curiosity to learn science
is likely to result in positive life-altering consequences.

National Science Teachers Association (2014) has identified key principles to
guide the learning of science among young children. These principles are explicit
recommendations for educators who make curricular decisions for young children,
for the professional development and promotion of teaching science and for those
individuals who are in the position of financing and making policy decisions for
early childhood science education. The key principles are:

e Children have the capacity to engage in scientific practices and develop under-
standing at a conceptual level.

e Adults play a central and important role in helping young children learn
science.

* Young children need multiple and varied opportunities to engage in science
exploration and discovery.

* Young children develop science skills and knowledge in both formal and infor-
mal settings.

* Young children develop science skills and knowledge over time.

* Young children develop science skills and learning by engaging in experiential
learning.

This research study takes into consideration the recommendations set by the
National Science Teachers Associations (NSTA) that teachers and other educators
should recognise the value of young children’s curiosity and provide opportunities
to guide and focus children’s natural interests and abilities through carefully planned
open-ended, inquiry-based explorations.
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Early childhood educational research has, in recent years, focused on the impor-
tance of viewing child development and learning through the sociocultural or
sociocultural-historical lens (Anning et al. 2008) rather than the observation that it
is an individual achievement. Children are perceived to be maturing and learning in
a social context which is characterised by interactions with people and materials
within a particular place (Maynard et al. 2013). Most learning opportunities in pre-
schools are provided indoors with blocks or toys; seldom is a natural setting consid-
ered a classroom where children can explore and experience endless occasions for
discovery (Banning and Sullivan, 2010). Nature is experienced differently by chil-
dren and adults. Adults perceive nature as a context for what they are focusing on,
whereas nature is a haven for sensory experiences for children (R. Sebba 1991).
They learn by using their senses leading to the development of curiosity, interest
and imaginative skills. This study assesses the opportunity for young children to
learn science concepts in a natural surrounding structured by the inquiry process
and guided by the preservice teachers. As Rachel Carson (1956) has said, “If a child
is to keep alive his inborn sense of wonder...he needs the companionship of at least
one adult who can share it, rediscovering with him the joy, excitement, and mystery
of the world we live in” (p. 45).

Research Questions

The research questions central to this study are “How do young children learn sci-
ence in natural settings?” and, if they do, “Does the 5E instructional model aid in the
learning process in an outdoor setting?”’

Methodology

Subjects

Nature Teaches is a case study designed by the researcher in collaboration with a
child development centre in Indiana, United States. The participants, who were
enrolled in this centre, were 4 years old and would turn 5 years by August of that
year. About 63% of the children at this centre are at or below poverty level and
qualify for assistance. The participation of these 22 children was voluntary with no
incentives except that they would be given free materials and an opportunity to learn
science in the natural setting of Christy Woods, a Midwestern university campus in
Indiana. Christy Woods is an outdoor learning laboratory for the university students
and is also open for tours to the community. It is a 17-acre property of which two-
thirds is covered by deciduous forests containing oak, hickory, ash, maple, hack-
berry and walnut. The centre open area divides the forest into east and west sections
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and is covered with tall grass prairie and native plants to Indiana. The researcher
sent a letter to the parents informing them about the research and a description of
the activities in which their child or guardian would be involved. The letter also
explained the potential risks and benefits and a description of the measures that
would be taken to protect the privacy and confidentiality of the participants. Child
assent was also obtained before they participated in the activities. The other partici-
pants in the study were university students (24) who were enrolled in the course
Teaching Science in the Elementary School in the summer session and were recruited
through the course. The participation in a field experience was a requirement for the
course; their lesson plans, observations of children’s interaction with peers and
adults in the learning process and reflections were also assigned activities for the
field experience; however, their participation in the research study was completely
voluntary.

Procedures

The summer session of the science methods courses runs for a duration of 5 weeks,
and the preservice teachers meet three times a week for two-and-a-half hour. During
the first week of the summer semester, the preservice teachers learned how to design
inquiry-based learning activities in an outdoor setting, watched video tapes and
practised making observations of young children interacting with their peers and
adults as they would take turns to be participant observers. During the second week
of the summer session, the field experience started at Christy Woods with the chil-
dren arriving on a bus accompanied by their teachers from the child development
centre. After the initial meet and greet session, the children were assigned to a group
of preservice teachers who engaged them in an outdoor inquiry-based lesson. The
design of the inquiry lesson followed the Biological Sciences Curriculum Study
(BSCS) SE instructional model (Bybee et al. 2006). The instructional model is
based on the constructivist view of learning and has a sequence of planned instruc-
tional steps, engage, explore, explain, elaborate and evaluate, that provide students
with experiential learning encouraging them to explore, build their own perception
of the concept and be able to relate that understanding to other concepts.

Data Collection

The initial research question in a case study is linked to the data collection in a case
study (Yin, 2009). There are three distinct areas of the 5E instructional model. One
is the engagement and exploration stage of the lesson, the second is the explanation
stage and the third is the elaborate stage. During each of these stages, the conversa-
tions between children and adults were recorded by the participant observers.
Photographs of children in each of the groups were taken to document the learning
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process. In each group, two of the four preservice teachers took notes on observa-
tions that children made, questions that they asked and suggestions or possible
explanations that they gave of the naturally occurring phenomenon in the three
stages. While the two stages focused on learning concepts and developing science
process skills such as observation, looking for similarities and differences and mea-
suring, the elaborate stage involved pretend play, giving the children an opportunity
to express their creative abilities. Each of the stages of the learning process was
scheduled for 25 min. This schedule was repeated for three other sessions.

Preservice teachers were required to write lesson plans incorporating the 5E
instructional model and write a reflection on the lesson they taught. Analysis of the
lesson plans and written reflections and observations were conducted by the
researcher. The lesson plans written by the preservice teachers are evidence of
teachers’ planning and use of inquiry-based practices and thus are important to this
research study. The data collected from a variety of sources, namely, lesson plans,
preservice teachers’ observations and the reflections after teaching a lesson, were
analysed. Within Christy Woods, there were designated areas chosen for instruction
to take place. The preservice teachers chose these places based on the resources
these places provided for teaching. For example, a clump of trees was an excellent
spot to observe animals and birds. The prairies area provided a variety of flowering
plants with bumble bees and butterflies. Fallen logs along the trail nested a wasps’
nest, and the greenhouse gave shelter to exotic plants and orchids, while the Christy
Woods classroom had a variety of taxidermy artefacts. To make complete use of the
extensive wooded area, the preservice teachers rotated through the chosen locations
so that the children would have ample space to move and run about without disturb-
ing the other groups.

Analysis of Data

Banning and Sullivan (2010) critically examined the early childhood standards in
the United States to identify learning behaviours and to apply them to their study on
outdoor learning environments. As a result of their synthesis, a set of standards are
derived, and corresponding indicators for each standard act as guidelines for early
childhood educators. The teaching and learning behaviours were theoretically
known in advance (Bybee et al. 2006); however, the responses of the 4-year-olds
when exposed to this new environment were documented in the data that was col-
lected. The themes that emerged from the inquiry-based lessons that gave the pre-
schoolers an opportunity for inquiry, the observations of their interactions and the
reflections of preservice teachers about the lessons they taught are listed in Table 8.1.

The first phase of the data analysis was to categorise lesson plans, the observa-
tions and the reflections after teaching based on the location of where the lesson was
taught. Triangulation of data in a case study is typically used to increase the validity
and reliability of the study by examining the researchers’ interpretation of meaning.
This interpretation is enhanced when we “assume the meaning of an observation is
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Table 8.1. Summary of themes emerging from the qualitative data analysis

Inquiry Process

Observation of Lessons

Reflections

Creates interest, and
curiosity

Children display curiosity
and interest in learning

Encouraged by the children’s
enthusiasm for learning outdoors

Raises questions

Children ask questions

Children make good observations

Assesses prior knowledge

Children record and make
observations

Surprised by how much the children
knew

Makes observations of
children’ interactions

Children excited and share
information

Children have short attention spans
and get distracted easily outdoors

Children work together

Children interact with
peers and use materials

Children helped each other with tools
and materials

Facilitates pretend play

Children engage in
pretend play

Children enjoyed pretending to be
frogs, butterflies, and other animals

Uses children’s prior
experiences to explain

Answers open-ended
questions

Children use pictures and
communicate ideas through drawings

Guides children in
exploration

Children enjoyed
exploring the woods

Children look for differences and
similarities

Evaluates students
understanding of concepts

Children are able to
connect ideas

Children are able to distinguish
between living and non-living things,
characteristics of animals, and plants

one thing, but additional observation gives us ground for revising our interpreta-
tions” (Stake, 1995, p. 110). In this study data source triangulation was used.
Edwards (2010) recommends the use of a variety of data sources. The second phase
of the analysis was triangulating the data from various sources (lesson plans, obser-
vations, reflections) for each session for a particular location. The data revealed an
array of patterns of teaching and learning behaviours.

Findings

The findings of this exploratory case study augment our understanding of how
young children learn science and how the 5E instructional model can be effectively
used in an early childhood curriculum in a variety of outdoor naturalistic settings.
The learning behaviours exhibited by the children and the preservice teachers’
guided inquiry in each of the environments of Christy Woods are explained in the
narrative below:

1. Children exhibited curiosity and interest in the natural surroundings.

Every day the children came by bus to Christy Woods accompanied by their
teachers and were soon put into groups and assigned to a group of preservice teach-
ers. The first lesson on trees was introduced by reading the book The Giving Tree by
Shel Silverstein; one teacher reflected: The students seemed interested in the tale of
the little boy growing to adulthood with the aid of the kind tree. There was a moment
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near the end of the story that the children grasped an important concept that we
wanted to convey. “Trees give a lot to us!” Randy said excitedly at the conclusion of
the story. This comment could not have made me happier, as this was the sole reason
for introducing the book and setting the tone for the lesson. “Randy that’s true! But
what exactly do they give us?” A flurry of answers came in an instant: shade, pretty
colours, protection from rain and a home for animals.

2. Children learn by making observations and using materials and tools.

While learning about trees, the children were given an opportunity to take bark
rubbings from four different trees. They were supervised as they roamed in a small
wooded area freely, comparing and contrasting the different types of barks. The
preservice teacher reflects on the lesson he taught:

“Look at this one Lisa!” Faith exclaims excitedly, pointing to a tree with particu-
lar rough bark. The children were doing a masterful job at the rubbings, but more
importantly they were completely engaged in the learning process without a con-
scious effort to do so.

The other lessons introduced students to a scavenger hunt in the woods. They
were paired with a preservice teacher and went around looking for trees, leaves,
nuts, flowers and animals that they could spot.

The students were once again very excited to explore once more and kept track of
the items they saw by tallying on a sheet of paper. During this time, some students
spent time looking at individual leaves to see how they were different, determine the
size of rocks and keeping their eyes open for animals. One student in particular
found a bird egg in a tree then spent more time looking for the nest. He was very
proud of what he found and showed everyone in the group the bird’s egg.

3. Children share ideas, assist each other and initiate interactions with their
peers.

The nature walks into the woods gave children an occasion to talk to each other,
share information and experiences and engage in a conversation replete with excite-
ment and awe. One such episode that is characteristic of children’s learning is
depicted in the following conversation:

Ken: “I found a spider! Look how fuzzy it is!! Don’t touch it”. Remember we will
take a picture of it guys”.

Kayla: “Look, a tiny bug! I have good eyes; look, it’s a baby!”

Carly: “Remember plants are alive and the ant is crawling on it!”

Kayla: “Remember we saw a chipmunk and squirrel last time!”

4. Children are receptive to new experiences, use their senses and marvel
about the natural world.

The children were taught to differentiate between living and nonliving things.
The hike along the trail brought many surprises and adventures that they would
remember for a long time. Another preservice teacher reminiscing about her experi-
ences describes the incident vividly:
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The students really enjoyed exploring around Christy Woods, and they loved that
we brought in some taxidermy creatures such as a squirrel and chipmunk. They
embraced the notion that they were scientists for the day and took their magnifying
glasses to explore the different plants and animals in the forest.... The most exciting
part of the lesson was when one student found a very large cellar spider commonly
referred to as a “daddy long legs” spider. The students really enjoyed using their
magnifying glasses to get a closer look at the spider.

5. Children rely on peer assistance and adult guidance providing information,
materials and tools to do science.

The activities in the various lessons required the children to use tools like mag-
nifying lenses, digging implements, containers, insect collection boxes and clip-
boards. The children needed assistance in using them and frequently relied on their
peers to help them. The following vignette is an example of how a preservice teacher
finding no animals in their location improvised the activity. She reflects on what she
did:

The students loved searching for animals and then recording their findings! We
did have a few snags at this part though. There were not very many animals at all.
Really, all we saw was a bird. Luckily, Ann and I tried to prepare for this happening.
Before the lesson, I printed a big picture of each animal that we were going to look
for. I placed them around Christy Woods in places that that animal would really live.
For example, the squirrel picture was put on a tree. The students liked this almost as
much as finding the real animal. They were just excited to hunt and explore for ani-
mals. Their journals turned out very well! They were actually way more detailed
than I expected them to be.

6. Children express their appreciation for nature by role playing and engaging
in pretend play.

Every lesson incorporated pretend play, and the children enjoyed participating in
those activities. An example of the pretend play is described below:

We started out with a song, because we discovered the week before that the chil-
dren loved to sing, so we wanted to incorporate that into our lesson, so we would be
providing culturally relevant pedagogy for the students.... They loved the modifica-
tion to “head, shoulders, knees and toes” that we did which included the addition
of tails or paws to signify that animals can have different body parts than we as
humans do.

Evaluating the Role of the SE Instructional Model
with Teaching Young Children in Outdoor Settings

Developed by the Biological Sciences Curriculum Study (BSCS), and published by
Bybee et al. 2006, is a learning cycle based on a constructivist view of learning. The
premise of the constructivist view is that the learner comes to the educational setting
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with some knowledge of how things operate around them. When new information is
presented to the learner, and that information fits into the learners’ repertoire of
knowledge, it is easily assimilated. However, if the new information does not align
to what the learner already knows, the learner has to rearrange their schema of
thought to accommodate the information. According to Roger Bybee (1997), the
objective of the constructivist model should be to encourage students to reexamine
their notions through reflections and peer discussions in the context of the environ-
ment. The 5E instructional model while presented in a linear order — engage,
explore, explain, elaborate and evaluate — is a learning cycle which the teacher facil-
itates for the students. In this study the preservice teachers used this instructional
model to plan and prepare their lesson plans. An examination of the lesson plans and
preservice teacher reflections after teaching gives us anecdotes of how they per-
ceived the success of their teaching experience.

The engagement stage is designed to generate interest and curiosity among the
learners. The teacher raises questions, to elicit prior knowledge and assess student
understanding of the concept, including misconceptions. The lesson on Soil and its
components was designed for the young learners to make observations of the soil
and its many parts, through a variety of senses, and to be able to communicate their
findings and predictions to their peers. Questions like “What is soil?”, “Where can
you find it?”, “What is it used for?”, and “What does it look like?” gave an idea of
what the children knew about soil. To include literacy aspects to the science lesson,
the book, Dirty Gert by Tedd Arnold was read, and the children were introduced to
the term soil, so that they would transition into the next stage effortlessly.

A preservice teacher reflects, by working with these young children, I have rec-
ognised their wants to explore and experiment things on their own. Even at the age
of four, the students are asking questions about everything around them. The stu-
dents would point out how some of the trees look different, leaves look different,
flowers look different and how there were so many different animals and bugs in
Christy Woods. With this thought, I believe that my philosophy of science education
is very child-centred with the teachers as guides and facilitators.

The exploration stage gives children an opportunity to work together using
materials and tools appropriate for their developmental level. With the appropriate
safety rules and precautions in place, the teacher observes and listens to the children
interact. Probing questions guide the children through their investigations.

In this lesson, the children were given samples of soil in trays and were asked to
examine it by feeling, smelling and observing its contents. After verbally communi-
cating what they had observed, the children were paired up with a partner, and each
pair was given a soil shaker (clear container) filled with water in it. The children had
to predict what would happen if they shook the container. After shaking the con-
tainer, the soil was allowed to settle. The students were then asked to draw what they
saw in the container. During this very pivotal moment, a distraction presented itself.

The preservice teacher recalls, during the lesson, the children were very excited
to be outside. We placed our students underneath a tree. Unfortunately, I believe we
placed them on an anthill. Marla and I had to adapt our lesson because of the ants
that were everywhere. We did not want to stop the students from exploring the ants
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and using their imaginations. If the opportunity came up to talk about the ants, we
stopped and listened to what they had to say. We encouraged them to be interested
in the ants at appropriate times and tried to get them excited for the next week’s les-
son over insects.

The explanation stage asks for proof and clarification from the student and uses
prior experiences as a basis for explaining concepts. Students are encouraged to
explain in their own words while the teacher provides scientific explanation and
vocabulary.

The students illustrated what they saw in the soil shakers. The students were
using their imaginations of what was really in the containers. It was amazing to see
their thought process in this part of the lesson. I asked one little girl why all the
larger pieces were at the bottom of the container. She answered me by saying, “They
are bigger and heavier so they sink”. It is amazing to hear that at such a young age
that they understand things sink.

The elaborate stage expects students to apply concepts, skills and vocabulary to
new situations. In this study, we had the children participate in pretend play. The
play was teacher initiated and student guided. This was appropriate considering that
the children had learned many concepts and skills and needed an avenue to express
their feelings and appreciation for the natural world.

After the explanation, we moved the students away from the ants. We were going
to let them build and explore the soil more. Since the students were so excited about
the ants, we told them to build a home for an insect. I gave them more insects and
worms to play with. We were just letting them use their imagination. At this moment,
I was talking with a student. The student said, “I can’t build a house because it is
too dry”. She understood that the soil needed to be thicker and be wet. We changed
our lesson a little bit and added water to all the soil. The students love this part.
They were having a great time just playing with soil that was mud.

During the evaluation stage, the teacher observes and assesses students as they
apply new concepts and skills. Students are allowed to assess their own learning and
group process skills. In this lesson the children explored the soil to find out “Which
type of soil sticks the most?”” They revisited the bottles of soil and the layers that
they had drawn. They answered the question, “Why is soil so important?”” They
were also asked to consider what soil does for plants.

In conclusion, the 5E instructional model can be used with preschool age stu-
dents and is very versatile in instructional strategy when applied to outdoor
settings.

Impact on Early Childhood Teacher Preparation

This study has impacts on early childhood teacher preparation. Most preschools
have playgrounds that are designed by architects and urban planners. The designed
world has its own charm, but a natural outdoor setting has numerous benefits. In this
study the participants both children and preservice teachers benefitted from
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interacting with each other. Children learned science concepts and made connec-
tions in the real world; they acquired communication skills, developed curiosity and
collaborated on environmental activities with their peers.

It was Edward O. Wilson (1984) who described the biophilia hypothesis as an
innate tendency for human beings to connect or be affiliated with natural and other
forms of life. When the outdoor learning experiences are infrequently used due to
harsh weather, Russian authors Shmis et al. (2014) describe that having large good-
quality glass windows and displaying photographs of nature have a “biophilia
effect” on the children. Getting this concept across to preservice teachers can be
difficult when there are so few role models. In the words of one of the participants:

Before I took this class, I believed that science lessons were really just meant for
inside activities for younger students. After this experience, I have come to realize
that I was completely wrong. It was so much fun teaching the younger students. They
are so young, but they understand concepts. I believe that in the future that I will
have the knowledge to teach my students about science. It will be important for me
to make sure that my lessons are hands-on and engaging. This will make it more
exciting and memorable for the students.

The teachers’ role in natural settings can be challenging; while the preservice
teachers observed how children learn science, interact and develop social skills in
the natural setting, they were surprised by the unexpected events the outdoors bring.
The lesson on “habitats” brought the elements of the environment together. To teach
children about the interconnectedness of the environment is a powerful learning
experience.
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Chapter 9
Affordances of Purposeful Play

Tang Wee Teo, Yaw Kai Yan, Woei Ling Monica Ong, and Mei Ting Goh

Abstract According to the Singapore Ministry of Education Kindergarten
Curriculum Framework (Ministry of Education, Singapore, Nurturing early learn-
ers: a curriculum framework for kindergartens in Singapore. Retrieved on January
15, 2016 from http://www.moe.gov.sg/education/preschool/files/kindergarten-cur
riculum-framework.pdf, 2012), purposeful play is a pedagogical approach to
actively engage children in exploring, developing, and applying knowledge and
skills in an enjoyable manner. To achieve this broad objective, lessons have to be
purposefully planned by taking into consideration children’s interests and abilities.
This chapter describes a group of Singaporean preschool children (aged 6) learning
about ways to categorize different types of leaves through purposeful play at the
Singapore Botanic Gardens. We discuss the affordances of purposeful play in this
naturalistic learning context as illuminated through the teacher-student and student-
student social interactions. Through this work, we want to demonstrate how pur-
poseful play, when properly planned and capitalized on, could contribute to
children’s science experiential learning and understanding. Preschool teachers may
be interested to learn how they can purposefully plan their lessons to create diverse
affordances for children. This study also contributes to the early childhood litera-
ture, which has limited empirical studies about Singaporean preschool science
education.
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Introduction

This chapter describes part of a larger study that aims to understand how Singaporean
young children (aged 6-8) make sense of, participate in, and learn science. It
describes an activity in which children learned about different ways to categorize
various types of leaves through purposeful play (Fleer 2013) at the Singapore
Botanic Gardens, a UNESCO heritage site. The research question addressed is:

How and what affordances were created for Singaporean children engaging in purposeful
play, during the activity on categorizing leaves, in the naturalistic setting of the Singapore
Botanic Gardens?

Herein, we discuss the affordances of purposeful play in this naturalistic learning
context as illuminated through the teacher-student and student-student social inter-
actions. The aim of this chapter is to demonstrate how purposeful play, when prop-
erly planned and capitalized on, could contribute to children’s science experiential
learning and understanding. The findings of this study can inform preschool teach-
ers on how they can purposefully plan their lessons to create diverse affordances for
children. This study also contributes to the early childhood literature, which has
limited empirical studies about Singaporean preschool science education.

MOE Kindergarten Curriculum Framework

In 2012, the document Nurturing Early Learners — A Curriculum Framework for
Kindergartens (referred to as the “Framework”™ in this chapter) was published by the
Ministry of Education (MOE), Singapore, “to guide pre-schools in designing and
implementing a quality kindergarten curriculum for children aged four to six”
(MOE 2012, p. 11). This framework resulted from a review conducted to update the
scope and relevance of the guiding principles for classroom practices, with a view
toward the development of twenty-first-century competencies among children at the
preschool level.

Learning Areas

The Framework spells out six learning areas, namely, esthetics and creative expres-
sion, discovery of the world, language and literacy, motor skills development,
numeracy, and social and emotional development. All learning areas comprise a set
of learning goals that defines what children should be able to do at the end of their
kindergarten education. These learning goals were translated into knowledge, skills,
and dispositions to guide teachers construct quality holistic learning experiences for
the children so that they may develop into confident persons, self-directed learners,
active contributors, and concerned citizens (MOE 2012, p. 17).
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Discovery of the World

Although science is not formally introduced in the Singapore curriculum until
Grade 3 (aged 9), kindergarten children are introduced to science ideas through the
learning area Discovery of the World. The goal of this learning area is to help chil-
dren broaden their knowledge and acquire the essential skills and understanding to
make sense of the world around them. It also aims to sustain children’s natural
curiosity to explore the world and lays the foundation for learning other subjects
such as geography, history, and science.

Specifically, the learning goals defined for Discovery of the World (MOE 2012,
p. 73) are for children to:

e Show an interest in the world they live in.

* Find out why things happened and how things work through simple
investigations.

* Develop a positive attitude toward the world around them.

The skills to be developed through this learning area include observing, compar-
ing, classifying, sequencing, asking questions, decision-making, problem-solving,
predicting, testing, reflecting, reasoning, recording, and communicating (MOE
2012, p. 74). It is desired that the children will be able to (MOE 2012, p. 75) (a)
observe and be aware of the world they live in, (b) carry out simple investigations to
find out why things happen and how things work, (c) gather information from a
variety of sources to find out why things happen and how things work, (d) make
simple recordings of their observations and findings, and (e) talk about their obser-
vations and findings. These skills, knowledge, and dispositions are foundational to
the learning of science and scientific practice (Osborne 2013). Such skills are
important, not only for scientists but also for people in their everyday lives.

Purposeful Play in the Framework

Central to the Framework are the iTeach principles that guide the planning, design-
ing, and facilitation of meaningful and appropriate learning experiences. The six
iTeach principles are an integrated approach to learning, teachers as facilitators of
learning, engaging children in learning through purposeful play, authentic learning
through quality interactions, children as constructors of knowledge, and holistic
development.

One of the iTeach principles is engaging children in learning through purposeful
play. While learning through play was also featured in the earlier 2003 version of
the framework, the emphasis was on providing opportunities for structured play
involving a rich use of language. The revised Framework focuses on the crucial role
that teachers play in creating the environment to enhance learning of the children.
According to the Framework, purposeful play entails (a) enjoyment; (b) active
involvement of children in exploring, deepening, and applying knowledge and
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skills; (c) addressing learning objectives that have been carefully thought through
by the teachers while taking into consideration children’s interests and abilities; and
(d) facilitation by teachers who observe children at play to discover what they have
learned and shaping their activities to reinforce or extend their learning toward
intended objectives (MOE 2012, p. 35).

Given this background, the revised curriculum presents tremendous potential to
explore innovative and fresh learning opportunities for preschool learners.

Purposeful Play and Its Affordances

In Marilyn Fleer’s book titled Play in the Early Years (2013), she cited and elabo-
rated on the characteristics of purposeful play described in the Framework. She
highlighted the following five characteristics of purposeful play and associated each
with specific roles of the adults and children, as well as the interaction between the
two (Fleer 2013, p. 156):

1. Authentic contexts are created to support learning and play. Children are
engaged in activities that are purposefully planned by the teachers taking the
children into consideration, including learning goals which children can apply in
their everyday lives.

2. Collaborative learning is supported in play-based settings. Children are actively
involved in learning together with their peers, while the teachers employ various
strategies to encourage this.

3. Children take risks, make mistakes, and manage their own learning when play-
ing. Children take charge and are responsible for their learning, while the teach-
ers remain sensitive to the children’s needs and play a supportive role.

4. In play-based situations, learning is enjoyable. Play is planned by the teacher to
be enjoyable for the children, and children see them as enjoyable.

5. Play develops children’s imagination and creativity. Children use their imagina-
tion in the activity which aids them in being more creative, while the teachers
remain sensitive to the children’s needs and support them in their imagination
and in arriving at more creative conclusions.

Purposeful play lies along a continuum of child-initiated play and adult-initiated
play (Fleer 2013). In our current study, we see the level of initiation by the adult, and
the child differs at different points within the same activity—the adult may suggest
to the children to carry out a task, but during the activity a child may initiate a new
idea or thing to do. Hence, instead of seeing purposeful play as being a fixed point
on the continuum, we see it as moving along the continuum within an activity.

Although the concept of purposeful play per se has not been frequently examined
in the literature, similar concepts have been invoked in some reported studies. In the
following paragraphs, we list some examples of such studies and discuss how we
see the characteristics of purposeful play being implemented therein.
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A study based on intentional teaching [a pedagogy stated in the Early Years
Learning Framework of Australia (Department of Education, Employment and
Workplace Relations, 2009)] and purposeful play was conducted by Fleer and
Hoban (2012). In this study, the authors examined how Slowmation, a stop-motion
animation, can be used as a tool to bring about intentional teaching. One of the set-
tings in their study was in a Singaporean preschool where the focus was on a 4-year-
old child and a preservice teacher. The preservice teacher first observed the child at
play with her grandparents and two uncles at a playground. Everyday concepts that
the child used or constructed from her play were noted. A specific related scientific
concept (force) was then chosen to be incorporated into the Slowmation activity.
The Slowmation was based on a playground setting, in which the child and the
teacher used two toys to represent one character each, and Plasticine was molded to
represent various playground objects. We see the characteristics of purposeful play
being fulfilled through the following: authentic contexts were present in the study as
the context for the Slowmation was in the playground, and the concept incorporated
into the Slowmation was decided based on prior observation of the child playing in
the playground. In this study, collaborative learning was not enacted with peers as
there was only one child. However, the child was observed at play with her family
members at the playground, as well as cocreating the Slowmation with the preser-
vice teacher. The activity may be enjoyable for the child as the Slowmation was
based in the playground context, with two of her toys used as the two main charac-
ters of the story. Imagination was also included in the Slowmation as two toys were
used as characters, playground objects were made using Plasticine, and a script was
created for the conversation between the two characters.

Cutter-Mackenzie and Edwards (2013) examined how three different types of
play pedagogies, namely, open-ended play, modeled play, and purposefully framed
play, can help to support the learning and teaching of environmental topics. The
authors defined purposefully framed play as including open-ended play, modeled
play, and interactions between adult and children. Their study was conducted in
Australia with a total of 114 children, aged 4-5, and 16 teachers. Prior to the imple-
mentation of the activities, the teachers underwent a training session where they
discuss the three play types and possible concepts to be included. Each teacher then
implemented the three play types to teach the children the specific environmental
concepts that they have chosen. The children participated in the activities in groups
of up to seven. Lesson videos, as well as teacher and children interviews, were col-
lected as data. The characteristics of Fleer’s (2013) purposeful play were discerned
as follows. Authentic contexts were provided as teachers purposefully planned for a
specific environmental concept as the learning outcome, and children can apply
such concepts in their everyday life as it deals with the environment. Collaborative
environments were in place as children participated in the activities in groups. In
addition, the teachers used various strategies to facilitate their interactions with the
children, with some of the strategies promoting collaboration among peers, such as
group reflection. Purposefully framed play also included a period of open-ended
play, which could likely be enjoyable for the children. In addition, the children’s
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interests were taken into account when the teachers chose the specific environmen-
tal concept to incorporate in their implementation.

Some studies have also looked at guided play, which is seen to be mainly child
initiated, but involve adults helping to scaffold the learning outcomes (Weisberg
et al. 2013). We see this as being similar to purposeful play as it attempts to incor-
porate clear learning outcomes into play-based settings and places a focus on inter-
action between teacher and children. An example of a study that used guided play is
that of Fisher et al. (2013), which compared three types of instruction, namely, free
play, guided play, and didactic instruction, in the teaching of shapes to young chil-
dren. Seventy children aged 4-5 took part in their study conducted in Philadelphia,
United States. The children were assigned to one of the three instructional modes,
by which they were taught about four different shapes. Thereafter, the children were
tested for their knowledge on the four shapes. We see the guided play that was
implemented in their study to be similar to purposeful play in a few aspects.
Authentic contexts were present as the experimenter planned to teach the concept of
shapes to the children in the guided play using simple objects, and knowledge about
shapes can be used in children’s everyday lives. In addition, the guided play was
planned to be enjoyable for the children by including a story about finding out the
secrets about shapes. Other studies which used guided play may fulfill other charac-
teristics apart from the ones that we see in the above example.

In sum, although the term “purposeful play” as defined in Fleer (2013) is not com-
monly discussed in the literature, we can see some similar characteristics between
purposeful play and other play-based pedagogies. These examples demonstrated
how Fleer’s (2013) five characteristics of purposeful play could be implemented.

In our study, we attempted to integrate all five characteristics and to provide an
additional example of how purposeful play as defined in Fleer (2013) can be imple-
mented in a preschool setting. The data are presented in the form of narrative
excerpts to provide a vicarious experience of a group of preschool children (aged 6)
learning about ways to categorize different types of leaves through purposeful play
at the Singapore Botanic Gardens. We discuss the affordances of purposeful play in
this naturalistic learning context as illuminated through the teacher-student and
student-student social interactions. Through this work, we want to demonstrate how
purposeful play, when properly planned and capitalized on, could contribute to chil-
dren’s science experiential learning and understanding.

Research Context

Preschool Education in Singapore

As mentioned earlier, science is formally taught to the children at Grade 3 when
they are 9 years old. Prior to this, children may have exposure to science through
informal experiential learning in preschools, but the emphasis is not on science
content knowledge. The opportunities they have to learn science are dependent on
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the curricula designed by the kindergartens or childcare centers that they attend,
which are diverse. Some of them may even have informal science learning experi-
ences provided by their parents.

Children in Singapore attend classes at the Nursery, Kindergarten 1, and
Kindergarten 2 levels at ages 3—4, 5, and 6, respectively (ECDA 2015; Skoolopedia
2015). More than 99% of Grade 1 students (aged 7) have attended at least 1 year of
preschool. Preschool centers include child/infant care centers and kindergartens. In
2015, there are 292 infant care centers, 1196 childcare centers, and 499 kindergar-
tens. Out of the 499 kindergartens, 10 are MOE kindergartens, more than 200 kin-
dergartens and childcare centers are operated by the People’s Action Party
Community Foundation (PCF, a charitable foundation set up by Singapore’s ruling
party), and the rest are run by either private commercial or not-for-profit organiza-
tions. Kindergartens provide a 3-year education program, where students attend at
least 3—4 h of lessons per day for 5 days a week. All the MOE kindergartens adopt
a common curriculum guided by the Framework, while the PAPCF kindergartens
develop their own curricula and lesson materials. Other kindergartens may take ref-
erence from the principles of the Framework or other philosophies (e.g., Montessori,
Regio-Emilia, Waldorf Steiner) and methods (e.g., play based, multiple intelli-
gences, whole brain learning).

Participants

The participants of this study were 6 years old Kindergarten 2 children from a kin-
dergarten located at the void deck of a public residential block in the southwestern
part of Singapore. A total of 17 children from this kindergarten took part in the
study. The children were from a mixture of above average and average socioeco-
nomic status backgrounds. They were divided into three groups, with each group
being led by one researcher. This paper focuses on a group of five children led by
one of the researchers. Pseudonyms were used for the children who participated in
this study to ensure anonymity.

Activity Conducted

As mentioned earlier, the study was conducted at the Singapore Botanic Gardens.
Since it was the first visit to the botanic gardens for most of the children, the
researchers briefed the children about the site and the ground rules before starting
the activity. The researcher for the group discussed in this study began the activity
by challenging the children to pick up as many different leaves as they could find on
the ground while they walked through the gardens, with the goal of having them
categorize the leaves later. The children took up the challenge, fearlessly roaming
through the grounds possibly inhabited by various insects and lizards. The children
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ran to deposit the leaves in a container carried by the researcher. Along the way, the
children saw squirrels, dogs, flowers, fruits, insects, mushrooms, and seeds. After
about 45 min of walking and gathering of leaves, the group settled down in an open
field, where the researcher got the children to place their collected leaves onto a
picnic sheet. In what follows, we describe significant episodes and discuss the affor-
dances of purposeful play for the children.

Methods

Data Collection

The activity was video and audio recorded by research assistants who followed the
group of five children and the researcher. The audio recording was merged with the
video recording and transcribed.

Data Analysis

The transcribed video was analyzed using the software HyperRESEARCH™. First,
one researcher watched the video several times and coded relevant episodes that
illustrated the affordances of purposeful play. The same procedure was repeated by
another researcher who independently coded the video. Then, the two researchers
discussed and agreed on the set of coded episodes that captured evidences of affor-
dances of purposeful play. After a consensus was reached, the first researcher ana-
lyzed the coded episodes by identifying emergent codes that described the
affordances. The process was repeated by the second researcher who used the same
set of codes for analysis as no additional codes were identified in the emergent cod-
ing process. Any discrepancy in the coding was discussed until complete consis-
tency was attained.

Findings and Discussion

The activity fulfilled the characteristics of purposeful play as it was conducted in an
authentic context where the resource for learning was naturally found. The activity
allowed for active learning and risk-taking as the children competed to find the most
unusual leaf as they wandered into unknown grounds only to soon realize that there
were insects which could bite them. They found the activity enjoyable as they were
actively participating in the leaf collection. Finally, they also used their imagination
and creativity to describe what they saw around the Singapore Botanic Gardens. For
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example, they described the huge buttress roots of the kapok tree, which were big-
ger than them, as “dinosaur legs” and the huge mushrooms as “towers.”

In the following paragraphs, we present the excerpts of episodes occurring after
the children were gathered to categorize the leaves and illustrate the affordances of
this activity that incorporated elements of purposeful play. In the first episode, the
children sorted the leaves according to colors, and in the second, the researcher
attempted to draw the children’s attention to the unique features of some leaves and
introduced them to the concept of texture.

Excerpt 9.1 Sorting Leaves According to Colors

Devi: Where’s the green [stack]? This one is to be there! I'm going to put this one.
Adrian: What? Are you sure that goes in here?
Devi: Yay, I got plenty. Everything is same as here. This is put here.

[The children gathered around the researcher who asked the children about what they had been
doing.]

Vanessa: [’ve put these together] because they are leaves.

Researcher: But these are also leaves right [pointing to the leaves placed on another tray]?
So why do all these come together?

Vanessa: Because they are the same.

Researcher: Same in what ways?

Devi: This [pointing to a tray of leaves] is brown.

[The researcher turned her attention to David who was quiet and looking elsewhere.]

Researcher: David, why do you put these [leaves] together?

David: All brown.

Researcher: Are they all brown? Is this [picking up a leaf] brown?

David: No.

Researcher: No? So where should this be?

David: Here [he moves the leaf to another tray].

Researcher: Here? A bit dark. Okay.

Adrian: I put this one [leaf] here and this one here.

David: This one must be here, then this one here.

Adrian: No!

In this excerpt, we observed rich dialogue between the children and between the
researcher and the children. The dialogue illuminated the children’s different inter-
pretations of the colors of leaves, especially because they were in different shades
of green, brown, and yellow (see Fig. 9.1). The ambiguity of the colors of the differ-
ent types of leaves opened up opportunities for the children to have a conversation
about the sorting of leaves—they questioned one another about their decisions and
voiced their disagreement with one another. As opposed to a planned lesson where
teachers bring in prescribed materials for children to categorize, the children were
immersed in the diversity of nature.

In the next excerpt, the researcher tried to have the children pay attention to the
unique or different features of leaves even as they were categorized into the same
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Fig. 9.1 Children sorting the leaves according to colors. The group of leaves at the top, middle,
and bottom was categorized as brown, a mixture of green and yellow, and green, respectively

group. This was done with the aim of hoping that the children would subsequently
identify other ways of categorizing the leaves.

Excerpt 9.2 Identifying Different Features of Leaves

Researcher: Just now Adrian made a very good observation. Do you see this [referring to
the main vein running through the middle of the leaf]? Look at this one
[holding up another leaf]. Where is it?

Daniel: Only at the side.
[...]

Researcher: Okay, I also want you to touch the leaves. Touch it, touch this one. How does it
feel?

Devi: Hot.

Researcher: Anything else?

Adrian: It got lines.

Researcher: How does it feel?

Adrian: Got lines. This one still got lines.
[...]

Adrian: This one is more smoother and this one is more hotter.
[...]

Researcher: What’s the opposite of smooth?

Vanessa: Rough.

Researcher: Yah, that’s right. This is rough. Can you see that this is waxy? This is waxy

surface. Waterproof, okay?
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Fig. 9.2 The children put all the leaves into one pile and recategorized them. This time, it was
according to the texture of the leaves. In this picture, a boy was seen picking up a leaf to feel it
before putting it into one of the two new piles of leaves

Earlier, Adrian had noticed that one of the leaves had a main vein that did not run
through the middle of the leaf. He shared this unexpected observation with the
researcher, who brought it to the attention of the other children. In moving away
from the categories of leaves to unique features of individual leaves, the researcher
encouraged the children to describe the texture after feeling them. This was an
opportunity for her to introduce new vocabulary terms (e.g., waxy, waterproof) and
antonyms (e.g., smooth versus rough).

Following the above dialogue in Excerpt 9.2, the researcher went on to ask the
children about alternative ways of categorizing the leaves. Vanessa suggested cate-
gorizing them according to “how it feels.” The researcher took her suggestion and
told all the children to do that (see Fig. 9.2). In order to categorize the leaves suc-
cessfully according to whether they are rough or smooth, the children picked up
every leaf to feel the texture. In the process, Adrian picked up a leaf, which was
infected and asked, “Oh no, how come some have bumps?” He described the leaf as
“bumpy”” and questioned why it was the case. The researcher suggested that it could
have a disease. This activity allowed children to see that there are many ways to
categorize objects and extend the learning of the lesson beyond what was planned.

Implications

The learning objectives as suggested in the Framework were fulfilled by this pur-
poseful play activity. In this purposeful play activity, we encouraged the children to
observe and be aware of what was happening around them. This builds on their
natural disposition of being curious and helps to further develop their interest and
disposition toward observing the world around them. Through the activity, the chil-
dren were seen to gain some knowledge of the world around them, such as leaves
can be in different shades of colors, shapes, and sizes, and have different texture. In
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addition, the activity also served to develop and reinforce various science process
skills of the children, including categorization, observation, and communication.
Furthermore, as purposeful play involved active participation from the children, it is
likely to help the children develop a positive attitude toward the world they live in.
All these were part of the learning goals, key knowledge, skills, and dispositions as
listed in the Framework for the Discovery of the World.

Three affordances of purposeful play can be identified in this study. First, pur-
poseful play affords children a near experience of learning about the nature of sci-
ence and what scientists do. We acknowledge that such experiences are not very
similar to what real scientists do and that it would be unrealistic to expect children
to acquire in-depth scientific knowledge and practices through this activity alone.
However, we observed that this activity had provided an authentic experience for
the children to engage in some form of practice of science. Each of the participants
brought up their unique observations, and the researcher aided in the process of the
sharing of ideas. The children collaborated to complete the task of sorting the dif-
ferent types of leaves although they may not always agree with one another. Such
disagreements allowed them to discuss and share their ideas. The authentic context
affords children a repertoire of resources that were less predictable and static, hence
allowing them to have conversations and negotiations with one another to reach an
agreement. As such, the children were indirectly experiencing what some scientists
(e.g., biologists) do when they work in natural environments as opposed to working
in man-made environments (e.g., laboratory). In the process, they learned that some
scientific ideas are based on consensus building (Abd-El-Khalick 2012; Kuhn
1996). Such interactions can help them in refining their science process skills, such
as that of communicating their ideas.

Second, purposeful play affords a constructivist platform to learning that actively
engages children as learners in the process (Driver and Easley 1978; Duit and
Treagust 1998). During the activity, we saw the children actively participating in
categorizing or recategorizing the leaves. As they walked through the botanic gar-
dens, the children focused not only on the leaves but also other things such as the
roots and fruits of the trees, flowers, insects, and animals in the surroundings and
developed interesting ways to describe what they saw using their prior knowledge
or personal experience. As such, the children were actively involved in the task and
hence their own learning. It is with much anticipation that after this activity, the
children would be more aware of their surroundings and apply the same skills in
their lives (e.g., sorting out objects at home) and the learning of science (e.g., sort-
ing objects into living and nonliving things).

Third, the authenticity of the context offered diversity, which even the research-
ers had not expected to find. As an example, through interacting with the leaves,
Adrian brought up the observation of the vein running through the center of the leaf,
which is an idea that the researchers did not plan to emphasize as part of the lesson.
In addition, by allowing children to explore independently during their learning
experiences, it also affords more learning opportunities for them. For instance,
while picking up the leaves, the children picked up a diseased leaf. This affords an
enhanced learning experience for the young learners, as opposed to a planned lesson



9 Affordances of Purposeful Play 131

where teachers bring in prescribed materials which will often be limited to the ideas
and concepts that the teachers intended to teach the children. The authenticity of the
learning environment opened up opportunities for new discoveries and imaginative
approaches to completing the same task.

Conclusion

Our chapter presents an example of how purposeful play can be used to help young
children discover about leaves. Our activity fulfilled the learning goals as set out in
the Framework and also provided affordances to enhance the learning experience of
young children. Purposeful play can also be used to introduce other basic science
ideas to young children. It is important that these science ideas are relevant to the
young children’s everyday lives, such that each of the participants is able to bring in
their own personal experience to enrich their learning experiences. Future studies
may investigate how purposeful play can be used in other activities and examine the
ideas that young children share with one another during purposeful play. Such stud-
ies would be useful in providing information to teachers or caretakers of young
children on how to better design learning activities for young children using the
principles of purposeful play.
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Chapter 10
Changing Practice: The Impact of Research

Kim Chwee Daniel Tan and John K. Gilbert

Abstract One of the aims of science education research is to produce insights into
improving the teaching and learning of science in schools. Unfortunately, many
teachers continue to teach in the classroom as if no research has been done into the
teaching and learning of their subjects. This can be because teachers are generally
unaware of relevant work available and that few researchers are willing to translate
research findings into resources which teachers can easily understand and use in
class. A survey study which examined the impact of educational research on
Singapore middle and high school chemistry teachers’ instructional and curricular
practices was conducted using semi-structured interviews from 2011 to 2013. This
paper reports the findings of the study related to the factors which facilitated or
impeded changes in the teachers’ existing practices; the findings revealed that these
were related to students, teachers, school, the Ministry of Education, time, educa-
tional research and teacher professional development. The paper also discusses the
sources of information that the teachers used to guide them in making changes or
adopting new practices; these included colleagues, teacher educators, electronic
resources, conferences and professional development courses and educational
research. This study can inform researchers of the issues that are important to teach-
ers and ways of working with them to address these issues.

Introduction

Science education research needs to produce insights to inform the teaching and
learning of science in the classroom and policy decisions on science education
issues (Millar et al. 2006; Treagust 1995); it can challenge practices which are inef-
fective or dubious, endorse and provide support to those which are sound and effec-
tual and evaluate innovations to be implemented in the classrooms (Millar et al.
2006). However, researchers seem to have little understanding of the needs of
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policymakers and practitioners as studies have shown that policymakers and practi-
tioners have difficulty finding research that is relevant for their immediate needs
(Edwards et al. 2007; Nutley et al. 2002; Tseng 2008). One reason could be that
research is generally researcher-driven than user-driven leading to the paucity of
what policymakers and practitioners would consider as relevant research which
could inform their work. Nelson et al. (2009) reported that the policymakers and
practitioners in their study believed that “there is a gulf between research design and
real-world practice, and that research findings have limited applicability to their
local contexts” (p. 50). They also had difficulty accessing, reading, interpreting and
applying education research (Nelson et al. 2009; Ratcliffe et al. 2004; Walter et al.
2004). Thus, understanding how, when and why research is used (or not used) by
practitioners and policymakers is important to determine the interaction between
research, practice and policy, as well as to increase the utilisation and impact of
research (Davies and Nutley 2008; Tseng 2010, 2012).

Purpose of the Study

A survey study which examined the impact of educational research on Singapore
middle and high school chemistry teachers’ instructional and curricular practices
was conducted from 2011 to 2013 (Tan and Gilbert 2014). This chapter reports the
findings of the study related to the factors which encouraged chemistry teachers to
change their chemistry curriculum or the way they taught chemistry, and the factors
which constrained changes. It also seeks to determine the sources of information
which helped them to make the changes or adopt new practices. The research ques-
tions which guided the study were:

1. What are the factors which facilitated or impeded changes in the chemistry
teachers’ existing practices?

2. What are the sources of information that teachers use to guide them in making
changes to their existing practices or adopting new ones?

Method

A survey study (Gall et al. 2007) was utilised to obtain information on the factors
which facilitated or impeded changes in the chemistry teachers’ existing practices,
and the resources that they used or people that they approached to help them in mak-
ing the changes in their existing practice. The study received ethics approval from
first-named author’s institution.

A combination of criterion-based, convenience and network sampling (Merriam
2009) was used to select the teachers for the study. The sample consisted of 18
female teachers (62%) and 11 male teachers (38%) with different years of teaching
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experience from a mix of secondary (years 7-10), pre-university (years 11 and 12)
and integrated programme (years 7—12 or years 9—12) schools as well as those
working in the Singapore Ministry of Education and a teacher education
institution.

Semi-structured interviews were employed, and in cases where the teacher had
consented to participate in the study but did not wish to be interviewed, he/she
would answer the questions in the interview protocol as if he/she were answering an
open-ended survey questionnaire and email his/her responses to the researcher. The
questions in the interview protocol which are relevant to this chapter are:

1. What are the factors that encouraged you to change your chemistry curriculum
or scheme of work, or the way you teach chemistry?

2. We have talked about factors which facilitate changes, so let’s talk about factors
which impede or constrain changes.

3. What sources of information do you use most often to help you make changes or
adopt new practices?

All interviews were audio-recorded with the permission of the teachers and tran-
scribed verbatim. The interview and written data were analysed to identify recurring
“themes supported by the data from which they were derived” (Merriam 2009,
p. 23). Findings from previous studies (Nelson et al. 2009; Ratcliffe et al. 2004)
suggested several useful themes to code and interpret the data. Such themes include
‘time constraints’ and ‘learning from colleagues’. Other themes were derived
through open coding. As the analysis of the interview transcripts and written
responses progressed, analytical coding was utilised to combine similar codes,
while others were further subdivided or elaborated where necessary. Previously
analysed data were revisited and recoded where applicable, and the frequencies of
occurrences of the teachers’ responses under each theme were tallied. Finally, infer-
ences on chemistry teachers’ instructional and curricular practices were made based
on the analysis of data.

Results

As the number of teachers involved in the study was small, the responses of the
teachers to the interview questions were collated and analysed as a whole group.
Excerpts of the interviews used to illustrate the findings were lightly edited, where
necessary, to improve their readability. Only factors mentioned by three (10%) or
more teachers are highlighted.
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Table 10.1 Factors related to Engagement
students that facilitated Understanding | during
changes of concepts lessons

No. of teachers | 14 8

Factors That Facilitated Changes

Teachers mentioned factors such as those related to students, teachers, schools,
research and the Ministry of Education facilitated changes in their practice.

Factors Related to Students

The factors related to students mentioned by teachers which facilitated changes in
their practice were students’ understanding of concepts and engagement during les-
sons (see Table 10.1).

The teachers explored alternative ways of teaching when they found that students
did not seem to understand the concepts taught. Teacher T21 stated that he regularly
reflected on his teaching and how he could deepen his students’ understanding of
the concepts, while Teacher T10 would respond to her students’ feedback on their
learning difficulties:

T10 ...I feel that I need to do it differently because...my students...because it
doesn’t work so well any more...if my students are having difficulty...and
when they tell me certain things...I will want to think of a way to change. ..so if
I know that...through the interaction with students like they tell me that this one
doesn’t work...or they tell me that this work...so...it will help me in that way.

Teachers also wanted to engage students during lessons, so they would think of
ways to make their lessons interesting and relevant. Teacher T13 stated that she
would change her way of teaching for “topics which are harder or seem boring to the
students” by “using videos, showing demonstration, having more group activities or
getting students to do more hands on so as to engage the students better and help
them understand the concept better too”. Teacher T12, as illustrated below, would
link concepts to relevant everyday life examples to motivate students to help them
understand the concepts better as well as make chemistry more meaningful to them.

T12 ...and then when we talk about carbon monoxide poisoning, I think our kids
living in Singapore are...it’s pretty new...they don’t face the problem like
in... like when you’re living in US, or in cold countries, where you do get
quite a big...percentage of...people die due to carbon monoxide poisoning
in winter time...so when I brought in video and showed them carbon mon-
oxide poisoning in the home, they were really very surprised...so I feel there
is a need to really go beyond textbook to link them to what is around them...
so I feel that will make chemistry more meaningful...it’s not something they
feel they’ve learnt in the text but they cannot connect to it in their own life.
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Table 10.2 Factors related to Teacher Inputs from
teachers that facilitated characteristics | peers
changes No. of teachers |4 5

Table 10.3 Factors related to Support for School
school that facilitated initiatives directions
changes No. of teachers 4 10

Factors Related to Teachers

The factors related to teachers which facilitated changes in curriculum and/or
instruction included teacher characteristics and inputs from peers (see Table 10.2).

Teachers need to have to desire and willingness to change as well as have the
expertise to effect the changes. Teacher T12 mentioned that she had the desire to
change and she took small steps, trying out new ways of teaching one topic at a
time, to overcome inertia to change and time constraints. On the other hand, Teacher
T23 stressed the importance of increasing the expertise of teachers to help them
implement new initiatives.

T23  Ok...I think we’re talking about...let’s say for example...let’s say the last...
two to three years ago we did IBL [inquiry-based learning] for example...I
think we never really started on it until the HOD [Head of Department]
brought in an expert to teach the whole department...so in terms of expertise
we’re talking about something like that...

Learning from their peers and collaborating with peers are also important for
teachers to help them effect changes. Teacher T19 said that he observed his col-
league using Twitter Deck to allow students to twit their answers or comments dur-
ing lessons and that pushed him to “rethink and relook” the way he taught and to
explore other possibilities. Teacher T10 was grateful that a few of her colleagues
shared her passion in improving practice and collaborated with her to introduce new
ideas in the classroom.

T10 ...Ithink my colleagues also...if they are not so cooperative, they are not so
open to new ideas...and if I were to do it myself, I think I...wouldn’t have
that kind of courage or I'll...I would have to take a long time to be sure
that...it really works before I try...because when we think of something then
all of us will try then we come back and we...discuss...so it’s...more
encouraging....

Factors Related to School

School support for initiatives and the school’s directions played essential roles in
facilitating changes to curriculum and instruction (see Table 10.3).



140 K.C.D. Tan and J.K. Gilbert

Table 10.4 Factors related to educational research and professional development courses that
facilitated changes

Suggestions for teaching/ Learning from conferences/workshops/
learning from research in-service courses

No. of 6 5

teachers

Teacher T24’s school was involved in a national education project in transform-
ing teaching and learning in the classroom. The project was successful because the
school leaders provided much support for the team involved which included sched-
uled time for team meetings, workshops by experts, special timetable for classes
involved and offloading (teaching and admin work) for the teachers involved.

The directions or goals of the school also influence changes in curriculum and
instruction as teachers have to work with these directions or goals in mind or the
school may exert pressure on the teachers to change accordingly.

T22 Perhaps the direction from the management...like...what they want to
emphasize on...then you will tend to...gear...not really geared but you tend
to put in things or activities that...will allow students to move in that direc-
tion, like... inquiry learning is one...like here...lower years should let stu-
dents go through the inquiry process...then subconsciously when you plan
your activities, you will think in terms of that direction...so it’s...also a
direction set by the school...the department...

Factors Related to Education Research and Professional Development

Several teachers said that educational research and professional development
courses, for example, conferences, workshops and in-service courses, provided
ideas or support for them to change their practices (see Table 10.4).

Teacher T15 mentioned that she would read research articles to find out what
others had done and whether if she could replicate what they did with her students,
while Teacher 31 valued conferences or other sharing platforms as she could learn
best practices by listening to the presenters, asking questions and approaching them
for help.

T15 To make changes...factors...let’s say you have research articles...I would of
course, look at what people would have done and maybe I can replicate what
they have done in my classrooms...I mean that is a very good backup you
see...rather than I just try out you know without any...basis...cause I know
even in other departments, they are also doing readings, on their own to back
up their new approach.

T31 I usually would...like conferences or cluster sharing or school sharing...
because I can then choose to see what they are sharing and then what they
have done, whether it’s appropriate...they are there, I can question, I can
ask, and should I need help, I can then...go and approach them...that
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Table 10.5 Factors related to the Ministry of Education that facilitated changes

Changes in curriculum/ Ministry initiatives
assessment
No. of teachers 8 11

would be one of the easiest way to gather...practices, best practices from
other people.

Factors Related to the Ministry of Education

Revision of the curriculum, changes in assessment or initiatives launched by the
Ministry of Education, had an impact on practices in school (see Table 10.5).

Teacher T7 stated that he modified his teaching for “(b)etter alignment to current
method of assessment, and style of questions asked in ‘A’ Levels” and Teacher T25
“had to improve the quality of the questions that we expose students to in normal
tutorials” in order to help students answer higher-order thinking questions. Similarly,
Teachers T27 had to focus more on thinking skills in his lessons in response to the
greater emphasis on thinking questions in the national examinations.

One of the recent initiatives of the Ministry of Education is to enhance students’
“life-ready competencies like creativity, innovation, cross-cultural understanding
and resilience” (Ministry of Education 2010). Thus, Teacher T12 explained that
teachers “need to move... with the direction that the MOE has set”.

T12 Ithink...it would be like trying to make learning meaningful for the students. ..
or teach them skills that will help them...it’s like...what do you call...take
them into the twenty-first century...and I find that as a teacher, I need to
move...with the direction that the MOE has set...and I also see that...we...are
past a stage where we...are textbook bound...we must go beyond that...so I
feel that in a lot of ways, I need to change the way I teach...although there is
aneed to do a lot of content required for the exam but it would also be nice to
be able to enrich the students...so that they are able to connect what they have
learnt and find meaning and a bigger purpose in the world they are living in.

Teachers in Singapore have been using information and communication tech-
nologies (ICT) to help students learn science by helping them to experience and
visualise phenomena, access developments in science and engage in scientific
inquiry (Tan and Koh 2008). The Ministry of Education, recognising the potential
of ICT and collaborative learning as well as innovative practices in some schools,
strongly encourages all schools to infuse more ICT and collaborative learning in
their programmes; this is reflected in the response of Teacher T19.

T19 Ok...(at the) department level...because recently there’s this BY(i)TES
[Baseline ICT Standards] thing...so require about 35% of curriculum...min-
imum that’s required to be either collaborative learning or student-directed
learning...so, with that we need to revamp...all our 3 levels worth of SOWs
and our...curriculum, in that sense...
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Factors That Impede or Constrain Change

The factors which facilitated change as mentioned in the previous section, for exam-
ple, factors related to student, teacher and school, could also impede or constrain
change. The limited time that the teacher has for classroom teaching and the time
required to make instructional and curricular changes also do not encourage them to
make changes in their practice.

Factors Related to Students

Ten teachers indicated that their students played a part in constraining changes to
the way they teach. There was a tendency to stick to tried-and-tested methods,
didactic teaching or following the syllabus closely when teaching weaker students
as teachers feared the students could have learning difficulties if they employed new
pedagogies or taught more than what was required in the syllabus. The interview
excerpt with Teacher T6 illustrates this tendency:

T6 ...with the weaker batch students...so we have to...but we still stick to the...
SIOs [specific instructional objectives] but as you know for JC it’s usually...
we tend to teach beyond the syllabus...some areas in fact could be quite sub-
stantially...we find that this is not...viable for the weaker students...because
those things that are not needed by them...if you teach...they tend to be caus-
ing more confusion among students so we have to trim it down and stick very
closely to the syllabus requirement...

Teacher T6 explained that several of his junior college students wanted to be taught
the way they were taught in secondary school, that is, through drill and practice and
be “provided with ‘guaranteed to score’ model answers” which would help them do
well in the national examinations. Teacher T11 also commented that students
brought “habits that they have previously cultivated, such as heavy reliance on
spoon-feeding of knowledge by their teachers and memorising rather than under-
standing of content” from secondary school to junior college. Their resistance to
change was to be expected “especially if their strategies brought them reasonable
success in their academics prior to JC”. Unfortunately, the junior college national
examinations require more than “superficial understanding of the subject”, so
Teacher T11 cautioned that students “need to rethink their ways of learning”.

Factors Related to Teachers

Table 10.6 shows the factors related to teachers which impeded or constrained
changes.

Teachers might also not want to or be ready to change their ways of teaching.
Teacher T6 believed that teachers “must feel confident that such changes are viable
in their opinion” and would weigh the cost and benefit of introducing the changes.
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Table 10.6 Factors related to Teachers’

teachers that impeded Teacher assessment

changes characteristics concerns
No. of 9 10
teachers

So, if teachers were not ready for the changes or not convinced that the changes
would be beneficial, then their implementation would be problematic.

T6 I think teacher factor is one very important, because whenever you want to
make changes, teachers, first of all must be comfortable with it, especially
those pillars...I mean your subject heads...your ST [senior teachers], because
they are the one with the most experience...they are the one actually helm the
particular subject...so they must feel confident that such changes are viable in
their opinion...of course they always measure the changes against their years
of experience and try to make a judgement call whether such change is benefi-
cial and weighs against...the effort that needs to be put in to prepare for these
changes...so if the teacher is not ready...to push for IT, for example...then
you find that it’s not that...although we can always specify a certain percent-
age for our lessons to be IT based whatever...but if the teachers are not com-
fortable...and not too familiar with the use...you find that you...you may
have the percentage on paper, but actually implementation wise, you find that
it’s...could be quite minimal.

The teachers’ assessment concerns are closely related to time constraints as they
need to complete the syllabus and prepare students for the examination. These are
highlighted by the following excerpt of interview with Teacher T18; she mentioned
that she was unlikely to carry out activities which are not in the syllabus, and hence
not assessed:

T18 ...for example, let’s say I find certain experiment interesting like...it can be
the old olden type of the...let’s say when I teach pH and indicators it can be
you can do some fountain experiments...I mean those are good experiments
for them to understand pH and changes, colour changes...but in the context
of syllabus and time constraint I may not want to do that because it may take
up time and after all in that sense, it’s not inside the syllabus to know this
particular experiment...it’s a good to have, it’s an add-on...and they’re not
assessed on this...

Factors Related to School

The directions or goals of the school, lack of support from the school and availabil-
ity of resources in the school were factors mentioned by teachers which impeded
changes (see Table 10.7). Teacher T31 said that she needed to heed directions from
her Head of Department or school and “if the school says no, you cannot do, you
cannot innovate, everybody must follow”. Similarly, Teacher T10 mentioned that if
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Table 10.7 Factors related to school that impeded changes

School directions | Support for initiatives Availability of resources
No. of teachers 4 4 4

Table 10.8 Factors related to time that impeded changes

Instructional time Time to make curricular changes
No. of teachers 11 5

her “school or rather the Principal, the management doesn’t really encourage us
to...try out new ideas” then she would not want to do so.

The availability of resources determined what was possible to implement in
school. Teacher T21 mentioned that his school did not subscribe to an online
resource site, so his students were not able to do the online experiments that he
wanted them to experience. The lack of laboratory equipment prevented Teacher
T25 from introducing organic synthesis practical work to his students, as illustrated
below:

T25 ...but we must have...the required resources, so...this year for the JC 2
team, they actually wanted students to do organic synthesis, but...even when
we wanted to do synthesis in groups, let’s say our students work in groups of
3 or 4, we couldn’t do it, because for the setup, we actually needed one of the
adapter, to connect the round bottom flask to the...reflux column, and, we
had to go and source around, go and beg from other JCs; it really constrains
us in a way, so, there were some teachers who actually found that, if it’s so
difficult, then don’t do it...

Factors Related to Time

The limited time for classroom teaching that the teacher had and the time required
to make instructional and curricular changes hindered their efforts to make changes
to their practice (see Table 10.8).

Teacher T7 stated that he could not scale up an innovative way of teaching in his
junior college, even though the feedback on the trial seminar style teaching he
experimented with was good, because it took too much curriculum time. Teacher
T22 also complained that he had to continue teacher-centred teaching because of the
need to complete the syllabus in time for the examinations.

Teachers may also have little time to think about how to improve practice, or to
develop or source for new material and strategies. Teacher T15 mentioned that when
her teaching was over for the day, she had to attend meetings in the afternoons, so
“we really have very little time left to, you know...to prepare our lessons, in that
sense, like having very innovative kind of teaching”. Teacher T18 also said that
administrative work and co-curricular activities (CCA) took up much time such that
she could do little reflection on her teaching and lesson planning.
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Table 10.9 Sources of information for teachers

Electronic Conferences/workshops/ Educational
Colleagues resources courses research
No. of teachers |25 15 14 20

Sources of Information for Teachers

The people that teachers approached and resources that teachers used to help them
make changes or adopt new practices are summarised in Table 10.9.

Colleagues

Colleagues, especially those who are more experienced or senior, are commonly
relied upon for advice or ideas. Teacher T7 stated that observing the lessons of more
senior teachers would help others “gain a different perspective” or “compensate for
potential blind spots”. In addition to peer observations, Teacher T13 “would look
for other chemistry teachers in my school, share with them my ideas or the difficul-
ties that I faced”. Similar comments were given by Teacher T29:

T29 I would discuss with my fellow chemistry colleagues, and of course those
with more experience...they are the senior teachers, they will be my men-
tor...I will usually go to them if I need help for practicals, if I want to teach,
if I teach something to my students and they don’t seem to understand it even
after [ have been teaching them for one period...then I’d go back to them and
ask them how do I teach this in an easier way for my students to under-
stand...then they will help me with that.

Teachers also worked in teams to discuss ideas and develop lessons as illustrated
by the interview excerpt with Teacher T23:

T23 ...weused to...we...this two period let’s call it white space, the two periods
that are allocated per week that the Chemistry teachers actually meet...so
whoever who learns anything from let’s say meeting, workshop whatever
during that period normally we share, we discuss and talk about it and then...
anything that we think is useful and all kinds of thing we will ask the person
to actually elaborate further and then see how we can incorporate it into actu-
ally any of our lessons and all...which is actually quite good, everybody
learns...it’s a weekly thing...we meet.

Electronic Resources
Teachers normally search the Internet for resources such as simulations, animations

and videos to include in their lessons or even lesson plans. This can be seen from the
excerpts of interviews with Teachers T21 and T25.
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T21 ...as for resources wise...I also...turn to the Internet...when I Google like
certain chapters or things like that...there are actually some websites that pro-
vide lesson plans, and, like applets and things to teach that thing...so...I will
filter through the Internet to see what are the resources that are available.

T25 We do try to find online for sort of the ideas...because typically when we go
online we’d be looking for videos, we’ll be looking for animations...so all
these are typically along the line of trying to engage students, attract their
attention...

However, Teachers T11 stated that she did not have access to many journal arti-
cles which appeared in the internet search results and T20 complained about the
cost of buying or downloading such articles.

Conferences/Workshops/Courses

Conferences and professional development workshops or courses are avenues for
teacher learning, building expertise and making contacts with people who can help
teachers implement new pedagogies back in their schools as illustrated by the fol-
lowing excerpts of interviews:

TS5 The other source is of course sometimes we send teachers out for workshops...
that is when they learn...new pedagogies...for example, this year we intend to
do a modelling approach, so we sent our teachers for workshops on that to
build their capacity...

T6 ...let’s say you attend a conference, or a seminar...you run into somebody
who did some study...regarding, say, particular topic...that...you found that
there’s some highly positive result...outcomes from the their intervention
because they do the things a certain way...that’s one way...you can contact
with the particular...PI [principal investigator]...and then you talk to them to
see whether we can actually implement that in school...in fact I think, again
from observation at HQ (Ministry of Education), it’s quite common nowadays
for teachers who attend conferences actually to get themselves linked up with
the...researchers...and then they start implementing these in school.

Educational Research

Twenty teachers mentioned that they regarded educational research as a source of
information on how to teach more effectively and how to help students learn more
meaningfully. Teacher T7 mentioned that he consulted “educational research for
alternative conceptions, common issues, different modes/ways of teaching that
topic” and Teacher T20 would “try to read, journals, articles, just to see what the
recent trends are, and be aware of the challenges that people experienced”. Teacher
T25 referred to research literature to identify frameworks and tools which could be
used to facilitate inquiry in class:
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T25 ...usually we try to see whether something has been done first...for example,
we try to embark on a science inquiry curriculum, because there was the
belief that...inquiry will help students to become more independent learners,
and it will also...it’s also more in line with the spirit of science; so before we
embark on this curriculum, we actually had to do a lot of reading up on what
is inquiry, what are the frameworks or models of inquiry that are available,
which is the one that best suits our needs, and then...what are the...some of
the tools that you can use to try and facilitate inquiry.

Discussion

The data seem to suggest that if (a) students are doing well in the examinations or
prefer didactic teaching, (b) teachers judge that their students may have learning dif-
ficulties if they try something new or teach material outside of the syllabus, (c)
teachers are not ready or do not have the expertise to implement the changes and (d)
there is a lack of resources or support from school to implement changes or the
changes are not in line with the school directions, then there is little incentive for
teachers to move away from tried-and-tested methods of teaching. Students who
were very focused on examination tend to “add on” to teachers’ assessment concerns
and inertia to change. As mentioned in the previous section, some students of Teacher
T6 just wanted to know how to answer examination questions so that they could do
well in the examinations rather than explore and construct their own knowledge.
These students were very resistant to any move which depart from teacher-centred
teaching and so did not encourage teachers to change their way of teaching.

In addition, teaching tasks (such as completing the syllabus and preparing stu-
dents for the examinations) and other competing demands (such as meetings, com-
mittee work, running co-curricular activities and school events) restrict the time that
teachers have to read and think about or introduce new ways of teaching (Walter
et al. 2004; Nutley et al. 2009). It is quite likely that a teacher may face multiple
factors which dissuade him/her from changing his/her practice; for example, his/her
students may have been doing well in the examinations and are not receptive to any
change which they feel may affect their chances of success, the lack of time to
develop and implement changes, the inaccessibility of research findings and the
lack of support from colleagues and the school management.

However, the teachers mentioned that they might consider changing their prac-
tice if their students have difficulty in understanding what was taught and/or they
wanted students to be more engaged during lessons. In addition, if they were
required to implement initiatives of the school or the Ministry of Education, or there
were changes in the national curriculum and assessment, the teachers would review
their schemes of work and lesson plans to determine how to incorporate the initia-
tives or changes into their practice. These impetuses to change (Tan and Gilbert
2014) may result in teachers considering educational research to help them make
the required changes.
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The data also show that the main sources of information for teachers to help them
to make changes or adopt new practices are fellow teachers (86%) and this agrees
with the finding of Ratcliffe et al. (2004) that “colleagues were seen as the most
important source of ideas and guidance” (p. 34). Other sources of information
include educational research (69%), the Internet (52%) and professional develop-
ment courses (48%). Teachers can have access to educational research directly
through reading or indirectly through research-informed resources available on the
Internet, professional development courses and relevant discussions with fellow
teachers. The impact of these sources of information on the teacher’s practice may
not be great, for example, due to limited contact time, but they do offer opportuni-
ties for teachers to get new ideas and instructional material, as well as network with
other teachers, teacher educators and researchers (Mamlok-Naaman et al. 2013).

In Singapore, researchers can tap on the value that teachers place on the opinions
of, and endorsement by, colleagues (Ratcliffe et al. 2004; Tseng 2010) as well as the
importance of social processes in influencing research interpretation and use (Tseng
2008). These social interactions can occur in the various Professional Learning
Communities (PLC) in school or in the Chemistry Subject Chapter. The formation of
PLCs in schools is strongly encouraged by the Ministry of Education as a means of
professional development for teachers (Ministry of Education 2009). Teachers col-
laborate to conduct action research or lesson studies in these PLCs with the aim of
improving teaching and learning in the school, and this will expose them educational
research; in addition to conducting studies, teachers would also have to read research
articles and books to get ideas to develop their interventions and methods of obtain-
ing data to evaluate the effectiveness of their interventions. When teachers collabo-
rate, they not only support each other but also share the load of developing,
implementing, evaluating and revising instructional material and strategies; this helps
them to address the constraints of time that a single teacher would face in the process.
When the studies are completed, teachers are often supported by their schools to
present and share the findings at conferences. Examination of the programme book
of the recent International Science Education Conference held in Singapore in
December 2014 revealed that Singapore teachers were involved in about 30% of the
228 papers listed in the book. The teacher-generated papers at this conference pro-
vides some evidence that teachers are examining the way that they teach and changes
in the classroom are being facilitated by collaborative inquiry into their practices.
Hopefully these teacher-generated papers presented, and also available in the pro-
ceedings, would influence other teachers, likewise, to examine their practices and
evaluate how educational research can make an impact in their classrooms.

Subject chapters have been set up by the Ministry of Education to grow commu-
nities of practice in which teachers learn from, and collaborate with, each other to
raise the standards of teaching and learning of the subject (Academy of Singapore
Teachers 2012). All teachers teaching chemistry are members of the Chemistry
Subject Chapter, and meetings are generally facilitated by the Chemistry Master
Teachers from the Academy of Singapore Teachers, senior school teachers, teacher
educators and educational researchers. These facilitators are respected for their pro-
fessional expertise, so they can be important intermediaries in recommending rele-
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vant research, facilitating “productive discussion of research evidence” (Ratcliffe
et al. 2004, p. 36) and translating research for use in the local context (Nelson et al.
2009) — these activities can make educational research more accessible and plausi-
ble to teachers (Tan and Gilbert 2014), helping teachers to address the lack of exper-
tise and time constraints if they want to explore the use of research to inform their
practices. Practice can also inform research as educational researchers can address
the issues raised in discussions as well as the difficulties that teachers encounter in
implementing research ideas in their own schools (Tseng 2012) in their current or
future research endeavours to make their research more fruitful to teachers (Tan and
Gilbert 2014), leading to a cyclical use of research (Walter et al. 2004).

Limitations

The small sample sizes of the teachers involved in the study and the non-random
sampling of teachers are limitations to the study. Thus, the data obtained are not
representative of the chemistry teachers in Singapore schools. The findings of the
study are also limited by the nature of the data collected as there was no substantia-
tion of the information given by the teachers, for example, through document analy-
sis and direct observations (Nelson et al. 2009). However, the findings do give an
indication on the impact of research on the practices of teachers and can contribute
to a follow-up study involving a larger-scale survey of chemistry teachers or even
science teachers.

Conclusion

These findings of the study showed that the factors which facilitated or impeded
changes in the teachers’ existing practices were related to students, teachers, school,
the Ministry of Education, time, educational research and teacher professional
development. Teachers will not change their practices unless there are compelling
reasons to do. The sources of information that the teachers used to guide them in
making changes or adopting new practices included colleagues, electronic resources,
conferences and professional development courses and educational research. The
Chemistry Subject Chapter of the Academy of Singapore Teachers can be an impor-
tant intermediary facilitating interactions between teachers and researchers to
enhance the impact of research on practice as well as the impact of practice on
research.
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Chapter 11
Showcasing Singapore Science Teachers’
Research

Jennifer Yeo

Abstract To support teachers in Singapore to face up to the demands of a changing
landscape in education, teachers have been encouraged to inquire into their teaching
practice through teacher-led research. The goal is to generate evidence-based
knowledge about their own teaching and students’ learning that can be used to
inform their curriculum and practices. The success of this initiative is evident in the
number of presentations made by school science teachers of their research efforts at
the International Science Education Conference 2014. This chapter highlights three
studies that illustrate the research conducted by Singapore science teachers and the
benefits and the challenges of conducting teacher-led research, as well as the collabo-
ration among science teachers and ministry officers.

Introduction

An increasingly complex educational landscape in the twenty-first century neces-
sitates a much higher level of teaching competencies from teachers. A call from the
Prime Minister of Singapore, Mr. Lee Hsien Loong, in his inaugural National Day
speech in 2004, for schools to “Teach Less, Learn More” (TLLM) (Lee 2004) shifts
the focus for school leaders and teachers to prepare students for life rather than
merely teach for examinations and tests (Shanmugaratnam 2004). Teachers will
now need to help students take ownership of their own learning, develop their attri-
butes and mindsets for the uncertainty and challenges of life, and develop character
and sound values. A one-size-fits-all curriculum will no longer be sufficient; rather
a customized curriculum that matches the profile of students in the school to help
them excel in what they are good at and to prepare them for the uncertainty of the
twenty-first century is needed. In other words, excellence in pedagogy that engages
the minds of the students will now be needed. Deeper and richer interactions among
teachers and students should also be the norm, and more opportunities for students
to learn and develop holistically should be provided.

J. Yeo (X))
National Institute of Education, Nanyang Technological University, Singapore
e-mail: jennifer.yeo@nie.edu.sg

© Springer Nature Singapore Pte Ltd. 2018 151
J. Yeo et al. (eds.), Science Education Research and Practice in Asia-Pacific and
Beyond, DOI 10.1007/978-981-10-5149-4_11


mailto:jennifer.yeo@nie.edu.sg

152 J. Yeo

The TLLM initiative meant that teachers in Singapore have to get out of their
comfort zone to find new ways to engage their students and to help them learn
not only the content better, but also to develop their skills and attitudes within the
disciplines they teach. In the context of school science learning, this meant that
science teachers not only need to help students acquire knowledge and understand-
ing of the scientific content, they also need to look at ways to inculcate the scientific
skills (e.g., planning, investigation, reasoning, argumentation, problem solving,
creativity) and attitudes (e.g., curiosity, interest, integrity, inquiry, and inventiveness).
To achieve these goals, the Ministry of Education (MOE), Singapore, has defined
the desired outcomes of a twenty-first-century teacher to be an ethical educator, a
competent professional, a collaborative learner, a transformational leader, and a
community builder (Ministry of Education, n.d.). In this framework, teachers are
called to develop excellence in pedagogy and assessment, to take charge of their
own professional learning, to collaborate with one another to solve similar prob-
lems, to share ideas, and to develop best practices collectively.

To support teachers to meet these challenging outcomes, teachers were encour-
aged to inquire into their practices through teacher-based research (Shanmugaratnam
2006b). The goal is to generate evidence-based knowledge about their own teaching
and students’ learning that can be used to inform their curriculum and practices. As
well, such professional development approach can further encourage teachers to be
role models of a life-long learner, an inquisitive inquirer, and an innovator for their
students. Supporting this bottom-up approach to professional development is top-
down support from the Ministry of Education. Workshops on practice-based
research methodologies such as action research and lesson study are provided to
teachers engaged in inquiry into their own pedagogical practices. Teachers form
groups such as professional learning circles/teams (PCL/T) to explore different
pedagogies and research methodologies to solve pedagogical problems. Time is
built into the teachers’ timetable to allow the PLC/T a common timeslot to come
together to share, discuss, and plan for their inquiry. Supporting the teachers and
PLC/Ts are research activists (Shanmugaratnam 2006b) and school staff developers
(Shanmugaratnam 2006a). The research activists are teachers appointed by the
school to act as a research advocate and to help teachers with issues related to their
inquiry. The school staff developers are appointment holders in the school who not
only guide the PLC/Ts in their inquiry, they also chart the direction of the school’s
professional development. Other supports provided include grants for schools to
embark on more resource-intensive innovations (e.g., Edulab funds for ICT-based
pedagogies) and support from various specialized divisions in the MOE such as the
Educational Technology Division, a division that advocates the infusion of ICT into
classrooms, and Academy of Singapore Teachers, an outfit that promotes pedagogi-
cal innovation.

The fruits of these initiatives were evident in teacher-oriented conferences. In the
International Science Education Conference 2014, about 50 paper presentations
were from Singapore school teachers. Each presentation bore the testimony of
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teachers’ innovation, the collaborative efforts, and the learning they had derived out
of the experience. This chapter aims to highlight some of these presentations and
illustrate how these presentations demonstrate the outcomes of teacher-based
research as professional development. The affordances that made this achievement
possible are also identified.

Teacher-as-Researcher as a Professional Development
Approach

The notion of teacher-as-researcher was mooted as early as in the 1950s in the
United States, whereby action research was highly promoted. It was then conceived
as a scientific method modeled on the experiment to solve educational problems.
Associated with Dewey, action research is seen as a way of assessing scientific rec-
ommendation of pedagogy being applied in practice whereby the teacher acts as a
researcher testing out educational theory.

Similarly, in Britain, the idea of teacher-as-researcher came at a time when there
was more emphasis on the process of teaching as a skilled and locally managed
activity. It calls for individual teachers to be given more autonomy in curriculum
change, emphasizing their role as skilled practitioner who is continually reflecting
on his/her practice in terms of ideals and knowledge of local situations and modifying
practice in light of the reflections, rather than a technician merely applying scientifi-
cally produced curriculum programs. The goals are for teachers to discover how to
improve his/her teaching through systematic questioning of one’s own teaching as a
basis for development, studying one’s own teaching, questioning and testing theory
in practice, and working collaboratively with others in discussing and giving feedback
to one another on their teaching (Stenhouse 1975).

In recent years, other models of teacher-as-researcher have emerged. Examples
include lesson study and learning study. Lesson study is a teaching improvement
process that originated in Japan, whereby teachers work with one another to discuss
learning goals, plan an actual lesson, observe how their ideas are implemented in the
classroom, and report on the results (Takahashi and McDougal 2014). Learning
study originated in Hong Kong is another professional development model whereby
the teacher inquires into his/her teaching. It takes learning as the object of inquiry
rather than focus on various aspects of a lesson (e.g., classroom management, teach-
ing strategies, and implementation of a new curriculum).

Common to these various models of teacher-as researcher is the emphasis on
empowering teachers to improve their own professionalism through the inquiry pro-
cess. The goals are to enable teachers to become competent in their professional
work, and to become collaborative learners and community builders as they work
with one another to solve students’ learning problems.
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Case Examples of Science Teacher-Led Research

In the following sections, we present three case examples of teacher-as-researchers’
work to illustrate the research conducted by Singapore science teachers and the
benefits and the challenges of teacher research, as well as to identify affordances
that made such efforts possible. These three case examples were sampled from
the full papers submitted to the conference proceedings and presented at the
conference.

Case Example 1 An approach to holistic education — cultivating 21st century com-
petencies using team-based learning (TBL) in the teaching of higher 2 (H2) biology
by Foo-Lam, Soh, Widodo, Chia, Heng, Nah, Liu, & Toh (2014).

This case example illustrates the inquiry of a team of biology teachers from a
local high school into the adoption of team-based learning (TBL) approach (Parmlee
et al. 2012) to achieve the school’s mission of developing their students’ critical
thinking, creative thinking, and caring thinking. Having come across TBL during a
workshop, and after subsequent communication and assistance from the workshop
presenters, they found it appropriate to meet the demands of their school’s mission.
The teachers incorporated TBL’s three-part process consisting of readiness assur-
ance process (RAP), team application (tAPP) activity , and tutor feedback with their
holistic education framework to produce a learning package that puts students in
charge of their learning. Collaborative work was emphasized by getting students to
build consensus of their answers during pre-lesson assessment and problem solving.
Commenting and justifying views and choices to convince others, were also
designed into the activities. Throughout, supports in the form of content and process
facilitation were provided to help students along in the process of learning.

The teachers monitored students’ engagement and learning throughout the pro-
cess. They found that students’ understanding of biological concepts had improved
based on their MCQ scores that tested their ability to recall and apply biological
content and concepts to problem solving tasks. Through qualitative means such as
students’ feedback and teachers’ observation, they reported that many students had
learnt about patience and sensitivity to one another during group work. Students
also found collaborative work valuable and the process of learning enriching and
interesting. They were also more motivated to take ownership of their learning (such
as by doing additional research required to answer the tasks given). Teachers also
observed that students’ thinking improved over time, and new ideas often emerged
from collaborative processes Students ideas were also made more visible during
discussion, which allowed teachers to question assumptions and address
misconceptions.

Amidst the positive observations, the team also reported challenges faced, espe-
cially in the initial few topics. For example, they found tAPP inefficient when stu-
dents could not agree on a common answer or if questions were too straightforward.
Identifying these challenges triggered interventions and new learning to be
produced.
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The teachers’ inquiry into the use of TBL for biology learning had generated a
number of new knowledge for them. They learnt about the need to craft challenging
and open-ended questions that test fundamental concepts, yet allow for alternative
solutions. The teachers also showed cognizance of the advantages of TBL, as well
as developed awareness of the challenges. More importantly, through the process of
addressing the challenges, they innovated their practices, made evidence-based
decisions, and collaboratively transformed themselves to meet the demands of the
school’s mission to improve the learning of their students.

Case Example 2 7o improve the planning skill in chemistry investigation through
Knowledge Building and virtual lab, by Lo, Soh, Chew, Lam, Wan, & Gawade
(2014).

The second case example highlights a collaborative inquiry among teachers from
four local secondary schools. This inquiry was funded by the Edulab grant that pro-
vides financial support to schools embarking on pedagogical innovations using
ICT. Connected by a common interest in the pedagogy of Knowledge Building
(KB) (Bereiter et al. 2006) and virtual laboratory, and a common need to develop
students practical skills as stipulated in the chemistry syllabus, the teachers from
these four schools came together to investigate the effects of virtual laboratory and
Knowledge Building on students’ planning skills of scientific investigation. The
intent was to engage students in dialogic work (Driver et al. 2000) through engage-
ment in Knowledge Building. Students worked on solving a problem by under-
standing their role in the task, understanding the task, experimenting to test solutions
and find evidences to support their claims, consolidating their knowledge through
negotiation and justification, and finally reflecting on their theories and applications
and sharing their findings with other groups.

The study reported findings from two of the four schools. The research method
involved students from each school to be involved as an experimental or control
group. Other than the teacher in the control group for one school, the other teachers
involved in this study were trained in both Knowledge Building and Knowledge
Forum, a online discussion tool. To find out the extent that KB and virtual lab can
develop students’ skills in designing investigations, data included pre- and post-tests,
students’ online posts, and surveys on self-directed learning and collaborative learn-
ing. Analyses of the KF online posts suggested different patterns of interactions
among the students in the two schools. Pre- and post-tests of the students’ ability to
design experimental tests showed that there was significant improvement in the treat-
ment groups, but not the control groups. A qualitative comparison of the notes posted
by the experimental and control groups showed that ideas and discussions were
deeper for the experimental groups. However, the teachers also reported that the
discussion patterns were different between the two experimental groups. A deeper
analysis into the tasks showed a difference in the nature of their tasks. This led teach-
ers to realize that more open-ended tasks could elicit greater diversity of answers,
which in turn triggered more views of the posts, and suggestions and build-ons from
other groups. Teachers also realized the potential of online discussion boards as they
examined the notes produced by the students. Citing an observation of how the read-
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ing of others’ posts helped a lower-ability student improve his posts, the teachers
began to realize the importance of public display of students’ ideas in making think-
ing visible and extending one’s capability. Analysis of the self-directed learning and
collaborative learning surveys also produced results indicating that students in the
experimental groups were more eager to look for information on their own and they
collaborated better and learned from one another than the control groups. It was also
reported that the teachers found that the animations they used with the tasks for the
experimental groups had served as good visual aid to support students.

This case example is a good instance of a collaborative inquiry cutting across
different schools. The similar problem faced by the four schools brought them
together to collectively work together to address the challenge. The synergy in
designing and implementing a similar pedagogy, albeit with differences, brought
about different observations which allowed the teachers to rise above from the vari-
ous experiences to produce new knowledge that allowed them to better understand
what works in the pedagogy. In this respect, the Edulab grant had provided the
teachers with the financial support to experiment with ICT tools which might cost
money and time to implement.

Case Example 3 A case study on the professional growth of a science teacher in a
learning community by Poh, Phua, Aw, & Lin (2014).

This case example illustrates the transformation of a biology teacher in a local
secondary school as she collaborated with officers from ETD to redesign the
school’s biology curriculum with the infusion of ICT practices. The redesigned
curriculum was to provide students with opportunities to work together on complex
authentic problems and to make their thinking visible through digital artifacts that
were created collaboratively.

This collaboration between the teacher and ministry’s officers was made possible
by the setting up of various learning communities helmed by various divisions in
the ministry. The purpose was to overcome the inertia and challenges of inventing
and applying educational innovations. Collaborative Science Inquiry Learning
Community (CSILC), established by the Educational Technology Division (ETD),
was one example. Acting as a catalyst in schools in the harnessing of ICT for teaching
and learning, the goal of the CSILC was to engage and collaborate with science
teachers to deepen and strengthen the use of ICT in science inquiry activities
through professional learning activities such as workshops, networking events, and
lesson codesign sessions.

This study focused on the transformation of the teacher in her pedagogical beliefs
and her ICT practices as she was supported by the activities of the learning com-
munity. The teacher studied was an ICT mentor in the school and had taught for 6
years. Her motivation for participating in this CSILC was to lead by example for her
colleagues in the implementation of innovative ICT-based science inquiry lessons
enabled by 1:1 device program the school had embarked on. As part of the study, the
ETD officers conducted verbal interviews with the teacher to find out insights into
her perceptions and experience over the course of her journey. The team reported
that the teacher showed changes in her level of knowledge, self-efficacy, and beliefs.



11 Showcasing Singapore Science Teachers” Research 157

For example, her initial idea about google site as a mere repository for students to
access resources changed to one in which she started to see it as a platform with
embedded collaborative elements to facilitate student-centered learning. She also
saw herself a member in a larger community, sharing at local cluster sharing and
other learning communities, and collaborating with other teachers in designing ICT-
based lessons, rather than an individual who designed and carried out lessons. It was
also reported that she now believed that students could take more ownership in their
own learning through student-centered learning.

This case example illustrates some affordances that made the transformation of
a teacher possible — the support from the learning community in sharing and sug-
gesting ideas, the workshops that introduced innovative instructional framework,
the partnership with ETD officers who gave suggestions to her on the use of Google
Sites and helped to promote buy-in from school management, the observations of
implementation by ETD officers and suggestions from them on what improvements
to make, and the reflection facilitated by the ETD officers. Overall, the study found
three support structures and processes in learning communities that supported the
development of the teacher: creating space to address teacher needs and problems
of practice, motivating teachers and increasing their commitment to shared profes-
sional growth, and fostering organic diffusion of practice through leadership.

Conclusion

The three case examples highlight the benefits of teacher-led research and the affor-
dances that facilitate this teacher-led initiative. The three examples demonstrate the
generation of new knowledge and skills for science teaching, which aligns with the
TLLM initiative of the Ministry of Education. Facilitating teacher-led research are
factors such as “white space” set aside for teachers to come together to explore new
pedagogies, communities of science teachers set up among clusters of schools, and
expertise from the Ministry of Education who advises teachers in their inquiry as well
as ensures alignment with the direction of the ministry’s goals. Monetary and leader-
ship supports allow specialized tools for teaching and learning to be made available.

Teacher-as-researcher portrays teaching as an inquiry. In many ways, the case
examples in this chapter illustrate that it is a form of practice-based learning involving
critical reflection and inquiry. It places teachers at the driver’s wheel, who determine
how best to bring their students to achieve the intended learning goals. The auton-
omy increases the professionalism of teachers who not only make evidence-based
decisions but also develop deeper insights into their students learning in the process
of inquiry. This way, they are at a better position to make decisions that can cater to
the needs of their students. Teachers are also making use of the body of literature to
inform their pedagogical design. This helps to bring closer the theory-practice nexus
that is often said to be absent in schools.
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Chapter 12
Coherence in the Teaching of South African
Chemistry Lessons

Umesh Ramnarain

Abstract This study was on the coherence of chemistry lessons taught by South
African physical sciences teachers at historically disadvantaged township schools.
Video transcripts of 30 lessons were analyzed and coded using a framework of con-
ceptual coherence developed by the Biological Sciences Curriculum Study (BSCS)
for the Science Teachers Learning from Lesson Analysis (STeLLA) project. It was
revealed that learners in such classes have experiences that can be regarded as frag-
mented, disconnected, and incoherent. From this it can be inferred that these experi-
ences limit their conceptual understanding in chemistry, leading to poor performance
in the subject. The chapter provides a detailed analysis of two chemistry lessons for
conceptual coherence, and from these lessons explicates some of the trends revealed
in the overall findings. The implication of these findings is that teachers need to
more explicitly sequence ideas, link ideas to one another, and support learners in
connecting these ideas to activities they are engaged in.

Introduction

The complex and abstract nature of chemistry makes the subject conceptually chal-
lenging to learners (Childs and Sheehan 2009; Treagust and Chittleborough 2001),
and this provides fertile ground for investigations in the teaching and learning of
chemistry (De Jong and Taber 2014). Many learners have difficulty understanding
the macroscopic, submicroscopic, and symbolic perspectives of chemistry phenom-
ena and in particular in appreciating how and when to make the transitions between
the three perspectives (De Jong and Taber 2007). In particular, learners who possess
limited prior knowledge often have problems with the coordination and integration
of multiple representations (Kozma and Russell 1997). According to De Jong and
Taber (2014), even the initial knowledge of learners, based on daily life experiences,
is often not very fruitful for interpreting chemical phenomena in terms of multiple

U. Ramnarain (P<)
University of Johannesburg, Johannesburg, South Africa
e-mail: uramnarain@uj.ac.za

© Springer Nature Singapore Pte Ltd. 2018 159
J. Yeo et al. (eds.), Science Education Research and Practice in Asia-Pacific and
Beyond, DOI 10.1007/978-981-10-5149-4_12


mailto:uramnarain@uj.ac.za

160 U. Ramnarain

representations. They tend not to use multiple representations but rather concentrate
only on one representation, and often this is the more familiar or concrete one
(Scanlon 1998; Tabachnek and Simon 1998). These findings indicate that learners
experience a lack of coherence in their engagement with ideas related to the multi-
ple representations of chemistry, and they should be more actively supported in their
coherence formation process in order to benefit from multiple representations
(Seufert 2003). Only if learners are able to construct coherent relations both within
and between different representations can they acquire a deeper understanding of
chemistry concepts (Seufert 2003).

Conceptual Coherence in Science Teaching and Learning

Coherence in science can best be described as a set of ideas that are related to each
other and represent a coherent structure with unifying concepts such as energy trans-
fer, diversity, and evolution of living organisms that are hierarchically specified from
elementary to high school (Bybee 2003; NRC 1996; Rutherford 2000). If teachers
do not think about accomplishing their learning goals through the selection of appro-
priate ideas that build to larger concepts, they will contribute to the fragmented,
disconnected, and incoherent learning experiences by students (Schmidt et al. 1997).
A coherent curriculum is one that has a sense of unity and connectedness, relevance,
and pertinence so the ideas have a larger purpose (Beane 1995). This leads to an
integrated understanding whereby learners are able to use the interconnectedness of
ideas to solve problems and acquire an understanding of the world they live in
(Fortus and Krajcik 2012). Bruner (1960) underlined the importance of helping stu-
dents make connections among ideas by arguing that “the only possible way in
which individual knowledge can keep proportional pace with the surge of available
knowledge is through a grasp of the relatedness of knowledge” (1995, p. 333).

Conceptual coherence in science learning is underlined in the National Science
Education Standards of the USA where it is stated that “understanding science
requires students to integrate a complex structure of many types of knowledge,
including the ideas of science, relationships between ideas, and reason for these
relationships” (NRC 1996).

In South Africa, the notion of coherence is specified in the National Curriculum
Statement for physical sciences where it is stated in teaching science there should
be “Conceptual coherence both within each grade and between grades” (Department
of Education 2003, p.35). According to Dunst and Levine (2014), conceptual coher-
ence is a symmetrical relation between concepts. A concept coheres with another
concept if there are objects to which they both apply.

In this research, a “science content storyline” lens conceptualized by Roth et al.
(2011) is invoked in investigating the notion of coherence in the teaching of chem-
istry in South African classrooms. Roth et al. (2011) describe a “science content
storyline” as the flow and sequencing of learning activities such that concepts align
and progress in ways that are instructionally meaningful to student learning.
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Hanuscin et al. (2016) posit that “Sequencing and connecting scientific concepts in
a storyline is important because this conceptual structure can help provide meaning
to students” (p. 394). It is important to clarify the grain size of a “storyline” as it
could refer to how ideas connect at each grade level or in the context of a lesson. In
this discussion, the “storyline” refers to conceptual coherence underpinning a single
lesson.

South African Education Context

A legacy of the apartheid policies in South Africa is the enormous diversity of
schools and inequity in the quality science education. Black learners mainly attend
poorly resourced township and rural schools, while in contrast, urban and suburban
schools that are largely attended by white learners generally have better facilities
and are located in communities with a higher socioeconomic status (Erasmus and
Ferreira 2002). In South Africa, townships are usually on the periphery of towns and
cities, and the communities have low socioeconomic status. Historically, black
South African children have experienced science learning to be both inaccessible
and irrelevant. The inaccessibility was related not only to the fact that many learners
were not offered the opportunity to do science as a subject but also black learners
who did attempt the subject performed poorly (Ramnarain 2011). According to
Naidoo and Lewin (1998), the apartheid education policies resulted in black stu-
dents being “taught by a large number of unqualified science teachers in schools
with few or no laboratories and science equipment” (p. 730). Since the advent of
democracy in 1994, the South African education system guided by the government
White Paper 1 on Education and Training (Department of National Education 1994)
has been transformed. The main thrust for science education in this document is the
improvement in the quality of school science for black students so that strides
toward equity could be made.

Large-scale research in South Africa reveals that despite these efforts, there is
little to suggest that the quality of learning has improved for all population groups.
For instance, the 2011 Trends in International Mathematics and Science Studies
(TIMSS) ranked South Africa at 44 out of 45 countries (Human Science Research
Council 2011). According to the Global Competitiveness Report (2014-2015),
South Africa ranks 138 out of 140 countries in mathematics and science education
quality.

In view of the poor performance in science, especially in chemistry of learners in
disadvantaged township schools (Department of Basic Education 2013), the study
focuses on the teaching of chemistry at such schools. The importance of coherence
was revealed in a study by Schmidt et al. (2005) who found it was the most domi-
nant predictive factor of student achievement. It is against this background that this
study pursued the following research question:

To what extent do physical sciences teachers at township schools construct a
“science content storyline” in teaching chemistry?
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A Science Content Storyline

Roth et al. (2011) identify two key dimensions in pedagogical content knowledge
(PCK) of science teachers: (1) knowledge about creating a coherent science content
storyline and (2) knowledge about eliciting and supporting. Pedagogical content
knowledge is a type of knowledge that is unique to teachers and is based on the
manner in which teachers relate their pedagogical knowledge (what they know
about teaching) to their subject matter knowledge (what they know about what they
teach) (Cochran et al. 1993). Based on their PCK, teachers translate subject content
knowledge into useful forms of representations of ideas in the form of “powerful
analogies, illustrations, examples, explanations and demonstrations” to facilitate
comprehension by students (Shulman 1986, p.9). Good teaching therefore entails a
deep and comprehensive knowledge of content in order to be able to elicit and facili-
tate the development of student ideas, as well as support learners make connections
among these ideas.

This chapter presents research on the extent to which chemistry teachers support
learners in achieving integrated and coherent understanding by enacting a science
content storyline. In orchestrating a science content storyline, a teacher carefully
chooses and sequences ideas that build on one another and are linked to lesson
activities to help students construct a coherent “story” that makes the content knowl-
edge understandable. Roth et al. (2011) propose the following pedagogical strate-
gies that can be employed in supporting a coherent science content storyline:

e Focusing on one main learning goal

e Setting the purpose with a focus question

e Selecting activities that are matched to the learning goal

e Selecting content representations that are matched to the learning goal
e Linking ideas and activities

* Linking ideas with other content ideas

* Highlighting key ideas

e Sequencing key ideas and activities logically

e Summarizing and synthesizing key ideas

The pedagogical strategies are discussed in much detail by Roth et al. (2011), but
for now a brief description is provided for each. The first step in creating a coherent
science content storyline is to identify the learning goal or main idea for the lesson.
The goal statement focuses the learners’ attention on the content learning goal for
the lesson and can be posed as a focus question to elicit learners’ initial ideas at the
beginning of a lesson or lesson sequence. Student activities in science classroom
assume many forms such as observing phenomena, constructing models, drawing
diagrams, interpreting graphs, group discussions, and so on. In order for these
activities to develop the science content storyline, they need to be closely matched
to the main learning goal of the lesson. Content representations can be useful in
helping make science ideas concrete for learners. They can include analogies, dia-
grams, charts, graphs, concept maps, models, and role-plays. Activities that learners
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carry out should be explicitly linked to the science content storyline so that they are
challenged to think about content ideas before, during, and after completing an
activity. Science ideas introduced in a lesson should be clearly and explicitly linked
to the main science idea, and in addition the links between science ideas across les-
sons should be made visible to learners. The science content storyline will be easier
for students to follow if the key ideas are highlighted at certain points during the
lesson. The teacher can do this by writing the key ideas on the board, summarizing
at key transition points in the lesson, or guiding students to underline or highlight
the key sentences on a worksheet. The order in which content ideas and activities
are introduced in a lesson should be carefully planned. Although this can be done
using various approaches, it is imperative that the storyline is scientifically accurate,
closely matches the main learning goal, and makes sense to the learners. A science
content storyline needs to be tied up at the end of the lesson by way of a summary
or synthesis activity that makes connections between the content ideas and activities
and also highlights how they support the main learning goal. The summary might be
constructed by the teacher and learners together during a class discussion or by
learners independently in small group discussions or individual writing tasks.

The Science Teachers Learning from Lesson Analysis (STeLLA) project is a
video-based analysis-of-practice professional development program that applied
these strategies in improving teacher and student learning at the upper elementary
level (Roth et al. 2011). In the STeLLA project, teachers explored videocases of
science lessons through a series of tasks where they practiced identifying and then
analyzing the strategies used in the videocases. However, in this study the strategies
constituted a conceptual lens by which coherence in chemistry teaching is studied.
This meant that the strategies underlined in this lens were adopted as indicators of
teacher action in facilitating conceptual coherence in chemistry teaching.

Method

Participants

The author contacted 30 physical sciences teachers who were teaching at township
schools in the northeastern province of Gauteng to recruit them in the study. Finally,
ten teachers agreed to participate in the study. Both schools were located in a densely
populated township in the province of Gauteng. The schools were poorly resourced,
and there was a genuine lack of equipment and chemicals for practical work in sci-
ence. The learners came from poor socioeconomic backgrounds. School A had an
overall pass rate of 65% in the previous Grade 12 national high-stakes exit examina-
tion, with only 23% of learners achieving above 50% in the physical sciences exam-
ination. The annual school fee was R1000 (US$70), with a 63% collection rate. The
average physical sciences class size was 43. Miss Masego (pseudonym), the physi-
cal sciences teacher at this school, has a teaching degree with teaching majors in
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physical sciences and mathematics. She had taught the subject for 14 years. School
B had a similar profile as school A, with learners achieving a pass rate of 68% in the
previous years’ national exit examination and 21% of learners scoring above 50%
in the physical sciences examination. The average physical sciences class size was
45 learners. Mr. Mbele (pseudonym) had taught physical sciences over the past
13 years in the school. He majored in physical sciences and life sciences and had a
teaching degree.

Data Collection

Data were collected by means of classroom observations. Two chemistry lessons
were observed for each teacher within a period of 3 weeks. The lessons were conve-
niently selected based on the availability of the researcher. The lessons were video
recorded and later transcribed. Transcripts of lessons were analyzed using the con-
ceptual lens of science content storyline. The strategies underlined in this frame-
work were adopted as indicators of teacher action facilitating conceptual coherence
in the lesson. The lessons were therefore coded for the visible use of teacher action.
The following coding scheme was used for each action: 0 = not achieved, 1 = par-
tially achieved, and 2 = completely achieved. In this way the frequency of the action,
as well as the time spent on each action, was established. An action is coded com-
pletely achieved if it is explicit in enactment. For example, in the action “setting the
purpose with a focus question,” a question such as “What are the physical properties
of acids?” is considered completely achieved due to its explicitness, whereas for the
action “Identify one main learning goal,” a teacher who addresses this by stating
“Today we will be looking at alkanes” does not explicitly state the main learning
goal, and so this action is coded “partially achieved.”

The coding was done independently by the author and another researcher in sci-
ence education. Prior to the coding, a meeting was held between the two researchers
whereby the coding scheme was discussed, and excerpts from other lessons were
used to demonstrate the coding. The inter-rater reliability was 74%. Differences in
the rating were later resolved in a discussion, and consensus was reached. Thereafter,
the lesson was looked at holistically, and an overall judgment was made on coher-
ence. This was done calculating the mean score for teacher actions. Here all the
scores for each teacher action were added and then divided by the number of teacher
actions.

Result

Table 12.1 presents the results of the 20 lessons that were observed.
The above results show that for the lessons observed, the teaching actions associ-
ated with coherence were poorly manifested. The mean scores for all the actions
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Table 12.1 Means and standard deviations of observed teaching action

Mean score for

achieved teaching Standard
Observed teaching action action deviation
Identify one main learning goal 1.13 0.39
Set the purpose by using goal statements and focus 1.05 0.25
questions
Select activities that are matched to the learning goal 0.87 0.38
Provide opportunities for students to use content 0.75 0.47
representations matched to the learning goal
Link science content ideas and activities 0.78 0.36
Link content ideas to other content ideas 0.89 0.25
Highlight key ideas 0.87 0.31
Sequence key ideas and activities appropriately 0.94 0.45
Summarize and synthesize key ideas 0.89 0.42

apart from 2 ranged between “0” (not achieved) and “1” (partially achieved). The
low standard deviations showed that there was much consistency in the extent to
which these actions were evidenced in the lessons. The only two actions that ques-
tions yielded scores marginally above “1” were on “Identify one main learning
goal” and “Set the purpose by using goal statements,” indicating that these actions
were only partially achieved. These two teacher actions when enacted were in large
part evidenced at the beginning phase of the lesson and did suggest that these teach-
ers were pursuing an outcome in the lesson. All other teacher actions for conceptual
coherence were largely absent.

For the purposes of this paper, two lessons taught by each of two teachers were
analyzed in greater detail, with the goal to substantiate some of the findings revealed
above. The lessons provided evidence of some of the trends revealed. Below excerpts
on the teaching actions for the science content storyline where evident were
described and then interpreted in terms of coherence.

Miss Masego’s Grade 11 Lesson on Acids and Bases

The lesson was extended over two periods for 35 min each.

Identify One Main Learning Goal

At the beginning of the lesson, Miss Masego announced “we are going to talk about
the acids and bases.” She did not clearly articulate to the learners the main idea for
the lesson but merely stated the topic. Furthermore, she did not specify to learners
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what they were expected to learn in terms of acquiring knowledge and/or develop-
ing a skill. This teaching action was therefore coded “partially achieved.”

Set the Purpose by Using Goal Statements and Focus Questions

During the course of the lesson, the teacher asked learners to list examples of house-
hold acids and bases. In introducing the Lowry-Bronsted theory of acids and bases,
the teacher asked learners to complete the statement “When an acid donates, a base
must....” Before explaining the dilution of an acid, the teacher asked “You know
how to dilute an acid?” Although these focus questions did to a certain extent relate
to the main goal statement referred to above, they were not meaningful for learners
as they do not connect with their existing ideas on acids and bases. This teaching
action was coded as “partially achieved.”

Select Activities That Were Matched to the Learning Goal

The teachers did not involve learners in any activity in support of the learning goals.
The lesson was heavily dominated by teacher explanations from notes, and this was
punctuated with the teachers enquiring from learners about their understanding by
asking “Is it clear so far?” and “Do you all follow?” At times, she posed a question
that related to their existing knowledge. When there was a lack of response or incor-
rect response, she followed up with prompting questions. For example, when a
learner suggested “Sulfuric acid” as an example of a domestic acid, Miss Masego
prompted them toward the correct answer by saying “Class I am talking about the
things that taste sour and we are using those things in our homes.” Such prompting
questions were infrequent, and they were not regarded as learner activities. This
teaching action was coded as “not achieved.”

Provide Opportunities for Students to Use Content
Representations Matched to the Learning Goal

Much of the lesson was taken up by the teacher to unpack the content using explana-
tions. To a large extent, she relied on notes that resembled material from a textbook
that was approved by the education ministry. The discourse was predominantly sci-
entific, and there were only a few occasions where the teacher connected the scien-
tific knowledge to the everyday experiences of learners. An example of this was
when after explaining the dilution method for an acid, she referred learners to the
dilution of “Oros juice.” There was no evidence of other content representations
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such as analogies, diagrams, charts, graphs, concept maps, models, and role-plays
that could help make science ideas concrete for learners. There was a disagreement
between the coders on whether the “Oros juice” example was significant enough for
this teaching action to be regarded as “not achieved” or “partially achieved.”
Eventually due to the scant attention given to this action in the overall lesson, it was
agreed that it would be coded as “not achieved.”

Link Science Content Ideas and Activities

There were no instances of the teacher facilitating the connection of content ideas
and activities. As mentioned previously, the emphasis was on the exposition of con-
tent, with little or no engagement of learners on this. This teaching action was coded
as “not achieved.”

Link Content Ideas to Other Content Ideas

The key content ideas included domestic acids and bases, the ionization of acids in
water, strengths of acids, dilution of acids, dissociation of bases, strengths of bases,
the dilution of acids, the Lowry-Bronsted theory of acids and bases, and conjugate
acid-base pairs. Despite the obvious conceptual link between these ideas, they were
largely presented to learners in fragments and in isolation from each other. There
was no attempt by the teacher to help learners make connections between ideas.
There was also no evidence of any conceptual link between the previous and subse-
quent lessons. Due to this action not being achieved, the content ideas that were
presented came across as being “bits and pieces” and at times incoherent. This
teaching action was considered to be “not achieved.”

Highlight Key Ideas

There was little evidence of the teacher highlighting key ideas. The only occasion
where this action was displayed was when after explaining conjugate acid-base
reactions, Miss Masego stressed that the “conjugate acid is always formed when a
base accepts a hydrogen ion.” This teaching action was therefore rated as “partially
achieved.”
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Sequence Key Ideas and Activities Appropriately

The key ideas were presented in the following order: domestic acids and bases, the
ionization of acids in water, strengths of acids, dilution of acids, dissociation of
bases, strengths of bases, the dilution of acids, the Lowry-Bronsted theory of acids
and bases, and conjugate acid-base pairs. At a conceptual level, the order of these
ideas did support coherence due to the sequencing of ideas from concrete to the
more sophisticated. However, the sequencing of these ideas was not integrated with
activities. It was therefore decided to classify this action as “partially achieved.”

Summarize and Synthesize Key Ideas

The lesson ended quite abruptly with the teacher asking “Do you have any ques-
tions? Is there something that you don’t understand here?” There was no evidence
of the teacher summarizing and synthesizing key ideas on the topic and thereby
“tying up” the science content storyline. This teaching action was considered “not
achieved.”

Overall Assessment of Miss Masego’s Lesson

The scoring for Miss Masego’s lesson is summarized in Table 12.2. Overall, the
lesson revealed sparse evidence of teaching actions that supported a science content
storyline.

This is underlined quantitatively by the total score 4 for the teaching actions out
of a possible score of 18. This equates to 22% for a coherent science content story-
line. The above analysis shows that the content ideas presented by the teacher were
fragmentary and lacked cohesiveness, resulting in a conceptual disconnect between

Table 12.2 Scoring of Miss Masego’s lesson

Observed teaching action Score

Identify one main learning goal 1

Set the purpose by using goal statements and focus questions

Select activities that are matched to the learning goal

(=R RN

Provide opportunities for students to use content representations matched to the
learning goal

Link science content ideas and activities

Link content ideas to other content ideas
Highlight key ideas

Sequence key ideas and activities appropriately
Summarize and synthesize key ideas
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the ideas. As many as nine key ideas on acids and bases were presented to learners
in a double period lesson. Although there was a semblance of sequencing to the
ideas, they were presented as disconnected ideas.

Mr. Mbele’s Grade 11 Lesson on Redox Reactions

This lesson was extended over two periods for a total duration of 50 min.

Identify One Main Learning Goal

After a brief review of oxidation number that had been taught in a previous lesson,
Mr. Mbele informed the class “Now we are going to learn about the redox reaction.”
He did not communicate any further information on this learning goal and then
proceeded to describe a redox reaction in terms of oxidation and reduction pro-
cesses. The content that underlied redox reactions was quite broad and in-depth, but
the statement of the learning goal did not definitively demarcate for learners the
content they would learn. We therefore decided to regard this teaching action as
“partially achieved.”

Set the Purpose by Using Goal Statements and Focus Questions

During the course of the lesson, the teacher announced that they were going to do
an experiment to illustrate oxidation and reduction reactions. There was no focus
question in relation to this goal statement to guide the investigation. During the
reaction between copper sulfate and zinc, a thermometer was used to track tempera-
ture changes. However, the teacher did not indicate to learners the purpose of moni-
toring the temperature changes during this reaction. It was only later that the purpose
of this taking the temperature became apparent when the teacher remarked “If the
temperature is constant, that means the reaction equilibrium has been reached.”
Further in the lesson, the teacher asked learners to classify the reaction as either
exothermic or endothermic based on the temperature change that occurred. Due to
the lack of a clear goal statement and related focus question, this teaching action
was coded as “partially achieved.”
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Select Activities That Are Matched to the Learning Goal

The learners were engaged in a group practical activity. The teacher announced that
the purpose of this activity was to “do an experiment on the direct transfer of elec-
trons in oxidations and reduction reactions.” This was referred to as experiment A in
the worksheet that was handed out by the teacher. The teacher went on to give
instructions on how to conduct the practical that involved the reaction between a
solution of copper sulfate and zinc powder. However, it later became evident that the
real purpose of the experiment was for the learners to establish whether the reaction
was exothermic or endothermic.

The second activity that was referred to as experiment B in the worksheet was a
teacher demonstration on the reactions between a copper sulfate solution and a zinc
plate. At the start of this activity, the teacher stated “now we are going to compare
in this too the type of reaction. Whether which one is fast, which one is slow. We
have done A, now we go to B.” The impression created here is that the focus of the
activity is on the comparison of the rates of reaction. During the course of the activ-
ity, the teacher highlighted the color change of the solution and the increase in the
mass of the zinc plate. During this reaction, the teacher prepared hydrogen sulfide
gas by reacting iron sulfide and hydrochloric acid and then bubbled this gas through
the copper sulfate solution. There was a formation of a white precipitate, but he did
not explain the significance of this precipitate.

Although both activities were relevant to the learning of redox reactions as the
overarching goal, he did not clearly communicate to learners the purpose of the
activities. This teaching action was therefore regarded as being “partially achieved.”

Provide Opportunities for Students to Use Content
Representations Matched to the Learning Goal

The learners did experience firsthand a redox reaction between copper sulfate and
zinc. The teacher did draw their attention to the copper sulfate solution that was
gradually losing its blue color and the reddish-brown deposit on the zinc plate. After
the experiment, the teacher explained these observations by referring to electron
transfer between zinc and copper. He communicated this as follows: ‘“Zinc is going
to lose two electrons. If it loses two electrons, those electrons are going to be gained
by copper. The copper ions are going to gain two electrons to give us copper.” The
teacher then referred learners to the table of standard electrode potentials and pro-
ceeded to explain that “the further a substance is down the table, the stronger oxidiz-
ing ability it will have.” Although both the practical activity and the table of standard
electrode potential are appropriate forms of representations for learning about redox
reactions, the match between these representations and the main learning goal was
blurred because the teacher did not effectively use the representation to support the
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learners in grasping the concepts of oxidations and reduction. This teaching action
was coded as “partially achieved.”

Link Science Content Ideas and Activities

Despite the attention that was given to the macroscopic changes taking place in the
reactions between zinc and copper sulfate, the teacher did not adequately connect
these changes to the chemistry taking place at the submicroscopic level. He was not
explicit about the processes of oxidation and reduction taking place in terms of the
one substance losing electrons and the other gaining electrons.

In experiment B where hydrogen sulfide gas was bubbled through the solution, it
was not made apparent to learners that the formation of the zinc sulfide white pre-
cipitate was evidence of the formation of zinc ions in solution. Here again the link
between the content idea and the activity was not established.

A further example of this disconnect was the teacher discussion of the table of
standard electrode potential. The teacher spent much time telling learners about
trends that can be inferred from the table such as “the substance at the bottom will
have the strongest oxidizing ability” and “the upper part of the arrow in the half-
reactions shows the strongest reducing.” However, there was a lack of a clear and
decisive explanation of the meaning of the electrode potential values and what can
be deduced from them. The teacher explanations were conveyed as rules that should
be followed.

This teaching action was coded “not achieved.”

Link Content Ideas to Other Content Ideas

The key content ideas included redox reaction, oxidation, reduction, direct transfer
of electrons, exothermic, endothermic, and standard electrode potentials. Despite
the obvious conceptual link between the ideas and opportunities whereby this could
be established, to a large degree, the ideas were taught in isolation. For example,
despite acid-base reactions being taught prior to redox reactions, and some similar-
ity between these two types of reactions where the one involves a transfer of protons
and the other a transfer of electrons, the teachers did not explicitly support learners
in making this link. This teaching action was considered “not achieved.”
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Highlight Key Ideas

There were a few instances where the teacher did highlight a key idea. For example,
when referring to oxidation, he stressed “In oxidation remember we said that’s
when we have LEO which is loss of electrons.” On another occasion he highlighted
“If energy is released then that type of reaction that is taking place is exothermic.”
Due to some ideas being highlighted and others not, it was decided to regard this
teaching action as “partially achieved.”

Sequence Key Ideas and Activities Appropriately

The key ideas and activities were presented in this order: redox reactions, electrons
transfer, oxidation, reduction, experiment on redox reaction between zinc power
and copper sulfate solution, experiment on redox reaction between zinc plate and
copper sulfate solution, exothermic and endothermic reaction, and standard elec-
trode potential table. There was proper sequencing of ideas whereby the teacher
introduced redox reactions and then discussed oxidation and reduction, leading to
the practical activity. However, in the practical activity, the teacher also addressed
exothermic and endothermic reactions, and this was considered to be out of place
with regard to the main learning goal. As a result, this teaching action was rated
“partially achieved.”

Summarize and Synthesize Key Ideas

There was no evidence of this teaching action. The teacher concluded the lesson by
handing learners a worksheet and asking them to complete this for the next lesson.
This teaching action was “not achieved.”

Overall Assessment of Mr. Mbele’s Lesson

The scoring for Mr. Mbele’s lesson is summarized in Table 12.3. Again, as was the
case with the previous lesson discussed, Mr. Mbele’s lesson did not depict a clear
and coherent science content storyline.

A total score of 6 was achieved for the teaching actions out of 18, and this equated
to 33.3% for overall coherence. Although learners were engaged in practical activi-
ties, the link between these activities and the key content ideas needed to be made
more visible.
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Table 12.3 Scoring of Mr. Mbele’s lesson

Observed teaching action Score

Identify one main learning goal 1

Set the purpose by using goal statements and focus questions

Select activities that are matched to the learning goal
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Provide opportunities for students to use content representations matched to the
learning goal

Link science content ideas and activities

Link content ideas to other content ideas
Highlight key ideas
Sequence key ideas and activities appropriately
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Summarize and synthesize key ideas

Discussion

The findings of this study on the practice of physical sciences teachers at a township
in South Africa revealed the lack of a coherent science content storyline in chemis-
try lessons. Learners in these classes had fragmented, disconnected, and incoherent
learning experiences of key ideas that compromised an integrated understanding of
chemistry concepts from macroscopic, submicroscopic, and symbolic perspectives.
It can be inferred that such experiences may be one of the reasons for the poor per-
formance of learners in the subject. It has already been pointed out that South Africa
compares poorly with other countries in international assessments such as TIMSS,
and the findings reported in this chapter suggest that the lack of conceptual coher-
ence in chemistry learning could be a contributing factor to poor achievement.

In contrast, Roth et al. (2011) maintained that in higher-achieving countries such
as Finland and Singapore, “teachers more commonly used activities to develop sci-
ence ideas, and organised lessons in a way that resembled a storyline” (p.120). The
teachers in high-achieving countries made explicit connections between the open-
ing focus question, the science ideas, the activities, the follow-up discussions of
activities, and the summary of the lesson. In low-achieving countries, there was lit-
tle evidence of teachers supporting students in linking observations and experiences
to conceptual science ideas. Indeed, the findings of research reported in this chapter
on under-achieving South African schools are coherent to the findings reported in
studies done in the USA (e.g., Roth et al. 2006). The TIMSS Video Study found that
eighth-grade US science lessons focused on doing activities with less attention to
the science content and even less attention to the links between activities and sci-
ence ideas. This is a concern because building conceptual understanding of critical
science ideas requires learners to interconnect knowledge in a manner that is coher-
ent. A science content storyline depicts such coherence and is hence supportive of
science learning.

The teacher is key to enacting coherence in science learning. The findings
showed that teachers displayed a deficit of actions in orchestrating learning situa-
tions that supported coherent learning experiences. As has already been pointed out,
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a legacy of the apartheid policy in South Africa is that black students at township
schools tend to be taught by teachers who are less qualified than their white coun-
terparts at suburban schools. This has implications for teacher professional develop-
ment efforts at the preservice and in-service levels. There needs to be more deliberate
and explicit attempts toward attuning teachers toward actions that construct a sci-
ence content storyline. Professional development focused on the construction and
analysis of conceptual storylines may help teachers plan and implement lessons
with conceptual coherence (Hanuscin et al. 2016). One such approach could be the
analysis of practice (Grossman et al. 2009) using videocases as reported in the
Science Teachers Learning from Lesson Analysis (STeLLA) project (Roth et al.
2011). The STeLLA project researched a professional development program
whereby teachers explored videocases through a series of tasks that drew teachers’
attention to how the science ideas in a science lesson or unit are sequenced and
linked to one another and to lesson activities (Roth et al. 2011). The pedagogical
strategies for a “science content storyline” that were employed as indicators of
coherence in this study can be used as a guideline by teachers in creating a coherent
science content storyline.

In addition, a study by Hanuscin et al. (1996) demonstrated how professional
developers can use tools such as the Conceptual Storyline Probe that engages teach-
ers in comparing and contrasting two lessons on the same topic that differ with
regard to conceptual coherence. Such explicitness to teacher actions in enacting con-
ceptual coherence “forces” teachers to reflect more closely on their own teaching
practice.

It was evident in lessons, for example, the lesson by Miss Masego, that teachers
exhibited a reliance on materials from textbooks in directing their lessons. Research
conducted in South Africa (Ramnarain and Padayachee 2015; Malcolm and Alant
2004) has revealed that there is an overreliance on textbooks by science teachers.
This calls for a closer introspection of curriculum materials for the manner to which
these materials represent conceptual coherence.

In view of the diversity of schools in this country, further research could investi-
gate how contextual factors such as teacher qualification, class size, resource, and
school culture intersect with conceptual coherence in science teaching. This study
focused on the teaching of chemistry at historically disadvantaged township schools
in South Africa due to the poor performance of students in this subject. It would be
of interest to investigate and compare how teachers at suburban schools where stu-
dent achievement in science is higher enact conceptual coherence in their
teaching.
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Chapter 13
A Collaborative Classroom-Based Teacher
Professional Learning Model

Dace Namsone and Liga Cakane

Abstract This article reviews the Latvian experience of exploring a teacher con-
tinuous professional learning model, with an emphasis on teacher collaboration for
professional learning. The developed model focuses on lessons taught in real-life
classrooms and their subsequent analysis. The model consists of a set of regularly
scheduled workshops in a period of a school year. It is based on the idea of a mul-
tiple activity cycle of “observe—reflect—write—discuss” conducted several times dur-
ing every workshop. Every participant has an opportunity to experience two roles:
that of a leader, teach a demonstration lesson to his/her colleagues, and that of a
learner, observe, analyse and reflect on a colleague’s lesson. The sessions were led
by experienced education practitioner coaches.

The model was implemented during the period from November 2011 to April
2015. The teams consisted of experienced, committed teachers from the “Science
and Mathematics” project as well as primary school teachers from the national inno-
vative experience schools collaboration network. Surveys from teachers and feed-
back from expert coaches and teachers demonstrate that the model enhanced the
development of teaching, reflection and collaboration skills. The research concludes
that the initial science and mathematics teacher learning model can successfully be
transferred for professional development in other subjects.

Introduction

Implementation of education reforms in Latvia, as in many countries, triggers a
change of teaching paradigms. Reforms in Latvia have focused on promoting an
inquiry-based approach to teaching science and mathematics and call for an
extensive use of information and communication technology in the classroom.
Preparing students for the twenty-first century is at the focus of these changes.
When reforms were introduced in 2008, teachers were expected to employ new
teaching and learning strategies. Regrettably, during their university education,
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most teachers working in Latvia today never had a formal introduction to teaching
strategies such as how to facilitate group work, conduct formative assessment or
set learning goals for their students (Volkinsteine et al. 2014). Teachers find they
have to try out new strategies on their own and address the question — how is this
working in my classroom? This is a challenge for both teachers and teacher edu-
cators because the traditional teacher professional training model, comprised of
in-service training courses, cannot be utilized in this setting. The acquisition of
passive knowledge about how to successfully implement inquiry-based learning is
not sufficient for actual changes to happen (Fullan 2011a). Changes occur when
teachers are involved in an ongoing process of active participation in professional
development.

A new teacher professional learning model has to be developed to help teachers
acquire understanding through implementing changes in their own teaching prac-
tice, observing colleagues and reflecting on the effectiveness of his/her teaching.
The continuous collaborative teacher professional learning model (CCTPLM)
described in this article was developed through experiences first with science and
mathematics teachers and then implemented with other groups of teachers.
Professional development in this project is based on the principle that teachers
must experience first-hand content-specific learning in the same way that he/she is
expected to teach his/her students. Therefore, professional development must
focus on experiences different from those often found in current practices in
teacher continuing education. It is one of the cornerstones of a paradigm shift in
the classroom.

Background

What Was Accomplished in the Project “Science
and Mathematics”?

The EU-funded project “Science and Mathematics” developed and piloted a
new seventh to ninth (ages 13—15) grade curriculum and teaching materials dur-
ing 2009-2011 school years. While working on the development of teacher pro-
fessional education, a successful collaboration model was developed in those
schools whose team included science and mathematics teachers as well as a
representative from the school administration. The results agree with Fullan’s
(2011b) work: “Well-developed teamwork improves the quality of practices as
teachers work and learn from each other”. Collaboration within this model is
comprised of sharing materials and teaching strategies. Teachers work together
in teaching, planning and discussing teaching strategies.
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What Was Learned in the PROFILES Project?

The Professional Reflection-Oriented Focus on Inquiry-based Learning and
Education through Science (PROFILES) project (funded by the European Seventh
Framework Programme ““Science in Society”’) model aims were to promote inquiry-
based science education (IBSE) by enhancing science teachers’ self-efficacy and
sense of ownership of the teaching materials and methodology via a multistage.
This model recognizes the importance of motivation and discovery as a social
endeavour in the real world. The teacher is viewed simultaneously as a learner and
as a teacher, as a reflective practitioner and as a leader according to the PROFILES
project philosophy. It provides teachers with support according to their needs and
guides them to implement IBSE in their classrooms (Hofstein and Mamlok-Naaman
2014). The meaning of leadership in this context is highly aligned with the defini-
tion by Fullan (1991): “The ability of a person to bring about changes among teach-
ers and teaching”. As part of the PROFILES project, action research groups formed
by teachers using the “observe-reflect—write—discuss” cycle (Kemmis and
McTaggart 2000) were piloted for the first time in Latvia (Volkinsteine et al. 2014).

What Does Previous Research Show About Teacher Success
in Implementation of Innovative Teaching Practice? How Does
It Relate to Teacher Learning?

Our experiences in lesson observation (Volkinsteine et al. 2014; France et al. 2015)
are similar to those found in the research literature. We believe one strong influence
on educational traditions, and the content of Latvian teacher education programmes
stems back to the Soviet era of the country’s history. An analysis of teaching prac-
tices found that in former Soviet countries, the focus is on whole-class instruction
versus individual instruction and uniformity of the class versus individual needs of
students. In addition, they found a theoretical approach to inquiry versus empirical
approach and that content was considered far more important than practice (Pavlova
and Pitt 2003; Kozliak 2000). Other research suggest that teachers in former Soviet
countries may well be more comfortable with teacher-directed and teacher-
controlled lessons and value their knowledge of the subject higher than their teach-
ing skills (Olson 2003; Sanger et al. 2001).

Classrooms where the teacher is the transmitter of information with a focus on
learning facts are rooted in teacher education traditions. Teachers acquire formal
knowledge through the university and in-service training. Traditionally a science
teacher in Latvia is educated to teach a single subject (chemistry, physics or biol-
ogy) and completes a programme in which up to 90% of the focus is on science
content. Moreover, in-service professional development is also a transmission of
new information.
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Schools in Latvia generally employ one teacher for each of the science subjects:
physics, chemistry and biology. The exchange of experiences among teachers in a
school or between schools is limited or focused mainly on the dissemination of new
information. Van Driel describes a teacher’s practical knowledge as the synthesis of
experiential knowledge, formal knowledge and personal beliefs (Van Driel et al.
2001). The practical knowledge of many teachers is limited to their personal experi-
ences and the manner in which they were taught in school. These in turn often
emphasize the factual and descriptive nature of science, and these views are trans-
ferred to the student (Roehrig and Luft 2004).

While the new curriculum requires changes in the approaches and methodolo-
gies, many teachers prefer to use a teacher-centred model. Professional develop-
ment must address this present dilemma in school practice. The introduction of
scientific inquiry in the curriculum requires that teachers change from a question/
answer model to discussion, from questions that have a single correct solution to
multiple correct answers and from transmitting knowledge to discovering it. This
requires a change in classroom interactions as well. Teachers must be comfortable
with students working in groups instead of individually. In order to master this
approach, teachers need new experience beyond mere description of new teaching
methods and must change their own understanding of teaching concepts. Teachers
must experience inquiry-based learning themselves and be convinced that students
will learn better if they are part of the process and not more observers. Teachers’
beliefs can only be changed when they become deeply involved in their own prac-
tice, that is, by developing reflection skills and collaboration with colleagues.

Our previous observations and research in implementation of new approaches
and methods in the classroom point to the crucial need for new methods of teacher
education and even more — the development of deeper reflection skills (Namsone
and Cakane 2012). However, new teaching approaches and methods in the class-
room bring a certain level of risk of not being effective (Fullan and Langworthy
2014). Table 13.1 describes some of these risks. The skilled practitioner must
become an activator of learning (Hattie 2012) by continuously assessing the stu-
dents’ learning process.

During the piloting of the project “Science and Mathematics”, teachers showed
successful teaching performance in the classroom. However, coaches from the
National Centre for Education (NCE) involved in the piloting witnessed frequent
cases that needed further attention. Teachers taught the elements of scientific inquiry
but in the traditional information transfer model. The teachers did not recognize that
the transmission of information was ongoing (Volkinsteine et al. 2014). For exam-
ple, coaches observed chemistry lessons in which teachers were sure that they were
teaching scientific inquiry showed that in about 40% of cases, the teachers per-
formed guided inquiry. In the remaining set of lessons, they introduced separate
elements, for example, prescribed data collection. Consequently, the students had
no possibility to engage in their own intellectual inquiry. There were situations
where the students could have discussed the problem, devised experiments them-
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Table 13.1 Effective vs. ineffective new pedagogies
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Effective new pedagogies (high levels of
pedagogical capacity needed)

Ineffective new pedagogies

Establish students and teachers as co-learners

Too much student autonomy

Long-term deep learning tasks; cross-curricular;
complex, interdependent tasks

Short-term tasks for one unit or lesson; not
multidisciplinary

Deep learning tasks have clear learning goals and
clearly defined measures of success

No clear learning goals or ways of
measuring success

Give students control and choice suited to their
level, gradually building students’ capacity to
manage the learning process

Give too much control and choice to
students before they have skills to structure
their own learning effectively

Continuous, effective feedback; formative
assessment towards the learning goals

Ineffective feedback or only summative
assessment at end of task

Identify and use digital tools and resources to
support deep learning tasks and to help students
master the learning process. Analyse progress data
to inform changes in teaching and learning

Use digital tools and resources only to
deliver content and track progress but not
to inform changes in teaching and learning
strategies

strategies
Adopted from Fullan and Langworthy (2014)

selves and carried out data collection and analysis. However, the class was domi-
nated by the teacher. Students became passive observers of the lesson. When the
lessons were analysed and reflected on, discussion with the teachers revealed that
the teachers thought their performance qualified as scientific inquiry. Although the
assigned task contained a short scenario and the problem, scientific inquiry during
the lesson was implemented as a frontal, teacher-controlled process of delivering
information which involved questioning and practical seatwork. This corresponds
to what is found in the literature — in most countries where IBSE is a new approach
to teaching education, experts point to the teachers’ difficulty in truly implementing
scientific inquiry (Anderson and Michener 1994; Bybee and Fuchs 2006). There is
a discrepancy between the actual performance of the teachers in the classroom and
their understanding of what they were doing (Volkinsteine et al. 2014).

Lessons observed in more recent research revealed the presence of a similar
problem in mathematics (France et al. 2015) as well as other branches of science.
This demonstrates the urgency of improving teacher reflection skills for working
with the new curriculum. Previous research (Namsone et al. 2012) identified learn-
ing needs defined by teachers themselves. In surveys on what they felt they needed
in professional development, teachers frequently listed how to develop higher-order
cognitive skills in students as well as a number of teaching-related issues. However,
teachers did not mention the development of reflection and teacher collaboration
skills as an urgent need. This points to another challenge in implementation of pro-
fessional learning as teachers need to be trained in skills for which they, themselves,
fail to see the importance.



182 D. Namsone and L. Cakane

Literature Concerning Teacher Impact, Learning
and Collaboration

The literature puts emphasis on teacher development as the primary step in improv-
ing student learning experiences and results. Meta-analysis of past research results
on different effect sizes impacting student achievement conducted by Hattie (2012)
reveals that teachers and teaching have a significant impact on student learning out-
comes. With an average effect size of 0.40, teachers have the highest effect size of
0.47 and teaching of 0.43, respectively. These findings support the claim that the
quality of a teacher is the single most important determinant for students’ learning
(Sanders 1998). Therefore, teachers’ capability to organize learning and their pro-
fessional development should have primary emphasis, and only then can the
improvement of students’ progress be addressed (Fullan 1996). Teaching as a pro-
fession is about improvement of an individual, raising the performance of the team
and increasing teaching effectiveness across the whole profession (Hargreaves and
Fullan 2012).

Earlier research suggests that teachers’ practical knowledge is the core of their
professionality. As mentioned earlier, practical knowledge is constructed by teach-
ers in the context of their work that integrates experimental knowledge, formal
knowledge and personal beliefs (Van Driel et al. 2001). Practical knowledge should
be gathered through collaboration with other teachers. Improvement in teaching is
believed to be a collective rather than an individual enterprise, and analysis, evalu-
ation and experimentation in collaboration with colleagues are the conditions under
which teachers improve (Rosentholtz 1991). The main message about teachers’ pro-
fessional growth through gathering practical knowledge should be about teachers
being open to evidence of their impact on students, critiquing each other’s perfor-
mance in light of such evidence and forming professional judgements about how
they then need to — and indeed can — influence how student learning takes place in
the class (Hattie 2012).

Despite the evidence and the fact that almost every other profession conducts
most of its training in real-life settings (doctors and nurses in hospitals, lawyers in
courtrooms), very little teacher training takes place in teacher’s own classroom, the
place in which professional training would be precise and relevant enough to be
most effective (Barber and Mourshed 2007). Therefore, in this study we focused
teacher learning on real-life practice at school.

In order to bring about changes, teachers have to be immersed in their own and
their colleagues’ teaching experiences. They must analyse and reflect on these expe-
riences. During CPD sessions, it is crucial to create learning situations that allow
teachers to acquire different kinds of experiences, take part in discussions, exchange
opinions and analyse and reflect on their own and their colleagues’ acquired knowl-
edge, that is, to facilitate mutual immersion. Accordingly, a system which enables
teachers to learn from each other and share their best practices of teaching must be
created. This means that along with the traditional hierarchical teacher in-service
training patterns, different forms of further professional growth have to be sought —
exchange-based models for teachers’ collaboration and accumulating mutual expe-
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rience. In the case of Latvia, this model implies a simultaneous process of teacher
training and changing classroom practices.
There is an obvious need to develop a structure:

e That can achieve the goal of disseminating innovative ideas of teaching (IBSE,
effective teaching, formative assessment, etc.)

e That is based on real-life school practice where teachers learn from each other

*  Where teachers learn by collaboration, experience and exchange of ideas

*  Where teachers feel their colleagues’ support

*  Where teachers have supportive feedback about their practices

*  Where teachers can learn how to reflect

e That is coordinated but not hierarchical

*  Where the activities are regularly performed

Research Methodology

Development of suitable professional learning models for various groups of teach-
ers is needed. These must incorporate the three interrelated components of profes-
sional growth: lesson observation, reflection and collaboration.

Therefore, we pose the following research question:

How can a teacher professional learning model be implemented that develops teach-
ing, reflection and collaboration skills?

The CPD Model

Structure of the Model

The fundamental idea of the professional learning model is to focus on teaching and
observing lessons in real-life classroom environments. The model (see Fig. 13.1)
allows for teachers to develop a core group of colleagues who work together in
teaching, analysing and collaborating for long periods of time. By developing this
core support, teachers are willing to take new risks in their classrooms, and the
transfer of new methodologies occurs.

The model for teacher development is based on the philosophy that changes arise
from a teacher’s immersion in his/her own practice. This is facilitated by regular
training of reflection skills and repeated immersion into the cycle of “observe—reflect—
write—discuss”. These skills are practiced several times during every workshop and
repeated many times during the year, similar to the action research spiral (Kemmis
and Mc Taggart 2000). Collaboration, where the teachers jointly observe and analyse
lessons, lies at the basis of this model and helps improve team player skills.
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Fig. 13.1 Teacher learning model

Description of the Participants

The model was implemented in 2011 within the NCE innovative experience schools
collaboration network in close cooperation with the Centre for Science and
Mathematics Education at the University of Latvia. One teacher team per school
was selected. This article looks into two samples.

The first group included teacher teams from 22 schools representing 19 munici-
palities. One team (four to five people) consisted of science teachers (one each of
chemistry, biology and physics), a mathematics teacher and a representative of the
school administration. In total 82 teachers and 22 school administration members
participated. These teachers had demonstrated active participation in the network in
2011-2013 and had already acquired inquiry-based teaching experience.

All of the participating school teams were grouped according to geographical
location with schools located close to each other forming a group. As Fig. 13.2
shows, groups consist of five to six school teams (middle element of the figure).
Teacher collaboration takes place in their individual school teams — a chemistry (C),
biology (B), physics (P) and mathematics (M) teacher and a representative of the
school administration (A) (left element of the figure). Then, collaboration takes
place among teachers in the regional group (middle element of the figure). Teacher
collaboration is led by expert coaches.

The second group in the research study consisted of teams from 13 schools with
three participants in each — two primary school teachers and a school administration
representative — making up a total of 39 participants. The collaboration model uti-
lized by these teachers has been in operation since 2014.

Eight coaches, with coaching experience of between 5 and 15 years from the
Centre for Science and Mathematics led the workshops, provided feedback and
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Fig. 13.2 National networking model

developed the research. In order to ensure that the expert coaches were well pre-
pared and consistent in observations, video training and a number of live lesson
observations and joint analysis of lessons were done before the research.

How the Model Works

Each school team had opportunities to learn from their colleagues, visit other
schools and observe and analyse lessons. During the school year (November—April),
each group of teachers from each school participated in a cycle of five or six work-
shops. Each day-long workshop took place in a different school and included class-
room observations of lessons and joint lesson analysis, as well as informative
meetings on a particular issue. The length of one workshop was six to eight ses-
sions. Each session was 40 min long. During 1 school year, teachers participated in
five to six workshops. In total, this amounted to about 40 h of professional develop-
ment. The school team and the entire regional group worked together through the
entire learning period of 2 school years.

New teaching and learning experience programmes for different groups of teach-
ers were developed based on the teachers’ needs. Experience showed that changes
in the classroom were achieved by focusing on the theme of effective teaching in the
first year of training. The following year then focused on particular teacher needs,
for example, mastering scientific inquiry teaching skills. The programme also
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included individual teacher assignments between workshops to practice the newly
acquired knowledge in their daily teaching and to prepare for the upcoming work-
shops. Teacher collaboration within their school group continued also between
workshops.

The structure of the workshops includes three phases (see Fig. 13.3): the prepara-
tory phase, the workshop at a school and feedback and analysis.

During the preparatory phase, coaches and the school team jointly planned the
workshop, discussed the lessons to be observed and reviewed information needed
for the lessons.

The workshop at a school consisted of three parts (see Fig. 13.4). During the
introductory part, goals were set and any necessary information was given. The
second part included joint observation of lessons. The third part was lesson analysis.
The coaches supervised and gave guidance in analysing the observed lessons.
During the second year of the workshops, an additional session with a particular
focus on reflection was introduced. During the evaluation phase, the coaches anal-
ysed teachers’ feedback.

Every participant experienced two roles: leading a classroom lesson observed by
colleagues (as a leader) and as a learner — observing, analysing and reflecting on
their colleagues’ teaching and students’ learning.
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Sources for Data Collection

The study was conducted in Latvia. Various data sources were used in order to com-
pare the opinions of all the involved groups (teachers, school administration repre-
sentatives, expert coaches).

The impact of the workshops was analysed with the help of teacher question-
naires after the first and second years of running the model (2012, 74 respondents,
Cronbach’s Alpha 0.87 and 2013, 82 respondents, Cronbach’s Alpha 0.94) for the
first sample and for the second sample from 2015 (20 respondents, Cronbach’s
Alpha 0.92).

Teacher questionnaires included questions about teacher skills in conducting
teaching, teacher’s performance and reflection and collaboration skills and factors
facilitating professional training and growth as well as support needs. For example,
six questions refer to teachers’ reflection skills. Respondents evaluated different
aspects and effects of the collaboration model and specific benefits. All surveys
asked respondents to provide their opinion according to a Likert scale 5-0, where 5
stands for “yes, agree completely” and 0 — “definitely not”. Respondents could also
provide comments to their answers if they wished to do so.

Teacher questionnaires were supplemented with written feedback from teachers
at the end of each workshop. The responses were then coded for the purpose of
analysis. Teachers gave their feedback about the perceived benefits from each infor-
mation session, lesson observation and lesson analysis.

Additionally, after each workshop, a focus group of coaches was conducted, and
transcripts with expert coaches’ oral feedback and written transcripts were made.
Transcripts from discussion groups conducted with teachers between seminars were
also used. This data gave information about the teachers’ professional growth and
their further learning needs both from the expert coaches’ and teachers’ point of view.
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Lastly, school administrators were surveyed. In 2013 the network participants
included 22 responses. The survey was supplemented with motivation letters as part
of analysis by school administration for continuing collaboration in the network as
well as with structured interviews. These data sources gave information about the
effects of the implemented teacher professional learning model on the school level
and whether teachers’ professional growth was visible from the school administra-
tion’s point of view.

The reliability (Cronbach’s alpha) for each questionnaire was analysed — R ver-
sion 3.1.1was used.

Results

The survey of teachers and feedback from coaches and teachers all demonstrated
that the model enhanced the development of teaching skills and as developed reflec-
tion and collaboration skills in both groups of teachers.

One workshop included observation and analyses of a lesson from a different
subject area. This was beneficial for the participants. For example, if a chemistry
teacher was observing a mathematics lesson, apart from focusing on the structure of
the lesson, he/she could experience how students felt and thus provided more stimu-
lus to change the teacher’s philosophy and approach.

Teachers were actively involved in the development of the workshops, giving
added value to their skills. Teachers from the network agreed that they benefited
most from observation of classroom teaching and learned new methods from their
colleagues’ lessons.

Consequently, the most obvious gain for the teachers was the teaching and learn-
ing skills (including scientific inquiry) which they directly observed in colleagues’
lessons and were able to transfer to their own classroom. In feedback, teachers
wrote the following:

e Finally I saw group work that I could learn from.

e [learned several “tricks” from other people that I can use in my lessons. When I
lead a lesson and get feedback I often find out things I was not even aware of.

o [ learned how to encourage pupils to think, about how to organize learning, how
to encourage students’ activity, how to positively evaluate and analyse the
lesson.

The teachers’ 2012 survey contains testimonies such as the following: The work-
shops have improved my lesson planning and leading skills, while at the same time
developing students’ scientific inquiry skills (41%, completely agree; 45%, agree).
Teachers often saw immediate gains from observing their colleagues’ lessons, as
this quote from the survey on performance in 2012/2013 illustrates:
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e [ learned how to organize lessons to master particular inquiry skills before stu-
dents engage in scientific modules and how to find a use for routine items in labo-
ratory works.

According to the survey from 2015, 88% of teachers in the second group admit-
ted that collaboration with their colleagues helped them improve their teaching and
lesson evaluation skills (evaluations of 5 and 4 on Likert scale 5-0).

According to the survey from 2012, teachers indicate that leading and analysing
lessons helped them evaluate their strengths and weaknesses (62% completely
agree, 30% agree) and improved their skills to reflect on their performance together
with colleagues (58%, 39%). A teacher wrote in the 2012 survey: [ learned to
understand what my actual knowledge and skills were and what I had assumed 1
knew and was able to perform.

In the survey from 2013, 91% (evaluation 5 on Likert scale 5-0) of teachers felt
they had improved their ability to accept given feedback, and 80% improved their
ability to give feedback to colleagues.

Responses of the teachers from the second group in 2015 showed that 77%
believed they had improved their lesson observation and analysis skills through col-
laboration with their colleagues (evaluation 5 on Likert scale 5-0), and 53% have
perfected their reflection skills and discussion about goals of the lesson.

The following quotes from coaches’ transcripts corroborate these improvements:

» Teachers take detailed lesson observation notes in order to be able to discuss and
share.

o [rrespective of sometimes passionate discussion, people appreciate the progress
achieved through exchange of opinions and ideas. I enjoyed the discussion and I
highly appreciate the openness and different views revealed during the
discussion.

According to the teachers’ survey, through collaborating with their colleagues
during the workshops, 77% teachers felt immersed in their professional work
(“yes” — evaluation 5 on Likert scale 5-0, 2013). In addition, 71% of teachers from
the second group admitted that they had improved their skills through collaboration
with other teachers (“yes” — evaluation 5 on Likert scale 5-0; 2015).

The good news is that teachers developed a need to reflect on their performance
and to collaborate with their colleagues. It is important to emphasize that the model
combines individual reflections and group reflections. Each cycle of reflection
enabled the participant to compare his/her ideas with those of his/her colleagues.
Consequently, collaboration and reflection is in essence a necessary precondition
for the model to succeed. At the same time, regular practice develops collaboration
skills — 96% of teachers (2013) agree that participation in seminars had been
extremely beneficial in this respect. Teachers admit that collaboration with
colleagues enabled them to more readily share ideas and experiences (yes and defi-
nitely yes 88% — teachers from the first group — and 100% from the second group).
They admit acquisition of common values (teaching philosophy) 93% and 77%,
respectively, which is supported by the following quotes:
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e Lessons observation by colleagues is very helpful — they notice significant
nuances that need improvement.

e Coaches and colleagues help me to understand whether I am going in the right
direction (2015).

Accepting teachers from other schools into their classrooms and demonstrating
a lesson helped teachers to develop their leadership skills. Analyses were structured
to emphasize the positive and let the teacher who is leading the demonstration les-
son reach a sense of achievement as well as raise his/her self-esteem. Positive emo-
tions and awareness of his/her performance is the only way to becoming a good
leader. Survey results showed that an increasing number of teachers express a desire
to become teacher leaders in their schools.

In surveys from 2013 to 2015, teachers admitted that collaboration with col-
leagues developed trust in mutual relationships and provided a sense of safety (defi-
nitely yes and yes 86% — teachers from the first group — and 82% from the second
group), a sense of satisfaction and support for 89% and 88%, respectively. Eighty-
nine percent in the first group and 86% in the second enjoyed positive emotions. At
the same time approximately 30% of teachers from both groups admitted the pres-
ence of stress. The figure went up to 53% in cases where the particular teacher had
his/her lesson observed and analysed. At the same time, 100% of teachers asserted
that collaboration motivated them to improve their skills.

A teacher wrote in 2012: Lots of stress before the demonstration lesson — it is
absolutely normal and helps focus on the goal. Lesson analyses reveal the lesson
from a different perspective. Colleagues often find more positive than I do myself.
This is very inspiring.

In conclusion, the model was successful for the science and mathematics teach-
ers and can be transferred to the elementary school classroom practice.

Discussion

The research concludes that knowledge acquired in the workshops is successfully
transferred to classroom practice. This is a very important achievement because
traditional teacher professional training models have only a minor effect on class-
room practices (Fullan 2011b).

The research shows that when a teacher has to demonstrate leadership in a lesson
that is being analysed, he/she performs his/her best and transfers the knowledge to
his/her practice. This is supported by the following feedback:

e The most important gains for me were ideas and materials that I can use in my
lessons (2013).

e [ was encouraged to use more scientific inquiry in my lessons (2013)!

e Demonstration of best practices is really helpful — we can watch other teachers
perform, and this encourages us to take over the good practices (2015).
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CHANGE OF

CHANGE OF

CHANGE OF APPROACH CHANGE OF APPROACH

Fig. 13.5 How changes occur and disseminate — “the hazelnut model”

Our experience shows that this new professional development model helps teach-
ers see how their colleagues apply teaching skills that the teacher himself/herself is
hesitant to try. The hesitancy may arise from the lack of implementation skills,
assumption that he/she is under qualified to perform or because they are unfamiliar.
The new model can inspire changes in the practices of those teachers who lack
familiarity with different teaching paradigms.

Long-term involvement in lesson observation workshops showed gradual
changes to teaching. Reflection sessions demonstrated the change in teachers’ opin-
ions. Deeper investigation of this change is the goal of future research.

A teacher can help his/her colleagues only when he/she has developed the confi-
dence that that he/she has ownership of a teaching methodology and is capable of
providing real assistance to others. However, the way to ownership resembles the
chicken and the egg dilemma. In order to be willing to go deeper and invest more,
the teachers has to at least express the desire for ownership. Figure 13.5 shows the
metaphor of peeling off the shell of a hazelnut. Any exterior changes (new equipment,
technology, a particular teaching method, etc.) are but the very outer layer (the
green leaves around the nut that have to be removed). The hard shell of the nut is the
change to the approach, but the centre — the kernel — represents the views on teach-
ing (changes in teaching philosophy). It is here at the core where the teacher buys
into a sense of ownership when he/she applies the particular skill or teaching meth-
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odologies because it has been mastered as his/her own. Having found the edible
kernel of the nut makes the teacher become a leader and work with his/her col-
leagues on implementing changes and dissemination of a new approach or ideas.
The teacher can inspire and support his/her colleagues when he/she has fully com-
prehended the value of the new approach, that is, the teacher has obtained owner-
ship of it.

Deeper changes are associated with regular reflection skill training, for example,
multiple practices of the “observe—reflect—write—discuss” cycle (a few times during
every workshop and multiple times during the year). One teacher wrote:

I gained new, creative ideas and benefited from the exchange of experience. I improved my
lesson analysis skills and learned to see the positive things. I became aware that my way of
teaching met the requirements of a modern lesson.

A number of schools have implemented collaboration and lesson-based profes-
sional training for all teachers at their schools. A school administrator wrote: We are
learning to open the classroom door; to reflect and not to be afraid if we make mis-
takes. We will continue to practice joint learning, collaboration lessons, observa-
tion, analyses and joint lesson leadership. We will reflect and discuss teacher
progress in organizing learning in the classroom. We are certain that 10% of a
teacher’s work time must be allocated to efficient professional training. This is sup-
ported by a variety of sources of literature (Barber and Mourshed 2007).

Teacher learning that results in the transfer of newly acquired knowledge to the
classroom is gradual and occurs on different levels. The progress is obvious if teach-
ers of the same group attend several years of workshops, because exposure to more
practice improves their analysis and reflection skills.

Coaches’ analyses of teachers’ feedback indicated levels of impact the training
had on the gradual development of teachers’ analysis and reflection skills. At the
simplest level, teachers took a particular element from an observed lesson and used
it 1:1 in a similar situation in their own classroom. Moreover, upon completion of
the workshop experience, the time and depth of teachers’ reflection increased, and
teachers’ awareness of the importance of lesson analyses was deepened. At the
beginning of the cycle, teachers would ask: What is the sense of getting so detailed?
The questions were in large part the same in the middle stage: I is all the same over
and over again, it is getting boring, and Aren’t we focusing on the same things too
much? However, at the end of the second cycle, the nature of the questions and com-
ments had completely changed: We ran out of time! We had no time to discuss every-
thing we wanted! This has been described more thoroughly in the paper “How
Science Teachers Learn to Reflect by Analysing Jointly Observed Lessons”
(Namsone et al. 2015).

However, implementation of the model has several limitations. At the beginning,
lesson observation and analysis is taught through videos. Workshops involving real
classroom lesson observation followed afterwards. Live lesson observation is
extremely important as part of the change of teachers’ approaches and beliefs. It
enables a teacher who has never practiced a particular method to see how it is
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applied by his/her colleagues and then comes to believe that it can work with real
students in a real school environment in his/her own classroom.

Limitations of this model for professional development are the quality of the
demonstration lessons in real classrooms as well as to the stress caused by the pres-
ence of additional people in the classroom, both for the teacher and the students.
The model will be successful only if there is trust among the teachers themselves
and the teachers and coaches. Trust forms if the same group of coaches develop a
long-term work relationship with the same group of teachers. Building relationships
within the group eliminates the stress, especially over a longer period of time. A
relationship of trust takes time to build. In a new group of strangers, the model may
be used formally, but superficially, and thus fail to achieve the desired results.

There is another limitation related to the quality of the lessons. School team
teacher collaboration during the preparatory phase should be encouraged, and
coaches should be working with the teachers and consulting with them on lesson
plans. A medium-quality lesson does not significantly influence analysis and reflec-
tion trainings for the participants. However, if the teacher who is leading the class
fails to receive the much needed positive feedback and the sense of achievement,
this will be a setback in their and their colleagues’ development. An unsuccessful
lesson creates a negative emotional background and may create obstacles for objec-
tive lesson analyses. Sometimes teachers identify with their colleagues’ failure and
thus give credibility to not changing existing methodologies.

Teachers highly value the role of coaches — their support, feedback and workshops:

e Support is crucial, especially feedback.
*  Methodological support and detailed analysis are most needed. (Quotation from
2015)

However, the model will encounter serious problems if coaches lack experience
and fail to work with the teachers as colleagues. The model also has practical limita-
tions which are related to rescheduling lessons so that teachers can visit their coun-
terparts in different schools. The problem can be resolved if the school administration
understands the significance of CPD and sees real benefits from the collaboration
model.

Teachers highlight the role of school administration as a factor that has a signifi-
cant impact on the joint collaboration with colleagues. Understanding and interest
were named crucial by 53% of the second group of teachers. Support in resolving
practical problems was mentioned by 59% of the same group teachers. Results are
better if school administration works as real leaders in the learning process, support-
ing their teachers and facilitating team collaboration within the school.

Therefore, without the support from school administration, the model is likely to
fail. In Latvia, the model has been successful within the innovative experience
schools network of the NCE where a school administration member is on the school
team. Over a period of time, the school administrators have appreciated the benefits
of the long-term gains that overcome the particularly acute difficulties of lesson
rescheduling.
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Conclusions

Teachers’ surveys and feedback from coaches and teachers all demonstrate that this
model for professional education enhances the development of teaching skills such
as inquiry-based learning as well as reflection and collaboration skills.

According to the structure of the model, teacher training incorporates real prac-
tice where the teacher (as learner and as reflective practitioner) fully engages in
workshops. This allows teachers to acquire new learning experiences and to collabo-
rate and reflect on their own or their colleagues’ performance. Exposure to new situ-
ations and contexts develops teachers’ teaching, reflection and collaboration skills.

When a teacher has to demonstrate leadership in the lesson that is being anal-
ysed, he/she performs his/her best and transfers this knowledge to his/her practice.

Teacher learning that results in transfer to the classroom is gradual and is imple-
mented on different levels. Any exterior changes (use of equipment, a particular
teaching method, etc.) are the very upper layers of changes. Figuratively speaking,
the hard shell of the hazelnut is the change of the approach, but the centre — the
kernel — represents beliefs (change of teaching philosophy) or the sense of owner-
ship when the teacher applies the particular skill or teaching approach because it has
been mastered as his/her own. It is important that the model combines the individual
reflection and the group reflection.

Support of the school administration and a professional team of coaches is cru-
cial for the model. The model will be successful where there is trust among the
teachers themselves, as well as among the teachers and coaches.
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Chapter 14

Pedagogical Content Knowledge Development
in Experienced Biology Teachers in Their First
Attempts at Teaching a New Topic

Kennedy Kam Ho Chan and Benny Hin Wai Yung

Abstract It is not uncommon for teachers to be required to teach new content due
to curriculum changes or shifts in teaching assignments. The former is particularly
the case for science teachers because of the advancement in science. However, there
is little research on how experienced teachers may develop the requisite knowledge
for teaching new topics that they have never taught before. Hence, we explored how
six experienced biology teachers prepared for and enacted their first-time teaching
of a new topic, polymerase chain reaction, in the context of a curriculum change.
Pedagogical content knowledge (PCK) was used as the lens to examine the teach-
ers’ development of topic-specific knowledge. In this chapter, we aim (1) to illus-
trate how new PCK development can be facilitated by a teacher’s disposition to
enact two pedagogical moves, namely, conducting subject matter analysis and
assessing students formatively, and (2) to characterise the instances in which the
teachers invented new instructional strategies/representations during the interactive
phase of the lesson (i.e. on-site PCK development). The mechanism of on-site PCK
development as a three-step process is also proposed. Implications on teacher pro-
fessional development arising from the findings are discussed.

Introduction

It is not uncommon for teachers to be required to teach new content due to curricu-
lum changes or shifts in teaching assignments. Owing to the evolving and expand-
ing nature of scientific knowledge, the need for science teachers to teach a new body
of content is arguably more common (Finlayson et al. 1998). While many studies
have investigated the knowledge bases of novice teachers and their development in
their attempts to teach a new topic (e.g. de Jong et al. 2005; Lee et al. 2007), these
studies rarely extend to experienced teachers. This chapter documents our attempt

K.K.H. Chan (2<) « B.H.W. Yung
The University of Hong Kong, Pokfulam, Hong Kong
e-mail: kennedyckh@hku.hk

© Springer Nature Singapore Pte Ltd. 2018 197
J. Yeo et al. (eds.), Science Education Research and Practice in Asia-Pacific and
Beyond, DOI 10.1007/978-981-10-5149-4_14


mailto:kennedyckh@hku.hk

198 K.K.H. Chan and B.HW. Yung

to investigate how experienced biology teachers developed new professional knowl-
edge in their first-time teaching of a new topic in the context of curriculum changes
in Hong Kong. We also examined the contributing factors involved in new knowl-
edge development, be it during the planning stage, interactive phase of the lesson or
during post-lesson reflection. Such information has implications on how to prepare
teachers to cope with the continual demands of teaching new topics in a changing
world and/or changing curriculum.

Literature Review

In the following sections, we first discuss the framework we used to investigate
teacher knowledge. We then describe how the existing literature informed our study.

Pedagogical Content Knowledge

Shulman (1986, 1987), in his seminal articles, put forward the construct of peda-
gogical content knowledge (PCK), which he conceptualised as “subject matter
knowledge for teaching” (p. 9). This unique province of knowledge for teachers is
an amalgam of content knowledge and pedagogical knowledge (PK) that enables
teachers to “transform the content knowledge he or she possesses into forms that are
pedagogically powerful and yet adaptive to the variations in ability and background
presented by the students” (Shulman 1987, p. 15). PCK has been widely used as a
theoretical lens for researching the professional knowledge of science teachers
(Abell 2008). In this study, we investigated teachers’ personal PCK, which encom-
passes teachers’ “knowledge base used in planning for and the delivery of topic-
specific instruction in a very specific context” (Gess-Newsome 2015, pp. 30-31). In
line with the PCK consensus model, we view PCK as concerning the teaching of a
particular topic (i.e. PCK is topic specific) (Gess-Newsome 2015). Hence, when
teachers need to teach a new science topic, they need to develop new topic-specific
PCK.

Although PCK has been conceptualised in various ways by different scholars,
there are two knowledge components common in all the PCK models (van Driel
et al. 1998). They are (1) knowledge of instructional strategies and representations
(KISR) and (2) knowledge of students (KS). Based on Magnusson et al. (1999),
KISR refers to teachers’ topic-specific knowledge and understanding of specific
strategies and representations that are useful for helping students comprehend spe-
cific science concepts, while KS pertains to teachers’ knowledge and understanding
of requirements for learning specific science concepts and areas of science that
students find difficult. In the context of teaching a new and conceptually difficult-to-
understand topic for the first time, as it is the case for the present study, it is highly
likely that teachers need to develop new KISR to make the otherwise difficult sci-
ence concepts accessible to students.
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Pedagogical Content Knowledge Development

PCK development has been conceptualised in different ways. Some PCK scholars
(e.g. Hashweh 2005; McNicholl et al. 2013) view it as an inventive process in which
teachers develop new insights and repertoires of teaching the topic. Hashweh
(2005), for example, suggests that PCK represents recollection of “cases of repeated
experiences of teaching a familiar topic” (p. 289) by the teachers, and new PCK
develops when they construct a new analogy for explaining a difficult concept.
From this perspective, PCK development pertains to the expansion and elaboration
of an existing knowledge base or put simply repertoire enrichment. Others view
PCK development as an integrative process in which teachers draw on their PCK in
a more integrative manner (e.g. Marks (1990); Park and Chen (2012)). For instance,
Park and Chen (2012) first identified the PCK components drawn on by the teachers
in their study in their different teaching episodes and then constructed PCK maps to
showcase the integration of the teachers’ PCK. Still others regard PCK development
as a knowledge refinement process (e.g. Gess-Newsome et al. in press; Lee et al.
2007). For example, Gess-Newsome et al. (in press) used a four-level rubrics to
assess the quality of PCK of the teachers. They rated the teachers’ PCK as limited,
basic, proficient or advanced based on the appropriateness, the pedagogical effec-
tiveness and the accuracy of the instructional strategies/representations. In this
approach, PCK development refers to a better quality of knowledge.

No matter how PCK development is conceptualised, experience and reflection
are the foundations for PCK development (Nilsson 2008). PCK development occurs
in the context of planning, teaching and reteaching a particular topic (Hashweh
2005; Magnusson et al. 1999) when teachers reflect in real time during the act of
teaching (i.e. reflection in action) and after instruction (i.e. reflection on action)
(Schon 1983, 1987). In the present study, we elicited the teachers’ pedagogical rea-
soning underpinning their planning to teach the new topic and unpacked their reflec-
tion in action and reflection on action with the goal of understanding how they may
develop new PCK in the context of teaching a new science topic. We focused on
instances in which teachers invented new KISR. Through analysing these instances,
we hoped to identify factors that can support new PCK development.

Pedagogical Content Knowledge in Experienced Teachers

While there is a plethora of studies on novice teachers’ PCK/PCK development,
similar studies seldom extend to experienced teachers (see the review by Schneider
and Plasman 2011). The voluminous literature on how novice teachers develop PCK
suggests that novice teachers are unable to develop PCK in their initial attempts at
teaching a new topic even if they possess adequate subject matter knowledge (SMK)
of the new topic (e.g. Lee et al. 2007). Novice teachers’ PCK development is often
found to be limited by their weak PK and/or poor emotional attributes (e.g. Davis
et al. 2006). Under such condition, it is unlikely to detect any PCK development in



200 K.K.H. Chan and B.HW. Yung

the context of teaching a new topic, not to mention an investigation of the facilitative
factors involved. Hence, we shifted our focus to studying experienced teachers.

Some studies investigated the differences between novice and experienced teach-
ers’ PCK (e.g. Clermont et al. 1994; Geddis et al. 1993). This strand of research
suggests that experienced teachers have often amassed a wealth of PCK as a result
of repeatedly teaching a particular topic. Although these studies often indicate a gap
between the PCK of experienced teachers and that of novice teachers, researchers
have yet to illuminate how and why PCK development occurs in the experienced
teachers.

Another line of studies examined how experienced teachers teach a new topic
that is conceptually unfamiliar to them. As a result of their lack of SMK of the new
topics, these teachers often developed limited new PCK in their initial attempts to
teach the new topic. A representative is a study by Sanders et al. (1993) who capi-
talised on a natural setting in which three experienced teachers were required to
teach topics outside their certification area. The experienced biology teachers in the
study were unable to transfer their expert teaching behaviours when confronted to
teach an astronomy topic, and they could only teach at a “novice” level (Sanders
et al. 1993). They displayed difficulties in predicting students’ difficulties (i.e.
developing new KS) and selecting appropriate strategies for representing the key
ideas (i.e. developing new KISR) of the topic. Collectively, studies in this research
strand do not say much on how experienced teachers may develop new PCK and the
facilitative factors involved.

To sum up, the above review points to (1) the need for a closer look at how expe-
rienced teachers may develop new PCK and (2) the advantages of studying experi-
enced teachers within the subject specialisation (i.e. the new topic is within their
subject specialisation). Compared with their counterparts outside the subject spe-
cialisation, these teachers should be less likely limited their SMK while drawing on
their prior teaching experiences to develop new PCK. We also situated our study in
the teachers’ first attempts at teaching the new topic such that their prior PCK for
teaching the new topic was little or none (Loughran et al. 2006). Under such circum-
stances, it would be more likely for the experienced teachers to invent new instruc-
tional strategies/representations and hence a more conducive setting for answering
the research questions, as delineated below.

Research Questions

In the larger study, the overarching research question is: How and why does PCK
development occur in experienced teachers in their first attempts to teach a new
topic? Due to space, we limit to the following two questions in this chapter:

1. What are the major factors that facilitated the development of new PCK of the
case teacher who developed the richest PCK among the participants?
2. How do experienced teachers develop new PCK on the spot of a lesson?
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Methods

Research Approach

The reported findings come from the data of a larger study involving six experi-
enced teachers (all in pseudonym; see Table 14.1 for their background). The study
adopted a multiple case study approach (Merriam 1998) and was naturalistic in
nature. It adopted an interpretive paradigm, focusing on “the immediate and local
meanings of actions, as defined from the actors’ point of view” (Erickson 1985,
p. 119). That is, it aimed at finding out, from the perspectives of the actors (the case
teachers), why they acted in a particular way when coping with teaching a new topic
in light of a curriculum change.

Research Context

The study was situated in the context of implementing the new senior secondary
(NSS) curriculum in Hong Kong. It was conducted when the teachers were teaching
their first cohort of NSS secondary six (S6) students (age 17-18) the topic poly-
merase chain reaction (PCR) for the first time.

Data Collection and Analysis

In the larger study, data were collected from multiple data sources including class-
room observations (37 lessons), field notes, classroom artefacts and in-depth semi-
structured interviews (83 interviews) to capture how teachers’ PCK developed in
their first attempts to teach the new topic, PCR. In the first stage of our analysis, we
analysed how the teachers developed new PCK and the factors involved. To achieve
this goal, we first constructed vignettes (51 vignettes with each containing multiple
verbatim quotes and relevant classroom transactions) documenting how the
teachers taught key ideas of the topic in the lessons where the teachers taught

Table 14.1 Information of the participating teachers

Name Gender | Education Science background Teaching years
Alex Male B.Sc/M.Phil/M.Sc Biochemistry 14
Brandon Male B.Sc/M.Ed Biology 23
Chris Male B.Sc/M.Phil Biochemistry 6
Dennis Male B.Sc/M.Sc Biology 8
Eric Male B.Sc/M.Ed Biochemistry 17
Felix Male B.Sc/M.Phil Biology 5
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similar subject matter. Following a method similar to that of Park and Chen (2012),
a PCK reporting table was constructed for each vignette that included a detailed
description of the relevant classroom events, including (1) what the teacher and
students did, (2) evidence of PCK components and (3) what components of PCK
were integrated. Codes were developed based on the four topic-specific PCK com-
ponents in the Magnusson et al. (1999)’s model (i.e. knowledge of curriculum (KC),
knowledge of assessment (KA), KISR and KS). An example of such a PCK report-
ing table can be found in Appendix. The detailed coding and how the data were
triangulated using multiple data sources (i.e. video transcript, interview transcript)
during the construction of the PCK reporting tables and the vignettes can be found
in Chan and Yung (2015). The major factors influencing the PCK development were
identified in each of the vignettes. For each vignette, a figure, where appropriate,
was constructed to illustrate how the teachers’ PCK developed from the lesson
planning, through the interactive to the post-lesson reflection phases of the lesson
(see Figs. 14.1 and 14.2) and the factors involved.

As the data emerged, we came to notice that there were instances in which teach-
ers developed new KISR during the interactive phase of the lesson (thereafter opera-
tionally defined as on-site PCK development). We further unpacked the reflection in
action (Park and Oliver 2008b) associated with on-site PCK development by analys-
ing the teachers’ reconstructed thought processes (through post-lesson interviews).
The whole data set was re-examined for more instances of on-site PCK development.
The number of instances of on-site PCK development, the total pieces of KISR
developed and the types of instructional strategies/representations (e.g. analogies,
illustrations, etc.) were described in Table 14.2. They analysed and then focused on
(1) the stimulus that invoked on-site PCK development and (2) the factors contribut-
ing to that development in each of the teaching vignettes. Further details can be
found in Chan and Yung (2015).

The trustworthiness of the findings was ensured through triangulation of multiple
data sources, checking of coding reliability between the two authors and member
checking of the findings by the teachers involved.

Results and Findings

In the following sections, we address the first research question by reporting the
findings of a case teacher, Alex, who developed the richest PCK among the six
teachers investigated. We then summarise our findings from the larger studies in
relation to the second research questions. Each summary is followed by a vignette
which serves to illustrate our findings. To ease readers’ burden of understanding the
scientific concepts being taught, the two vignettes chosen revolve around teaching
of the same concept, namely, the functions of primers in PCR. Before presenting the
vignettes, the following gives a conceptual context to aid readers’ understanding.
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Table 14.2 Occurrence of on-site PCK development in this study

Type of instructional strategies and Total no. of | Total no.
No. of representations instances of | of pieces
lessons on-site PCK | of KISR
Participant | videotaped | Illustrations | Examples | Analogies | Others | development | developed
Alex 10 1 1 0 2 3 4
Brandon |11 0 1 1 0 2 2
Chris 7 0 2 0 1 2 3
Dennis 2 1 1 1 0 2 3
Eric 3 0 0 0 0 0 0
Felix 4 0 0 0 0 0 0
Conceptual Background

PCR is a molecular technique which allows the selective amplification of a specific
fragment of DNA from a larger mass of DNA. The PCR process consists of three
repeated steps, one of which is the annealing (i.e. sticking) of primers to the DNA
to be amplified. Primers are short chains of polynucleotides which bind to specific
regions of the DNA strands for amplification. They serve as a starting site for the
enzyme, DNA polymerase, to carry out its function (i.e. DNA synthesis). They also
serve as a “marker” to define the exact region of the DNA fragment for amplifica-
tion in the PCR process.

Major Factor Contributing to Alex’s PCK Development

Among the six teachers, Alex developed the richest PCK for teaching the new topic.
A major facilitating factor was his disposition to enact two pedagogical moves in
the lesson planning phase, namely, subject matter analysis and assessing students
formatively. These two pedagogical moves enabled Alex to capitalise on his wealth
of SMK to develop new PCK. The following vignette illustrates how the two peda-
gogical moves acted to facilitate new PCK.

Vignette 1 Compared to other teachers participating in the study, Alex adopted a
rather unique approach in his lesson planning (for details, see Chan & Yung (in
press)). Below is his description of how he planned to teach the new topic, PCR:

If they (i.e. students) don’t have the pre-requisite knowledge, it is not possible to teach
(them for understanding). ... In short, I would try to consider two things (in relation to the
content knowledge), what they have grasped and what may be difficult for them to grasp.
(Entry Interview)

It is clear from above that in planning to teach a topic, Alex would analyse the
subject matter of the topic carefully to identify the prerequisite knowledge for learn-
ing the new concepts. From there, he would consider students’ prior knowledge and
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predict their potential learning difficulties. Alex mentioned how the identification of
student difficulties would inform his teaching:

[T]his is my habit, especially for new topics, I would think in this way. I will think from a
student perspective — what mistakes they may commit. I will focus on these mistakes in
planning my lessons. (Pre-Lesson Interview #1)

In the lesson planning stage, following his habit of analysing the subject matter,
Alex first identified the prerequisite knowledge that students would need in order to
understand the function of primers. He then further predicted the difficulties they
would encounter in learning the new topic:

For the functions of primers, the textbooks seldom mention the concept that PCR is for
selective amplification of a specific DNA fragment. This is a gap that students may not
understand why a primer is needed. ... Knowledge about the mechanism of DNA replica-
tion is needed to understand how the primers function. However, students are not required
to know the mechanism of DNA replication in the new syllabus. (Pre-Lesson Interview #1)

Based on the above analysis (which was informed by his knowledge of the cur-
riculum, i.e. KC), Alex predicted that his students would have difficulties under-
standing the functions of primers due to their lack of prerequisite knowledge (i.e.
mechanism of DNA replication) for learning the new concept. As a result of his
identification of students’ potential difficulties in learning the new topic (i.e. KS),
he then planned various instructional strategies (e.g. using the example of amplify-
ing an insulin gene, using a calculation task to explain why primers allow selective
amplification of DNA) to make the concepts related to the function of primers more
accessible to his students. To summarise, by carefully analysing the subject matter
knowledge, Alex developed new KS which, in turn, stimulated him to develop new
KISR for teaching the new topic.

Throughout the course of lesson planning, Alex was also mindful of embedding
assessments in the course of his teaching such that he could obtain data and feed-
back for timely adjustment of his teaching.

Indeed, from the specific questions he set in the pop quiz (i.e. his KA), Alex
found that his students did not quite understand a specific concept related to prim-
ers, as he put it in the post-lesson interview:

This question about whether primers should be designed in a pair is problematic to students.

I talked about that, though not in a very detailed manner, in the last lesson. ... It is a bit

unexpected to find that they were not able to answer the question. ... That’s why I had

designed a diagram of DNA to show them concretely where the two primers are in the
double-stranded DNA [on my PPT slide in today’s lesson]. (Post-lesson Interview #2)

As a result of noticing and reflecting upon this “unexpected” student learning
difficulty (i.e. KS) through interpreting the assessment data that he purposely
collected in the lesson, Alex was stimulated to follow up the case in the next lesson
by using a diagram created by himself (i.e. KISR) to explain the concept again.
In short, Alex’s KISR was stimulated to grow as a result of the new KS that he had
acquired recently.

To sum up, Alex’s disposition to enact the two pedagogical moves (i.e. subject
matter analysis and designing formative assessments) in the lesson planning phase
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be designed in pair)
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General Pedagogical Knowledge
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« Visualizing abstract concepts

Fig. 14.1 Alex’s instances of the development of new KISR in Vignette 1

facilitated his PCK development. The major events related to the instances of the
development of new KISR (grey boxes) described in the vignette are summarised in

Fig. 14.1.
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On-Site PCK Development

In the larger study, we identified a total of nine instances of on-site development
PCK from the 37 lessons videotaped (Table 14.2). There were three possible types
of stimulus that triggered on-site PCK development. These included (1) unexpected
student responses, (2) environmental stimuli, and (3) unanticipated student ques-
tions. The vignette from Brandon below exemplifies how on-site PCK development
may take place. For other examples, please refer to Chan and Yung (2015).

Vignette 2 Brandon taught the function of primer in directing the primers to start
DNA synthesis at specific location in a didactic manner in his first lesson. He revis-
ited the concept in the second lesson. However, as revealed in the post-lesson inter-
view, Brandon noticed that students did not “seem to understand based on his
observation of their facial expressions”. Hence, he invented a new analogy to make
the concept more accessible to his students (i.e. KISR) on the fly of the lesson.

1. B:  Primer acts like an initiation point. When its position is recognised

2. by the DNA polymerase, it starts (the DNA synthesis). In the athletic

3. meet, do you know where you should start running for the 100 m
race in the field track?

4. e

5. B: Itiseasier to locate the (starting) position for 100 m race and

6. 200 m race. How about that for 1500 m race?

7. Sl: Atthe position for 200 m race.

8. B: Isitreally that 1500 m race starts at the position line for 200 m race?

9. Ss: Inaudible
10. B:  Where should it be? It should be near the position for 300 m race.
11. How do you know that you’re standing at (the starting position for)
12. 300 m race. Actually, what do you rely on

(to know the starting position)?
13.  S2:  Someone would tell you!

14. B:  Besides that there is a track judge. Primer is a chemical substance.

15. It is actually some short DNA fragment. It would anneal to the

16. (DNA) template. Then, the DNA polymerase and the following

17. nucleotides for making the (new) DNA would recognise that point
as the starting point and “line up” there.

18. e

19. B:  The primers would anneal to a specific location (of the DNA

20. to be amplified). It is like the track judge. Depending on whether

21. you go for 100 m race, 200 m race or 1500 m race, the track judge

would lead you to the specific location (in the field track).
(Lesson Transcript #2)
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Above, Brandon was equating a primer as a track judge in a track event of an
athletic meet (transcript lines 14 and 19-21). The position of track judge indicates
the location of the starting position for the runners to line up for the sprint events.
This is similar to the role of primer in dictating the starting position for the DNA
polymerase and subsequently the nucleotides to be added to the growing DNA
strand. Brandon recalled why he was stimulated to transform his understanding of
the role of primer into an analogy:

The competition (analogy) was just off my head. ... At that moment, I think they were
confused. Primer is a DNA fragment that anneals to the DNA. When annealed, the DNA
polymerase and nucleotides would start to work (on DNA synthesis). ... The analogy was
used to make the ideas concrete. ... I really didn’t think about this (confusion) yesterday as
I had taught them this (idea) yesterday (in the lesson). (Post-lesson Interview #2)

It seems that the stimulus that triggered the development of new KISR (i.e. on-
site PCK development) was student confusions (i.e. in the category unexpected
student response). The teacher then retrieved an example from students’ daily life
(i.e. their experience in athletic meets) based on his general knowledge of students.
Moreover, the invention process was facilitated by some general pedagogical strate-
gies Brandon often employs in his teaching, as evident from the following quotes:

I will see whether there are some daily life examples so that they can imagine the ideas
more easily. (Pre-lesson Interview #1)

I think students would be more able to understand with analogy. ... It’s quite frequent for
me to use analogies (in my teaching). (Post-lesson Interview #2)

In other words, the integration process was also supported by his existing peda-
gogical knowledge (i.e. his preference in using analogies to make abstract ideas
concrete in his teaching and the use of daily life examples). The response was the
invention of a new analogy to talk about the concepts about the function of primers
(see Fig. 14.2). Together with other vignettes from the larger study (see Chan and
Yung 2015), a three-step process comprising a stimulus, an integration process and
a response was proposed as a mechanism to account for the on-site PCK develop-
ment observed among the teachers.

Discussion

This chapter reports on the findings from a larger study which investigated how six
experienced teachers developed PCK for teaching a new science topic within their
subject specialisation. This study responded to the recent call by van Driel et al.
(2014), in their comprehensive review of PCK studies, for more PCK studies with a
classroom teaching component focusing on “how teachers use their SMK in interac-
tion with students, and how PCK develops in such a context as mediated by the
teachers’ PK” (p. 866). In the following, we discuss our major findings in relation
to the existing PCK scholarship and discuss implications on teacher professional
development arising from our findings.
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Strategies and Representations)

Fig. 14.2 Brandon’s instance of on-site PCK development in Vignette 2

Prior PCK studies on experienced teachers rarely documented the pedagogical
moves/PK that experienced teachers may employ/draw on to develop new PCK. In
our investigations of instances of how the teachers developed new KISR, we
described how two pedagogical moves facilitated Alex’s new KISR development.
By carefully analysing the subject matter in the lesson planning stage, Alex drew on
his understanding about students’ prior knowledge (i.e. KC and KS) in relation to
the prerequisite knowledge needed to learn the new concepts (Vignette 1). This, in
turn, allowed Alex to identify students’ potential learning difficulties (i.e. KS)
which, then, led to the development of instructional strategies/representations to
tackle the student learning difficulties (i.e. development of new KISR). In other
words, Alex’s PCK started to develop in the lesson planning phase as subject matter
analysis led to the integration of KS/KC with KISR. Alex also deliberately designed
specific assessment items to gauge students’ learning (i.e. his KA). Interpretation of
student assessment data further informed his understanding of student difficulties
(i.e. new KS) in the post-lesson reflection phase and stimulated new KISR development.
In sum, Alex’s disposition to purposefully enact the two pedagogical moves in the
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lesson planning stage not only stimulated new KISR development but also pro-
moted PCK development in terms of the integration of PCK components (i.e. KA,
KS and KISR). For more details, please refer to Chan and Yung (in press).

Some PCK studies have previously demonstrated how teachers’ reflection on or
in actual teaching experience of the topic may lead to development of new KS (e.g.
de Jong and van Driel 2004; de Jong et al. 2005; van Driel et al. 2002). Others have
also provided evidence on how teachers’ reflection in or on action may stimulate
integration of PCK components (e.g. Park and Oliver 2008a, b). Whether and how
teachers may develop new KISR in the interactive phase of teaching remains under-
researched (i.e. on-site PCK development). What is known from prior studies is that
on-site PCK development is challenging (e.g. McDuffie (2004); Sanders et al.
(1993)), and this applies to the experienced teachers in Sanders et al. (1993)’s study
when they were teaching a new and conceptually unfamiliar topic. The present
study adopted a more in-depth approach, not only does it confirm that the experi-
enced biology teachers were able to invent new instructional strategies/representa-
tions on the fly of a lesson. Examining teachers’ reconstructed thought processes
associated with successful instances of on-site PCK development similar to that in
Vignette 2 also allowed the current study to propose a mechanism for the knowledge
creation process. A three-step process comprising a stimulus, an integration process
and a response was advanced to explain the on-site PCK development observed
among the teachers.

Our findings have implications for teacher professional development. First, our
data suggests that Alex seemed to be able to make good use of his SMK to develop
new PCK as a result of his commitments or in his own words, his habits— in adopt-
ing the two pedagogical moves in the lesson planning stage. This finding lends
credence to the importance of developing in teachers a general mental framework
for approaching the teaching of new content in addition to sharpening their SMK
and PK. This would help focus teachers’ attention on pedagogical moves conducive
to PCK development (e.g. among others, the two identified in the present study).
This recommendation is in line with recent calls for using a PCK framework to scaf-
fold teachers’ lesson planning and to structure their reflections in a purposeful man-
ner so as to initialise and frame their attention to important aspects of teaching (e.g.
Bertram and Loughran 2012; Hume and Berry 2011); the prime goal of which is to
assist their future PCK development. Alex’s case points to the promise of the “PCK
approach” by providing empirical evidence of the powerfulness of a mental frame-
work and its role in helping him develop PCK for teaching the new topic.

In addition, we believe that the benefits of “PCK approach” can be augmented by
sensitising teachers to the idea of on-site PCK development. As a matter of fact,
researchers in mathematics education have already been paying close attention to
how PCK is deployed by teachers in critical moments of their teaching (e.g. Rowland
et al. 2005). Some have begun designing theoretical tools (Turner and Rowland
2011) to help focus pre-service teachers’ attention and reflection on critical moments
of their own teaching to enhance their PCK development. We believe that sensitis-
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ing teachers to the concept of on-site PCK development can serve similar benefits
as this will encourage teachers to reflect on the instructional strategies/representa-
tions they invent on-site during the lessons. We would argue that only with such an
awareness and sensitivity would there be a greater opportunity for valuable creation
of professional knowledge of this sort be retained in the teachers’ future instruc-
tional repertoires. Otherwise, it may easily be slipped through the mind of busy
teachers nowadays. In sum, not only do we echo with Nilsson (2008)’s alert that
experience and reflection are foundations for PCK development. We argue that the
“experience” should include instances of on-site PCK development and that teach-
ers need to be sensitised on this. Although prior studies found that it can be chal-
lenging for novice teachers to improvise and adjust their instructions on the spot of
the lessons (e.g. McDuffie 2004; Gotwals and Birmingham 2016), future studies
may investigate how on-site PCK development can be promoted in novice teachers
through targeted intervention aiming at enhancing the factors facilitative to on-site
PCK development identified in the present study.

In closing, we acknowledge the limitations of this study which include the use of
qualitative case study approach. We do not wish to make generalisations about the
development of PCK in experienced teachers. Rather, we wish to make use of the
cases to illuminate possible facilitative factors for PCK development. Thus far, the
findings may only be applicable to experienced teachers who possess the disposi-
tion to enact the two pedagogical moves described in this study, namely, conducting
subject matter analysis and assessing students formatively. We also acknowledge
two limitations in our methodology in the investigation of on-site PCK develop-
ment. These include the reliance on teachers’ retrospective reports of their own
thinking and the possible post hoc rationalisation of their own teaching behaviours.
Despite the above limitations, we believe that our study represents a rare, but impor-
tant, attempt in investigating how experienced teachers developed new PCK in the
context of teaching a new topic. Its findings shed light on teacher professional
development on how to better prepare them to teach new topics, be it due to curricu-
lum reforms or shifts in teaching assignments, both of which seem unavoidable in a
teaching career.

Notes
This chapter reports the dissertation work of the first author; more detailed report of
the findings can be found in Chan and Yung (2015, in press).
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Appendix

Teacher Brandon
Lesson Lesson 2
Theme (2) Primers and annealing of primers
Vignette B. The function of primers II
Analysis

What did the teacher do? Data sources
In the second lesson, the teacher used an analogy he invented on the Observation
spot of the lesson to explain the functions of primers (i.e. to provide a Field notes

starting site for the synthesis of DNA), when revisiting the important
concepts taught in the first lesson.

Lesson transcript

Pre-lesson interview

Post-lesson interview

Stimulated recall
interview

Description of student-teacher interaction

B: Primer acts like an initiation point. When its position is recognised by the
DNA polymerase, it starts (the DNA synthesis). In the athletic meet, do you
know where you should start running for the 100 m race in the field track?

Ss: Inaudible

B: Where should you start running for the 200 m race?

Ss: Inaudible

B: How about running for the 400 m race? Do you also know that? For 1500 m
race, where should you start running? It is easier to locate the (starting)
position for 100 m race and 200 m race. How about that for 1500 m race?

SI: At the position for 200 m race.

B: Is it really that 1500 m race starts at the position line for 200 m race?

Ss: Inaudible

B: Where should it be? It should be near the position for 300 m race. How do
you know that you’re standing at (the starting position for) 300 m race.
Actually, what do you rely on (to know the starting position)?

S2: Someone would tell you!

B: Besides that, there is a track judge. Primer is a chemical substance. It is
actually some short DNA fragment. It would anneal to the (DNA) template.
Then, the DNA polymerase and the following nucleotides for making the
(new) DNA would recognise that point as the starting point and “line up”
there.

B: After the DNA has separated into two strands, what would happen? The

process is called primer annealing. The primers would anneal to a specific
location (of the DNA to be amplified). It is like the track judge. Depending
on whether you go for 100 m race, 200 m race or 1500 m race, the track
judge would lead you to the specific location (in the field track)

(Lesson Transcript #2).
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PCK components integrated in the episode Data sources

Knowledge of | Knowledge of Knowledge of Knowledge | Observation

Students instructional assessment of Field notes
strategies curriculum

Lesson transcript

v v Pre-lesson interview

Post-lesson interview

Stimulated recall
interview

Evidence of the presence of PCK components identified in the episode

Data
sources

The concepts about primer are a bit more difficult. They don’t know what a
primer is. I think the ideas about primer are the more problematic part (Post-
lesson interview #1) (knowledge of students)

I thought I was not teaching the ideas about primers well yesterday. The primers
provide a starting point (for the DNA polymerase to start DNA synthesis). What
is the meaning of a starting point? Different primers provide different starting
points (along the DNA to be amplified). I, then, thought about how to express
the ideas at that moment. ... The competition (analogy) was just off my head. ...
At that moment, I think they were confused. Primer is a DNA fragment that
anneals to the DNA. When annealed, the DNA polymerase and nucleotides
would start to work (on DNA synthesis). ... The analogy was used to make the
ideas concrete. ... I really didn’t think about this (confusion) yesterday as I had
taught them this (idea) yesterday (in the lesson) (Post-lesson interview #2)
(knowledge of instructional strategies, knowledge of students)

I felt that they were not able to follow (the ideas I was teaching) from their facial
expression. ... Then, I started to think about how to make the ideas easier. Many
students studied PE (physical education). ... When they (students) have field
events, they know where the starting position for the 100 m, 200 m and 400 m
sprints is (in the field, respectively). So, I used this analogy to talk about the
concepts (Stimulated recall interview) (knowledge of instructional strategies)

I just observed their faces. ... At that interaction, I think they don’t seem to
understand (the idea about the primers). The concept is about recognising the
location (by the DNA polymerase) and that the DNA strand extends from that
position. ... I thought about their daily life experiences. At that moment, I
thought that running may be related to this idea. I think that running is
something that they have experienced (Stimulated recall interview) (knowledge
of instructional strategies, knowledge of students)

Post-lesson
interviews
Stimulated
recall
interview
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