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The purpose of this study was to develop and explore the effects of the curriculum
that was developed in terms of students’ understanding of the tentative nature of science,
their decision making on science-based dilemmas, and their achievement of genetics

understanding.

This curriculum aimed to integrate genetics course content with concepts of the
tentative nature of science (TNOS), consisting of three dimensions: 1) the epistemology of
science, 2) individual scientist, and 3) sociocultural context. The approaches planned for
instruction were a historical-based approach and an explicit-reflective approach. Curriculum
content consisted of five integrated units: 1) Mendel and the origin of genetics, 2) The
rediscovery of Mendel, 3) Chromosomes: the evidence of genes, 4) DNA: the key to solving
genetic problems, and 5) Genetics, lives, and environment. The draft curriculum and
instructional materials were evaluated by an expert panel. The I0C results from the
evaluation of the draft curriculum by experts were between 0.6-1.0. The curriculum and
instructional plans were piloted in a class of 20 students and necessary revisions were

made according to expert feedback.

During the phase of curriculum implementation, the pretest-posttest control-group
quasi experimental design was used for data collection. Participants were students in two
classrooms of grade 9 students in a lower secondary school in Bangkok, Thailand. One
classroom consisted of 51 participating students who were taught using the integrated
nature of science curriculum, while the other classroom consisted of 45 students who were
taught following the conventional school curriculum. Data from both groups regarding

students’ understanding of TNOS and decision making on science-based dilemmas were



collected and compared. In the case of students in the class using the integrated nature of
science curriculum, open-ended questionnaires and follow up interview protocols were used
to detect any discrepancies between their written, questionnaire responses and their oral
responses during the interviews. The analysis of these two variables was carried out using
two different methods. The first was quantitative analysis, which was done by scoring
students’ responses to examine the levels of their knowledge and then reporting these
scores and the percentage of students at each level. The second was qualitative analysis,
which analyzed content and generated categories and themes for describing students’
views of TNOS and their decision making characteristics on science-based dilemmas. Data
on students’ achievement in genetics understanding was collected from students in both
classrooms by using multiple-choice tests and analyzed by using ANCOVA statistics to
compare achievement scores of students who learned via the integrated nature of science

curriculum and those who learned under the conventional school curriculum.

The results indicated that students who learned in the integrated nature of science
curriculum increased levels of understanding of TNOS in all aspects, namely, the
tentativeness of scientific knowledge, the process of science, subjectivity in scientific
conclusions, the role of scientists’ opinions and imagination in science, and the relationship
between science and society. However, it was also found that even though students
improved their understanding of the process of science, many of them did not evidence
their understanding of observation and interpretation as the fundamental process of
science. In addition, students improved their levels of decision making on science-based
dilemmas by taking into account information related to TNOS aspects. The information
students took into account was mostly related to epistemology of science, followed by
individual scientists, while small numbers of students indicated their concern about the
“sociocultural context” dimension of the TNOS framework. Finally, the mean achievement
scores on genetics understanding for students in the class that learned in the integrated
nature of science curriculum was higher than for students in the class that learned under

the conventional school curriculum (at the 0.01 level).
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CHAPTER 1

INTRODUCTION

1. Background

The phrase “nature of science” (NOS) is typically used to refer to issues such as
what science is, how science works, how scientists operate as a social group, and how
society itself both influences and reacts to scientific endeavors (Clough. 2009). It also
refers to the values and assumptions inherent in scientific knowledge and the development
of scientific knowledge (Lederman; & Lederman. 2004).

For the past century, NOS has been evident worldwide in science education as
seen in the science education standards and research documents of many countries
(Baojaoude. 2002; Hind, Leach; & Ryder. 2001; IPST. 2001; Irez. 2006; Liu; &
Lederman. 2007; Martin-Diaz. 2006; McComas; & Olson. 1998; McNay. 2000; Sahin;
Deniz; & Gorgen. 2006). Understanding NOS, together with sufficient knowledge of science
content, thinking skills, and the ability to conduct science—like research has been seen as a
way to prepare citizens for living in a world in which science and technology so significantly
impact human lives (American Association for the Advancement of Science (AAAS). 1993;
Institute for Promotion of Science and Technology (IPST). 2003; Lonsbury; & Ellis. 2002).

By living in a society that impacts and is impacted by science, citizens need the
ability to confront and deal with dilemmas and controversial points related to science so as
to be able to make either personal or public decisions on these matters (Driver; et al. 1996;
Duncan; & Arthurs. 2009; Lonsbury; & Ellis. 2002; Osborne; et al. 2001; Sadler;
Chambers; & Zeidler. 2004). When making personal decisions, a person may deal with
dilemmas related to science such as whether a scientific claim in public media should be
trusted or whether a new technology or new medical treatment should be used (Phillips.
1999). Similarly, decisions concerning social issues such as political battles over global
warming, fossil fuels, and polluted drinking water are unavoidable in a democratic society

(Lonsbury; & Ellis. 2002).



Consequently, aspects of NOS that need to be taught to enable citizens to make
appropriate decisions on such matters have been discussed by science educators. But
features of NOS have been described differently in global science education standards.
Among various NOS features, a characteristic of science that is frequently mentioned and
considered to be one of the most critical features of NOS is the tentative nature of science
(TNOS). The reason is that TNOS acknowledges that science has limitations and is not the
absolute truth. Rather, it is subject to both revolutionary and evolutionary change (Osborne;
et al. 2001). The tentative character of science is also considered to be a central aspect
that is connected to other aspects of NOS, including the notions that: (a) scientific
knowledge has a basis in empirical evidence; (b) empirical evidence is collected and
interpreted based on current scientific perspectives (subjectivity, or theory—laden
observations and interpretations) as well as personal subjectivity due to scientists’ values,
knowledge, and prior experiences; (c) scientific knowledge is the product of human
imagination and creativity; and (d) the direction and products of scientific investigations are
influenced by the society and culture in which the science is conducted (sociocultural
embeddedness) (Schwartz; & Lederman. 2002).

For the current study concepts regarding TNOS were derived from a literature
review. The concept of TNOS is rooted in the statement that science is subject to change
due to its epistemology being based on observations and interpretations that are subject to
revision whenever new evidence is discovered. Additionally, the process of observation and
interpretation is not separate from the sociocultural context, which shapes the values
underlying science as well as the beliefs and perspectives of individual scientists as to what
natural phenomena should be observed and perceived.

The stated framework of TNOS is inconsistent with some other ideas about how
science should be taught to help students make decisions about scientific dilemmas.
Raising consciousness regarding TNOS involves examining the epistemological,
sociocultural, and individual scientists’ perspectives, biases, and idiosyncrasies. Similar
characteristics of science were also discussed by Osborne and others (2001) as they aimed

to prevent people perceiving science as an absolute truth. The concern is that citizens who



believe that scientific knowledge is absolute without acknowledging its tentative nature, how
it is produced, and how it is evaluated will be too dependent on the knowledge of experts
and not think critically when making decisions on science—based matters.

There are not many in—depth studies on this particular feature of science.
Numbers of research studied about NOS in general and regarding problems are founded.
Ryan and Aikenhead (1992) found that one—half of high school students tended to construct
their personal understanding of phenomena and call it “science.” They also believed that
science can be altered by supernatural beings. Moreover, 34% of students thought that
scientific theory represents a reality that was discovered by scientists instead of merely
being invented. Also, 40% of students thought that many discoveries occurred by accident.
Such misconceptions are harmful to students since they could easily make them vulnerable
to fallacious arguments and cause them difficulties in understanding scientific concepts
(Ryan; & Aikenhead. 1992). Additionally, after examining adult respondents’ decision
making on science and technology based issues, it was found that TNOS played only an
insignificant role for a minority of respondents and no clear role at all for the majority.
Rather, participants based their decisions primarily on personal values, morals/ethics, and
social concerns (Bell; & Lederman. 2003).

Consequently, suggestions for improving understanding of NOS and using it in
making decisions have focused on creating curricula and instructional material that explicitly
address how to integrate current views of NOS into decision making. Curricula promoting
this kind of instruction should emphasize the relevance of having a firm grasp of NOS on
students’ everyday experiences and decisions, as well as providing opportunities for
students to use their understanding to make decisions on science—based dilemmas and
controversial issues (Bell; & Lederman. 2003; Sadler; Chambers; & Zeidler. 2004; Zeidler;
et al. 2002). As a result, it has been suggested that instruction in NOS be integrated into
science course curricula so that students will be able to understand and talk about NOS
concepts with regard to particular issues or particular pieces of evidence (Brickhouse; et al.
2000; Duncan; & Arthurs. 2009; Johnston; & Southerland. 2002). To teach NOS as part

and parcel of science content, a historical-based approach has been highly recommended



for creating NOS instructional material. The historical-based approach connects NOS
concepts to particular topics of science content, contextualizes this content by placing it
within the life and times of individual scientists, traces the development of scientific
knowledge, and explains the social context of science, thus making scientific concepts less
abstract to students (Abd-El-Khalick; & Lederman. 2000; Bybee; Powell; & Ellis. 1991;
Lonsbury; & Ellis. 2002; Matthews. 1994; Olson; et al. 2005; Veal. 2004; Wandersee; &
Roach. 1998).

Similar to science education in other countries, education in Thailand has had long
attempted to promote student understanding regarding NOS—related ideas. NOS became
more strongly emphasized when it was included as part of the educational aims as well as
becoming a content sub—strand of the current national curriculum. Furthermore, the Thai
National Basic Curriculum and the instruction handbook for teachers recommends that

teachers integrate concepts of NOS into every science content area (IPST. BE 2546).

The student should be able to use the scientific process and a scientific mind in
investigation to solve problems, to realize that most natural phenomena have
definite patterns explainable and verifiable within the limitations of data and
instrumentation during the period of investigation, and to understand that science,

technology and the environment are interrelated.

Sub-strand 8: Nature of Science and Technology (IPST. BE 2546)

Considering the connection between the National Basic Curriculum and the
concepts of TNOS mentioned above, it can be seen that the National Basic Curriculum
strongly emphasizes the epistemology of science by citing it in relation to scientific
investigation. It also includes coverage of the sociocultural context of science by stating that
students are to understand that science, technology, and the environment are interrelated.
However, the influences of varying perspectives and biases of individual scientists in
conducting research are not addressed in the standards.

Additionally, a research study has found that Thai science teachers tend to teach

NOS mostly within the aspect of scientific inquiry, which focuses on the use of skills in the



scientific process, scientific methods, and scientific attitude. Emphasis on scientific
enterprise and the nature of scientific knowledge is rarely found. Aspects of NOS were
implicitly addressed, mainly through lectures. Moreover, aspects of NOS are often taught
separately from typical science content. When participating teachers were asked why they
taught aspects of NOS, they respond that they followed what was written in the curriculum
guidelines (Limpanont. 2004). From these research results, it should be a concern that
when teachers do not address the nature and limitations of scientific knowledge and
scientific enterprise, their students may fail both to develop concepts of NOS and to use
such concepts to help in making proper decisions about science and technology.

Similarly, Meesri (2007) found that during classroom observations, aspects of NOS
were not clearly integrated into teaching activities nor into teachers’ teaching plans.
Although teachers sometimes used hands—on activities, the concepts of NOS were rarely
found being explicitly taught or emphasized. It was also found that most teachers felt that
they did not clearly understand what NOS was and had low confidence to teach this topic.

It can be seen that explicitly addressing NOS in science curricula is an important
issue both nationally and internationally. Given that scientific literacy depends on people
being able to call upon their understanding of NOS while making personal and social
decisions implies that curricula that promote the effective use of NOS need to be developed
and tested. Although there are arguments about just what constitutes a curriculum, the
present study considers a curriculum to be a written document that indicates what is to be
learned.

The design of a curriculum as described above must be articulated in terms of the
instructional/teaching methods that will be used. In order to teach NOS effectively, it is
strongly suggested that concepts of NOS be addressed explicitly in curriculum and
instruction (Akerson; et al. 2000; Lederman. 1992; Schwartz; & Lederman. 2001). Also,
NOS concepts should be integrated into science content so that students know that NOS
and scientific knowledge are not separate entities. Thus, when students learn about a

particular scientific concept, they will also learn where that concept came from, how it was



discovered, why it is trustworthy, and what are its limitations (Johnston; & Southerland.
2002).

As stated above, science education at both international and national levels is
expected to go beyond students understanding science content. The goal of science
education is to prepare citizens for living in a science and technology based society by
helping them make social and personal decisions wisely by considering the nature and
limitations of science. In order to achieve the goal, curricula and instructional material that
explicitly address NOS, the uses of NOS, and efficient standards of NOS learning must be
developed and tested. Therefore, the present study attempts to develop a curriculum that
integrates the ideas of NOS, with special attention to TNOS concepts, into science content
by using the history of science as an integration tool. In order to bring the curriculum into
practice, this research will not only provide instructional plans and materials to help
teachers use this curriculum to teach TNOS effectively but also provide procedures that
teachers can use as guidelines for developing TNOS-related instructional material by
themselves.

As for the science content to be used for developing the integrated NOS
curriculum, genetics is considered to be the discipline of science that is rapidly advancing
and impacting humans’ lives and society nowadays (Bunton. 2001). Therefore, it is a
suitable subject for integration with TNOS and for testing how the concepts of TNOS can be
taken into account when a person is confronted with science—based dilemmas related to
genetics and associated technologies. TNOS concepts, although very important concepts
that should be taught to students at all ages, are somewhat abstract and thus require a
modicum of maturity for students to be able to understand and discuss them. Therefore, the
lower secondary level is considered to be the most appropriate level for developing this

curriculum.

In this study, TNOS concepts and genetics content from the conventional genetics
unit in the lower secondary level were used to demonstrate how to integrate NOS into the

existing content of the science curriculum. The intention was to explore how the integrated



curriculum affected students’ understanding of TNOS, their decision making on science—

based dilemmas, and their understanding of genetics.

2. Research questions

This study has the following research questions:

2.1 What are the components of the integrated nature of science curriculum?

2.2 What changes occur in students’ understanding of TNOS after the curriculum
is implemented?

2.3 What changes occur in students’ decision making on science—based dilemmas
after the curriculum is implemented?

2.4 Do students who learn under the integrated nature of science curriculum differ

in their understanding of genetics from students who learn in the conventional curriculum?

3. Research objectives

The objectives of this research were to develop and explore the effects of the
integrated nature of science curriculum in terms of

3.1 Students’ understanding of TNOS

3.2 Students’ decision making on science—based dilemmas

3.3 Students’ achievement of genetics understanding

4. Significance of the study

This research provides an effective science curriculum and instructional plans that
clearly demonstrate the concepts of TNOS without separating it from science content. The
curriculum enhances students’ understanding of TNOS and helps them take into account
TNOS when making decisions on science-based dilemmas. The completed version of this
curriculum can be used to teach students in different grade levels or in other schools by
adjusting it to fit particular circumstances. Also, this curriculum represents an effective way
to teach NOS that may help encourage teachers to address more NOS concepts in their
classes. In addition, this process of curriculum development can be used by educational

institutes and educational researchers in developing curricula related to NOS ideas.



5. Scope and delimitation of the study

Participants/Site
The participants of this study were two classrooms of 9th grade students in a
lower secondary school in the Secondary Educational Service Area Office | under the Office

of the Basic Education Commission in Bangkok, Thailand.

Variables

This research intended to invent a curriculum that integrates ideas of TNOS
into genetics content. The research questions consider the effects of the developed
curriculum on student learning in terms of their understanding of TNOS and their uses of
TNOS in decision making. Although variables used in this study are addressed below, the
research is not limited to quantitative data. Rather, it also intended to gather qualitative data
about how the implementation of the curriculum affects student learning in terms of their
understanding of TNOS and their decision making on science-based dilemmas. This
research studied the effects of the curriculum on students’ achievement of genetics

understanding. The variables of this research are addressed below:

Independent variable

The implementation of the integrated nature of science curriculum

Dependent variables
1) Students’ understanding of TNOS
2) Students’ decision making on science—based dilemmas

3) Students’ achievement of genetics understanding

6. Definition of terms
Integrated nature of science curriculum is the written document that indicates

the understanding and skills that students are expected to develop by combining ideas of

TNOS with a traditional science subject.



Tentative nature of science (TNOS) consists of the targeted NOS aspects being
studied in this study that focus on the character of science that is subject to change. The
tentative character is result of 3 dimensions: epistemology in science, social and cultural
context, and individual scientists. These dimensions are all bound to each other and cannot
be separated. The three dimensions that effect the tentative nature of science are
summarized below:

Dimension 1: Epistemology of science is the dimension that involves the
process to producing scientific knowledge that relies on observation and interpretation.

Dimension 2: Social and cultural context of science is the dimension that
involves the way that science impacts and is impacted by society and culture.

Dimension 3: Individual scientists is the dimension that involves the impacts of

the human factor in science.

Science-based dilemma is a science-related issue that has generated
considerable debate and disagreement about causes, theories, evidence, and effects from
its application and which requires a person to make a choice between alternative courses of

action or argument.

Historical-based approach is an instructional approach for teaching the nature of
science by using historical narratives about the lives and methods of scientists, the

development of scientific knowledge, and the social context of science

Explicit-reflective approach is an instructional approach for teaching the nature
of science by clearly stating specific nature of science learning objectives and creating
instructional activities in order to reach the stated targets together with allowing students to

reflect on their views of the nature of science through questioning and discussion.

Understanding of the tentative nature of science (TNOS) refers to students’
abilities to describe, explain, and give examples about TNOS by reflecting on the tentative

nature of science questionnaire and the interview protocol developed in this study.
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Decision making on science-based dilemmas refers to students’ abilities to
make a choice between alternative courses of action or arguments on problems related to
science and technology by taking into account TNOS concepts that can be explored by

using decision—making questionnaires and interview protocols developed in this study.

Achievement of genetics understanding refers to students’ abilities to describe,
explain, give specific examples, and draw logical conclusions related to concepts in
genetics that can be examined by the test on genetics understanding developed in this

study.

7. Conceptual framework

One of the most important goals in science education is to promote student
understanding of NOS with the intention of educating students to become wise consumers
and to think critically when making decisions in today’s science and technology—based
society. However, this goal has not yet been achieved. Students tend to lack adequate
understanding of NOS, and some NOS aspects are neglected in school science curricula.
Such problems stem from many causes, including the facts that some aspects of NOS are
not clearly emphasized in the curriculum and that teachers have difficulty in putting NOS
learning into practice.

This research draws on the concepts of the tentative nature of science (TNOS)
that connects several important aspects of NOS and puts them under one theme, TNOS.
The theme is divided into three dimensions—epistemology of science, sociocultural context,
and individual scientists—to point out the connection between aspects that will help students
learn about the NOS in a meaningful way and understand that all aspects represent one
entity of science. This theme is used in developing a curriculum that integrates TNOS
concepts into genetics in a conventional science course curriculum.

The integrated nature of science curriculum, together with instructional approaches
that were designed by using several suggested approaches to the NOS teaching, including
a historical-based approach and an explicit-reflective approach, enhanced students’

understanding of TNOS and their ability to take into account TNOS aspects when they
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made decisions on science—based dilemmas. Finally, the process for developing integrated
NOS curriculum that resulted from this research will help teachers in developing further

school curricula and instructions related to NOS.

The conceptual framework of this research is illustrated in FIGURE 1.

8. Research Hypothesis

The hypothesis of this research is:

Students’ genetics understanding achievement scores in the group that learns in
the integrated curriculum will be higher than those of the group that learns in the

conventional school science curriculum with a statistically significant difference.
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CHAPTER 2

LITERATURE REVIEW

The literature reviewed here is related to curriculum development and the nature

of science and addresses the following topics:

1. The nature of science and science education
2. Decision making on science—based dilemmas
3. Curriculum development

4. Instructional approaches to teaching the nature of science

1. The nature of science and science education

1.1 What is the nature of science?

Since teaching the nature of science (NOS) has become more widespread, the
question “What is the nature of science?” has arisen among those involved in science
education. The meaning of the phrase “the nature of science” has long been discussed
among philosophers of science and science educators because of its abstract nature.
However, most have agreed that the study of NOS must involve epistemology, sociology,
philosophy, and history. Typically, the purpose of studying NOS is to answer the questions:
“What is science?,” “How does science work?,” “How do scientists work as a social group?,”
and “How does society react to scientific enterprises?” (Alter. 1997; Johnston; &
Southerland. 2002; Lederman. 1992; Lederman et al. 2002; McComas. 2000).

Interestingly, arguments about NOS have been rising over time. Confronting
the problem of the abstract meaning of NOS, international science education communities
have attempted to use defensible definitions as the best way to describe its meaning. For
example, science textbooks in the past explain the scientific method as the step—by—step
process of acquiring scientific knowledge that includes the discrete stages of identifying

problems, gathering data, creating hypotheses, observing, testing hypotheses, and making
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conclusions. However, after re—evaluating the process by examining the variety of methods
that scientists actually use in their work, science educators found that a universal scientific
method does not exist and so should be removed from science textbooks (Collete; &
Chiappetta. 1994; Lederman et al. 2000; McComas. Clough; & Almarozoa. 2000; Sund; &
Trowbridge. 1973; Thurber; & Collete. 1964).

Furthermore, Alters (1997) investigated whether the tenets of science
education were also held by philosophers of science and found that the philosophers in his
survey expressed significant disagreements with the tenets. Therefore, the tenets that have
been traditionally advocated as basic criteria for science education’s treatment of “the
nature of science” need to be reconsidered so that more accurate criteria might be
developed for future nature of science research. Consequently, science educators
responded by pointing out the problem with the Alters survey itself, which seemed to “stack
the deck to make disagreement among respondents”. These critics insisted that K-12
teachers should ignore Alters’ biased study (Smith et al. 1997).

Although there is no single nature of science definition that can describe fully
the idea of scientific knowledge and enterprise, various representations of NOS have been
affirmed by historians, philosophers, science educators and others (Lederman. 1992).
Therefore, international science education documents state terms and standards of NOS
using different descriptions although they share relevance in meaning. McComas (1998:
6—7) proposed 14 aspects of NOS that represent a consensus view of the NOS objectives
extracted from international science standards documents. These aspects are:

1) Scientific knowledge while durable, has a tentative character

The development of scientific knowledge is continuous and stable. Most
scientific knowledge is durable. The modification of ideas, rather than their outright
rejection, is the norm in science, as powerful constructs tend to survive and grow more
precise and become more widely accepted. However, scientific knowledge is never absolute
or certain. The tentativeness of science is caused by the process of producing knowledge
that depends on both making careful observations of phenomena and on inventing theories

for making sense out of those observations. It is unavoidable that new observations may
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challenge prevailing theories and that new theories will be created. Tentativeness in science
is not just a character of theory but also a character of every kind of scientific knowledge
including facts, hypotheses, theories, and laws (AAAS. 1997; Lederman. 2006; McComas.
1998).

Indeed, scientific knowledge can never be “proven.” For example, to be
‘proven,” a certain scientific law should account for every single instance of the
phenomenon it purports to describe at all times. It can logically be argued that one such
future instance, of which we have no knowledge whatsoever, may behave in a manner

contrary to what the law states (Popper. 1963 citing Lederman. 2006).

2) Scientific knowledge relies heavily, but not entirely, on observation,
experimental evidence, rational arguments, and skepticism.

Validity of scientific claims is settled by referring to observations of
phenomena. Hence, scientists concentrate on getting accurate data. Such evidence is
obtained by observations and measurements taken in situations that range from natural
settings (such as a forest) to completely contrived settings (such as the laboratory). One of
the useful tools in science is an experiment that involves organized procedures
accompanied by control and test groups. Usually, experiments have a primary goal of
establishing cause and effect relationships. However, in some circumstances, scientists
cannot precisely control the conditions of what they study. In some science disciplines, true
experimentation is impossible because of an inability to control all variables. Such is the
case in astronomy and evolutionary studies (AAAS. 1997; McComas. 1998).

Even though scientific knowledge is, at least partially, based on and/or
derived from observations of the natural world (i.e., empirical), it nevertheless involves
human imagination and creativity. Science, contrary to common belief, is not a totally
lifeless, rational, and orderly activity. Science involves the invention of explanations, and
this requires a great deal of creativity by scientists. This aspect of science, coupled with its
inferential nature, entails that scientific concepts, such as atoms, black holes, and species,

are functional theoretical models rather than faithful copies of reality (Lederman. 2007).
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3) There is no one way to do science (therefore, there is no universal step—
by—step scientific method)

Scientific inquiry refers to systematic approaches used by scientists in an
effort to answer their questions of interest. However, a universal scientific method does not
exist. There is no fixed set of steps that scientists always follow, no one path that leads
them unerringly to scientific knowledge. In their works, scientists may raise new problems
multiple times and state many hypotheses in order to get answers for their questions
(AAAS. 1997; Collette; & Chiappetta. 1994; Lederman. 2002; Lederman. 2006;
McComas. 1998; Sund; & Trowbridge. 1973; Thurber; & Collete. 1964).

Different disciplines conduct investigations in different ways. For
example, astronomers make systematic observations of the objects they see in the
sky. However, they cannot control the behaviors of celestial bodies and so most of
their research is descriptive in nature. Similarly, environmental scientists study
relationships among inorganic and organic components of the environment. But they
also cannot do classical experimentation because they cannot control the
environment. On the other hand, chemists can easily control levels of various
compounds in their laboratories and assess the effects of changing the amount of one
of the compounds in a system (Crowther, Lederman; & Lederman. 2005).

4) Science is an attempt to explain natural phenomena
Science presumes that the things and events in the universe occur in
consistent patterns that are comprehensible through careful, systematic study. Scientists
believe that through the use of the intellect, and with the aid of instruments that extend the
senses, people can discover patterns in all of nature. Science also assumes that the
universe is, as its name implies, a vast single system in which the basic rules are
everywhere the same. Knowledge gained from studying one part of the universe is
applicable to other parts (AAAS. 1997).
5) Laws and theories serve different roles in science; therefore students

should note that theories do not become laws even with additional evidence.
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Theories and laws are very different kinds of knowledge, but the
misconception portrays them as different forms of the same knowledge construct.
Individuals often hold a simplistic, hierarchical view of the relationship between theories
and laws whereby theories become laws, depending on the availability of supporting
evidence. It follows from this notion that scientific laws have a higher status than scientific
theories. Both notions, however, are inappropriate because, among other things, theories
and laws are different kinds of knowledge, where one notion does not develop or become
transformed into the other (Lederman. 2007; McComas. 1998).

Laws are statements or descriptions of the relationships among observable
phenomena. Boyle’s law, which relates the pressure of a gas to its volume at a constant
temperature, is a case in point. Theories, by contrast, are inferred explanations for
observable phenomena (e.g., kinetic molecular theory provides an explanation for what is
observed and described by Boyle’s law). Scientific models are common examples of theory
and inference in science. Moreover, theories are as legitimate a product of science as
laws. Scientists do not usually formulate theories in the hope that one day they will acquire
the status of “law.” (Lederman. 2007).

6) People from all cultures contribute to science.

Scientific work involves many individuals doing many different kinds of
work and occurs to some degree in all nations of the world. Men and women of all ethnic
and national backgrounds participate in science and its applications. These people—
scientists and engineers, mathematicians, physicians, technicians, computer programmers,
librarians, and others—may focus on scientific knowledge either for its own sake or for a
particular and practical purpose. They may be concerned with data gathering, theory
building, instrument building, or communicating (AAAS. 1997).

7) New knowledge must be reported clearly and openly.

Because of the social nature of science, the dissemination of scientific
information is crucial to its progress. Some scientists present their findings and theories in
papers that are delivered at meetings or published in scientific journals. Those papers

enable scientists to inform others about their work, to expose their ideas to criticism by
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other scientists, and to stay abreast of scientific developments around the world (AAAS.
1997).
8) Scientists require accurate record keeping, peer review, and replicability.

The strongly held traditions of accurate recordkeeping, openness, and
replication, buttressed by the critical review of one's work by peers, serve to keep the vast
majority of scientists well within the bounds of ethical, professional behavior (NSTA. 2000).

9) Observations are theory—laden.

Scientists’ theoretical commitments, beliefs, previous knowledge, training,
experiences, and expectations actually influence their work. All of these background factors
form a mind-set that affects the problems scientists choose to investigate, how they
conduct their investigations, what they observe (and do not observe), and how they make
sense of and interpret their observations. It is this (sometimes collective) individuality or
mindset that accounts for the role of subjectivity in the production of scientific knowledge. It
is noteworthy that, contrary to common belief, science rarely starts with neutral
observations. Observations (and investigations) are motivated and guided by, and acquire
meaning in reference to, questions or problems. These questions or problems, in turn, are
derived from within certain theoretical perspectives. Oftentimes hypothesis or model testing
serves as a guide to scientific investigations (Lederman. 2007).

10) Scientists are creative
Creativity is a vital, yet personal, ingredient in the production of
scientific knowledge. Scientists do not work only with data and well-developed theories.
Often, they have only tentative hypotheses about the way things may be. Inventing
hypotheses or theories to imagine how the world works and then figuring out how they can
be put to the test of reality is as creative as writing poetry, composing music, or designing
skyscrapers. Sometimes discoveries in science are made unexpectedly, even by accident

(AAAS. 1997; Lederman. 2002).
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11) The history of science reveals both an evolutionary and revolutionary
character.

With new evidence and interpretation, old ideas are replaced or
supplemented by newer ones. The modification of ideas, rather than their outright rejection,
is the norm in science, as powerful constructs tend to survive and grow more precise and to
become widely accepted. For example, in formulating the theory of relativity, Albert Einstein
did not discard the Newtonian laws of motion but rather showed them to be only an
approximation of limited application within a more general concept. (The National
Aeronautics and Space Administration uses Newtonian mechanics, for instance, in
calculating satellite trajectories.) Moreover, the growing ability of scientists to make accurate
predictions about natural phenomena provides convincing evidence that we really are
gaining in our understanding of how the world works (AAAS. 1997; NSTA. 2000).

12) Science is part of social and cultural traditions.

Science as a human enterprise is practiced in the context of a larger
culture, and its practitioners (scientists) are the product of that culture. Science, it follows,
affects and is affected by the various elements and intellectual spheres of the culture in
which it is embedded. These elements include, but are not limited to, social fabric, power
structures, politics, socioeconomic factors, philosophy, and religion. The practice of
acupuncture, for example, was not accepted by Western science until Western science
explanations for the success of acupuncture could be provided (Lederman. 2007).

13) Science and technology impact each other.

The advancement of information science (knowledge of the nature of
information and its manipulation) and the development of information technologies
(especially computer systems) affect all sciences. Those technologies speed up data
collection, compilation, and analysis, make new kinds of analysis practical, and shorten the

time between discovery and application (AAAS. 1997).

14) Scientific ideas are affected by their social & historical milieu.
The direction of scientific research is affected by informal influences within

the culture of science itself, such as prevailing opinion on what questions are most
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interesting or what methods of investigation are most likely to be fruitful. Elaborate
processes involving scientists themselves have been developed to decide which research
proposals receive funding, and committees of scientists regularly review progress in
various disciplines to recommend general priorities for funding. Moreover, when faced with
a claim that something is true, scientists respond by asking what evidence supports the
claim. But scientific evidence can be biased in how the data are interpreted, in the
recording or reporting of the data, or even in the choice of what data to consider in the first
place. Scientists' nationality, sex, ethnic origin, age, political convictions, and so on may
incline them to look for or emphasize one or another kind of evidence or interpretation
(AAAS. 1997).

With regard to McComas, Lederman (2002) suggests the summarized and
central aspects of NOS are tentative, or subject to change and revision. Reasons for the
inherent tentativeness of science stem from several other aspects including the facts that:
(a) scientific knowledge has a basis in empirical evidence; (b) empirical evidence is
collected and interpreted based on current scientific perspectives (subjectivity, or theory—
laden observations and interpretations) as well as personal subjectivity because of
scientists’ values, knowledge, and prior experiences; (c) scientific knowledge is the product
of human imagination and creativity; and (d) the direction and products of scientific
investigations are influenced by the society and culture in which the science is conducted

(sociocultural embeddedness).

1.2 The nature of science and science education

Science impacts individuals and society since it affects humans in their daily
routine and professions. The applications of scientific knowledge together with scientists’
creativity bring us tools and instruments that make living and working easier. Moreover,
science helps people to develop thinking skills that are important in making knowledge—
based inquiries. Since science has become pervasive in today’s world, it is crucial to foster
people’s scientific literacy (IPST. 2001).

The impact of science on our lives tends to be stronger over time. Nowadays

political controversies related to science and technology have been rising. We are
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confronted with environmental issues, concerns about biological, chemical and nuclear
weapons, and pathogens, and economic development. Additionally, technologies such as
computers and the Internet are becoming regular means of communicating, accessing
information, and interacting in the modern world and almost impossible to avoid in our daily
activities (Lonsbury; & Ellis. 2002).

Consequently, the nature of science (NOS) has become the major target of
science education as it is able to help students understand the inner-workings of science—
based knowledge and science’s underlying epistemic value, methods, and institutional
practices, the understanding of which is essential for members of society to be able to
digest scientific information and make judgments about new scientific discoveries and their

applications in contemporary society (Osborne et al. 2002; Lederman. 1999).

1.3 The nature of science framework in this study

The intention of this study is to develop curriculum that enhances students’
understanding of the tentative nature of science. This is necessary in order to alert
students to the fact that scientific claims are well grounded and very stable, but that
sometimes an established scientific idea can change. Students also need to know that there
are factors that influence scientific endeavors and cause error in science. Therefore,
students need to consider these factors when they judge whether a new scientific claim is
reliable and trustworthy.

Concerning the intention of the curriculum, this study considers the tentative
character of science as the most critical component, the defining and central theme. The
Tentative Nature of Science (TNOS) framework in this study represents features of NOS in
3 dimensions: epistemology in science, social and cultural context, and individual scientists.
This framework shows that the tentative character of science is caused by more than one
factor. These factors are all bound to each other and cannot be separated, as shown in

FIGURE 2.



22

Epistemology

Irfluacs Irfluence
Tentative Matura
of Science

Causa

Socicculiural
Context

Individual Sclentist Irfluancs

"

FIGURE 2 TNOS FRAMEWORK FOR THIS STUDY

Tentative nature of science
Science is a well developed and trustworthy endeavor to explain
natural phenomena. Most scientific knowledge is durable because the development of
science is unending. However, scientific knowledge can never be absolute or certain
because the process of producing knowledge depends on observations and making sense
of those observations, even in light of new evidence.
Dimension 1: Epistemology in science
There is no single, guaranteed method of science. The foundation of
most scientific endeavors is the collection and interpretation of individual facts.
1) Observation and collection of data
Science involves observation and empirical evidence. Scientists
observe phenomena and collect data to be used as evidence in scientific claims. There is a
variety of factors that affect scientific observation such as perspective, prior knowledge,
skill, and the experience of the individual scientist. These factors affect the scientist's
decisions about what phenomena to observe or what data to collect. Therefore, even when
two scientists observe a phenomenon at the same time, they may get different
observational results. Furthermore, social and cultural context affects scientific observation

and data collection in the context of scientific funding. Scientific research that is provided
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with adequate financial support likely utilizes high quality instruments to help scientists
observe and collect data more accurately. As a result of the realities of cost, new scientific
ideas need to be evaluated within the scientific community in order to appropriate the
limited financial resources that are available. It is further possible that there might be new
observed phenomena that cannot be explained by any currently accepted idea. In this case,
the scientific idea might be rejected or modified to make it more palatable to the current
mindset of the scientific community.
2) The role of interpretation in science
After gathering data from observation, scientists need to interpret
data to arrive at a conclusion and generate new knowledge. The process of interpretation in
science depends on perspective, prior knowledge, creativity, and personal experience of
individual scientists and also must take into account the cultural context and the theories
accepted in the scientific community at that time. Therefore, scientific knowledge is not
totally objective, but is rather subject to change, with scientists modifying their conclusions
as new evidence is gathered.
Dimension 2: Social and cultural context of science
1) Influence of social and cultural context on science
Society and culture affect science in several ways. One way is that
society and culture frame scientists’ thinking and beliefs. A theory accepted in scientific
society at a particular time can affect the way a scientist observes and interprets
phenomena. Besides, society and culture are factors that set the value of scientific
endeavor and determine what research should be supported or should be discarded. Given
such a constraint, bias and error may occur and cause science to be tentative.
2) Influence of science on society and culture
Scientific knowledge can be applied to benefit society and culture.
However, applying new scientific knowledge may cause unexpected effects. Society needs
to deal with such consequences that might arise. In order to be supported, scientists may
be biased in the way they interpret and report their research such as through hiding

negative effects that the research has revealed.
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Dimension 3: Individual scientists

Scientists are like those individuals in any other profession. They have
personal beliefs, experiences, prior knowledge, and moral and ethical values. These
characteristics affect a scientist's work. For example, belief and prior knowledge that
scientists carry might frame their thoughts when they make observations and interpret data.
In some cases, a scientist's experience and skill affect him or her when using instruments
in their research. Additionally, scientists can be fallible as a result of their emotions and
personal lives. These personal characteristics influence scientists in their work and cause
increased subjectivity. Consequently, when two scientists with the same expertise review
the same facts, there is no guarantee that they will reach the same conclusion.

The TNOS framework is related to many of McComas’s consensus

aspects of NOS (McComas. 1998), as shown in TABLE 1 below:

TABLE 1 RELATIONSHIP BETWEEN TNOS FRAMEWORK AND MCCOMAS’ ASPECTS
OF NOS

TNOS framework McComas’ aspects of NOS
Tentative theme -Scientific knowledge while durable, has a tentative
character
Dimension 1: Epistemology of -Scientific knowledge relies heavily, but not entirely, on
science observation, experimental evidence, rational arguments,

and skepticism.

-There is no one way to do science.

Dimension 2: Sociocultural -Science is part of social and cultural traditions.

context -Science ideas are affected by their social and historical
milieu.

Dimension 3: Individual -Science requires accurate record keeping, peer review.

Scientist and replicability.

-Observations are theory laden.

-Scientists are creative.
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1.4 Problems in understanding the nature of science

Teaching aspects of NOS is not innovative in science education. Science
curricula in many countries have concentrated on scientific methods and the scientific
process, key parts of the NOS. For the United States, educational focus on the NOS can be
seen since at least 1907 in the form of curricula that concentrated on scientific methods and
scientific processes. Later in 1920, NOS was clearly stated in science education goals, and
since 1960, NOS has been connected to scientific inquiry and became even more important
when the American Association for the Advancement of Science (AAAS. 1998) identified
NOS as one key aspect of scientific literacy (Lederman. 1992).

However, numerous research publications present problems in NOS education,
stating instances where students have misconceptions of NOS. McComas (2000) used his
own teaching experience and a review of countless texts to summarize these
misconceptions and found the following 15 common myths associated with understanding
the Nature of Science:

1) Hypotheses become theories that in turn become laws.

2) Scientific laws and other such ideas are absolute.

3) A hypothesis is an educated guess.

4) A general and universal scientific method exists.

5) Evidence accumulated carefully will result in sure knowledge.

6) Science and its methods provide absolute proof.

7) Science is procedural more than creative.

8) Science and its methods can answer all questions.

9) Scientists are particularly objective.

10) Experiments are the principal route to scientific knowledge.

11) Scientific conclusions are reviewed for accuracy.

12)Acceptance of new scientific knowledge is straightforward.

13) Science models represent reality.

14)Science and technology are identical.

15)Science is a solitary pursuit.
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The problems associated with NOS misconceptions have been accumulating
for years as science teaching and textbooks in the past focused on only science content,
while teachers rarely explored how science functions. Moreover, NOS education suffered as
a result of teachers not valuing NOS instruction in their classes as much as other science
content areas and standards. The processes of teaching effective NOS were often ignored
in classrooms entirely (Akerson; & Abd-El-Khalick. 2003; McComas. 2000; Schwartz; &

Lederman. 2002).

1.5 Assessing Understanding of the Nature of Science
The first formal assessment of NOS understanding began in the early 1960s,
emphasizing a quantitative approach. Until around the mid-1980s, researchers attempted to
develop instruments for assessing NOS that were easy to grade and quantify to assess
understanding (TABLE 2). Some open—ended questions were also used in order to validate
test items, but the purpose of using open—-ended questions at that time did not involve

providing an expanded view of an individual’s belief regarding NOS.

TABLE 2 INSTRUMENTS FOR ASSESSING UNDERSTANDING OF THE NATURE OF
SCIENCE

Date Instrument Author(s)

1954 Science Attitude Questionnaire Wilson

1958 Facts About Science Test (FAST) Stice

1959 Science Attitude Scale Allen

1961 Test on Understanding Science (TOUS) Cooley & Klopfer
1962 Process of Science Test BSCS

1966 Inventory of Science Attitudes, Interests, Swan

and Appreciations

1966 Science Process Inventory (SPI) Welch

1967 Wisconsin Inventory of Science Processes (WISP) Research Center
1968 Science Support Scale Schwirian

1968 Nature of Science Scale (NOSS) Kimball

1969 Test on the Social Aspects of Science (TSAS) Korth

1970 Science Attitude Inventory (SAI) Moore & Sutman
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Date Instrument Author(s)

1974 Science Inventory (SlI) Hungerford&Walding

1975 Nature of Science Test (NOST) Billeh & Hasan

1975 Views of Science Test (VOST) Hillis

1976 Nature of Scientific Knowledge Scale (NSKS) Rubba

1978 Test of Science-Related Attitudes (TOSRA) Fraser

1980 Test of Enquiry Skills (TOES) Fraser

1981 Conception of Scientific Theory Test (COST) Cotham & Smith

1982 Language of Science (LOS) Ogunniyi

1987 Views on Science-Technology-Society (VOSTS) Aikenhead,
Fleming & Ryan

1990 Nature of Science Survey Lederman &
O’Malley

1992 Modified Nature of Scientific Knowledge Meichtry

Scale (MNSKS)
1995 Critical Incidents Nott & Wellington

(From: Lederman, Wade; & Bell, Assessing Understanding of the Nature of Science: A

Historical Perspective. 1998: 333)

After analyzing NOS instruments that had been developed since 1958,
Lederman, Wade, and Bell (1998) found that many test items were inadequate for
assessing NOS. It was found that most of the questions in these instruments concentrated
on assessing student ability and skill to engage in the process of science rather than focus
on NOS understanding. These items emphasized the affective domain such as student
attitude towards or appreciation of science and scientists rather than knowledge related to
NOS. Also, a primary emphasis was often placed upon “science as an institution” with little
or no emphasis placed upon the epistemological characteristics of the development of
scientific knowledge.

Although some instruments have been verified as valid and widely used in

large—scale research, there are still problems and concerns. Lederman (1998) critiqued the
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multiple—choice and the Likert scale response format used in these instruments as forcing
students to represent only the part of their view of NOS—the part that correlated with the
researcher’'s perspective. These instrument formats also contained biased views of NOS
and failed to demonstrate the actual view of NOS that students held.

In light of such concerns, open—-ended questionnaires to assess student
understanding of NOS were developed. This set of questionnaires—called Views of the
Nature of Science Questionnaire or VNOS questionnaire—is widely used in today’s science
education community. The important feature of VNOS questionnaires is that the instrument
is composed of open-ended questions that provide more freedom for respondents to
express their own views of the scientific enterprise, while also helping to avoid the
imposition of the researcher’s views. Respondents also participate in a follow-up interview
that provides opportunities to explore views in more depth and clear up any remaining
misunderstandings (Bell; & Lederman. 2003).

The first VNOS questionnaire is called VNOS-A. It was developed by
Lederman and O’Malley in order to assess high school students’ perception of the
tentativeness of science (Lederman; & O'Malley. 1990). It consists of 7 open—-ended
questions. In order to increase the reliability of the questionnaire, Lederman and O’Malley
followed up the questionnaire responses with semi—structured interviews to clarify students’
answers and gain a deeper understanding of the students’ perception of TNOS. VNOS-A
was later further modified to be used in conjunction with various groups of respondents.

The results of these modifications were VNOS-B, C, D, and E (Lederman. 2007).

1.6 The nature of science in Thailand’s science education
In Thailand, NOS education can be tracked back in its national curriculum to at
least B.E. 2518 (A.D. 1975), when a stated science—learning goal of “understanding
theories that are fundamental to science, using methods of science to solve problems, and
the development of a scientific attitude” was included. We can see that the goal consisted
of issues relating to today’s NOS discussion. Science curricula for early secondary school
B.E. 2521 (A.D. 1978), upper secondary school B.E. 2524 (A.D. 1981), and the improved

curriculum B.E. 2533 (A.D. 1990) were later released. These curricula consisted of learning
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objectives that were more closely related to the NOS, stating that “students will have
science processing skills and understand the boundaries and limitations of science.”
Finally, following curriculum reform in Thailand, the national science curriculum B.E. 2544
(A.D. 2001) was re3leased. This present curriculum clearly states that science education

must provide students with an understanding of the nature and limitations of science.

The formulation of science teaching/learning in schools has the following aims for the

learners:

1. To understand the principles and theories basic to science

2. To understand the scope, limitations, and nature of science

3. To provide skills for discovery and creation in science and technology

4. To develop thinking processes, imagination, ability to solve problems, data
management, communication skills, and ability to make decisions

5. To become aware of relationships between science, technology, and humans and
the environment in terms of influence and impact on one another

6. To utilize knowledge and understanding of science and technology for the benefit of
society and daily life

7. To foster a scientific mind, a moral and ethical sense of responsibility, and proper

values so that science and technology will be used constructively

IPST, B.E. 2544

Moreover, this is the first time that the Thai science curriculum admitted NOS
as one of the content sub—strands. Sub—strand 8, the nature of science and technology,
clearly states its standards as follows:

The national science curriculum standards also set standards for the nature of
the science and technology sub—strand. The nature of science and technology learning
standards for grade 7-9 students include:

1. Posing questions that specify important issues and variables involved in the
investigation or research subjects of interest comprehensively and reliably

2. Setting up hypotheses that are verifiable and planning various ways to

investigate them
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3. Choosing investigative techniques to obtain qualitative and quantitative data
and using appropriate materials and instruments, which guarantee high validity and safety

4. Collecting data and treating data qualitatively and quantitatively

5. Analyzing and evaluating correlations between evidence and conclusions,
both for and against a hypothesis and the abnormalities of data arising from investigation

6. Making models or pattern representations that explain the results or show
results from investigation

7. Posing new questions leading to investigation of related subjects and
bringing new knowledge to bear on new situations

8. Recording and explaining observed results and investigations, researching
additional sources to achieve reliable data, accepting changes when new data and additional
evidence or opposing views prevail

9. Organizing presentations, writing reports, and/or explaining concepts,

processes and results from projects and works done to others

It can be clearly seen that the standards strongly emphasize students’ abilities
to conduct scientific investigation, which relates to the epistemological dimension of TNOS
concepts of this study. However, the concepts related to sociocultural context and individual

scientists are not clearly stated in the standards.

1.7 Research related to the nature of science in Thailand

Limpanont (2004) studied how teachers were carrying out instruction on the
Nature of Science with regard to the aforementioned science strand. The research aimed
specifically to study what aspects of NOS were being addressed in lower secondary
science classrooms. The researcher categorized aspects of NOS into three issues: the
nature of scientific knowledge, scientific inquiry, and the scientific enterprise. Four science
classrooms in four different schools were selected as research sites. After observing all
classrooms for eighteen weeks and following a semi-structured interview with participant
teachers, it was found that the NOS issues that were taught the most involved scientific

inquiry. This inquiry was comprised of the scientific method, science processing skills, and
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the scientific mind. Instruction on issues regarding the nature of scientific knowledge and
scientific enterprise was rarely observed. The most common teaching method was lecturing,
followed by the suggestion that other learning resources be utilized for self-study,
experimentation, and additional assignments. As for the reasons that teachers addressed
certain aspects of NOS in their classes and not others, the teachers responded that they
taught the aspects of the scientific method, science processing skills, and the scientific mind
because these issues are stipulated in science curriculum standards. However, other
aspects of NOS they taught came from their intention to develop their students’ ability to
apply science to their own lives and the ability to be scientists. It was also observed that
some teachers unintentionally addressed other aspects of NOS in their classrooms.

Meesri (2007) developed a Professional Development Program for enhancing
teachers’ understanding of NOS and its implementation in the classroom. The research
aimed to study the effects of a professional development program on science teachers’
views of the nature of science and instructional practice. The professional development
program consisted of two phases: 1) developing teachers’ understanding of the nature of
science, and 2) developing teachers’ pedagogical content knowledge for the nature of
science instruction. In Phase 1, participants included fifteen secondary science teachers. In
Phase 2, participants were comprised of six teachers who had participated in Phase 1.
These teachers were asked to teach the nature of science in their actual classroom settings
after they had further developed their understanding of the nature of science from Phase 1.
Learning strategies used in this program consisted of 1) workshops, 2) model lessons, 3)
teaching practice, 4) reflective writing, and 5) coaching and mentoring. The researcher
tracked the changes in before and after views of the nature of science of each teacher by
using 2 questionnaires: 1) a five—point Likert scale questionnaire, and 2) an open—ended
questionnaire in conjunction with individual interviews. To evaluate teachers’ practice, three
teaching sessions were assigned to the teachers. Classroom observation, field notes, and
lesson plans were collected and analyzed to find how teachers changed their pedagogical
approaches to nature of science instruction and how they addressed aspects of the nature

of science throughout three teaching sessions. The data indicated that prior to attending the
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program teachers had some ideas about aspects of NOS, but they could not clearly explain
these concepts verbally. Thus their understanding of the nature of science was generally
inadequate for science teaching. They did not emphasize concepts of the nature of science
as their goals of instruction and students’ learning outcomes. After the teachers attended
the program, they changed their views from naive/misconception—laden to informed
perspectives in most of the nature of science issues. They could articulate the meaning of
the nature of science in their own words and provide examples. Through three teaching
sessions, the teachers also improved in their science pedagogy by explicitly addressing
nature of science issues in their science classes instead of implicit or didactic teaching on
the nature of science. From the teachers’ self-reflection the possible sources for the
improvement of their teaching on the nature of science included activities about science—
related stories, reflective writing, and model lessons. The results demonstrated the
important implications for teacher education as well as the successful implementation of
current reforms.

Roma (2008) developed a curriculum on NOS for third grade level students.
The purpose of this research was to pursue the construction and study of the
consequences of a new curriculum. This research was conducted through a 4-step
procedure: studying basic information, constructing a curriculum, revising and improving the
curriculum, and then implementing and checking the efficiency of the curriculum. Following
these steps, a nature of science curriculum and appropriate teaching tools were developed.
A draft curriculum and its teaching tools were examined and approved by experts, and a
pilot study was carried out for 30 periods. After implementing and checking the efficiency of
the curriculum, the curriculum was tested during one semester (30 periods) for
Matthayomsuksa 2 and Matthayomsuksa 3 students. Data were analyzed by using a t—test
for dependent samples, a t-test for independent samples, and a one-way analysis of
variance for these samples. The analyses of experimental data gave good results with
regard to the understanding of the nature of science, skill in scientific processing, scientific
thinking ability, and the awareness of ethics in science. Post—test scores of students were

significantly higher than their pre—test scores at a significance level of 0.01. A similar result
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in scores between experimental and control groups of students was obtained. Additional
results were also obtained showing an improvement of higher—order thinking and
communicative writing abilities.

Chamrat (2009) explored the influences of teachers’ implementing the Atomic
Structure Instructional Unit (ASIU) on students’ conceptions of the nature of science and
atomic structure. The ASIU was developed based on identifying key curriculum documents
and using findings from Phase | in this research: (1) current teaching and learning of atomic
structure, (2) students’ understanding of the nature of science and atomic structure, and (3)
teachers’ understanding of the nature of science. A model-based approach was used as
the framework for instructional unit design in which learners participated in model and
modeling activities such as constructing, comparing, and contrasting, critiquing, and
modifying models. Effects of the ASIU on students’ understanding were explored through
classroom observations, interviews, the Atomic Structure Concept Test (ASCT), the Nature
of Science Questionnaire (NOSQ), and documentary data. The model and modeling
activities encouraged students to shift from memorizing content without understanding to
rational thinking to support their explanations. For example, students connected scientists’
experiments to the atomic model being constructed. The reflection and discussion of the
students’ experiences in the lessons resulted in students’ conceptualization of core aspects
of the nature of science, for example, science’s reliance on evidence, the role of creativity
and imagination in science, and observation and inference. Furthermore, it was found that
students changed from passive learners to active participants by engaging in model thinking
and modeling activities. The overall findings of this study suggest that the designed
instructional units based on exploration of the current frameworks in teaching and learning
atomic structure and the nature of science, coupled with a model-based approach, can be
used to develop an informed understanding of the nature of science. These findings also
concurrently lead to an enriched understanding of the content-based concepts involving
atomic structure. However, there are key points that emerged in this study that need to be
addressed. The teachers’ teaching of atomic structure, with the integration of the nature of

science, was influenced by their background and characteristics, their commitment to
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change, their understanding of the nature of science, and their dependence and familiarity
with using the lecture as a “reliable” method of instruction. Thus, these factors seem to be
the most important determinants in developing student understanding of the nature of
science. The outcome is that successful implementation of a model-based curriculum is
critically dependent upon carefully planned professional development experiences for

teachers.

2. Decision making
2.1 Definitions and types of decision making

Decision making is a process of thinking critically about choices to select
among alternatives on the basis of laws, principles, generalizations, and rules (Bayer.
1991; McWorher. 2006; Rath et al. 1967). McWorther (2006: 124) explained that while
each of the situations involves choices, each also involves very different types of thinking.
Types of decisions can be divided into 3 different varieties: routine decisions, impulsive
decisions, and reasoned decisions.

Routine decisions are decisions that persons make in their everyday lives,
e.g., ordering food. This kind of decision is usually a safe, habitual choice that makes a
person’s life run smoothly and eliminates the need to constantly make choices. Impulsive
decisions are decisions that are suddenly made and not well thought out. For example, in
the last minute, a student decides to cut class and take a trip to the lake. This kind of
decision can cause or lead to problems. On the contrary, reasoned decisions are used in
important situations. This kind of decision is the best type, in which alternatives are

identified and weighed and outcomes are predicted (Mcworther. 2006).

2.2 Scope of decision making in this study
From an educational perspective, most agree that teaching children to simply
recall scientific facts, laws, and theories is not enough. Teachers and science educators
want students to know why scientific knowledge and ideas have merit and may be trusted.
Therefore, understanding NOS is linked to the ultimate goal of scientific literacy: to improve

citizens’ abilities to make reasoned decisions in a world increasingly impacted by the
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processes and products of science (Bell; & Lederman. 2003). Consequently, the scope of
decision making being studied in this research focuses on how students relate the
dimension of TNOS when making choices of whether or not they will accept a scientific
claim or what actions they are going to take when dealing with science—based issues. From
the researcher’s perspective, the process of making choices in this form is close to
socioscientific decision making.

The phrase “socioscientific issues” represents a variety of social dilemmas
with conceptual, procedural, or technological associations with science. The socioscientific
issue movement arises from a conceptual framework that unifies the development of moral
and epistemological orientations of students and considers the role of emotions and
character as key components of science education (Sadler; & Zeidler. 2005).

It has been explained that when individuals deal with socioscientific decision
making, they use reason in a deliberate manner to negotiate and resolve particular issues.
They also frequently rely on their feelings and emotions to work out dilemmas. This process
is called informal reasoning (Sadler; & Zeidler. 2005). There are factors that influence the
process of informal reasoning. According to a study that analyzed numbers of research
findings, it was concluded that informal reasoning is significantly influenced by personal
experiences, emotive considerations, a tendency to focus on social considerations, the
primacy of morality in many socioscientific contexts, and variability in students’ perceptions
of the complexity inherent in these issues (Zeidler; et al. 2002).

Sadler and Zeidler (2005) studied patterns of informal reasoning in the context
of socioscientific decision making by providing college students with socioscientific issues
related to genetic engineering and asked them to make decisions. The results show that
when participants made decisions, they showed patterns of three informal reasoning types:
rationalistic, emotive, and intuitive. In some cases, participants showed only one type of
informal reasoning. Meanwhile, in many cases, participants showed a combination of
reasoning. Therefore, these 3 types of informal reasoning are not totally discrete.

Rationalistic informal reasoning is cognitive reasoning in which participants rely

only on reason and logic to formulate and support their decision. This pattern of reasoning
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includes, but is not limited to, patient rights, side effects, issues of access, technological
concern, and the severity of disease conditions.

Meanwhile, intuitive informal reasoning is affective reasoning in which
participants resolve scenarios based on their immediate feelings or reactions. Individuals
displaying this type of thought pattern had an immediate positive or negative reaction to the
scenario, and these feelings contributed to their negotiation and eventual resolution of the
issue.

Finally, emotive informal reasoning is consistent with both cognition and affect.
This pattern of informal reasoning involved emotions typically classified as moral emotions,
namely empathy and sympathy. In these cases, participants displayed a sense of care
toward the individuals who might be affected by the decisions made. Emotive reasoning
differed from rationalistic reasoning in that rationalistic reasoning lacked the influence of
emotions. Emotive and intuitive informal reasoning were both affective classifications but
remained unique. Whereas emotive patterns were directed toward real people or fictitious
characters, intuitive patterns were personal reactions in response to specific aspects of the

scenario.

FIGURE 3 PATTERN OF INFORMAL REASONING IN SOCIOSCIENTIFIC DECISION
MAKING
(From: Sadler, T. D.; and Zeidler, D. L. (2005). Patterns of Informal Reasoning in the

Context of Socioscientific Decision Making. Journal of Research in Science Teaching.

42(1): 112-138.)
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According to Sadler and Zeidler’'s reasoning types, student decision making
that will be studied in this research is most congruent with the rationalistic pattern since it
focuses on decisions that an individual makes by relying on his or her conceptions of TNOS

ideas.

2.3 Instruments to explore students’ decision making on issues and dilemmas
related to science.

In order to gain rich information of participants’ decision making, it has been
suggested that a qualitative method should be used rather than quantitative instruments
(Bell; & Lederman. 2003; Sadler; & Zeidler. 2005; Zeidler; et al. 2002). In many cases,
researchers provided participants scientific-based scenarios related to the real world and
asked them to make decisions by using interviews or questionnaires. Then the responses
were followed up by in—depth interviews to gain a better understanding of the respondents’
answers and to clarify terms that might be misinterpreted by researchers. Later, data from
questionnaires and interviews were coded and categorized to explain how participants
made their decisions in those given scenarios.

One example of research that explored participants’ decision making is a study
of Bell and Lederman (Bell; & Lederman. 2003). From the study, the Decision Making
Questionnaire (DMQ) was developed by constructing scenarios and accompanying
questions for the DMQ based on a variety of print and web—based materials. The scenarios
related real—-world issues on a variety of science and technology topics upon which a citizen
might be expected to vote or make personal decisions. A panel of experts consisting of four
science educators and two research scientists reviewed and offered suggestions to improve
the face and content validity of this questionnaire. The DMQ’s scenarios and items were
modified according to the panel’s suggestions for improvement. The final version of this
questionnaire contained four different scenarios concerning science and technology issues,
including (a) fetal tissue implantation, (b) global warming, (c) the relationship between diet
and cancer, and (d) the relationship between cigarette smoking and cancer. Each scenario
was followed by three to five questions designed to elicit both “yes” or “no” decisions and to

encourage respondents to explicate the factors and reasoning patterns influencing their
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decisions. Following this questionnaire, the participants were interviewed to provide
opportunities for them to clarify and elaborate on their responses to the DMQ. All interviews
were recorded to construct summary profiles of the participants’ decisions and reasoning
patterns.
Below is an example of scenarios and questions used in DMQ
Scenario |
In the past decade, research has opened the doors to fetal tissue
transplantation, a procedure that typically involves transferring tissue from
an aborted fetus to another human. The procedure could potentially
provide therapy for victims of a variety of debilitating diseases, including
diabetes, Parkinson’s disease, and Alzheimer's disease. As in many
areas of biotechnology, the development of this technique has outpaced
the development of ethical policy. Please read the following scenario and
thoughttfully answer the questions that follow.
Bill and Sally are a happily married couple in their late 30s. They
enjoy a comfortable lifestyle and a stable home life with their two teenage
children. Recently, Sally’s elderly father was diagnosed as having
Parkinson’s disease, a slowly progressive disabling ailment marked by
tremor and increasing muscular stiffness. His symptoms are mild but his
physician has explained that he will become more and more incapacitated
with time. Close to the time that she learns about her father, Sally reads
an article in the local newspaper about a research project being run at a
local university. A team of researchers, led by Dr. Harrison, have applied
to the federal and state governments for permission to do a study with
Parkinson’s victims. She visits Dr. Harrison to learn more about the
disease. During the course of their discussions, she finds out that the
progression of Parkinson’s can be slowed and possibly reversed by
implanting fetal brain cells in the brain of the patient. Two months later

Sally is surprised to learn that she has become pregnant. Because of the
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unexpected nature of the pregnancy, Sally considers aborting the fetus.
Furthermore, as her father’s condition begins to deteriorate, she and Bill
consider some therapeutic options for him. Recalling her discussions with
Dr. Harrison, Sally and Bill begin to discuss the option of using tissue from

the fetus in her womb to donate the cells to cure her father.

Questions
1) Given the experimental nature of fetal tissue transplant treatments
are Sally and Bill justified in considering the procedure for her father?
Why or why not?
2) If Bill and Sally decide to abort the fetus, should they be allowed to
donate the fetal tissue for transplantation? Why or why not?
3) Should Bill and Sally be allowed to designate Sally’s father as
recipient of the fetal tissue? Why or why not?
4) Should Sally be allowed to have the abortion if her primary reason for
wanting it is to provide a source of tissue for transplantation into her
father? Why or why not?
5) Should Dr. Harrison be allowed to continue his work on fetal brain
tissue transplantation as a treatment for Parkinson’s disease? Why or
why not?
(from: Bell, R. L.; and Lederman, N. G. (2003). Understandings of the Nature of Science
and Decision Making on Science and Technology Based Issues. Science Education.

87(3): 352-377.)

A study that is similar to Bell and Lederman’s was conducted by Sadler and
Zeidler (2005). According to their study, a qualitative approach was used to examine
patterns of informal reasoning and the role of morality in these processes. Thirty college
students participated individually in two semi—structured interviews designed to explore their

informal reasoning in response to six genetic engineering scenarios. The first interview
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introduced the scenario and questions that respondents needed to answer. The second
interview was to clarify their answer from the first interview. Data from the interviews were

then coded and searched for patterns.

3. Curriculum Development

In this section, the definitions of curriculum, model of curriculum development, and

the integrated nature of science curriculum are reviewed and presented.

3.1 Definitions of curriculum
The term “curriculum” can be conceived of from narrow to broadened views.
Some may conceive of curriculum as a vein of a subject or a course of study. Meanwhile,
others may conceive of curriculum as the experiences that learners have both in school and
out. In order to demonstrate definitions of curriculum, Ornstein and Hunkins (1993)
summarized 5 different definitions of curriculum that have been used by well-known

educators. These definitions are described as follows:

1) A plan for action or a written document that includes strategies for
achieving desired goals or ends. This definition represents the linear view of curriculum.
The steps of curriculum development are planned in advance and progress from the
beginning to the end. This curriculum view was popularized by Ralph Tyler (1969) and Hilda
Taba (citing Oliva. 2009).

2) The experiences of the learner. The second definition of curriculum is
broader than the first one. The experiences of learners in this definition include almost
anything in school, even outside of school (as long as it is planned) as part of the
curriculum. This view is rooted in Dewey’s definition of the experience and education, as
well as in Caswell and Campbell’s view from the 1930s.

3) Systems for dealing with people and the processes or the organization of
personnel and procedures for implementing the systems

4) A field of study

5) Subject matters
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From this point, the term curriculum is flexible and can be used in different
contexts. However, sometimes curriculum is misused and incorrectly fused with the term
“‘instruction.” In order to distinguish between instruction and curriculum, Posner and
Rudnitsky (2006) explained that instruction is a process but curriculum is not. Curriculum
represents what is taught in school or what is intended to be learned. Therefore, curriculum
development results in a design specifying the desired (intended) learning outcomes. On
the other hand, instructional planning results in a plan outlining the intended process of
instruction. In other words, curriculum indicates what is to be learned, and the instructional

plan indicates how to facilitate learning.

3.2 Model of curriculum development
This research study aimed to develop an integrated NOS curriculum and
instructional plans that would be practicable for teachers to use in their science classrooms.
Therefore, the model of curriculum development suggested by Posner and Rudnisky
(Posner; & Rudnisky. 2006) was chosen to develop the curriculum.
Posner and Rudnisky view the process of curriculum development as being for
a specific classroom, instruction that they call “course design.” They proposed that a model
for curriculum development be a step—by—step process that teachers can follow in order to
plan an effective course. They advise curriculum developers to modify the process to suit
their own circumstances instead of expecting a single approach to work always and with
everyone (Posner; & Rudnisky. 2006).
Posner and Rudnisky’s model for curriculum development is presented as
follows:
1) Getting oriented
At the first step of curriculum development, Posner and Rudnisky suggest
that a curriculum developer write a brief paragraph of the course and jot down all the ideas
he has for his course. This step is helpful in getting an overview of the course design.
2) Setting a direction
The process of setting a curriculum direction is to develop a tentative

curriculum outline by connecting the initial ideas together. At this step, initial intended
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learning outcomes (ILOs) will be identified and categorized under specific headings: skills
and understandings. Diagrams and conceptual maps are suggested to be used as tools to
help illustrate the interrelationships among ideas.
3) Developing a course rationale
After setting the direction of the course, the curriculum developer writes a
rationale for the course on the basis of initial ideas and thoughts about the course’s focus.
The rationale should clearly state the course’s educational goals within the framework of the
learner, the society, and the subject matter.
4) Refining intended learning outcomes
At this step, ILOs will be reviewed and placed into four categories:
cognitions, cognitive skills, affects, and psychomotor—perceptual skills. By categorizing ILOs
developers are making an important decision regarding the kind of learning they want their
ILO statements to communicate. ILOs are prioritized based on the reexamination of the
course rationale. ILOs are examined as a whole, looking for an overall balance. This
requires eliminating redundancies and filling in gaps. ILOs that are considered trivial must
be eliminated. The rationale is checked for consistency and necessary revisions are made.
5) Forming units of the course
The curriculum developer forms units out of the curriculum by clustering
the ILOs into coherent units and designing instructional foci. There is no precise
requirement for the size of a unit. A unit should be a coherent whole—that is, the learning
points composing the unit should make some sense when taken together. Upon completion
of a unit, the student should know or be able to do something that relates to other content
6) Organizing the course units
Organized units are units in the order in which they will be presented to
students. This organization is expressed in the form of a unit outline. There are three levels
of unit organization: 1) the grouping of units that consists of clustering units together in a
meaningful fashion, 2) the sequencing of groups that consists of ordering the grouped units
in the way they will be taught, and 3) the sequencing of units within groups (ordering the

units within a group in the way they will be taught).
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7) Developing general teaching strategies

At this step, the curriculum developer elaborates instructional foci into
general teaching strategies for course units. Instruction is made up of all the teacher’s
purposeful activities aimed at producing, stimulating, or facilitating learning by students. The
curriculum developer can begin this step from writing a description of teaching strategies
based on the ILOs of the course. Then, a brief description, introduction, and rationale for
each unit is written. Lastly, the total instructional plan should be reconsidered in light of the
curriculum rationale and checked for internal consistency and comprehensiveness.

8) Planning a course evaluation

The step of course evaluation is aimed at gathering and analyzing
information that will be used for course—improvement decisions. That is, a formative
evaluation is emphasized. This emphasis was not chosen because summative decisions
are unimportant. But if the course is irremediably bad, this fact should become evident
during the formative evaluation. The step begins with identifying evidence of the main
effects of each category of ILOs: cognitions, affects, cognitive skills, and psychomotor-
perceptual skills. Next, a set of authentic assessment techniques for gathering evidence of
what students can do with the knowledge in the real world is designed. Finally, the course’s
planned interactions between learners and (a) teacher, (b) the instructional foci, (c) the
organization of course units, and (d) the institutional setting of the course are examined.
Unintended and undesirable learning should be listed under the heading “possible side

effects.”

3.3 Integrated nature of science curriculum
Johnston and Southerland (2002) suggest that NOS concepts are best
understood in the context of science content. Many concepts of the NOS might have some
logical coherence on their own, but they really do not mean anything if they are not applied
to science content itself. Consequently, NOS concepts should be taught while integrated
into science content. This suggestion is related that of Brickhouse and others (Brickhouse;
et al. 2000) who studied students’ views of theories and evidence. They found that

students had more difficulty talking and writing about theories and evidence in general than
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they did about specific theories with which they were familiar. Questions regarding theories,
without reference to any theory in particular, tended to elicit vague responses. This finding
suggested to them that studying students’ views about the nature of science is best done in
a context where it is possible to talk about particular theories or particular pieces of
evidence. Knowledge of subject matter seems to influence students’ ability to talk
meaningfully about theories and evidence.

In order to integrate NOS aspects into an existing science courses or lessons,
University of California Museum of Paleontology (UCMP. 2009) illustrate an epistemological
view of science by using a flowchart to explain where scientific knowledge came from and
how science works. Teachers are encouraged to use the flowchart, which is called a
science flowchart, by integrating it into their existing science lesson. To do so, teachers are
advised to read through their lesson, make notes on the areas in which NOS aspects or
ideas about the process of science are already included, and consider the following
questions:

1) Can existing connections to the process of science be made more explicit?

2) Are there ways to apply the science flowchart to emphasize the nature and
process of science? (The flowchart can serve as a guide to show which aspects of science
students are engaged in. Remember that all components need not be included in every
lesson.

3) Does the lesson provide an opportunity to clarify misconceptions that
students might have about science?

4) Are students given the opportunity to pose and modify hypotheses, look at
multiple lines of evidence, and experience the logic of the scientific argument?

5) Are students encouraged to ask questions? Do they have opportunities to
explain how they might design an investigation that might answer their questions?

6) Are students encouraged to work collaboratively?

7) Does the lesson provide an opportunity for students to reflect on how they
are doing science or on how science operates more broadly?

8) Are there natural places to incorporate a story from the history of science?
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9) Does the lesson provide an opportunity to discuss the evidence that
supports or refutes a particular idea?
10) Is there an interesting, relevant application of the scientific idea that could

be brought into the lesson?

3.4 Curriculum Evaluation
The idea of curriculum evaluation varies depending on definitions of the
curriculum. As for the definitions of curriculum that refer to a written document such as
content outline, scope and sequence, or syllabus, then “curriculum evaluation” might mean
a judgment regarding the value or worth of such a document. For evaluation of a course
level curriculum, the evaluation focuses on evaluation or assessment that serves to improve
curriculum and instruction. This process involves gathering information that will be useful in
deciding which curricular and instructional aspects of a course can and should be improved
(Posner. 2004; Posner; & Rudnisky. 2006). This research focuses on two methods of
curriculum evaluation.
3.4.1 Evaluation by experts

For this method of evaluation, a curriculum project director might
assemble a panel of experts to examine draft materials for accuracy of the facts, the biases
of the writers, and the comprehensiveness of the coverage. The project director would use
this information as a basis for suggesting to the project staff revisions of the materials

In order to evaluate a curriculum that defined as above, Posner (2004)
suggests the following examples of questions to use for the evaluation:

1) Is the document complete, internally consistent, and well written?

2) Does the document represent a curriculum that has sufficient depth
and breadth and is well organized, rigorous, and up to date?

3) How can it be improved?

3.4.2 Evaluation of educational results
This evaluation method emphasizes the possible range of course

outcomes by identifying the important course consequences. ILOs are used to guide the
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collection of evidence that will determine whether or not intended learning outcomes are
actually achieved. In this type of evaluation, evidence of educational results must be
collected to indicate the effects that a course has had. The methods of collecting
educational results can be both traditional assessment methods that refer to types of tests,
for example, short answer and multiple-choice tests, and the authentic assessment method,
which involves providing students with everyday tasks for which they can actually use their

knowledge to accomplish.

4. Instructional approaches for NOS teaching

In order to implement the integrated nature of science curriculum effectively,
effective instructional approaches suggested by science educators for NOS teaching were
reviewed. The three effective instructional approaches chosen for this research were 1) the
historical-based approach, and 2) the explicit-reflective approach.

4.1 Historical-based approach

As stated above, introducing the history of science is one of the most helpful
ways to teach NOS explicitly. The historical-based approach is another instructional
approach that plays a major role in the instructional plan of an integrated nature of science
curriculum. Science educators suggest the use of history in NOS teaching because history
can help demonstrate through the lives and methods of scientists the development of
scientific knowledge, and the relationships between science disciplines will make NOS
instruction more meaningful for students. However, it should be noted that merely teaching
the history of science will not enhance students’ view of NOS. Rather, explicitly addressing
certain aspects of NOS together with historical cases is more effective in enhancing
students’ NOS perspective. The benefits of a historical-based approach and the types of
historical-based approaches are presented below:

4.1.1 Benefits of a historical-based approach

When using a historical-based approach to teach NOS, teachers must
realize that history exemplifies the fact that science is an ongoing and changing enterprise.
Teachers may follow particular standards for teaching the history and nature of science, for

example, the United States’ National Science Education Standards, which recommend the
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use of history in school science programs to clarify different aspects of scientific inquiry, the
human aspects of science, and the role that science has played in the development of
various cultures.

Mathews (Matthews. 1994 citing Lonsbury; & Ennis. 2002) described
the benefits of using history to teach NOS as follows:

1) History promotes better comprehension of scientific concepts and
methods.

2) Historical approaches connect the development of individual
thinking to the development of scientific ideas.

3) The history of science is intrinsically worthwhile. Important episodes
in the history of science and culture—the Scientific Revolution, Darwinism, the discovery of
penicillin and so on—should be familiar to all students.

4) History is necessary to understand the nature of science.

5) History counteracts the scientism and dogmatism that are
commonly found in science texts and classes.

6) History, by examining the life and times of individual scientists,
humanizes the subject matter of science, making it less abstract and more engaging.

7) History allows connections to be made within topics and disciplines
of science, as well as with other academic disciplines; history displays the integrated and
interdependent nature of human achievements.

4.1.2 Types of historical-based approaches

Historical-based approaches can be used in many ways. Teachers
may adjust the uses of history either long term, by connecting many lessons to a case
study, or take a short period of time to introduce a short story from history—a historical
vignette—in one lesson. Examples of these two different ways to use historical-based
approaches are presented as follows:

1) Using a case study

Howe (2007) used a historical case study of sickle—cell anemia to

teach concepts in genetics and to help students connect to multiple NOS tenets, namely,
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that 1) knowledge production in science shares common methods, 2) scientific knowledge is
tentative, durable, and self correcting, 3) science has a subjective component (theory—laden
character), 4) there are historical, cultural, and social influences on the practice of science,
and 4) science and its methods cannot answer all questions.

With the case of sickle cell anemia, Howe developed an eight—
lesson unit in which he presented a “mystery disease” that students were to solve by
examining evidence taken from the history of research by past scientists who were working
to understand a particular phenomenon. In both small-group and whole—class formats,
students were challenged to consider the evidence they were given and to develop
explanations to account for various problems they encountered. In later classes, students
were provided with more and more evidence, according to sickle—cell history. Explanations
students developed in earlier classes were often called into question in later class as new
data became available, which is a process similar to of past scientists. Teachers facilitated
student learning by asking questions to help students consider conceptions of NOS. Howe’s

guiding questions to connect history of science and NOS are presented in TABLE 3.

TABLE 3 NOS TENETS AND GUIDING QUESTIONS

NOS Tenet Guiding Questions

Knowledge production in How did the scientists draw from larger generalizations (laws and/or
science shares similar theories) to inform their empirical work?
methods How did their individual data collection lead toward developing their own

generalizations?

Scientific knowledge is Did the scientists’ explanation(s) replace or supplant any existing ones?

tentative, durable and Were there alternative theories to account for the available data?

self- correcting Were any explanations (or methods used to derive them) found to be in
error?

What caused the replacement of one theory with another? New data? A
new perspective on existing data?

Did technology play a role in bringing about new data?

Science has a creative How did scientists achieve their insights?
element Did they draw from other experiences (non—scientific) or creative

endeavors?
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Using such questions in the classroom to tease out the NOS
aspects raised by a historical case in this way helps students explicitly and reflectively
develops their NOS conceptions. The NOS core tenet should be used as a guide to
investigate any history of science episode that may be relevant for illuminating the
conceptual material teachers plan to cover in class. This approach integrates NOS
instruction more frequently (and substantively) into a curriculum where the history of
science is used (Howe. 2007).

2) Using historical vignettes

Another example of using historical stories to teach NOS explicitly
by integrating it into science content is the use of historical. Wandersee and Roach (1998)
suggested a step-by-step procedure to plan historical-based instruction called interactive
historical vignettes (IHV). In this approach, NOS aspects are explicitly addressed through
short stories in the history of science that are related to particular science content. In
subsequent class periods, students reflect on their understanding of NOS and history
through docudrama. IHV is most effective when used in an existing science course. This
approach starts by 1) choosing a scientist of personal interest to the vignette’s author and
audience; 2) gaining multiple historical perspectives on the chosen scientist; 3) selecting a
pivotal incident in the life of that scientist that has potential for teaching an aspect of NOS
(or of a particular science); 4) writing the IHV in a standard format in a docudrama style; 5)
letting students make a personal intellectual investment in the vignette by predicting how
the story will end; and 6) telling the rest of the story and discussing how particular NOS
aspects emerge during guided discussion of how the IHV relates to contemporary science.

The process diagram explaining how to teach NOS using IHV is shown in FIGURE 4.



Read histories of science about the
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what choice they think the scientist in the
vignette eventually made.

3. Finally tell the rest of the story
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FIGURE 4 PROCEDURE FOR PLANNING NOS INSTRUCTION USING HISTORICAL

VIGNETTES

(From: Wandersee, J. H.; & Roach, L. M.

(1998).
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In

Teaching Science for Understanding a Human Constructivist View. Edited by Mintzes,

J. J.; Wandersee, J. H.; & Novak, J. D. San Diego: Academic Press.)

4.2 Explicit-reflective approach

It has been strongly suggested that instead of assuming students can perceive

NOS by themselves in common science instruction, NOS must be addressed explicitly in

order to enhance students’ understanding of its aspects. The term “explicit” is used here to

emphasize that teaching about NOS should be treated in a manner similar to teaching

about any other cognitive learning outcome (Schwartz; & Lederman.

curriculum and

2002). Thus science

instruction should clearly state specific NOS objectives and create

instructional activities in order to reach the target. Furthermore, the curriculum and

instruction allow students to reflect on their view of NOS and thus help them gain a deeper
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understanding of NOS. The process of reflection can be carried out through questioning
and discussion. The approach of addressing NOS explicitly and allowing students to reflect
on their views of NOS is called the explicit-reflective approach, which is believed to be the
most effective approach to teach NOS (Akerson; et al. 2000; Lederman. 1992, Schwartz;
& Lederman. 2001).

In order to make NOS instruction explicit, key concepts regarding the nature
and process of science should be explicitly and independently emphasized. Engaging in
inquiry and studying the history of science are most helpful when the nature of science
concepts they exemplify are explicitly drawn out in discussion and interactions. The key
concepts about the nature and process of science should be revisited in multiple contexts
throughout the school year, allowing students to see how they apply to real-world
situations. The process of reflection can be done by encouraging students to examine, test,

and revise their ideas about what science is and how it works (UCMP. 2009).

5. Learning activities and strategies

Portraying messages about the nature of science and teaching about it directly are
challenging tasks for teachers. Particular strategies for teaching NOS were chosen for the
instructional plan of the integrated nature of science curriculum. These activities and
strategies are: 1) group discussion, 2) structured reading or listening or watching to items
which involve stories of science, 3) role playing, and 4) handling controversial issues. They
are explained below.

5.1 Group discussion

Discussion is very important in teaching about NOS. Teachers may use
controversial issues in science, for example, human cloning, as a discussion topic to help
students think about conflicts between science and society. In another way, teachers may
present students with scientific theories that need more evidence and explanation to help
students learn that scientific theories are tentative and in some cases we cannot be certain
which theory is best at explaining a phenomenon, for example, the extinction of dinosaurs

(Wellington. 2000; Windale. 2004).



52

True discussion involves the sharing of ideas, thoughts, and feelings. During
most classroom discussion, it is expected that students will participate equally, and
depending on the type of discussion, the teacher may play an equal role, adopt a
leadership role, or choose not to participate at all. When planning classroom activities that
involve discussion, teachers should take into account matters such as these (Lemlech.
1998).

1) The purpose of discussion

A classroom discussion should have a purpose. Students are assembled in
a group to talk in a meaningful way. This underlying purpose differentiates the classroom
discussion from an idle conversation. A discussion usually begins with a get-acquainted—
with—the topic stage; it then generally proceeds to a problem—definition stage, in which the
participants focus on a specific purpose.

2) Classroom environment

The classroom environment affects the success of the discussion.
Students should be able to see each other easily so that they know when someone is about
to speak. If students cannot see each other, they may not focus on the discussion or
become involved. In small groups, the teacher’s role is to support and facilitate. The teacher
walks among groups, observing and providing assistance when needed. In large groups,
the teacher’s roles may vary, depending on the purpose of discussion and on the teacher’s
personality and teaching style. A classroom climate that is highly structured may suit a
teacher who demands rigid control. However, this manner of discussion tends limit the
discussion to only a few students. In contrast, if the teacher creates an open, warm,
encouraging climate for discussion, the interaction pattern would allow the flow of ideas
among the students, and the students will learn to listen to classmates and take turns.

3) Participant roles in discussion

In discussion, participants should keep their role in mind in order to keep
the discussion group on target. Desired behaviors regarding discussion roles are only
learned by practicing, and they can be learned at any grade level. The roles of discussion

participants can be divided into three types:
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3.1)  Leadership role
The leadership role can be assumed by either teacher or students.
Typically in a small discussion group, a student is designed as the leader. Ultimately, all
students should learn to assume the leadership role. The discussion leader a) accepts all
responses by assuming a nonjudgmental attitude, b) encourages spontaneity by not
injecting personal statements or evaluative responses, c) solicits feelings and values
responses through questioning and asking for clarification, and d) extends thinking through
summative statements.
3.2) Participatory role
This role is usually assumed by most students. The participatory
role includes a) showing sensitivity to other’s viewpoints, b) listening to others and asking
questions of others, and c¢) assuming responsibility for contributing ideas, thoughts, and
feelings.
3.3) Recorder’s role
This role is important in most discussions. It is important that the
recorder note the trends on the discussion and the decisions that are made. The recorder
may assist the group leader by recounting the points that have been made.
4) Teaching task and behaviors
There are two important basic ideas that the teacher should keep in mind
when using discussion. The first is that students need to learn how to discuss, which means
that there are skills they need to master in order to discuss well. The second point is that
there is a purpose related to academic content to be accomplished through use of the
discussion. Thus, at the end of discussion, the evaluation should focus on both the

discussion process and on the substantive nature of the subject for discussion.

5.2 Structured reading or listening or watching material that involve stories of
science
Wellington (2000) explains that media such as photographs, illustrations, and

projected slides can all be used as alternatives to written material for generating discussion
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and presenting evidence in science. Photographs, newspaper cartoons, or topic pictures
can be used to start a discussion and initiate or investigate written work.

To start discussion by using these materials, teachers can:

1) Invite general comments from anyone in the group

2) Focus on particular aspects of a picture, e.g., people’s expressions, the
likely time period of the photograph, size, and scale

3) Ask for impressions or associations conjured up by the picture (rather like
brain storming)

4) Invite speculation on why the picture was made, what point it is trying to
make, or why was a particular cartoon drawn

5) Invite discussion on what individuals might be saying or thinking

Similar ploys can be used to promote written work. Students can be asked

to write down three words or ideas that spring to mind when they see a picture.
Alternatively, students can write down what the characters in a picture might be saying,
perhaps incorporating this into a comic strip. The suggested captions can be compared and
discussed. These, and other ploys, are all valuable starting points for using pictorial material

to stimulate discussion and written work.

5.3 Role—playing

Role—playing is a good way to illustrate historical stories, for example, the
discoveries of scientific ideas. Students can study and evaluate the process that scientists
went through in their work as well as learn how social values affected science (Wellington.
2000; Windale. 2004). Moreover, students can learn to make decisions that involve diverse
interests and values, alternative actions, and can explore consequences through playing
various roles (Lemlech. 1998).

To use role—playing activities, teachers might do any of the following:

1) Motivate students by presenting the class with a problem. The teacher may
read the problem or explain it to the class, or the student may see a film or listen to a tape

recording of a problem situation.
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2) Select players by choosing students who are involved in the problem or
the behaviors of the characters.

3) Set the stage by working together as a group in order to decide how to
begin the role—play.

4) Prepare the audience. The teacher needs to remind the rest of class to
listen while the role players are settling down and suggest purposeful things for observation
and listening.

5) Allow certain latitude during the enactment. Students’ performance will not
be perfect, nor should it be. The presentation should be as spontaneous and natural as
possible.

6) Discuss and evaluate. The evaluation should focus on the authenticity of a
character, not theatrics or dramatics. The discussion should focus on consequences of the
solution, or the consequence of certain behavior.

7) Allow a reenactment, in which the same players perform again with a new
solution.

8) Conduct further discussion and evaluation after the reenactment.

9) Generalize/summarize the point to be made. When the enactment is
concluded, the discussion should help students gain insight into similar problems and

solutions.

To lead the role—play, teachers might take advantage of the following teaching
hints (Lemlech. 1998):

1) Limit your own expectations. Do not expect that students’ first role—playing
session will be a model situation. Accept that students’ involvement may be characterized
by a noisier session than anticipated.

2) Expect students to be self—conscious during their first sessions.

3) Encourage students to focus on problems, characterizations, feelings, and
solutions, not on silly or self-conscious behavior.

4) Evaluate the realism of the enactment, not the ability of the students.
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5) Stop the enactment as soon as you are aware that students have
expressed what they feel, know, or want to express. Initial enactments may be fewer than
five minutes long.

6) Discuss after the enactment. Expect these discussions to be longer than
the enactment. Extend thinking through the discussion.

7) Encourage more students to participate in role playing rather than using
the same actors.

8) Ensure that additional enactments are action—oriented and that they
explore feelings, issues, and consequences in great depth.

9) Remember that students will not always get to the generalizations stage.

This takes practice for both you and the students.

5.4 Handling controversial issues

Another activity that is useful for demonstrating NOS ideas and promoting
decision making in science—related dilemmas is to make students come to grips with issues
that are tentative or controversial. Such issues are characterized by considerable scientific
debate or disagreement about their causes, theories, and evidence, (e.g., as in the case of
cold fusion, GM food) and/or by debate and disagreement about the application of science
and its effect on the environment, on people or on animals (e.g., the use of nuclear energy
and nuclear weapons, animal experimentation, the cloning of animals or humans, or the
spread of GM foods) (Wellington. 2000). These issues are a way of portraying science as
an activity which is not always exact, clear, certain, and unproblematic. Also, students can
learn to weigh up evidence, to search for more information, to detect bias, and to question
the validity of sources.

The teacher’s role is to present a balanced view of the issue by adopting one
or more of the following roles (Wellington. 2000):

1) Devil's advocate: Confronting individuals or groups by adopting the
opposite viewpoint;

2) The neutral chair: ensuring that all views and values are given an “equal

airing,” while not disclosing his or her own values;
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3) The advocate role: presenting all of the available viewpoints as objectively
as possible, then concluding by stating his/her position.

According to Wellington, controversial issues can be used in the science
classroom and associated with the other classroom activities presented above. For
example, teachers may provide a controversial issue through media that students can read,
listen to, or watch in order to initiate a discussion topic, or teachers can use role playing or

drama to illustrate stories of science that have become controversial.

In summary, effective instructional approaches to be used in the integrated
nature of science curriculum aim to integrate and explicitly address ideas related to TNOS
by treating them as important as conventional science concepts as well as allowing
students to reflect on their views during instruction. The explicit—reflective approach
combined with the use of the history of science is a powerful way to integrate TNOS ideas

into existing science content.



CHAPTER 3

RESEARCH METHODS AND PROCEDURES

This chapter describes the details of methodology used for conducting the
research. It consists of the following three phases:

Phase 1: Development and evaluation of the draft curriculum

Phase 2: Data collection and curriculum implementation

Phase 3: Analysis of effects of the curriculum on students’ learning

Phase 1: Development and evaluation of the draft curriculum

1. Description of the integrated nature of science curriculum

The purpose of focusing on the integrated nature of science curriculum in this
research was to enhance the effectiveness of recent basic science courses in terms of
integrating knowledge of NOS with traditional science content. Therefore, this curriculum
was developed by cooperating with science teachers in the participating schools to make
sure that it maintains traditional science content that students are expected to learn while
incorporating NOS as a basis for helping students make informed decisions regarding
science. In this study, the tentative nature of science (TNOS) is the specific aspect of NOS
to be integrated with genetics content in the basic science course. TNOS was used to
demonstrate the process of integration and for exploring the results of integrating of NOS
ideas into the current basic science course.

A major assumption of the integrated nature of science curriculum is that science
is an excellent endeavor to explain the natural world and construct new knowledge.
However, it should be noticed that science is subject to change and revision. The
tentativeness of science is caused by the epistemology of science, sociocultural context,
and individual scientists. It is important for students to acknowledge the tentative character

of science when deciding whether a scientific claim is trustworthy or when deciding what
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decisions they should make when confronting science—based issues. The curriculum is

composed of the following 6 components:

1. The rationale for the curriculum

2. The objectives of the curriculum

3. The content of the curriculum

4. Learning standards and learning indicators
5. Instructional plans

6. The assessment plan

The process of curriculum development is presented in part 2 of this section.

2. Development of the integrated nature of science curriculum draft
The process of curriculum development consists of two parts: 1) examining models

of curriculum development, and 2) developing the integrated nature of science curriculum

2.1 Examining models of curriculum development

The researcher reviewed textbooks and research papers related to curriculum
approaches, models of curriculum development, and curriculum and instructional design.
After examining many models of curriculum development, the researcher developed an
integrated nature of science curriculum by modifying Posner and Rudnisky’s model of
curriculum development. The reason for this is that Posner and Rudnisky’s model is a
model for designing curriculum for particular subjects at school level and so is suitable for
designing NOS curriculum in this study. Also, Posner and Rudnisky’s model is based on
current well regarded research on teaching and learning, cognition, and conceptual change.
However, this model is not specifically designed for teaching NOS. Therefore, it was
necessary to modify the model to make it suitable for addressing and bringing together
ideas of NOS and science content. Also, the integrated nature of science curriculum is not
being developed for the limited use in one school only. Thus the process of gathering basic
information and identifying needs for curriculum development in general was integrated into

the development of the nature of science curriculum.
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2.2 Developing the integrated nature of science curriculum

The process of developing the integrated nature of science curriculum was
based on Posner and Rudnisky’s model of course design, which is a model for developing
a curriculum for a particular subject area at school level. However, the process of
developing the integrated nature of science curriculum is unique in the way it integrates two
sets of ideas: TNOS and genetics. Therefore, development of the integrated nature of
science curriculum requires the curriculum developer to adjust some steps in order to meet
the requirements of both sets of ideas. This adjustment resulted in the following 7 steps of
curriculum development: 1) gathering basic information and initial ideas, 2) setting a
curriculum direction, 3) developing the curriculum rationale, 4) refining intended learning
outcomes, 5) forming and organizing units of the curriculum, 6) developing general teaching

strategies, and 7) planning the curriculum evaluation.

1) Gathering basic information and developing initial ideas
The purposes of this step are to identify the specific needs of the
integrated nature of science curriculum development and to initiate ideas regarding the
direction for the integrated nature of science curriculum. The gathered information consists
of three major topics, namely, the problems and needs in curriculum development, initial
ideas related to NOS, and initial ideas related to genetics.
1.1)  Problems and needs of curriculum development
Problems and needs of the integrated nature of science curriculum
development were studied by reviewing research journals, articles, science education
handbooks, standards for science teaching documents, and science curriculum documents
at both international and national levels. The researcher focused on the values and goals of
science education, especially the rationale for improving NOS understanding, as well as the
status and problems of NOS teaching and learning. The gap between what the expected
outcomes of science education and actual results of NOS teaching was identified and used

as the fundamental idea for developing a curriculum on NOS.
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1.2) Initial ideas related to NOS

Although various aspects of NOS were suggested to be taught in
school, this study acknowledges that it is not possible to teach all aspects of NOS
effectively to 12—13—-year—old students in only one science course. Therefore, the extensive
list of aspects of NOS had to be narrowed down. Another concern was that the concept of
NOS is broad and abstract. Although many documents and papers describe and explain
what NOS is, none of the descriptions look alike. Considering this problem of definition, the
researcher set the scope of NOS by the following these steps:

1.2.1) The researcher reviewed textbooks, articles, and research
papers in the philosophy of science, the history of science, and science education in order
to gain the clearest view of NOS. Descriptions related to NOS ideas addressed in each
paper were noted separately.

1.2.2) The researcher re-read all the descriptions of NOS aspects
from the notes taken in the above step in order to compare the congruence between
papers. It was found that although aspects of NOS were not described and explained in the
same style, for the most part the overall meaning of NOS across documents were
congruent.

1.2.3) Ideas of NOS presented in the literature were categorized
according to particular aspects. The categories used for classifying NOS ideas were based
on McComas’s (1998) “Consensus Views of NOS Objectives Extracted from Eight
International Science Standards Documents” since this is the paper that presents the most
complete ideas of NOS. Further descriptions of NOS concepts acquired from other
resources of literature review that were in consistent to McComas’s were added into the
resultant categories. However, some minor ideas related to NOS that did not fit the
categories were marked separately for further consideration.

1.2.4) The researcher re-read the minor ideas of NOS that were
left out of the categories. It was noticed that these ideas had not been widely used in recent
research related to NOS at the international level. The examples of these ideas are: types

of scientific knowledge, types of science disciplines, parsimony of science, amorality of
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science, and science process skills. Moreover, some ideas, such as the scientific method,
were claimed by recent research papers and articles to be misconceptions of NOS.
Consequently, these minor ideas were eliminated from the list of NOS aspects.

1.2.5) The list of NOS aspects was presented to an expert in
NOS teaching, who commented that the ideas presented in the list of NOS aspects were
too extensive to be presented to middle school students in only one science course and
that the scope of NOS presented in the curriculum should be more specific and not too
complex for the target students.

1.2.6) The researcher narrowed down the scope of NOS ideas by
considering the intention of teaching NOS, namely, to help students make wise decisions
about NOS-related issues. Finally, the tentativeness of science was chosen to be the major
aspect of NOS to explore the nature and limitations of science that students need to take
into account when making science—related decisions.

1.2.7) The researcher had a discussion with two experts in NOS.
One was the same expert from step five. The other was a university professor in the history
of science. Both experts participate in training science teachers to teach NOS as well as
conducting research related to NOS teaching. The purpose of the meeting was to discuss
about appropriateness of setting the tentative nature of science as a major focus of the
curriculum and to solicit more suggestions about teaching NOS to middle school students.
The result from this discussion was that the tentative nature of science is appropriate to be
set as the scope of curriculum development. It was noted that what should be focused on is
that although scientific knowledge is largely trustworthy, it is subject to change for a number
of reasons. Students should come to realize that certain factors influence the interpretation
in science and that these factors need to be taken into account when deciding which
interpretations should be believed.

1.2.8) After the discussion, the researcher re—organized the NOS
framework and set the tentative nature of science as a theme for the curriculum. Features
of NOS that relate to tentativeness were listed and described by focusing on the reasons

for this tentativeness.
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1.3) Initial ideas related to genetics

The unit on genetics in early middle was selected for
demonstrating how NOS ideas are integrated into traditional science content. The
researcher identified initial ideas related to genetics by studying science curriculum
materials and conducting informal interviews with science teachers to gain information
about how they teach science in lower secondary school classrooms and what they focus
on in their teaching, particularly in the genetics unit. Teachers’ lesson plans were collected.
Genetics content and learning objectives from the plans were used to set a curriculum

direction in terms of what concepts in genetics that teachers would focus on.

2) Setting a curriculum direction
In order to set the direction for the curriculum outline, the researcher
worked through the following steps:
2.1)  Refining and connecting ideas of NOS listed from step 1
Because ideas related to NOS contain many features and aspects,
a few specific aspects of NOS to be presented in the curriculum need to be selected. The
researcher narrowed down the list of aspects to be taught by considering the ultimate goal
of teaching NOS in school science classes. Finally, the researcher narrowed the scope of
NOS in this study by selecting the tentative nature of science (TNOS) as the major feature
that is affected by other aspects of NOS. Instead of separating out each component, this
research takes a holistic view of NOS. Therefore, the researcher set TNOS as an entity that
has three dimensions: epistemology, individual scientists, and sociocultural context. Each
dimension strongly binds to the others and all influence the tentativeness in science. This
framework was revised by dissertation advisors and an expert in NOS science education.
The TNOS framework is described in detail in Chapter 2 and the diagram of TNOS
framework is shown in FIGURE 2 (Chapter 2).
2.2) Refining and connecting genetics content listed from step one
In order to present the coherent ideas of genetic contents, all initial
ideas of genetics content listed from step one are linked. Examples of the concept map

used to illustrate interrelations among ideas are shown in the appendix B.
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2.3) Bridging TNOS concepts and genetics

One approach that is strongly suggested by the science education
community is to use examples from the history of science to demonstrate aspects of NOS.
As a result, the researcher tried to find ways to blend aspects of TNOS with genetic
contents and developed a timeline for the discoveries in the history of genetics as a tool to
demonstrate concepts of genetics and of TNOS in a holistic narrative.

2.4) Identify intended learning outcomes (ILOs)

The researcher reviewed benchmarks and standards for science
teaching, specifically, for genetics and NOS for students in grades 8-9. The ILOs are stated
with reference to benchmarks and standards. Some ILOs go beyond what is addressed in
the standards but are nonetheless based on the values and goals of science education that
expects students to understand the nature and limitations of science in order to make
informed decisions as citizens in a science— and technology—based. Following this, ILOs

were categorized into understanding and skills.

3) Developing a curriculum rationale

A curriculum rationale is a statement that makes explicit the ideas, values,
and educational goals underlying the curriculum. The rationale serves the purpose of
justifying the knowledge that students are to acquire as well as justifying the methods and
procedures employed in implementing the curriculum. The rationale also serves the related
purpose of guiding the planning of other course components, including the values and
educational goals as well as the emphasis and tone that the teacher will give to the course.
Lastly, the rationale serves as a check on consistency of the various curriculum
components in terms of these values and goals. The values and goals expressed in a
rationale are related; that is, goals are desirable only as they reflect certain values of the
planner (Posner; & Rudnisky. 2006).

In order to develop a rationale for the integrated nature of science
curriculum, science education documents, including curriculum documents and science
teaching and learning standards both at international and national levels were considered.

The goals of science education, especially the goal of understanding the nature of science,
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were conceptualized in order to construct a rationale for an integrated science curriculum

that meets the values and goals of the curriculum.

4) Refining intended learning outcomes
At this step, ILOs that were initially stated in step two were adjusted by
considering educational standards as well as the curriculum rationale and the goals of the

curriculum.

5) Forming and organizing units of the curriculum

The process of forming and organizing curriculum units involves
acknowledging the fact that it is more practicable for teachers to use this curriculum if the
curriculum sequence fits into the recent school curriculum that they have been using.
Therefore, the integrated nature of science curriculum uses the genetics unit that is already
in place in the common science curriculum. The researcher interviewed science teachers in
participating schools in order to gain information about the genetic unit they were teaching.
It was found that two schools that participated in the curriculum pilot study and curriculum
implementation used the science textbook written by IPST. Topics covered in the genetics
unit are: genetics and inheritance of traits, discoveries of Mendel, Mendel's law, genes,
chromosomes, disorders on chromosomes and genes, applications of genetic knowledge,
genetic engineering, biotechnology and agriculture, and applications of biotechnology.
Students studied this material 3 50—minute periods per week. The whole genetic unit takes

8—-10 weeks to finish, amounting to 24-30 periods.

6) Developing general teaching strategies
The major goal in developing the integrated nature of science curriculum is
to help students learn important ideas of NOS effectively together with traditional science
content. Therefore, the instructional strategies specifically focus on teaching approaches
and methods that are suggested by the science education community for teaching NOS.
The researcher used the preliminary process as a guideline to design TNOS instructional
plan. After curriculum implementation, this process was modified to summarize the effective

procedure that teachers can use as a guideline to design effective NOS-related instruction.
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The preliminary process for designing TNOS instruction includes the
following:

1) Outlining the scope of NOS aspects to be taught, based on science
teaching standards, the curriculum document, and science education research literature. In
this research TNOS is the scope of NOS aspects that was taught.

2) Making NOS teaching explicit by specifying a set of ILOs consisting of
cognitions, skills, and affects, both in NOS and the traditional science concepts taught to
students, by taking into account teaching standards.

3) Searching for the history of science that is embedded in the science
content of the course and selecting pieces of history that best represent aspects of NOS.
The history used for NOS teaching can be a long story for teaching the entire unit or course
or it can be a short story requiring only a 10-15-minute presentation. The particular
selection of history depends on the teacher’s personal intention and the context of his/her
teaching. For this research, genetics content and the tentative character of science are
concepts that students are expected to learn. Consequently, the researcher uses the story
of the discovery of genetics to relate Mendelian genetics to contemporary genetics to
illustrate how scientific ideas change from the early days of discovery.

4) Reading the chosen history carefully and identifying NOS aspects that
can be illustrated. This will allow teachers to find ways to integrate aspects of NOS into
science content. It should be noted that a single episode the in history of science cannot
represent all aspects of NOS. Similarly, only one unit teaching may not be able to illustrate
all aspects of NOS. The teacher may thus consider ways to illustrate other aspects of NOS
in other units where appropriate. Examples of connections between the history of genetics,

genetics concepts, and TNOS concepts are presented in TABLE 4.
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TABLE 4 EXAMPLES OF CONNECTIONS BETWEEN THE HISTORY OF GENETICS,
GENETIC CONCEPTS, AND TNOS CONCEPTS

Genetics
Year Discovery/ Key Story TNOS Concept
Concept

1865 Gregor Mendel’s experiments on peas Discovery of - Characteristics of

demonstrate that heredity is transmitted Mendel: s N
individual scientist

in discreet units; the understanding that Mendel’s .
- Epistemology of

genes remain distinct entities even if experiment and .
science: The role

the characteristics of parents appear to  results of observation and

blend in their children explains how

Interpretation
natural selection could work and
provides support for Darwin’s proposal

1866 Mendel’s experiment was published as  Mendel's Law - Epistemology of

“Experiments in Plant Hybridization.” science: The role
This paper established what eventually of observation and
became formalized as the Mendelian Interpretation
Laws of Inheritance. - Characteristics of

- The Ik & 1ndbindemt individual scientist

Assortment that influence his
- The Law of Independent work
Assortion

- The Law of Dominance

5) Sequencing the concepts to be taught to students. The instruction
should start with simpler concepts and then move to more complex ones. Here, the history
of genetic discovery is used as a way to link genetic concepts chronologically from the
Mendel’'s simple laws to more complex concepts in genetics that were discovered later.
Aspects of NOS that were identified from stage four are presented through the same story.

6) Initially selecting activities for teaching each concept and including

scientific investigation and activities that encourage the development of thinking skills by
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allowing students to grapple with controversial issues or science-based dilemmas where is
possible. In the current study, student decision making on science-based dilemmas is one
of the major concerns. Therefore the researcher plans to use science-based dilemmas in
early classroom periods to get students to think about what they need to know in order to
make decisions on these dilemmas.

7) Developing short instructional plans. Specific descriptions of concepts,
ILOs, activities, and material were included in each plan. The activities should present both
concepts of genetics and TNOS as well as allowing students to reflect on their
understanding through discussion, writing, etc.

8) Designing formative assessment for each instructional plan.

7) Planning a curriculum Evaluation
This is the step in which the curriculum developer gathers evidence of the
curriculum’s outcomes. The major purpose of the evaluation is to gain information to
improve the curriculum. The process of curriculum evaluation involves evaluation by experts

and conducting a pilot study, as described in parts three and four.

3. Evaluation by experts

The appropriateness and congruence of the integrated nature of science
curriculum and instruction plan were checked by an expert panel consisting of five experts:
two university professors in science education, one university professor in biology, one
science educator from IPST, and one experienced lower secondary school science teacher.
The experts were asked to evaluate and make comments on the integrated nature of
science curriculum and instructional plan. Results from each expert evaluation were
calculated for index of item objective congruence (IOC). If the I0C is higher than 0.5, it
means the assessment aspect is appropriate or has internal congruence. The evaluations of
curriculum appropriateness and internal congruence are presented below:

1) Curriculum appropriateness

The 10C results from the experts’ evaluation indicated that all assessment

aspects were between 0.6-1, which indicates that the curriculum is appropriate in all
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aspects. The assessment aspects on which there were disagreements among the experts
were “the curriculum is effective for teaching the nature of science without creating
additional alternative science courses” (IOC 0.6), “the curriculum components reflects the
solutions to problems in students’ lack of NOS understanding” (I0C 0.8), “the content is
correct and clearly stated” (IOC 0.8), “the integrated content appropriately integrates
genetics and the nature of science content” (IOC 0.8), “the evaluation and assessment
reflect intended learning outcomes” (I0C 0.8), and “the curriculum is up to date” (IOC 0.8).

Summaries of 10C results are shown in TABLE 5. The details of results of the

curriculum appropriateness assessment and evaluations are shown in appendix D.

TABLE 5 APPROPRIATENESS OF THE DRAFT CURRICULUM

List of Evaluation 10C Meaning
1. Curriculum rationale 0.8-1 Appropriate
2. Curriculum objectives 1 Appropriate
3. Curriculum content 0.8-1 Appropriate
4. Standards and learning indicators 1 Appropriate
5. Instructional plans and units 1 Appropriate
6. Evaluation and assessment plans 0.8-1 Appropriate
7. Overall curriculum 0.6-1 Appropriate

2) Curriculum internal congruence
The 10C results of all assessment aspects were between 0.8—1, indicating that
the curriculum is appropriate and congruent at all aspects. The assessment aspect that
generated disagreement among the experts was “the evaluation and assessments are
congruent with the intended learning outcomes” (I0C 0.8) (details in appendix D).
Summaries of comments from the experts are given below:
1) Some language used in the curriculum documents and instructional plans

should be revised to avoid colloquialism.
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2) Classroom activities should provide more opportunities for students to
construct and summarize the concepts they learn in their own language.

3) Aspects of TNOS addressed in each learning unit should be summarized and
clearly stated in the instructional plan and in the student coursebook.

4) The instructional plans and course book should provide more guiding
questions that teachers can use to initiate students thinking about aspects of TNOS.

5) Some genetics concepts should be explained using a combination of
illustrations and diagrams.

6) The illustrations in the coursebook should be explained clearly.

7) The coursebook should have references for all illustrations.

8) Some evaluation plans should be revised.

4. Pilot study

The researcher conducted the pilot study in Sriayudhya School during the school
break from March 8 to March 24, 2010. Twenty students who had just finished grade 8 and
were going to start grade 9 the following academic year participated in pilot study. Lesson
plans of four learning units from the total number of five units were tried out during the pilot
study. Research instruments consisted of the tentative nature of science questionnaire, the
tentative nature of science interview protocol, the decision—making questionnaire, the
decision—making interview protocol, and the genetics achievement test and were used to
initially examine the effects of the curriculum on student learning. The pilot study faced
problems, mainly having to do with the time allocation of learning activities and instructional
materials.

Later, instructional plans, instructional materials, and research instruments were
modified by:

1) Adjusting appropriateness of time allocation for learning activities

2) Adjusting appropriateness of instructional materials, for example VDOs and
PowerPoint slides

3) Providing more basic information to students for doing tasks and activities, for

example, for preparing students for their roles in the debate activity
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4) Revising handouts and student guidebooks in detail

5) Revising the sequence of assignments given to students to allow for more time
to search for information and to prepare themselves before doing classroom activities.

After revision, the curriculum, instructional plans, and instructional materials were

implemented in a classroom of an extra—large secondary school in Bangkok.

Phase 2: Data collection and curriculum implementation

1. Research design

The design of this study was pretest—posttest control-group design. Two
classrooms participated in the study. Students in the classroom with the researcher as
instructor learned under the integrated nature of science curriculum. The other group, with a
co—operating teacher for this study as the instructor, learned using the school’s
conventional curriculum. Data on students’ achievement in genetics understanding, as one
of the dependent variables, was collected and scores were compared between the two
groups of students. Data on two other dependent variables, namely, students’
understanding of TNOS and students’ decision making on science—based dilemmas, were

collected on only the group of students that learned under the TNOS curriculum

2. Participants

The participants consisted of grade nine students studying in the first semester of
the 2010 academic year of a lower secondary school in Secondary Educational Service
Area Office 2. The participating school was chosen according to the criteria that the school
be an extra—large secondary school under the Office of the Basic Education Commission in
Bangkok, Thailand. The school agreed to allow the use of one classroom consisting of 51
students to study under the TNOS curriculum and allowing the researcher to be the
instructor. The other classroom consisted of 45 participating students, who learned under

the conventional school science curriculum, taught by the cooperating teacher for this study.
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3. Research instruments
Research instruments consisted of instruments for exploring students’
understanding of TNOS, their decision making on science-based dilemmas, and
achievement of genetics understanding.
3.1 Instruments for exploring students’ understanding of TNOS
Instruments for exploring students’ understanding of TNOS consisted of a
TNOS questionnaire and a TNOS interview protocol.
3.1.1 TNOS questionnaire
The TNOS questionnaire was an open—ended questionnaire adapted
from the Views of the Nature of Science Questionnaire—Form E (Lederman; & Ko. 2004)
and the open—ended questionnaire created by Zeidler and others (Zeidler; et al. 2002).
Some questions were adapted to correspond to the purpose of this research—to explore
student views focusing on TNOS. Six aspects were generated to explore students’
understanding of TNOS: 1) general views of science, 2) tentative nature of science, 3) the
process of science, 4) subjectivity in scientific conclusions, 5) the role of opinion and
interpretation in science, and 6) the relationship between science and society. The TNOS
questionnaire was developed and revised for appropriateness by three science educators
who had experience in teaching or conducting research on NOS. The questionnaire was
also tried out in the pilot study phrase. The experts’ comments along with problems in the
pilot study resulted in revising the questionnaire’s structure and wording.
3.1.2 TNOS interview protocol
Ten students were randomly selected to participate in the follow up
interviews to examine the consistencies and contradictions between their written and verbal
responses. The TNOS interview protocol is composed of questions that provided students
the opportunity to give verbal responses to the questions they answered on the TNOS
questionnaire. More in—depth questions were assigned to students individually to give them
opportunity to clarify their responses from the questionnaire. The questions commonly used

in the interview were, for example, “What do you mean by saying ?,” “From
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the questionnaire, you said that sometimes scientific knowledge can change. Can you give

me some examples of cases in which scientific knowledge can change?”
3.2Instruments for exploring students’ decision making on science—based

dilemmas

Data regarding student decision making on science—based dilemmas in this
research does not intend to judge students’ ability to make decisions. On the contrary, the
decision-making process illustrates the fact that most science— and technology-based
dilemmas/issues do not have a right or wrong answer. This study is based on the
assumption that if students understand NOS, they will be able to make wise decisions on
science— and technology—based issues. Therefore, the data collection in this part focuses
on exploring how students used concepts of TNOS in their decision making.

As were data for the analysis of students’ understanding of TNOS, data on
students’ decision making on science—based dilemmas were collected via the decision—
making questionnaire and the decision—making interview protocol as described below.

3.2.1 Decision—making questionnaire

The decision making questionnaire in this research was adapted from
the work of Zeidler and others (2002) and Bell and Lederman (2003). Three different
scenarios that provided situations and information about modern technology and genetics
were given to students: 1) GM papaya, 2) gene therapy, and 3) GM mosquitos and malaria.
These scenarios simulated information, specifically, regarding positive information
concerning technology that students might likely come across in their daily lives from
reading, watching, or listening to public media. Each scenario was followed by three
questions, asking 1) whether the student would accept or reject the technology discussed in
the scenario, 2) whether the given information in the scenario was sufficient for him or her
to make a decision, and 3) if the provided information was not sufficient, what kind of other
information they would need in order to make an appropriate decision.

The decision—making questionnaire was developed and revised for its
appropriateness by the same experts who evaluated the TNOS questionnaire. The

questionnaire was also tried out in the pilot study phase. The experts’ comments along with
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problems that occurred in the pilot study resulted in a revision of the questionnaire structure
and language/wording. Finally, the three scenarios and questions on the decision—making
questionnaire were revised.

3.2.2 Decision—making interview protocol

The same group of ten students who participated in the TNOS follow
up interview also participated in a decision—making follow up interview in order for the study
to gather data on the agreements and contradictions between their written and verbal
responses. In the same fashion as the TNOS interview protocol, the decision—making
interview protocol was composed of questions that provided students the opportunity to give
open—ended verbal responses to the questions. Further in—depth questions were assigned
to students individually to give them the opportunity to clarify their responses from the
questionnaire.

3.3 Instrument for assessing students’ achievement of genetics understanding

A multiple—choice test composed of 30 items was developed to assess
students’ achievement of genetics understanding. The process of developing the test
involved the following steps:

1) The researcher analyzed learning standards and learning indicators from
the National Science Curriculum by using the analysis table relating to its content and
learning indicators.

2) A genetics achievement test was drafted. The test items consisted of five
types of questions: knowledge, comprehension, application, analysis, and evaluation.

3) The draft of the genetic achievement test was initially checked for content
validity, and appropriateness by dissertation advisors and revised accordingly.

4) The first revised version of the genetic achievement test was examined and
verified for content validity and appropriateness by three experts: one biologist, one science
educator, and one science teacher who taught the genetics unit in a lower secondary

school.
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5) The quality of the test was considered from the Index of Item Objective
Congruence (IOC). The test items with an IOC index above 0.50 were selected and revised
in accordance with experts’ comments and suggestions.

6) The revised version of the genetic achievement test was tried out on 203
students who had studied the genetics unit at Chitrlada and Sriayudhya Schools to
determine difficulty (p) and item discrimination (r). The test items with a p index between
0.20-0.80 and an r index above 0.20 were selected.

7) The internal consistency reliability of the genetics achievement test was

determined by using Kuder—Richardson 20. The reliability of the test was 0.93.

4. Data collection

The new curriculum was implemented for 8 weeks in the first semester of
academic year 2010. Data from students participating in the integrated nature of science
curriculum were collected on 1) their understanding of TNOS, 2) decision making on
science-based dilemmas, and 3) achievement in genetics understanding. Data from
students in the conventional curriculum class were collected on their achievement in
genetics understanding. All data were collected before and after curriculum implementation.

A summary of instruments used and data collected is presented in TABLE 6.

TABLE 6 INSTRUMENTS AND DATA COLLECTION

Before After

Instruments Curriculum Subjects

Implementation

1. TNOS questionnaire v v All students in the integrated nature of
science curriculum class

2. TNOS interview protocol v v Samples of ten students from the integrated
nature of science curriculum class

3. Decision-making v v All students in the integrated nature of

questionnaire science curriculum class

4. Decision-making interview v v Samples of ten students from the integrated

protocol nature of science curriculum class

5. Achievement in genetics v v All participating students

understanding test
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Phase 3: Analysis of effects of the curriculum on students’ learning

1. Students’ understanding of TNOS

Data regarding students’ understanding of TNOS were analyzed quantitatively, to
examine students’ levels of understanding, and qualitatively, to examine the contents of
their understanding.

1.1 Levels of students’ understanding of TNOS

Students’ understanding was quantitatively analyzed by scoring their

responses on each TNOS questionnaire. Each question had a possible total score of 5 and
was used to rank students according to their level of understanding. The total score was
determined by the quality of each component of a student’s response according to the

correctness of their answers.

TABLE 7 DEFINITIONS OF SCORING STUDENTS’ UNDERSTANDING OF TNOS

Score Definition

Correctness of student’s answer (Yes/No Question, 0-1 scale points)
0 incorrect answer

1 correct answer

Explanation (0-2 scale points)

0 Missing/incorrect answer
1 Partial and correct
2 Complete and correct

Examples (0-2 scale points)

0 Missing or incorrect answer
1 Partial and correct
2 Complete and correct

Total = 5 scale points for each question
0 = Misconception 3 = Simple
1 = Limited 4 = Competent
2 = Naive 5 = Sophisticated
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1.2 Contents of students’ understanding of TNOS

The contents of students’ understanding of TNOS were analyzed in order to
explain the different views students reported on particular TNOS aspects. Each meaningful
statement that students made in their responses was examined. Primarily, interpretation
was done based on the unit of analysis. However, the interpretation was enhanced by
examining the context in which the unit of analysis occurred. “Context” here means
relevance on either side of a unit of analysis. If the meaning of the unit of analysis was not
clear, then the context of the unit of analysis was examined. This was not often necessary
but was helpful in a few occasions. The units of analyses were coded and recoded several

times and put into categories to describe the different views students had.

2. Students’ decision making on science-based dilemmas
The results of students’ decision making on science-based dilemmas were
analyzed and described quantitatively, as determined by their scores on each scenario of
the decision making questionnaire, and qualitatively, by analyzing content to determine what
information students took into account when making decisions on science—based dilemmas.
2.1 Levels of students’ decision making on science-based dilemmas
Levels of students’ decision making on science-based dilemmas were

determined by the types of information they took into account when making decisions. The

levels are:

Level 1 Student made a decision without taking into account additional information
besides what was already provided in the scenario.

Level 2 Student made decision by taking into account additional information but not
related to TNOS dimensions besides what was already provided in the
scenario.

Level 3 Student made a decision by taking into account additional information besides
what was already provided in the scenario and the information was related to
one TNOS dimension.

Level 4 Student made a decision by taking into account additional information besides

what was already provided in the scenario and the information was related to

two TNOS dimensions.
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Level 5 Student made a decision by taking into additional information besides what
was already provided in the scenario and the information was related to all

three TNOS dimensions.

2.2 Content of students’ decision making on science—based dilemmas

Similar to the process for collecting data regarding student understanding of
TNOS, two instruments was used here. One instrument was the decision—-making
questionnaire that provided scenarios and related scientific information, followed by sets of
open—ended questions that asked students to make decisions and provide reasons of
making such decisions. Student responses were searched for patterns and coded by using
categories according to the TNOS framework as well as other optional categories that might
be suggest themselves. The TNOS concepts that students connected to the reasons for
their decisions were categorized and counted for frequency. Other reasons, besides TNOS

concepts, that students cited in their decision making were also reported.

3. Validity and trustworthiness of qualitative data collection and analysis
In order to ensure validity and trustworthiness of the research, the researcher used
three strategies: low—inference description, peer review, and data triangulation.
3.1 Low-inference descriptions
Low—inference descriptions are descriptions that are phrased very similarly to
the participants’ account and the researchers’ field notes. This strategy allows the reader to
experience the participants’ actual language and personal meanings (Johnson; &
Christensen. 2004).
3.2 Peer review
Peer review is the discussion of the researcher's interpretations and
conclusions with other people. This includes discussion with a disinterested peer who is not
involved in the research and a peer who is familiar with the research (Johnson; &
Christensen.  2004). In this study, the researcher sorted and categorized students’
responses several times in order to arrive at recurrent themes. Definitions of categories and

subcategories and examples of student responses were presented to the dissertation
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advisors and were modified as necessary. Also, samples of the data were independently
categorized by a disinterested peer who had background knowledge in NOS and had
experience in conducting qualitative research. The results from the disinterested peer and
the researcher were compared, discussed, and modified until both agree with the
categorization.
3.3 Data triangulation

Data triangulation is the use of multiple data sources to help understand a
phenomenon (Johnson; & Christensen. 2004). In this study, ten students’ responses on the
TNOS questionnaire and the decision—making questionnaire were examined and compared
against their follow up interviews for confirmatory and contradictory statements. Students’

responses from both the questionnaires and the interviews were in good agreement.

4. Students’ achievement of genetics understanding

Students in both the TNOS curriculum class and the traditional curriculum class
were tested for their achievement in genetics understanding in a pretest and posttest. Using
the ANCOVA statistical model, average posttest scores from both classes were compared,

with their pretest scores as the covariate.



CHAPTER 4

RESEARCH RESULTS

This chapter presents results regarding the development of an integrated nature of
science curriculum designed to enhance student understanding of the nature of science and
decision making with regard to science—based dilemmas. The findings of the study include

the following four sections:

Section 1: What are the components of the integrated nature of science

curriculum?

Section 2: What changes occur in students’ understanding of the tentative nature

of science (TNOS) after the curriculum’s implementation?

Section 3: What changes occur in students’ decision making after implementation

of the curriculum?

Section 4: Is students’ understanding of genetics any better among those who
learned under the TNOS curriculum compared to those who learned under the conventional

curriculum?

Section 5: Examples of students’ cases
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Section 1: What are the components of the integrated nature of science

curriculum?

The integrated nature of science curriculum is described in terms of the following
components:

1. Rationale of the curriculum

The rationale of the curriculum was based on students’ educational background in
science at both the national and international levels and attempted to enhance students’
understanding of the nature and limitations of science and to apply such understanding to
their decision making.

2. Curriculum objectives

The objectives of the curriculum were as follows:

1) To foster an understanding of the tentative nature of science (TNOS) in terms
of trustworthy and rational knowledge that, at the same time, is uncertain and subject to
change

2) To foster an understanding of the development of scientific knowledge related
to its epistemology, sociocultural context, and to the characteristics of individual scientists
who develop such knowledge

3) To foster an understanding of the fundamental principles of genetics in terms
of the process of genetic inheritance, the function of genes, chromosomes, and DNA as
well as to be able to apply this knowledge to daily life and make decisions about science-
based issues that involve genetics

4) To impart the ability to make decisions on science-based issues by taking into
account the nature of science
3. Curriculum content

The curriculum content consists of the fundamental principles of genetics
integrated with TNOS presented in five learning units, namely, “Mendel and the Origin of
Genetics,” “The Rediscovery of Mendel,” “The Chromosome: The Evidence of Genes,”

“DNA: the Key to Solving the Genetic Quest,” and “Genetics, Lives, and Environment.”
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4. Learning standards and learning indicators

The learning standards and learning indicators related to the understanding of
genetics are derived from the National Basic Curriculum learning standards and learning
indicators. All learning indicators for grades 7-9, from the learning standard 1.2 of Content
Strand 1: Living Things and Living Processes, and some learning standards and learning
indicators from Content Strand 8: The Nature of Science and Technology, were stated in
the curriculum. Also, additional learning indicators related to other aspects of TNOS were
added to support the goals of the curriculum, which emphasized students’ understanding of
TNOS. Details of learning standards and learning indicators are shown in appendix B.
5. Instructional plans

The instructional plans for the integrated nature of science curriculum were

based on two instructional approaches: a historical approach and an explicit-reflective
approach. Multiple types of instructional activities were used for the instructions as shown in

the highlighted activities in TABLE 8.

TABLE 8 LEARNING UNITS, CONTENTS, AND INSTRUCTIONAL PLANS FOR TNOS

CURRICULUM
Highlighted
Time
Unit Title Genetic contents TNOS content Instructional
(periods)
Activities
Mendel and - Mendel’s - Influence of scientists’ - Watching VDOs 5
the origin of experiment and experience and skills on their and reading
genetics his discovery investigations accounts of
- Dominant and - Observation and interpretation Mendel and his
recessive traits as fundamental to scientific experiments
- Probability and conclusions - Designing
genetic - How society impacts scientific scientific
inheritance endeavors investigations
- Science as attempts to find - Small group

patterns in natural phenomena discussion
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Highlighted Time
Unit Title Genetic contents TNOS content
Activities (periods)
The Chromosome Influence of accepted Listening to the 6
Chromosome : and genetic theories on the work of story of
the evidence of inheritance scientists Thomas Hunt
genes - Sex Trustworthiness of Morgan
chromosome scientific knowledge and Mysterious
the process of replication cubic
Exceptions to Changes of scientific Small group
Mendel’'s law knowledge: The role of discussion
Genetic new evidence
disorder Observation and
interpretation as
fundamental to scientific
conclusions
DNA: the Key Structure and Influence of society on Watching VDOs 4
to solving functions of science on the
genetic quests DNA The role of the scientific discovery of
Genetics and community and DNA
new technology development of science Debating
Genetics and The importance of Small group
diversity of evidence and scientific discussion
lives knowledge
Genetics, lives, Biodiversity Wider uses of scientific Walking gallery 4
and Summary of knowledge Small group
environment key ideas of Summary of the key story discussion
genetics of the development of

knowledge of genetics

6. Assessment plan

The assessment plan focused on assessing students’ understanding of genetics,

students’ understanding of TNOS, and students’ ability to make decisions regarding
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science—based dilemmas. There were three stages of assessment, namely, were before

instruction, during instruction, and after instruction

Section 2: What changes occurred in students’ understanding of TNOS after

the curriculum’s implementation?

1. Students’ general views of science

Different from other aspects of TNOS, students’ responses regarding their general
view of science were only qualitatively analyzed. What we might be seeing here is probably
what is foremost in the students’ minds when they think of science. The purpose of this
question is only to elicit the ideas that first pop into students’ minds. This probe was not
intended to elicit more depth and details of students’ responses. Rather, deeper and more
detailed assessments of students’ understandings of TNOS were expected to emerge from
more specific questions on each aspect of TNOS. The researcher looked for meaningful
statements in their responses to these questions, coded them, and put them into
categories. Finally, students’ general views of science were grouped into five major
categories: 1) academic discipline, 2) credibility, 3) knowledge of science, 4) methods to
acquire knowledge, and 5) science as environment and surroundings. Numbers of students
responding to each category were compared between before and after the curriculum

implementation and are presented in TABLE 9 and FIGURE 5.
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TABLE 9 STUDENTS’ GENERAL VIEWS OF SCIENCE BEFORE AND AFTER THE

CURRICULUM IMPLEMENTATION

No. of students

Category/Subcategory
Before

After

1. Academic discipline 27 (52.9%)
1.1 Science is a study of natural phenomena
1.2 Science consists of many related disciplines
2. Credibility 25 (49.0%)
2.1 Science is rational
2.2 Science can be proven
2.3 Scientific knowledge is profound
3. Knowledge of Science 14 (27.5%)
3.1 Science creates and uses theories and laws
3.2 Science can be applied to technology and
artifacts
3.3 Science is reality
3.4 Science is subject to change
4. Method to acquire knowledge 13 (25.5%)
4.1 Science requires experiment
4.2 Science is about the use of science process
4.3 Science is about problem solving
4.4 Science requires analytic thinking
4.5 Science requires observation

5. Science as environment and surrounding 6 (11.8%)

23 (45.1%)

25 (49.0%)

21 (41.2%)

15 (29.4%)

6 (11.8%)
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FIGURE 5 STUDENTS’ GENERAL VIEWS OF SCIENCE

As seen in TABLE 9, before the implementation of the curriculum, students viewed
science largely as disciplinary (27 students), follow by credibility (25 students), knowledge
of science (14 students), as a method to acquire knowledge, and science as environment
and surrounding (6 students), respectively. After the curriculum was implemented, there
was no large change in students’ general views of science, except for the knowledge of
science, which increased from 14 to 21 students. Further descriptions of students’ general
views of science can be seen according to the five categories presented below:

1) Academic discipline

In this research, “academic discipline” is used to refer to an academic area of
study. Students’ responses showed that they viewed science as an academic discipline in
two different ways, namely, as a study of natural phenomena and as a discipline that
consists of many related disciplines, basically physics, biology, and chemistry. Before the
curriculum was implemented, there were 27 students who reported that they viewed science
as an academic discipline. This number slightly decreased to 23 students after

implementation.
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2) Credibility of science
In this research, “credibility” refers to trustworthiness. Students made
statements indicating their view of the credibility of science, stating that science is rational,
science can be proved, and scientific knowledge is profound. Before implementation of the
curriculum, 25 students found science to be credible. There was no change in the number

of students responding to this view after implementation.

3) Knowledge of science

Many students thought of scientific knowledge when they thought of science.
Some students thought that science creates laws and theories as well as using them to
explain phenomena. Meanwhile, some students indicated that science can be applied to
technology and artifacts. Additionally, some students stated that science is reality, while

another group of students stated that science is subject to change.

4) Method to acquire knowledge
This category focused on student responses regarding methods involved in
science, namely, experiments, the scientific process, problem solving, uses of analytical
thinking, and observation. Before the curriculum was implemented, 13 students thought of
science as comprised of methods to acquire knowledge. This number increased to 15 after

implementation.

5) Science as related to the environment

Both before and after the curriculum was implemented, 6 students considered

science to be related to the environment.

“Everything surround us is all science.”

Student #1, #4, before curriculum implementation

“Science is everything surrounding us.”

Student #15, #33, #43, before curriculum implementation
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2. Students’ understanding of the tentativeness of scientific knowledge

To assess students’ understanding of the tentativeness of scientific knowledge,
students’ responses from the TNOS questionnaire were analyzed and described in two
ways. The first was via quantitative analysis that described students’ overall levels of
understanding as determined by scoring all responses to the question about tentativeness
of scientific knowledge from the TNOS questionnaire. The second was via qualitative
analysis that was done by content analysis determined by categorizing each meaningful
statement from students’ responses.

2.1 Levels of students’ understanding of the tentativeness of scientific
knowledge

Student understanding of tentativeness of scientific knowledge was scored on

a scale ranging from 0 to 5. (Details of the scoring rubrics and their description are
presented in chapter 3.) Comparisons of levels of students’ understanding of the
tentativeness of scientific knowledge before and after the curriculum’s implementation are

presented in TABLE 10 and FIGURE 6.

TABLE 10 LEVELS OF STUDENT UNDERSTANDING OF THE TENTATIVENESS OF
SCIENTIFIC KNOWLEDGE

Numbers
Score Description
Before After

0 Misconception 2 (3.9%) 0 (0.0%)
1 Limited 8 (15.7%) 0 (0.0%)
2 Naive 20 (39.2%) 1 (2.0%)
3 Simple 12 (23.5%) 12 (23.5%)
4 Competent 9 (17.6%) 25(49.0%)
5 Sophisticated 0 (0.0%) 13 (25.5%)

Total 51(100%) 51 (100%)
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FIGURE 6 LEVELS OF STUDENT UNDERSTANDING OF THE TENTATIVENESS OF
SCIENTIFIC KNOWLEDGE

TABLE 10 and FIGURE 6 show that before curriculum implementation, 30
students understood the tentativeness of scientific knowledge only at the “naive” level or
below, while none understood this concept at the sophisticated level. After the curriculum
was implemented, the level of students’ understanding of the tentativeness of scientific
knowledge notably improved; 50 students understood the tentativeness of scientific
knowledge at least the simple level, and 13 understood the concept at the sophisticated
level.

Students, particularly at lower levels, were traced to determine how they their
levels of understanding changed. The results are described as follows:

Before implementation of the curriculum, there were only 2 students who held
the misconception that scientific knowledge never changes, which means that almost all
students understood correctly that scientific knowledge can change. However, 8 students
understood the concept of the tentativeness of scientific knowledge at a limited level. That
is, they were unable to explain how scientific knowledge changes or to even give an

example.
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Students who held misconceptions of scientific tentativeness clearly indicated
that scientific knowledge has been proven to be true and will never change. Furthermore,

their responses indicated that they confused facts with scientific theories and laws.

“Scientific laws and theories cannot change. It is wrong to change what has already
been stated. The examples of these laws and theories are gravitation, sunrise—

sunset, and the rotation of the earth.”

Student #19, before curriculum implementation

A student emphasized that laws and theories are “proven” to be true by

multiple, repeated experiments.

“Scientific laws and theories cannot change because they came from numerous
instances of experiments from different scientists. They are practical and can be
proven. For example, in the acid-base experiment, this experiment will never change.
Any period of time that you touch the litmus paper with acid, its color changes to red

Just as similar when you touch it with a base, its color changes to blue.”

Student #23, before curriculum implementation

As for the rest of students who reported that scientific knowledge can change,
there were limitations in their understanding about what causes the changes. In particular,
the group of students at the “limited” level gave very short and ambiguous explanations of
how scientific knowledge changes. In addition, the examples they gave to illustrate changes

of scientific knowledge were incorrect or sometimes irrelevant to scientific knowledge.

“Scientific knowledge can change. They can change in some cases. Otherwise, there
will be no word ‘error’ For example, Galileo’s theory says that if we drop two objects
from the same height, no matter their weights are the same or not, they will reach the
ground at the same time. Actually two objects may not reach the ground at the same

time.”

Student #20, before curriculum implementation



91

“Scientific laws and theories can change because they are uncertain. For example,
D = m/v can be changedtom =v x D.”

Student #35, before curriculum implementation

After implementation, there were notable improvements in students’
understandings. The two students who held misconceptions developed their understanding
to competent levels. Although there was incompleteness in their explanation on what
causes changes in scientific knowledge, their responses showed that they were able to
elaborate several aspects to explain scientific tentativeness. In addition, they were able to

elaborate the story of Mendelian genetics to illustrate how scientific knowledge can change.

“Laws and theories can change. They were discovered by the principle of science
and then communicated to society. Just like the idea of genetic inheritance.
Sometimes, when genes are inherited from parents by their offspring, there can be
incomplete dominance that causes the real inheritance to be different from the
prediction.”

Student #19, after curriculum implementation

“Laws and theories can change. When the society changes, people’s beliefs change
as well, and so does the social support that affects the change. When the time period
changes, scientists will develop more knowledge on a certain thing that cause
changes of the recent theories. For example, there is Mendel’s ratio. He said it
(genetic inheritance) will always be 3:1 ratio but there are exceptions to the ratio such
as when the breeding between a red flower and a white flower can results in pink
flowers, not 3:1 of red : white.”

Student #23, after curriculum implementation

An improvement was also found in the group of students at the “limited” level.
2 students made dramatic improvements and reached the “sophisticated” level, 2 students
improved to the “competent” level, while the other 4 improved slightly and rose to the

“simple” level. It was clearly seen that students who improved to the “sophisticated” level
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were able to explain many causes of changes in scientific knowledge, especially the key

idea of new data that leads to the revision of recent knowledge.

“Laws and theories can change. In the future, we have more time, more technology.
We do more experiments and redo them over and over; that makes us know
something more deeply. We have more accurate data, together with different people
with different ideas about investigation. For example, Mendel’s law of inheritance, at
first Mendel made the investigation with pea plants and failed to get the same results
with another kind of plant, which caused his ideas to not be accepted at the time.
When time passed, scientists knew more about the plant and found out that the plant
reproduced asexually. Then they revised Mendel’s finding and accepted it as
Mendel’s law. Also, the idea that Pluto was a planet was recently changed and Pluto
is not considered a planet anymore.”

Student #20, after curriculum implementation

2.2 Content of students’ understanding of the tentativeness of scientific
knowledge
The content of students’ responses on the tentativeness of scientific
knowledge from TNOS questionnaire was analyzed and put into two major categories to
represent students’ different views on the tentativeness of scientific knowledge: 1) scientific
knowledge is absolute, and 2) scientific knowledge is subject to change. The category
scientific knowledge is subject to change was divided into multiple levels of subcategories

as presented in TABLE 11.



TABLE 11 STUDENTS’ DIFFERENT VIEWS OF THE TENTATIVENESS OF SCIENTIFIC
KNOWLEDGE BEFORE AND AFTER CURRICULUM IMPLEMENTATION

Category/Subcategory

No. of students

Before

After

1. Scientific knowledge is subject to change
1.1 Acceptance of knowledge
1.1.1 Knowledge can be proved
1.1.2 Knowledge can be disproved
1.1.3 Knowledge is accepted if it is reasonable
1.1.4 Knowledge can change if it is accepted by
society
1.2 Causes of the change
1.2.1 Knowledge changes because of correction of
error
1.2.2 Knowledge changes because of technology
1.2.3 Knowledge changes because of re-experiment
1.2.4 Knowledge changes because of physical
changes of objects
1.2.5 Knowledge changes because of different ways
of interpretation
1.3 Characteristics of the change
1.3.1 Knowledge advances
1.3.2 “Knowledge” is refuted as false
1.4 Other ambiguous views of tentativeness
1.4.1 Scientific knowledge is uncertain
1.4.2 There is nothing absolute in human endeavors
2. Scientific knowledge is absolute
2.1 Scientific knowledge is absolute and never

changes

49 (96.1%)
18 (35.3%)
8 (15.7%)

6 (11.8%)

5 (9.8%)

)
17 (33.3%)
10 (19.6%)

4 (7.8%)
4 (7.8%)
3 (5.9%)

0 (0.0%)

14 (27.5%)
8 (15.7%)
6 (11.8%)

12 (23.5%)
9 (17.6%)

3 (5.9%)
2 (3.9%)

51 (100%)
30 (58.8%)
4 (7.8%)
14 (27.5%)
14 (27.5%)
9 (17.6%)

25 (49.0%)
10 (19.6%)

7 (13.7%)
6 (11.8%)
2 (3.9%)

8 (15.7%)

17 (33.3%)
5 (9.8%)
15 (29.4%)
2 (3.9%)
2 (3.9%)
0 (0.0%)
0 (0.0%)
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As shown in TABLE 11, students’ views of the tentativeness of science were
divided into 2 major categories, namely, that scientific knowledge is absolute and that
scientific knowledge is subject to change. The majority of students (49 students) believed
that scientific knowledge is subject to change. On the contrary, only 2 students had the
misconception that scientific knowledge is absolute. In addition, students’ responses
reflected attitudes regarding changes in scientific knowledge—on acceptance of knowledge
(18 students), causes of the change (17 students), and characteristics of the change (14
students). Also, other ambiguous views were found (12 students). After the curriculum was
implemented, all students reported that their views regarding scientific knowledge were
subject to change. In addition, responses related to such changes increased in numbers of
responding students. For the most part, more numbers of students reflected their views of
changes of scientific knowledge in terms of acceptance of the knowledge (30 students),
follow by causes of the change (25 students), and characteristics of the change (17
students). Furthermore, the number of students who reported ambiguous views regarding
the tentativeness of scientific knowledge notably decreased to 2 students.

Further descriptions on students’ views of the tentativeness of scientific
knowledge are:

1) Scientific knowledge is absolute

According to this view, students believed that scientific knowledge is
absolute and never changed, which was considered a misconception. There were only 2
students who held this view before curriculum implementation. However, this misconception

disappeared after implementation.

“Laws and theories cannot change. It is wrong to change what has already been
stated. The examples of these laws and theories that will never change are
gravitation, sunrise-sunset, and the rotation of the Earth.”

Student #19, before curriculum implementation
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2) Scientific knowledge is subject to change
Among the 49 students who believed that science is subject to change,
there was a variety of responses, which can be categorized into four major categories:
causes of the change, acceptance of knowledge, characteristics of the change, and other
ambiguous views regarding the tentativeness of scientific knowledge.
2.1)  Causes of the change
The first major category focuses on what makes scientific
knowledge change. Before curriculum implementation, responses of 17 students indicated
an awareness of the tentativeness of scientific knowledge in terms of the causes of
changes in scientific knowledge. Different views on what makes knowledge change were
found. Basically, students reported that scientific knowledge changed because scientists
corrected past errors in their understanding (10 students). In addition, students reported that
scientific knowledge changed as a result of new technology (4 students) and re-
experimenting (4 students). Also, some students thought physical changes of the objects of
scientific investigation caused changes in scientific knowledge (3 students). For example,
one student’s response indicated his understanding that scientific knowledge changed
because of changes in nature.
“Laws and theories came from nature and nature is always changing.”
Student #5, before curriculum implementation
After curriculum implementation, the number of students who
responded to the category of causes of the change increased to 25. Interestingly, 8
students focused on the topic of interpretation in science and reported that scientific
knowledge can change because it can be interpreted differently.
“Theories can change and so do laws. Theories come from scientists’ reasoning and
interpretation. The interpretation made by a person at one period of time can be
different from the interpretation made by another person who may have a different
background and who lives in a different society with different values and a different
culture.”

Student #48, after curriculum implementation
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Meanwhile, there were only small changes in the numbers of
students attributing changes to correction of errors, technology, physical changes of objects,
and re—experiments.

2.2)  Acceptance of new knowledge

The second major category includes student assertions about the
acceptance of scientific knowledge. Before curriculum implementation, 18 students
responded to this category. However, there was variety in their responses. Eight students
indicated that scientific knowledge can be proven to be true. These students believed that
when a new scientific claim arises, it must be proven correct and “better” than the previous
claim. On the other hand, 6 students exhibited more informed views by asserting that
scientific knowledge can be disproven. In other words, they indicated that scientific

knowledge can be disproven.

“Laws and theories can be changed if we can prove that they are not true.”

Student #28, before curriculum implementation

Meanwhile, 5 students indicated that new claims can be accepted if
they are more reasonable than the old claims.

After curriculum implementation, the number of students who
responded to the category of acceptance of knowledge dramatically increased to 30. A new
kind of response was also found: nine students indicated that scientific knowledge can

change if the new knowledge is accepted by society.

“Laws and theories can change. There can be other new scientists who discover laws
and theories that are different from what has been discovered by older scientists. If
the new laws and theories are widely accepted by society, then we can change laws
and theories. For example, Mendel’s law indicated that genes are independently
assorted, while Morgan said that there are exceptions to this law.”

Student #23, after curriculum implementation.
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Meanwhile, the number of students who responded to the view that
knowledge is accepted if it is reasonable and that knowledge can be disproven gradually
increased to 14. On the contrary, the number of students who indicated that knowledge can
be proven decreased to 4.

2.3) Characteristics of the change

The third major category emphasized the responses regarding the
characteristics of the change. Before curriculum implementation, 14 students responded to
this category. Their responses indicated two different types of change: progression, which
reflected students’ views that new scientific knowledge was an improvement and more
correct than previous knowledge (8 students), and refutation, which reflected student views

that scientific knowledge can be challenged and contradicted by new claims (6 students).

“We created theories. Later, if we have better theories, we can just use them. Science
is not perfect. It is progressing and new theories can always developed.”

Student #6, knowledge is advanced, before curriculum implementation

“Scientific knowledge can be changed. When time passes, there might be new
discoveries that refute the theories we had.”

Student #41, knowledge is refuted, before curriculum implementation

“With more trustworthy experiments, theories and laws can be overthrown by new
ones.”

Student #48, refutation of knowledge, before curriculum implementation

After curriculum implementation, the total number of students who
wrote about characteristics of changes in science increased to 17. Fifteen students held the
view that scientific knowledge can be refuted, and 5 students thought that knowledge
advanced.

2.4)  Other ambiguous views on tentativeness

The last category consisted of responses that showed no specific

explanation of changes in scientific knowledge. Before curriculum implementation, there

were 12 students who reported ambiguous views regarding tentativeness. Nine students
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simply said that scientific knowledge can change because they were uncertain while 3
students said science is a human activity, and therefore it can change. After the curriculum
implementation, the number of students holding ambiguous views dramatically decreased to

2 students.

3. Students’ understanding of the process of science

To assess students’ understanding of the process of science, their responses to
the TNOS questionnaire were analyzed and described in two ways. The first used
quantitative analysis to describe the general level of understanding determined by analyzing
all responses to the question about the process of science from the TNOS questionnaire.
The second used qualitative analysis, which was done by content analysis determined by
categorizing each meaningful statement from students’ responses.

3.1 Levels of students’ understanding of the process of science

Students’ understanding of the process of science was scored from 0 to 5.

Details of the scoring rubrics and their description are presented in chapter 3. The
comparison of levels of students’ understanding of the process of science before and after

the curriculum implementation is presented below in TABLE 12 and FIGURE 7.

TABLE 12 LEVELS OF STUDENT UNDERSTANDING OF THE PROCESS OF SCIENCE

No. of students

Score Description
Before After

0 Misconception 18 (35.3%) 5 (9.8%)
1 Limited 4 (7.8%) 1 (2.0%)
2 Naive 20 (39.2%) 18 (35.3%)
3 Simple 8 (15.7%) 16 (31.4%)
4 Competent 1 (2.0%) 4 (7.8%)
5 Sophisticated 0 (0.0%) 7 (13.7%)

Total 51 (100%) 51 (1000%)
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FIGURE 7 LEVELS OF STUDENT UNDERSTANDING OF THE PROCESS OF SCIENCE

TABLE 12 and FIGURE 7 show that before the curriculum implementation 42
students understood the process of science at lower than the “simple” level. After the
curriculum implementation, students’ understanding slightly improved; 27 of them
understood the scientific process at levels higher than “naive.” However, many of them (16
students) still understood the process of science only at the “simple” level, while even fewer
were at the “sophisticated” and “competent” levels (7 and 4 students, respectively).

After tracing students at the lower levels of TNOS understanding, it was found
that, before the curriculum implementation, 18 students were at the “misconception” level.
For the most part, they thought that science proceeds in a universal step-by-step method.
There were also small numbers of students who reported that the scientific process
involved searching for information from the Internet and books. Some students’
understanding of the process of science was considered limited because they reported that
the process of science is non—universal. However, they failed to note that the fundamental
process of science relies on observation and interpretation to construct knowledge.

After the curriculum was implemented, there was improvement in students’

understanding. Of the original 18 students who initially had misconceptions of the process
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of science, 5 had notably advanced to the “sophisticated” (3 students) and “competent” (2
students) levels. In addition, 4 students moved to the “simple” level and 6 improved to the
“naive” level. However, there were 3 students who still harbored misconceptions regarding
the scientific process.

Students who notably improved their understanding to the “sophisticated” level
noted the processes of observation and interpretation on their responses as well as
explaining the flexibility in the process. For example, Student #22 reported that the process
of science is not universal since some scientific investigations may not require experiments

but require observation and interpretation to construct new knowledge.

“The process of science includes making observation, collecting data, interpreting
data, and reaching conclusions. It’s not necessary for all scientists to use the same
process in their investigations. In some cases they don’t have to do experiments; they
merely observe and interpret data. For example, William Bateson looked at other
scientists’ experimental results and interpreted those results to make conclusion.”

Student #22, after curriculum implementation

Meanwhile, another student was considered “sophisticated” because he noted
the process of observation and interpretation as well as being able to explain why these

process are important in science.

“The process of science involves observing, interpreting, and reaching conclusions to
construct laws and theories. All scientists need to use this process because without
observing, they will not find data and patterns of phenomena that are necessary for
the next step of interpretation and reaching conclusions.”

Student #30, after curriculum implementation

Interestingly, two students’ declined from “naive” and “competent” to
“misconception.” Before curriculum implementation, both students reported that the process
of science was the traditional step—by-step scientific method, but they indicated that this
method is flexible and that it was not necessary to that it be strictly followed. Student #16

explained quite reasonably that some steps of the method were not required for some types
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of investigation; therefore he was considered “competent.” Meanwhile, Student #35 showed
his “naive” understanding by indicating that some processes can be skipped and that
otherwise some scientists would be left behind others.

After the curriculum was implemented, the two students mentioned above
indicated that it was essential to follow the steps strictly. Student #16 combined the process
of interpretation with the traditional step-by-step method. In addition, he emphasized that

the process he mentioned is universal and must be followed accordingly.

“The process of scientific investigation is 1) observation, 2) questioning, 3) setting
hypothesis, 4) doing experiment, 5) interpreting, 6) making a conclusion. All scientists
need to follow these steps because without observation, we will have nothing to
question, to set a hypothesis, to do an experiment, to interpret, or to make
conclusions. This process is continuous. Without one step, other steps cannot occur”

Student #16, after curriculum implementation

The follow—up interview revealed that students may think of different things
when they respond to the questionnaire and that this may lead to misinterpretation
regarding students’ understanding. Student #16 was one student who participated in follow—
up interviews, both before and after the curriculum implementation. His interview responses
were always consistent with his questionnaire responses. Right before finishing the post-
curriculum implementation interview, the researcher specifically asked the reason that he
changed his view on the process of science. Student #16 was surprised at himself for
changing his own answer after the curriculum implementation. After the researcher
reminded him of his answer from before curriculum implementation, he explained that
before the curriculum implementation, he was thinking of “all kinds of science,” and that
therefore the processes of all the different disciplines of science could not be the same.
Nevertheless, he was thinking of only experimental science when he was responding to the
questionnaire and follow—up interview after implementation. From his perspective, all

experimental science uses the step—by—step traditional method all the time. He also
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mentioned that this method is taught in the school’'s alternative science course for 10th
graders.
3.2 Content of students’ understanding of the process of science

The content of students’ responses regarding the process of science from the
TNOS questionnaire was analyzed and put into categories to represent students’ different
views on the TNOS aspect. Finally, two major categories were determined: 1) the process
of science is universal, and 2) the process of science is adaptable. The subcategories
indicated the students’ description of the process of science in both major categories

occurred in the same manner, as presented in TABLE 13.

TABLE 13 STUDENTS’ DIFFERENT VIEWS OF THE PROCESS OF SCIENCE BEFORE
AND AFTER THE CURRICULUM IMPLEMENTATION

No. of students

Category/Subcategory
Before After
1. Process of science is adaptable 35(68.6%) 39 (76.5%)
1.1 Traditional step-by-step method 25 (49.0%) 22 (43.2%)*
1.2 Systematic 5 (9.8%) 5 (9.8%)
1.3 Unsystematic 2 (3.9%) 0 (0.0%)
1.4 Observation-interpretation 0 (0.0%) 11 (21.6%)*
1.5 Other 0 (0.0%) 2 (3.9%)
2. Process of science is universal 16 (31.4%) 12 (23.5%)
2.1 Traditional step-by-step method 12 (23.5%) 5 (9.8%)*
2.2 Unsystematic 4(7.8%) 0 (0.0%)
2.3 Systematic 0 (0.0%) 1(2.0%)
2.4 Observation-interpretation 0 (0.0%) 7 (13.8%)*

*Two students combined their views of traditional step—by—step methods and were cross—

coded
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TABLE 15 shows that before curriculum implementation a larger number of
students (35 students) reported that the process of science is adaptable, while the rest (16
students) reported the opposite idea that the process of science is universal. The
descriptions of the process of science from both major categories were reported in the
same manner, mainly focused on the traditional step—by-step method. However, no
students reported observation and interpretation as steps in the process of science. After
curriculum implementation, 18 students indicated that observation and interpretation were
part of the process of science, while other views of the process of science slightly dropped
in student numbers.

Further descriptions of students’ different views of the process of science are:

1) The process of science is universal

One of the two major categories contained responses that reflect student
views that the process of science is universal, that is, that all scientists use the same
process when they do science. Four subcategories were generated to distinguish student
views regarding the process of carrying out scientific investigation.

Before curriculum implementation, 12 students held the misconception that
the scientific process is a single/universal procedure, following the traditional step—by—step
scientific method—observing, questioning, stating a hypothesis, carrying out experiments,
and making conclusions. Some students said that the steps might be slightly different in
order but that, basically, the process requires experiments. Other students in this category
(4 students) characterized the process as unsystematic, basically a simple method for
searching for information from the Internet or books. Similarly, responses in this category
were also considered misconceptions.

“They find information on Google. They always do so because it is convenient and
easy.”

Student #15, before curriculum implementation

After curriculum implementation, fewer students held the two types of
misconceptions noted above. The number of students who believed in single, traditional

step—by—step method decreased to 5, and no students referred to a single—unsystematic
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way of doing science. However, other responses also occurred. Seven students reported
that the process of science is based on observation and interpretation. The responses in
this category were considered “informed” since they were consistent with contemporary

views regarding the nature of science.

“Scientists observe natural phenomena and collect data. After that, they interpret data
to determine its meaning. Knowledge is created by this interpretation. All scientists
have to go through this process. It is like you are building stairs. You have to start
from building the first step.”

Student #48, after curriculum implementation

2) The process of science is adaptable

Responses regarding the process of science being adaptable were varied,
as were those of students who considered the process of science to be universal. However,
responses in this category were slightly different in that although students had in mind what
scientists have to do in scientific investigation, they thought the process is flexible and could
be adjusted by scientists.

Before curriculum implementation, the largest proportion of students in this
category (25 students) considered the process of science to be identical with the traditional
step-by-step scientific method. Nine students viewed science as a systematic method but in
a different way from the traditional step-by-step method mentioned above. Each student
response in this group was different in its details. However, there was a pattern in the
responses in that these processes were considered to be systematic, but experimenting

was not emphasized.

“What scientists do in scientific investigation is: 1. Become curious about something,
2. Search for information, 3. Arrive at a conclusion. Each scientist may have different
ways to conduct scientific investigation, depending on his aptitude.”

Student # 36, before curriculum implementation



105

“Scientists search for information, analyze, and report it. They do not always follow
the steps strictly. They may take immediate action to solve unexpected problems.
Sometimes they might do the analyzing before searching for information.”

Student #47, before curriculum implementation

Lastly, only 2 students who held the view that the process of science is
adaptable referred to a method of doing science unsystematically. These students
mentioned the process of searching for information from different sources, simply from the
Internet and books.

After the curriculum was implemented, different responses arose. Eleven
students described the process of science as observation and interpretation. Meanwhile, the
number of those who still viewed the process as the traditional step—by—step method
decreased to 22. No unsystematic ways to do science were found in this category.

During the follow—up interviews, 2 students reported their views on the
process of science that were different from their responses on the questionnaire. Before
curriculum implementation, one student stated his belief that “the process of science is
adaptable-unsystematic.” During the follow—up interviews, he exhibited his skepticism
regarding the process of science. He specifically stated that he didn't know exactly what
scientists do. What he was thinking was that scientific investigation had to do with the
attempt to find something out. Therefore, there must be a step of searching for information
from books or the Internet. Later, other scientists would further the process. He didn’t know

how exactly, but it possibly involved doing experiments.

“ ..l was just guessing . . . | think it (the process of science) . . . was about finding
some facts about what we want to know. We have to find out what it looks like. What
is its property. So, we search for information from sources, maybe the Internet, but |
think from books would be better. Then we may carry out experiments on it. . . . I'm
not sure if it should always be through experiments, but it would be more trustworthy
if we did experiments.”

Student #14, before curriculum implementation
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4. Students’ understanding of the subjectivity of scientific conclusions
To assess students’ understanding of the subjectivity inherent in scientific
conclusions, students’ responses from the TNOS questionnaire were analyzed and
described in two ways. The first was through quantitative analysis that described the overall
level of students’ understanding determined by scoring all the responses on the question
about subjectivity in scientific conclusions from the TNOS questionnaire. The second way
was via qualitative analysis, which was done by analyzing content as determined by
categorizing each meaningful statement from students’ responses.
4.1 Levels of students’ understanding of the subjectivity of scientific
conclusions
Student understandings of the tentativeness of scientific knowledge were
scored, ranging from 0 to 5. Details of scoring rubrics and descriptions are presented in
chapter 3. The comparisons of levels of students’ understanding of the tentativeness of
scientific knowledge before and after the curriculum implementation are shown in TABLE

14.

TABLE 14 LEVELS OF STUDENT UNDERSTANDING OF THE SUBJECTIVITY IN
SCIENTIFIC CONCLUSIONS BEFORE AND AFTER CURRICULUM

IMPLEMENTATION
No. of students
Score Description
Before After

0 Misconception 2 (3.9%) 0 (0.0%)
1 Limited 5 (9.8%) 0 (0.0%)
2 Naive 20 (39.2%) 6 (11.8%)
3 Simple 24 (47.1%) 20 (39.2%)
4 Competent 0 (0.0%) 20 (39.2%)
5 Sophisticated 0 (0.0%) 5 (7.8%)

Total 51 (100%) 51 (100%)
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FIGURE 8 LEVELS OF STUDENT UNDERSTANDING OF THE SUBJECTIVITY IN
SCIENTIFIC CONCLUSIONS BEFORE AND AFTER CURRICULUM
IMPLEMENTATION

As shown in TABLE 14 and FIGURE 8, before the curriculum implementation,
all students were aware of the subjectivity in scientific conclusions at “simple” and lower
levels. After curriculum implementation, students’ understanding improved slightly, as seen
by the fact that 25 students understood this aspect of TNOS at “competent” and higher
levels. However, 20 students still only understood this aspect of the TNOS at the “simple”
level.

After tracking students at the lower levels of TNOS understanding, it was
found that, before curriculum implementation, there were 2 students who had
misconceptions regarding subjectivity in scientific conclusions. These students indicated that
even though two scientists may never see or know each other, their conclusions on the

same topic of investigation must be the same.

“The conclusions must be the same. It’s like when you measure the salinity of the sea
water, the value of the salinity must always be the same.”

Student #15, before curriculum implementation



108

“The conclusions must be the same because both investigators are scientists;
therefore their ways of thinking must be the same, or at least similar.”

Student #42, before curriculum implementation

In addition, there were 5 students who understood subjectivity at only a
“limited” level. These students indicated that different scientists could arrive at different
conclusions. However, their explanations on what caused the differences were not clearly

stated.

“The conclusions can be different. It depends on a person’s thinking.”

Student #3, before curriculum implementation

After curriculum implementation, students’ understanding of the subijectivity in
scientific conclusions improved slightly. The 2 students who had misconceptions improved
their understanding to the “simple” level. They came to believe that scientific conclusions
obtained by two scientists can be different. However, their explanations were not complete,
but in different ways.

Student #15 seemed to succeed in identifying reasons that result in subjectivity
in scientific conclusions. However, he did not clearly explain how the indicated reasons did

SO.

“The conclusions can be different because two scientists may have different kinds of
knowledge. One or both of them may get the wrong conclusions. The reasons that
make two scientists arrive at different conclusions are 1) their knowledge, 2) the
support of people around them, 3) the quality of equipment, 4) the breadth of the
topic of investigation. For example, Mendel made conclusions about dominant and
recessive genes, while Morgan made conclusions about genes on chromosomes,
even though both of them were studying genetics.”

Student #15, after curriculum implementation

The explanation given by student #42 seemed to be reasonable in that he

focused scientists’ ways of thinking as they arrived at conclusions. However, the example
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he used for illustrating subjectivity in scientific conclusions was confusing. In addition, he

seemed to be confused about technology and scientific knowledge

“It is not necessary for the conclusions to be the same. The process of making
conclusions depends on a particular scientist’s way of thinking and his experience.
For example, two scientists may be studying about alternative energy, Scientist A
says that alternative energy is watertsugar+salt, while scientist B says that
alternative energy is water+sugar+camphor.”

Student #42, after curriculum implementation

As for the 5 students who initially had “limited” understanding, one of them
made a notably improvement to the “competent” level, while two of them improved to the
“simple” level, and the rest of them slightly improved to the “naive” level.

The student who improved to the “competent” level made a reasonable
explanation of subjectivity caused by scientists’ different ways of thinking, but he did not
explain how it affects scientists’ observations and interpretations. However, the student
indicated two very good cases to illustrate subjectivity in scientific conclusions, namely, the

theories of the shape of the earth shape and the models of DNA.

“Conclusions can be different. A person has his own way of thinking. Also, a person
with more knowledge and experience tends to arrive at better conclusions than does
a person with less knowledge and experience. Observation is important. One scientist
may say the earth is round, while another one says it is flat. Similarly, one scientist
may say that DNA consists of two strands, while another scientist says DNA consists
of three strands.”

Student #3, after curriculum implementation

4.2 Content of students’ understanding of the subjectivity of scientific
conclusions
The content of students’ responses on subjectivity in scientific conclusions

from the TNOS questionnaire were analyzed and put into categories to represent students’
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different views on this aspect of TNOS. Finally, the data were grouped into these two major
categories: 1) conclusions are always objective, and 2) conclusions can be different. The
category “conclusions can be different” is divided into multiple levels of subcategories as

presented in TABLE 15.

TABLE 15 STUDENTS’ DIFFERENT VIEWS OF SUBJECTIVITY OF SCIENTIFIC
CONCLUSIONS BEFORE AND AFTER CURRICULUM IMPLEMENTATION

No. of students

Category/Subcategory
Before After
1. Conclusions can be different 49 (96.1%) 51 (100%)
1.1 Characteristics of individual scientists 39 (76.5%) 45 (88.2%)

1.1.1 Different knowledge and skill of individual scientists 32(62.7%) 45 (88.2%)

make the conclusions different

1.1.2 Conclusions depend on laws and theories 11 (21.6%) 0 (0.0%)
accepted by individual scientists

1.2 Investigation 37 (72.5%) 40 (78.4%)

1.2.1 Conclusions can be different because of different 17 (33.3%) 16 (31.4%)

research designs

1.2.2 Conclusions can be different because of different 27 (54.9%) 21 (41.2%)
data sources

1.2.3 Conclusions can be different because of different 10 (19.6%) 8 (15.7%)
variables and hypotheses

1.2.4 Conclusions can be different because of different 1(2.0%) 13 (25.5%)
ways of interpretation

1.3 Error and bias causes differences in scientific 4 (7.8%) 11 (21.6%)

conclusions

1.4 Differences in scientific conclusions caused by 3 (5.9%) 1(0.0%)
chance
2. Conclusions are always objective 2 (3.9%) 0 (0.0%)

2.1 The conclusions are always the same
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TABLE 15 shows that, before curriculum implementation, most students (49
students) indicated that conclusions can be different, while very few (2 students) reported
that conclusions are always objective. Other, different responses related to causes of the
difference were also found. For the most part, students attributed different conclusions to
the characteristics of individual scientists (39 students), followed by differences in
investigative procedures (37 students), and errors and bias (4 students). Three students
attributed differences in conclusions as caused by chance. After curriculum implementation,
all students agreed that conclusions can be different. The number of students noting the
causes of differences also increased, especially with regard to error and bias, which
dramatically increased from 4 to 11 students. Meanwhile, the number of students who
reported that differences in scientific conclusions caused by chance slightly decreased to
just 1.

Further descriptions on students’ views regarding subjectivity in scientific

conclusions are as follows:

1) Scientific conclusions are always objective
Before curriculum implementation, there were only 2 students who held the
misconception that conclusions are always objective. After the curriculum implementation,

no student held this view.

“The conclusions will be the same because scientists’ thoughts are always the same.”

Student #42, before curriculum implementation

2) Scientific conclusions can be different
Contrary to the first view, before the curriculum implementation, almost all
students (49 students) held the contemporary view of the TNOS that scientific conclusions
can be different. The number of students with this opinion increased to 51 students after the
curriculum was implemented. Nevertheless, the descriptions they gave were different and
can be divided into four subcategories: differences caused by characteristics of individual
scientists, differences caused by the process of investigation, differences caused by error

and bias, and differences caused by chance.
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21) Characteristics of individual scientists

Students’ responses in this subcategory agreed with the idea that
two different scientists could reach different conclusions because the conclusions were
influenced by different characteristics of the scientists. In this case, the characteristics
referred to scientists’ perspectives and experiences. In addition, some students emphasized
laws and theories that certain scientists accepted. Before curriculum implementation, the 39
students believed that individual characteristics of scientists were the cause of different
conclusions. Among this number, 32 stated that different perspectives and experience of
individual scientists caused differences in their conclusions, while 11 students emphasized

that laws and theories accepted by individual scientists were the cause.

“Scientific conclusions may be different because each scientist has a different way of
thinking. Their points of view and perspectives are factors that cause the differences.”

Student #5, before curriculum implementation

After curriculum implementation, 45 students fell into the
subcategory of characteristics of individual scientists being responsible for different
conclusions among scientists. These students referred particularly to such characteristics in
terms of perspectives and experiences of individual scientists. No students attributed
different scientific conclusions to the effects of laws and theories that scientists accepted.

2.2) Different ways of investigation

The second subcategory includes students’ views that two
scientists can reach different conclusions if their investigations were done differently. Before
curriculum implementation, 37 students selected this subcategory. Among this number, a
majority noted differences caused by different data sources (27 students), followed by
different research designs (17 students), and different hypotheses (10 students),
respectively. In addition, one student attributed different scientific conclusions to different
interpretations by different scientists.

“Scientists may reach different conclusions because of the way they use analytical

thinking. For example, scientists study fossils of a dinosaur and may arrive at
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conclusions differently; one may assume the dinosaur is a carnivore, while another
one thinks it is a herbivore. Even though they observe the same bone structure,
teeth, and claws, think about the dinosaur differently.”

Student #32, before curriculum implementation

After curriculum implementation, the number of students selecting
this subcategory increased to 40. In particular, the number of students who attributed
different conclusions to different ways of interpretation dramatically increased to 13.

2.3) Differences caused by error and bias

Before curriculum implementation, 4 students indicated that
scientists can arrive at different conclusions because of error and bias. After curriculum
implementation, the number of students selecting this subcategory increased to 11.

2.4) Differences caused by chance

Before curriculum implementation, 3 students stated that two

scientists may or may not reach different conclusions, depending on chance. After

curriculum implementation, this number decreased to 1.

“The conclusions may be or may not be the same. It’s about chance. There is a 50%
chance that the conclusions will be the same and another 50% that they will be
different.”

Student #47, before curriculum implementation

5. Students’ understanding of the role of opinion and imagination in science

Regarding students’ understanding of the role of scientists’ opinions and
imagination in science, students’ responses to the TNOS questionnaire were analyzed and
described in two ways. The first used quantitative analysis to describe students’ overall
level of understanding, determined by scoring all responses on the question about this
aspect from the TNOS questionnaire. The second used qualitative analysis, which was
carried out by analyzing content, determined by categorizing each meaningful statement

from students’ responses.
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5.1Levels of students’ understanding of the role of opinion and imagination in

science
Student understandings of the role of scientists’ opinion and imagination in
science were scored on a scale ranging from 0 to 5. Details of the scoring rubrics and their
descriptions are presented in chapter 3. Comparisons of levels of students’ understanding
of the role of scientists’ opinions and imagination in science before and after curriculum

implementation are presents in TABLE 16 and FIGURE 9.

TABLE 16 LEVELS OF STUDENT UNDERSTANDING OF THE ROLE OF SCIENTISTS’
OPINIONS AND IMAGINATION IN SCIENCE BEFORE AND AFTER CURRICULUM

IMPLEMENTATION
No. of students
Score Description
Before After
0 Misconception 15 (29.4%) 8 (15.7%)
1 Limited 9 (17.6%) 0 (0.0%)
2 Naive 15 (29.4%) 9 (17.6%)
3 Simple 7 (13.7%) 15 (29.4%)
4 Competent 5 (9.8%) 12 (23.5%)
5 Sophisticated 0 (0.0%) 7 (13.7%)

Total 51 (100%) 51 (100%)
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FIGURE 9 LEVELS OF STUDENT UNDERSTANDING OF THE ROLE OF SCIENTISTS’
OPINIONS AND IMAGINATION IN SCIENCE BEFORE AND AFTER CURRICULUM
IMPLEMENTATION

TABLE 16 shows that before curriculum implementation 39 students
understood the role of scientists’ opinions and imagination in science at lower than “simple”
levels. After curriculum implementation, their understanding of this TNOS aspect
considerably improved as seen from the fact that 34 students came to understand this
aspect of TNOS at “simple” and higher levels. However, there were still 8 students in the
“misconception” category.

Before curriculum implementation, 15 students who had the misconception that

scientists’ opinions and imagination play no part in science.

“I agree [that science relies on only facts and reasoning]. If scientists rely on their
opinions and believe in imagination, different scientists will arrive at different
conclusions.”

Student #23, before curriculum implementation

After curriculum implementation, 9 students from original 15 who initially had a
misconception improved their understanding of the role of scientists’ opinions and

imagination in science. In particular, some made notable improvements and rose to the
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“sophisticated” (1 student) and “competent” (2 students) levels. Others increased their
understanding to the “simple” (4 students) and “naive” (2 students) levels. However, 6
students showed no improvements in their understanding.

The student who improved to sophisticate level was able to clearly explain the
role of scientists’ opinions and imagination in making scientific conclusions, especially with
regard to the construction of scientific models.

“l disagree [that science relies only on facts and reasoning]. In reality, no one can
completely remove bias from his or her mind. However, scientists need imagination in
their work, for instance, when creating models of atoms. In addition, a scientist’s
opinion determines his conclusion. That’'s why scientists can have different
conclusions. Scientists use their imagination to draw out structures of many things,
for example, the structure of the earth and the solar system. In the past, they did not
have a spaceship to use. They had to create models of these things, just as with the
models of atoms. Because each scientist had different ideas, we had different models
of atoms that we study today.”

Student #23, after curriculum implementation

In contrast, students who were considered “naive” did not do well in explaining

how scientists’ opinions and imagination play a role in science. For example, Student #15's
response was confusing. However, it can be interpreted to mean that the role of scientists’
(Einstein, in this case) opinions and imagination is to be used in the process of setting a
topic of investigation.

‘I disagree [that science relies on only facts and reasoning] because Einstein was

accused of being stupid for getting too deep in his imagination. Einstein used

imagination when he set a topic of investigation on the study about atomic bombs.”

Student #15, after curriculum implementation

Besides improvements of students at lower levels, other interesting changes of
students’ levels of understanding were found. For example, two students dropped from

“naive” and “limited” levels to “misconception.”
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Before curriculum implementation, Student #24’s understanding was
considered “limited” from his response that was very short and did not provide any further
explanation of how scientists’ opinions and imagination affect their scientific conclusions.

“l disagree [that science relies on only facts and reasoning] because sometimes
scientists use their opinions and imagination in their work.”

Student #24, before curriculum implementation

Similarly, Student #19’s understanding was considered “naive” given his
explanation that referred to the use of scientists’ opinions and imagination in producing
artifacts rather than in the process of scientific investigation.

“I disagree [that science relies on only facts and reasoning] because opinions and
imagination are important for creating artifacts that are different but usable.”

Student #19, before curriculum implementation

After curriculum implementation, both students replied that scientists’ opinions
and imagination plays no part in science but they nevertheless cause bias in scientific
investigation.

‘I agree [that science relies on only facts and reasoning]. If scientists use their
opinions and imagination, they will cause bias in their work.”

Student #19, after curriculum implementation

“l agree [that science relies on only facts and reasoning]. Sometimes, data or
conclusions obtained from the source may differ from scientists’ opinions.”

Student #24, after curriculum implementation

5.2 Content of students’ understanding of the role of opinion and imagination

in science
The contents of students’ responses on the role of scientists’ opinions and
imagination in science on the TNOS questionnaire were analyzed and put into categories to
represent students’ different views on this TNOS question. Finally, the data were grouped

into two major categories: 1) opinion and imagination play no part in science, and 2)
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science involves opinion and imagination. This category of opinion and imagination is

divided into subcategories, as presented in TABLE 17.

TABLE 17 STUDENTS’ DIFFERENT VIEWS OF THE ROLE OF SCIENTISTS’ OPINIONS

AND IMAGINATION IN SCIENCE BEFORE AND AFTER CURRICULUM

IMPLEMENTATION
No. of students
Category/Subcategory
Before After
1. Science involves opinion and imagination 36 (70.6%) 43 (84.3%)
1.1 Opinion and imagination in investigation 18 (35.3%) 25 (49.0%)

1.1.1 Opinion and imagination are used for
questioning and setting research topics
1.1.2 Opinion and imagination are used for setting
hypotheses
1.1.3 Opinion and imagination are used for
interpretation
1.1.4 Opinion and imagination are used for
designing investigations
1.1.5 Opinion and imagination are used for refuting
old knowledge
1.2 Opinion and imagination are used for Creating
artifacts
1.3 Opinion and imagination are used for explaining
invisible entities
1.4 Opinion and imagination cause bias
2. Opinion and imagination play no part in science
2.1 Science does not involve opinion and

imagination

14 (27.5%)

9 (17.6%)

0 (0.0%)

0 (0.0%)

0 (0.0%)

10 (19.6%)

5 (9.8%)

8 (15.7%)

15 (29.4%)

13 (25.5%)

7 (13.7%)

9 (17.6%)

3 (5.9%)

3 (5.9%)

11 (21.6%)

8 (15.7%)

19 (37.3%)

8 (15.7%)

TABLE 17 shows that, before curriculum implementation, large numbers of

students (36 students) indicated that science involves opinion and imagination while the rest



119

(15 students) stated the opposite view that opinion and imagination play no part in science.
After curriculum implementation, the number of students who indicated that science involves
opinion and imagination increased to 43. In contrast, the number of students who indicated
that opinion and imagination play no part in science notably decreased to 8.
Further descriptions of students’ views of the role of scientists’ opinions and
imagination in science are as follows:
1) Scientists’ opinions and imagination play no part in science
Before curriculum implementation, 15 students held the misconception that
science relies only on reasoning and facts. In other words, scientists’ opinions and
imagination have no role in science. However, the number of students holding this view
dramatically decreased to 8 after curriculum implementation.
2) Science involves opinion and imagination

Contrary to the first view, before curriculum implementation, many students
held the contemporary view of TNOS that science involves scientists’ opinions and
imagination. In addition, many students (18 students) thought that the process of
investigation involves scientists’ opinions and imagination, particularly with regard to
questioning and setting a research topic (14 students) and setting hypotheses (9 students).
Other views on the role of opinions and imagination were also found. Ten students stated
that scientists’ opinions and imagination were used for creating artifacts, 8 noted the
negative role of opinion and imagination in causing bias, and 5 noted its role in explaining
invisible entities.

After curriculum implementation, more processes of science that involve
scientists’ opinions and imagination were identified. Nine students indicated that scientists’
opinions and imagination are used for interpretation, 3 indicated that they are used for
designing investigations, and 3 specified that scientists’ opinions and imagination are used
for generating new ideas that will refute old knowledge. In addition, the number of students
who thought that scientists’ opinions and imagination cause bias increased to 19, and the
number of students who thought scientists’ opinions and imagination were used in

explaining invisible entities increased to 8. The common examples cited by students holding
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this view were models of atoms, the origin of the earth, and Watson and Crick’'s model of

DNA structure.

6. Students’ understanding of the relationship between science and society
To assess students’ understanding of the relationship between science and
society, their responses from the TNOS questionnaire were analyzed and described in two
ways. The first involved quantitative analysis, which described students’ overall levels of
understanding determined by scoring all responses on the question about the relationship
between science and society. The second used qualitative analysis, which analyzed content
determined by categorizing each meaningful statement from students’ responses.
6.1 Levels of students’ understanding of the relationship between science and
society
Students’ understanding of the relationship between science and society were
scored on a scale ranging from 0 to 5. Details of scoring rubrics and their descriptions are
presented in chapter 3. Comparisons of levels of students’ understanding of the relationship
between science and society before and after curriculum implementation are presented in

TABLE 18 and FIGURE 10.

TABLE 18 LEVELS OF STUDENT UNDERSTANDING OF THE RELATIONSHIP
BETWEEN SCIENCE AND SOCIETY BEFORE AND AFTER CURRICULUM

IMPLEMENTATION
Numbers
Score Description
Before After

0 Misconception 0 (0.0%) 0 (0.0%)
1 Limited 10 (19.6%) 0 (0.0%)
2 Naive 27 (52.9%) 4 (7.8%)
3 Simple 12 (23.5%) 10 (19.6%)
4 Competent 2 (3.9%) 19 (37.3%)
5 Sophisticated 0 (0.0%) 18 (35.3%)

Total 51 (100%) 51 (100%)
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FIGURE 10 LEVELS OF STUDENT UNDERSTANDING OF THE RELATIONSHIP
BETWEEN SCIENCE AND SOCIETY BEFORE AND AFTER CURRICULUM
IMPLEMENTATION

TABLE 18 and FIGURE 10 show that, before curriculum implementation, 37
students understood the relationship between science and society at lower than “simple”
levels. After curriculum implementation, their understanding notably improved, as seen by
the fact that 37 students understood the relationship between science and society at higher
than “simple” levels. To be exact, 18 students understood this TNOS aspect at the
“sophisticated” level, and 19 students understood it at the “competent” level.

After tracking students with a lower understanding of TNOS, it was found that
before curriculum implementation all students indicated their views appropriately, namely,
that science and society impact each other. However, 10 students were considered to have
only a “limited” understanding because they gave only a common, broad explanation about
the relationship between science and society. Sometimes, their explanations were

confusing.

“I agree [that science and society impact each other] because societies with different
surroundings will cause different things.”

Student #5, before curriculum implementation
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After curriculum implementation, students improved their understanding of the
relationship between science and society. Their explanations about the relationship were
more specific and understandable. Some students described the relationship in terms of
interaction between science and society instead of describing only one-sided impacts, which

made their responses seem more “sophisticate.”

“l agree [that science and society impacts on each other]. A scientific investigation
cannot succeed if it fails to be accepted by society. Science impacts society in the
way that it helps improve communities’ quality of life as well as enhancing the quality
of the environment and allows us to live conveniently from the development of
facilities we use. Society impacts science in the way that it opposes science that is
considered immoral or is thought to affect people in the society, for example, the

research on human cloning.”

Student #5, after curriculum implementation

6.2 Content of students’ understanding of the relationship between science

and society

The contents of students’ responses on the relationship between science and
society from TNOS questionnaire were analyzed and put into categories to represent
students’ different views on this TNOS question. Finally, the categories were grouped into
three major categories: 1) science’s impacts on society, 2) society’s impacts on science,
and 3) other ambiguous views. The major categories were divided into multiple levels of

subcategories, as presented in TABLE 19.
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TABLE 19 STUDENTS’ DIFFERENT VIEWS OF THE RELATIONSHIP BETWEEN
SCIENCE AND SOCIETY BEFORE AND AFTER CURRICULUM IMPLEMENTATION

No. of students

Category/Subcategory
Before After
1. Science’s impacts on society 32 (62.8%) 35 (68.6%)
1.1 Uses of technology impacts society 26 (51.0%) 24 (47.1%)
1.2 Science educates people 8 (15.7%) 7 (13.7%)
1.3 Science causes contradiction 4 (7.8%) 6 (11.8%)
1.4 Scientists influence social concerns 2 (3.9%) 5 (9.8%)
2. Society’s impacts on science 5(9.8%) 35 (68.6%)
2.1 Society drives the direction of science 3 (5.9%) 14 (27.5%)
2.2 Society funds science 2 (3.9%) 3 (5.9%)
2.3 Science is a social construct 1 (2.0%) 28 (54.9%)
3. Other ambiguous views 12 (23.5%) 0 (0.0%)
3.1 Environment impacts society 8 (15.7%) 0 (0.0%)
3.2 Science relates to life and society 4 (7.8%) 0 (0.0%)

TABLE 19 shows that, before curriculum implementation, most (32) students
agreed that science impacts society, while 12 students selected “other ambiguous views,”
and 5 selected “society impacts science.” After the curriculum was implemented, there was
a notable increase (from 5 to 35) in the number of students who felt that society impacts
science. No students selected “other ambiguous views,” while the number of students who
agreed that science impacts society increased slightly, from 32 to 35.

Further descriptions of students’ views on relationship between science and

society are as follows:
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1) Science impacts society
Before curriculum implementation, many students saw a relationship
between science and society in the way that science impacts society. Thirty-two students
did not distinguish between the concepts of science and technology and referred to uses of
technology as a result of the impact of science on society. Meanwhile, 8 students stated
that science helps educate people in the society. To these students, scientific knowledge
brings facts and explanations for phenomena that people are curious about and prevents

people from being credulous.

“Scientists use scientific knowledge to explain things happening in the world. For
example, people in some places may believe in ghosts or supernatural power, but
scientists help explain what really happens.”

Student #32, before curriculum implementation

On the other hand, 4 students stated that science causes contradictions,
especially with regard to conflicts with religion and social beliefs, which in turn could cause

social problems.

“Sometimes, scientific knowledge contradicts religion and beliefs. For example, the
idea that the sun is the center of the universe once contradicted to Christian beliefs
that God is the creator of the earth and that earth is the center of the universe.”

Student #36, before curriculum implementation

After curriculum implementation, the number of students who thought that
science impacts society increased slightly, to 35. There was no major change in student
numbers in the subcategories.

2) Society impacts science

Before curriculum implementation, only 5 students referred to the
relationship between science and society in terms of the way that society impacts science.
After curriculum implementation, the number of students who responded to this major

category increased to 35. Their responses indicated the impacts in various ways, first of all,
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in the ways that society drives the direction of science. Students who selected this
subcategory believed that the development of scientific investigations is directed by social
requirements, that is, what social needs will be served by science.
“Social needs affect what is researched in science. For example, during World War II,
everybody needed effective and good quality weapons. Science at that time focused
on knowledge to be used in the military, like biological weapons, poisonous gas, and
atomic bombs. . . . it can be seen that in some periods of history, science directs
society.”

Student #13, after curriculum implementation

Secondly, some students reported that science is a social construct, that
science was constructed and accepted by society. This idea is related to the acceptance of
new knowledge that can be recognized or ignored by society. Therefore, development of
particular science projects will not occur without social support.

“Society and social beliefs influence scientific knowledge. Sometimes knowledge can
be ignored or opposed by society if it is considered to be immoral, for example,
research on human cloning that cannot be done.”

Student #23, after curriculum implementation

Lastly, students also indicated that there were implications in the way that
society financially supports science.
3) Other ambiguous views
Some students’ responses did not clearly state the relationship between
science and technology. Before curriculum implementation, there were 12 students who
selected “ambiguous views.” Eight students showed that they viewed science as part of the
environment and explained the impacts of changes in the environment on society rather
than explaining the impacts of science.
“Water is a part of science. Without water, people will have to fight with each other to
get water to use and it will cause social turmoil.”

Student #8, before curriculum implementation
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Similarly, 8 students claimed that science relates to daily life without giving

further explanations.

“Science is the principle of the society. Scientific knowledge benefits society”

Student #21, before curriculum implementation

After curriculum implementation, no ambiguous views were found.

Section 3: What changes occur in students’ decision making on science-

based dilemmas after the curriculum implementation?

In order to explore how students use ideas relating to TNOS when making
decisions on science—based dilemmas, three different scenarios related to modern
technology in genetics were given to students: 1) GM papaya, 2) gene therapy, and 3) GM
mosquito and malaria. These scenarios simulated information, specifically positive
information regarding technology that students might face in daily life or glean from public
media. The results of students’ decision making regarding science—based dilemmas were
analyzed and described in two different ways. The first used quantitative analysis to
describe students’ overall level of decision making determined by scoring their responses
on each scenario on the decision-making questionnaire. The second involved qualitative
analysis, which analyzed content to describe what information students were concerned

with when making decisions on science—based dilemmas.

1. Levels of students’ decision making

In this research, levels of student decision making were judged according to
numbers of TNOS dimensions that students connected to their decision, as described in
detail in chapter 3. The level of student decision making is ranged in 5 levels: 1) no other
concerns, 2) non—-TNOS related concerns, 3) one dimension of TNOS-related concerns, 4)
two dimensions of TNOS-related concerns, and 5) three dimensions of TNOS-related
concerns. Initially, students’ responses on each scenario were independently assessed for

their level of decision making. Later, the summation of numbers of students at each level
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from each different scenario was calculated to provide an overview of students’ decision
makings on science—based dilemmas
The level of students’ decision making on science—-based dilemmas is shown in

TABLE 20.

TABLE 20 LEVELS OF STUDENTS’ DECISION MAKING DIVIDED INTO THREE

SCENARIOS
Level 1 Level 2 Level 3 Level 4 Level 5
Scenarios
Before After Before After Before After Before After Before After
GM papaya 22 0 11 1 16 28 2 19 0 3
(N =51) (43.1%) (0.0%) (21.6%) (2.0%) (31.4%) (54.9%) (3.9%) (37.3%) (0.0%) (5.9%)
Gene
5 1 15 8 31 31 0 11 0 0
Therapy
(N =51) (9.8%) (2.0%) (29.4%) (15.7%) (60.8%) (60.8%) (0.0%) (21.6%) (0.0%) (0.0%)
GM mosquito 12 2 17 5 18 22 4 20 0 2
(N =51) (23.5%) (3.9%) (33.3%) (9.8%) (35.3%) 43.1%) (7.8%) (39.2%) (0.0%) (3.9%)
Total No. of
responses 39 3 43 14 65 81 6 50 0 5
(N =153) (25.5%) (2.0%)  (28.1%) (9.2%)  (42.5%) (52.9%) (3.9%) (32.7%) (0.0%) (3.3%)

TABLE 22 shows that, before curriculum implementation, large numbers of
students’ responses (65 responses out of a total of 153) were considered level 3 decisions.
That is, the responses showed that students were concerned with one TNOS dimension
when making decisions. However, many of the responses did not involve TNOS
dimensions, as seen from many responses that were considered level 2 (43 out of 153) and
level 1 (39 out of 153), while responses considered level 4 decisions were rarely founded (6
out of 153). In addition none of the responses was considered a level 5 decision. After
curriculum implementation, the largest number of responses (81 out of 153) were still
considered as level 3 decisions. However, the results showed a notable improvement in
students’ decision making as seen by the higher numbers of responses (50 out of 153) that
were considered level 4 decisions. On the contrary, numbers of responses that were

considered at level 1 and level 2 dramatically decreased to 3 and 14 responses,
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respectively. In addition, responses that were considered level 5 decisions were hardly
found at all.

The details from students that were tracked revealed that, before curriculum
implementation, there were 9 students who did not concern themselves with information
related to TNOS when making decisions on all three scenarios given in the questionnaire.
These students’ decision making had combinations of level 1 and level 2 decisions,
depending on the scenario they responded to. However, there was one student who made
only level 1 decisions in all scenarios.

Student #24 reported no concern with any other information she should obtain
when making decisions. Her responses indicated that she believed the one—sided
information given in the scenario. To be exact, she reported the reasons of her decisions by
repeating information given from the scenarios.

“I will have GM papaya because the scientist who developed GM papaya had
checked that it had the same nutritional value as the natural ones and that it is safe.
The information that is important to me for making the decision is the assurance given
by the scientist. The information given in the scenario is enough for me to make a
decision.”

Student #24, before curriculum implementation

After curriculum implementation, all 9 students showed improvement in their levels
of decision making. In particular, Student #24 who initially reported level 1 on all three
scenarios dramatically improved her decisions to higher levels, especially in the GM papaya
scenario, in which she reported a level 4 decision by referring to information that related to
individual scientists and the epistemological dimensions of TNOS.

“I will not have GM papaya because we still don’t know what may happen in the long
run if we eat a lot of GM products. The information that is important to me when
making decisions is that there should be confirmations from experts. Also, there
should be information about what will happen if we eat large amounts of GM
products.”

Student #24, after curriculum implementation
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Other students slightly increased the level of their decisions as well, primarily to
levels 3 and 4. However, there was one student who did not show any noticeable
improvement in his decision. Student #12 maintained his level of decision making at level 2
in the gene therapy scenario and the GM and mosquito scenario. The only scenario in
which he showed any improvement was in the GM papaya one, where he improved from

level 1 to level 3 after curriculum implementation.

2. Content of students’ decision making on science-based dilemmas

The content of students’ responses regarding decision making on the science—
based dilemmas questionnaire was analyzed and put into categories to represent different
types of information that students were concerned with when making decisions in each
scenario given in the questionnaire. The categories were later grouped into four major

categories:

1) Information related to individual scientists

2) Information related to epistemology

3) Information related to sociocultural context

4) Information unrelated to TNOS.

The information that students took into account when making decisions on each

scenario is presented in TABLE 21 and FIGURE 11.



TABLE 21 INFORMATION STUDENT CONCERN WHEN MAKING DECISIONS DIVIDED INTO THREE SCENARIOS

No. of Students

TNOS Information Affecting Decision
] ) ] GM papaya Gene therapy GM mosquito Total
Dimensions Making
Before After Before After Before After Before After
. 3 4 1 5 0 2 4 1
Trustworthiness of the researcher (2.6%) (7.2%)
(5.9%) (7.8%) (2.0%) (9.8%) (0.0%) (3.9%) % 2%
Individual Third . 7 20 0 8 0 6 7 41
ird party verification 0 0
scientist party (13.7%)  (392%)  (0.0%)  (157%)  (0.0%)  (11.8%) (/6% (26.8%)
Eerts conirdl 1 ) 0 2 0 2 1 6
Xperts contirmation o 0
P (2.0%) (3.9%) (0.0%) (3.9%) (0.0%) (3.9%)  (O7%) (3.9%)
Unknown effects of scientific z 32 25 31 11 26 43 89
knowledge (13.7%)  (62.7%)  (49.0%)  (60.8%) (21.6%) (51.0%)  (281%) (58.2%)
Epistemology
R - ) 6 21 10 17 9 28 25 66
equirement of more researc o o
a (11.8%)  (412%)  (19.6%)  (33.3%) (17.7%)  (54.95)  (163%)  (431%)
Sodia 0 5 0 0 6 16 6 21
i OcClal concerns o o,
Sociocultural (0.0%)  (98%)  (0.0%)  (0.0%)  (11.8%) (314%) @9 (137%)
context \ 0 1 0 0 0 0 0 1
Laws and regulations (0.0%) (0.7%0
(0.0%) (2.0%) (0.0%) (0.0%) (0.0%) (0.0%) 0% 1%
Product auali 38 31 29 25 15 16 82 72
roauc uall 0 o
auatlty (745%)  (60.8%)  (56.9%)  (49.0%)  (29.4%) (31.4%)  (936%) (47.1%)
Unrelated to o _ 8 7 22 16 12 7 42 30
Academic information
TNOS (15.7%)  (13.7%)  (43.1%)  (31.4%)  (235%)  (13.7%)  (27.5%)  (19.6%)
Miscel 10 16 3 20 12 19 25 55
IScellaneous o o,
(19.6%)  (31.4%)  (5.9%)  (39.2%) (23.5%) (37.3%) (163%)  (359%)

ocl
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FIGURE 11 INFORMATION THAT STUDENT CONCERN WHEN MAKING DECISIONS
DIVIDED INTO THREE SCENARIOS

TABLE 21 and FIGURE 11 show that, before curriculum implementation, the
information that students were most concerned with when making decisions on all scenarios
was for the most part not related to TNOS. Information that was of highest concern was

related to product quality, especially in the GM papaya scenario (38 students out of 51).
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Some concerns related to TNOS were only slightly evident. The information related to
TNOS that students were most concerned with were the unknown effects of scientific
knowledge, especially when they made decisions regarding the gene therapy scenario (25
students out of 51). Other information related to TNOS that concerned noticeable numbers
of students was the requirement for more research, which was indicated in the gene
therapy scenario (10 students), the GM mosquito and malaria scenario (9 students), and
the GM papaya scenario (6 students). Other information related to TNOS, namely, the
trustworthiness of the researcher, third party verification, experts’ confirmation, and social
concerns, was only slightly evident.

It can be seen that after curriculum implementation the major concerns of students
were still related to product quality. However, the number of students who indicated these
concerns decreased slightly, as seen in the GM papaya scenario, in which the number
dropped from 38 to 31. However, student numbers regarding increased concerns about
scientific information related to TNOS notably improved, especially with regard to unknown
effects of scientific knowledge (an increase from 7 to 32 students in the GM papaya
scenario, 11 to 26 students in the GM mosquito and malaria scenario, and 25 to 31
students in the gene therapy scenario). Similarly, the numbers of students indicating their
concerns regarding the third party verification also dramatically increased, especially in the
GM papaya scenario (an increase from 7 to 20 students) and the gene therapy and GM
mosquito and malaria scenarios (increases from 0 to 8 and 0 to 6 students, respectively).
In addition, the numbers of students indicating their concerns about the trustworthiness of
the researcher, experts’ confirmation, social concerns, and laws and regulations all
increased.

Details of students’ decision making in each scenario are described in detail

below.

1) GM papaya scenario
Before curriculum implementation, 38 students noted factors that affected their
decision making on product quality, especially the taste of GM papaya, price, and nutrition.

Only slightly mentioned was other academic information, for instance, the process of
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genetic modification, and miscellaneous factors, for example, defects in GM papayas, the
place where they would be sold, and advertisements.

There were not many students who referred to TNOS when making decisions
before the curriculum implementation. Some concerns related to the TNOS dimension of
the epistemology of science. Seven students thought of results that were not yet known,
particularly the possibility that consuming GM papayas may affect human health in the long
run. This concern led some students to consider the necessity of having more research
related to GM papaya, particularly long—term research and research focusing specifically on
the toxicity of GM papaya.

Some students also indicated their concern relating to individual scientists.
Seven students thought they should be provided information regarding the verification by a
third party that GM papaya was toxic free. However, the information they mentioned was in
the form of a certificate of safety from a trustworthy resource, for example, the Food and
Drug Administration (FDA).

After curriculum implementation, large numbers of students (31 students) still
concerned the product quality. However, the number of students who cited related TNOS
concerns increased. Thirty—two students affirmed their concerns related to the epistemology
of science, especially regarding the unknown long-time effects from growing and
consuming GM papaya. In addition, 21 students cited a requirement for more research to
confirm the safety of GM papaya.

Similarly, the number of students concerned with the dimension of individual
scientists increased, and 20 students stated the need for a requirement for third party
verification. Some students emphasized that the verification should be made by several
international organizations and that none of these organizations should be involved in

trading GM products.

2) Gene therapy scenario
Different from the other two decision making scenarios, factors affecting
student decision making regarding statistics and percentages of patients recovered from

cancer were interpreted as “product quality” rather than factors related to the epistemology
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of science. This interpretation was made considering the fact that the information provided
in this scenario consisted of the doctors’ mentioning that “65-70% patients responded well
to the therapy.” This can be interpreted to mean that although students referred to statistics
in the experiment, they were concerned with the quality and effectiveness of the therapy,
rather than with the trustworthiness of the research.

Before curriculum implementation, many students took into account factors
related to TNOS, specifically with regard to epistemology. Twenty-five students were
concerned that results of medical treatment by gene therapy were unknown whereas 10
students mentioned the need for more research in order to make the doctor’s claim more
trustworthy. However, requirements for more research were not clearly specified, and
students for the most part simply asked for “more details on recovered or unrecovered
patients” rather than identifying what exactly doctors or researchers should do to confirm
their claims regarding the effectiveness of gene therapy.

By comparison, 29 students were concerned about product quality (cost of
therapy, percentage of those recovering, and length of time for recovery) when making
decisions regarding gene therapy. Concerns regarding academic information were also
found (for 22 students), especially for the process of gene therapy treatment.

After curriculum implementation, more students indicated their concerns
related to TNOS dimensions, particularly with regard to epistemology. The number of
students concerned about the unknown results of gene therapy increased to 31, and the
number of students who cited the need for more research increased to 17. In addition,
students were more specific about the types of research they mentioned. For instance, they
wanted to know the results from gene therapy experiments in animals, case studies on
each gene therapy patient, and how specialists could confirm that the recovery was a result
of gene therapy.

The concerns related to the dimension of individual scientists increased as
well. Eight students stated their concern about third-party verification, especially whether a

particular treatment was universally accepted by trustworthy institutes. Five students
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mentioned factors that affected their decisions regarding the skill and experience of gene

therapy specialists, while 2 students stated the need for an expert’s confirmation.

3) GM mosquito and malaria scenario

Before curriculum implementation, some students were concerned with non-
related TNOS factors when making decisions. Fifteen students considered product quality,
i.e., the effectiveness and cost of using GM mosquitoes to eliminate malaria. Twelve
students thought of miscellaneous factors, particularly, disturbances that may result from
having more mosquitoes in the area. Other details, for instance, the process of creating GM
mosquitoes and time required for breeding mosquitoes, were also mentioned by 12
students. By comparison, there were similar numbers of students concerning factors related
to TNOS, particularly with regard to epistemology, when making decisions—11 students
were concerned about the unknown effects from creating GM mosquitoes whereas 9
students mentioned the need for more research. Meanwhile, 6 students were concerned
about the sociocultural context in terms of possible effects on the environment and people
in the community.

After curriculum implementation, the numbers of students increased on all
decision—making factors, especially for those related to epistemology. The number of
students who stated the need for more research dramatically increased to 28. Similarly, the
number of those concerned about the unknown effects from creating GM mosquitoes rose
to 26.

Likewise, the number of students concerned with the sociocultural context,
particularly with regard to possible effects on the environment and people in the community
increased to 6, while the numbers of students concerned with the dimension of individual
scientists and the need for third-party verification, trustworthiness of the researcher, and

experts’ confirmation rose to 6, 2, and 2 students, respectively.
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Section 4: Do students who learn under the integrated nature of science
curriculum differ in their understanding of genetics from students who learn

in the conventional curriculum?

Student achievement in terms of their understanding of genetics was examined
with the assumption that, when studying in a curriculum with multiple foci on history, the
nature of science, and science content, student achievement in science content may be
lower than that of students who learn in a curriculum that focuses on only science content.
Student achievement in understanding genetics was examined in two ways: 1) comparing
before and after scores within a group of students who learned with the integrated nature of
science curriculum, using t-test statistics, and 2) comparing achievement between students
in a class that learned with the integrated nature of science curriculum and students who
learned using a conventional curriculum, using ANCOVA by having the pretest scores as

covariates.

TABLE 22 COMPARISON OF SCORES OF STUDENT ACHIEVEMENT IN GENETICS
UNDERSTANDING BEFORE AND AFTER CURRICULUM IMPLEMENTATION

Total
Test N df M S.D. T o]
scores
Before curriculum implementation 51 50 30 2405 | 2.86 | 12.87 | 0.000
After curriculum implementation 51 16.20 | 4.40 >

*n<0.01

TABLE 22 shows that the mean student achievement in genetics understanding
from after curriculum implementation (24.05) was higher than before implementation (16.20)

at the 0.01 level of significance.
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TABLE 23 COMPARISON OF THE INTEGRATED NATURE OF SCIENCE CURRICULUM
CLASS AND THE CONVENTIONAL CURRICULUM CLASS SCORES IN
ACHIEVEMENT OF GENETICS UNDERSTANDING

Source N df M SS MS F p

Genetics understanding

- TNOS curriculum class 51 1 24.06 [1092.622| 1092.622 | 89.034** | 0.000
- Traditional curriculum class 45 14.20
** p<0.01

TABLE 23 shows the mean scores reflecting students’ understanding of genetics.
It was found that the mean scores of the TNOS curriculum class and the traditional
curriculum class were 24.06 and 14.20, respectively. The ANCOVA results of students’
genetics understanding indicated that the mean scores were significantly different at the
0.01 level. Therefore, the student genetics understanding in the TNOS curriculum class was

significantly higher.

Section 5: Examples of students’ cases

In this section, three students’ experiences were described to illustrate the effect of
the integrated curriculum on their learning.
1. The case of Student #14

Student #14 had a good background in science as seen by his grade of 4
(excellent) on the basic science course on his report. However, his background in genetics
understanding was below average when compared to his classmates. His background
showed a lack of understanding of TNOS, similar to other students in the class. Before
curriculum implementation, the aspect of TNOS in which he had the highest level of
understanding was the tentativeness of scientific knowledge (3—simple), followed by the
subjectivity of scientific conclusions (2—naive), the role of opinion and imagination in science
(2—naive), the relationship between science and society (1-limit), and the process of

science (0—misconception), respectively.
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Student #14 reported his concern about information related to TNOS
dimensions on two out of three scenarios, namely, GM papaya and gene therapy.
However, his decision making in both scenarios was at level 3, showing concern for only
one dimension of TNOS. He was skeptical about the effectiveness of the technology
presented in the scenarios. In the GM papaya scenario, he was skeptical that the virus
that causes the disease in papayas could be used to develop disease-free and safe
papaya. He was concerned that down the line the papaya consumer may be harmed by
the virus in the future. His explanation, although inaccurate, shows that he was concerned
about the unknown effects of GM papaya in the long run. He also suspected that someday
GM technology may not as highly regarded as it is today. This relates to the

epistemological dimension of TNOS.

“I will eat GM papaya because it is guaranteed to be safe. However, it should be kept
in mind that because the virus can develop itself, GM papaya may not be 100% safe
in the future. There should also be studies about the effects, both good and bad,
about GM papaya so that informed decisions can be made.”

Student #14, before curriculum implementation

On the other hand, Student #14 simply decided to support the release of GM
mosquitoes in his community, trusting that doing so worked well when scientists did the

experiment.

“I support the release of GM mosquitoes in my community since experiments were a
success.”

Student #14, before curriculum implementation

After curriculum implementation, Student #14 increased his understanding of
genetics to a score of 25, which was slightly higher than the average. He also increased
his levels of understanding of all aspects of TNOS, especially regarding the process of
science (3-simple), followed by the relationship between science and society (3—simple),

the subjectivity of scientific conclusions (2—naive), the tentativeness of scientific knowledge
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(4—competent), and the role of scientists’ opinions and imagination in science (3—simple),
respectively.

Student #14 increased his level of decision making as well, especially in the GM
mosquito and GM papaya scenarios, which increased to level 4, which means that he took
into account information related to two dimensions of TNOS when making decisions. His
responses regarding the GM mosquito indicate that he worried about possible negative
social effects. He also noted that he needed more research to confirm the effectiveness of
the GM mosquito program. These two concerns are related, respectively, to the

sociocultural context and epistemology dimensions of TNOS.

“l would not support the release of the GM mosquito. If there are any negative effects
caused by the GM mosquito, the whole community and beyond would be affected.
There should be more information about experiments involving the GM mosquito on a
variety of organisms in order to make it more trustworthy.”

Student #14, after curriculum implementation

2. The case of student #23

Similar to many of her classmates, Student #23 had a solid background in science
as seen by her grade of 4 (excellent) that she received on the basic science course she
took during the previous academic year. Her pretest score on genetics understanding was
16, which was the average. However, her background on TNOS understanding was lower
than other students in the class. Her responses on the TNOS questionnaire indicated
misconceptions on two of TNOS aspects, namely, the tentativeness of scientific knowledge
and the role of opinion and imagination in science. Her responses indicate that she felt that
scientific knowledge is absolute and never changes and that scientists’ opinions and

imagination play no part in science.
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“Scientific laws and theories cannot change because they come from numerous
repetitions of experiments by several scientists. They are practical and can be

proved.”

“l agree [that science relies only on facts and reasoning]. If scientists rely on their
opinions and their imagination, different scientists will get different results.”

Student #23, before curriculum implementation

Her inadequate understanding of TNOS is reflected in her decision making.
Student #23 uncritically believed the information given in the GM papaya and GM mosquito
scenarios. The only scenario in which she showed any consideration of information related
to TNOS was gene therapy, but this scenario already noted the uncertainty of gene therapy

results, namely, that it had only a 60-70% success rate in curing cancer.

“I will eat GM papaya. It was already stated in the scenario that GM papaya is
resistant to virus and the nutrition is the same as that in reqular papayas. This

information is enough for making a decision.”

“The information given to the patient was not enough for making a decision. It did not
indicate side effects and drawbacks of the therapy. There need to be results provided

on the patients who have received gene therapy.”

“I will support the release of GM mosquitoes so that we can solve the problem of the
disease transmission. The given information from the scenario is enough for me to
make a decision.”

Student #23, before curriculum implementation

After curriculum implementation, Student #23 increased her score on the genetics
understanding post-test to 24, which was the average. She did not change her level of
TNOS understanding in some aspects. However, she notably increased her levels of TNOS
understanding in the aspects that she previously held misconceptions on. She competently
explained the tentativeness of scientific knowledge and gave a sophisticated explanation of

the role of scientists’ opinions and imagination in science.



“Laws and theories can change. When the society changes, people’s beliefs change
as well, and so does the social support that affects the change. When the time period
changes, scientists will develop more knowledge on a certain thing, which causes
changes in the previous theories. For example, there is Mendel’s ratio. He said that it
[genetic inheritance] will always be a 3:1 ratio but there are exceptions to the ratio
such as the breeding between a red flower and a white flower that can result in a pink

flower, not 3:1 red:white.”
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Student #23, before curriculum implementation

“l disagree [that science relies only on facts and reasoning]. In reality, no one can
completely remove bias from his or her mind. However, scientists need imagination in
their work, for instance, for creating models of atoms. In addition, a scientist’s opinion
determines his conclusion. That’s why scientists can have different conclusions.
Scientists use their imagination to draw out structures of many things, for example,
the structure of the earth, and the solar system. In the past, they did not have a
spaceship to use. They had to create models of these things, as they did with the
models of atoms. Because each scientist had different ideas, we have different

models of atoms that we study today.”

Student #23, after curriculum implementation

This student’s decision making also improved in the GM papaya scenario after the

curriculum was implemented. Student #23's response indicated her concern about

information related to research results in order to confirm whether consuming GM papaya is

safe.

“The information was not enough. There should be research results about GM

papaya provided, especially results of experiments feeding GM papaya to animals.”

Student #23, after curriculum implementation

Interestingly, Student #23 still did not take into account information related to

TNOS when making her decision in the GM mosquito scenario. However, her response

changed in that she recognized that the effectiveness of the GM mosquito in eliminating
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disease could not possibly be as effective as what is claimed in the scenario. However, she
did not see that there could be other consequences from the GM mosquito program, even if

it was ineffective in preventing malaria.

“l would support the release of GM mosquitoes. Even though it may be ineffective, |

don’t see how it would affect me.”

Student #23, after curriculum implementation

3. The case of Student #29

Similar to the other two students, Student #29 also had a solid background in
science. Before curriculum implementation, his understanding of genetics was average. His
understanding of TNOS ranged from 0 (misconception) to 3 (simple) levels. The aspects of
TNOS he understood the least were the role of scientists’ opinions and imagination in
science (0O—misconeption) and the tentativeness of scientific knowledge (1-limited). He
reported that scientist’ opinions and imagination play no part in science. In addition, he
reported that science is subject to change. However, he appropriately explained that
changes occur when new scientific knowledge is proven to be more correct than the

previous knowledge.

“I think science relies only on rationality and facts. Opinion and imagination play no

part in science. Science must be neutral and based on facts.”

“Laws and theories can change because there can be new laws and theories that are
proven to be more correct and better than previous ones.”

Student #29, before curriculum implementation

Furthermore, Student #29 did not take into account information related to TNOS
dimensions on any of three given scenarios. In the gene therapy and GM mosquito
scenarios, he mentioned other information besides what was written in the scenario and
that was important to him in making decisions. He emphasized product quality and
academic information rather than TNOS. Furthermore, his response on GM papaya showed

that he trusted the information given in the scenario because it was confirmed to be good.
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“l will eat GM papaya because it is confirmed that GM papaya has similar nutrition to

regular papaya and that it is safe.”

“The doctor did not tell the patient about the drawbacks of the therapy. If | were the

patient, | will not decide to receive the therapy until | am told about the drawbacks.”

“l would support the release of GM mosquitoes in my community. | actually want to
know about the nature of the disease caused by both old type and the new type of
mosquitoes. Anyway, the given information is enough for me to make a decision to
support it.”

Student #29, before curriculum implementation

After curriculum implementation, Student #29 increased genetics understanding to
a score of 28, which is above average. He also increased levels of understanding of all
TNOS aspects, especially the aspects of the role of scientists’ opinions and imagination in
science, and the tentativeness of scientific knowledge, which increased to a score of 4
(competent).
“Opinion and imagination are important to science. Without them, scientists could not
find ways to change old knowledge. However, the use of opinion and imagination

must be based on facts too.”

“Laws and theories can change. The change may be caused by changes in the
society in which the laws and theories were created. Examples of changed laws and
theories are that the earth is flat and that the earth is the center of the universe, as
well as theories that tried to explain the origin of the universe and models of atoms.”

Student #29, after curriculum implementation

Similarly, Student #29 improved his decision making in all the given
scenarios, especially in the GM papaya scenario, in which he made a level 4 decision by
referring to the experts’ confirmation and the unknown results of the GM papaya
experiment, which were related to individual scientist and epistemological dimensions of

TNOS decision making.
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“The information provided is not enough. There should be confirmation from experts
and there is no information about possible harmful effects that may be caused by the

GM papaya.”

Student #29, after curriculum implementation

Likewise, he mentioned the need for more research results to confirm the

trustworthiness of information provided in the gene therapy and GM mosquito scenarios.

“The information is not enough. There is no information about the drawbacks of the
therapy and the comprehensive results of the therapy. There should be reports on

case studies to confirm its effectiveness.”

“l need to see the research results. The process of GM mosquito is interesting but the

given information is not enough”

Student #29, after curriculum implementation



CHAPTER 5

CONCLUSIONS, DISCUSSIONS, AND RECOMMENDATIONS

This chapter summarizes the research questions, objectives of the study,
procedures, and conclusions, and discusses the research findings as well as presenting

recommendations.

Research questions

This study has the following research questions:

1. What are the components of the integrated nature of science curriculum?

2. What changes occur in students’ understanding of TNOS after the curriculum
is implemented?

3. What changes occur in students’ decision making on science—based dilemmas
after the curriculum is implemented?

4. Do students who learn under the integrated nature of science curriculum differ

in their understanding of genetics from students who learn in the conventional curriculum?

Research objectives
The objectives of this study were to develop and explore effects of the integrated
nature of science curriculum on students’ learning in terms of
1. Students’ understanding of TNOS
2. Students’ decision making on science-based dilemmas

3. Students’ achievement of genetics understanding

Research Procedures

Phase 1: Development and evaluation of the draft curriculum
1. Development of the draft of the integrated nature of science curriculum
The development of the draft of the integrated nature of science curriculum started

from gathering basic information about problems and needs in curriculum development and
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generating initial ideas related to the nature of science and genetics to be used as
curriculum content. Secondly, the curriculum direction was set by refining the initial ideas
and connecting concepts related to the nature of science and genetics by using historical
accounts of the discovery of genetics as the curriculum theme. The intended learning
outcomes (ILOs) were also generated in this step. Thirdly, the curriculum rationale was
developed by addressing ideas, values, and educational goals underlying the curriculum.
Fourthly, the ILOs were refined by considering educational standards and the curriculum
rationale. Fifthly, the units of the curriculum were formed by considering the coverage of
genetics content and the actual period of time devoted to the genetics unit in the
participating school’s instructional schedule. Sixthly, general teaching strategies were
developed in accordance with three instructional approaches: integrative, explicit—reflective,
and historical. Lastly, the results from experts and the pilot study were used for revision the
curriculum and instructional plans.
2. Evaluation of the draft curriculum by experts

The draft curriculum was examined by five experts. The IOC results ranged from
0.6-0.8, which means the draft curriculum was appropriate and had internal congruence.
The aspect of evaluation that resulted in IOC 0.6 was the evaluation aspect, which stated
that the curriculum is effective for teaching the nature of science without creating additional
alternative science courses. Comments given by the experts were used for revision of the
draft curriculum.
3. Pilot study

The draft curriculum was full piloted in Sriayudhya School during school break
from March 8 to March 24, 2010. The 20 students who participated in the pilot study were
had finished 8th grade and were going to start 9th grade the following academic year.

Research instruments were also tried out during the pilot study.

Phase 2: Data collection and curriculum implementation
This study used a pretest—post—test control-group design. Two classrooms in the
participating school were used for data collection. One classroom consisted of 51 students

with the researcher as instructor following the integrated nature of science curriculum. At
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the same time, the other classroom consisted of 45 students, taught by a co—operating
teacher using the school’s conventional curriculum. Data on students’ understanding of
TNOS and decision making on science—based dilemmas were collected on students who
received the treatment by using two sets of open—-ended questionnaires and follow up
interview protocols. Students’ responses on the questionnaires were analyzed quantitatively
and qualitatively and checked for consistencies and discrepancies against the interviews.
Data regarding students’ achievement in terms of understanding genetics were collected
using a multiple-choice achievement test and analyzed using the ANCOVA statistical model

in both experiment and control classrooms.

Conclusions and discussions of research findings

Section 1: What are the components of the integrated nature of science curriculum?

The integrated nature of science curriculum developed in this study consists of the
following six internally congruent components:

1. A rationale for the curriculum that clearly addresses the background of science
education and the importance of understanding the nature of science

2. Curriculum objectives that enhance students’ understanding of the nature of
science, targeted at TNOS aspects that are within the scope of curriculum development,
students’ decision making on science-based dilemmas, and students’ achievement in terms
of understanding genetics

3. Curriculum content with an equal emphasis on the nature of science, targeted
TNOS aspects, and genetic content

4. Science learning standards and learning indicators from the Basic Education
Core Curriculum B.E. 2551 and additional learning indicators specifically designed for
assessing students’ understanding of TNOS as developed by the researcher

5. |Instructional plans based on three instructional approaches: integrative,
explicit-reflective, and historical

6. Assessment of students’ understanding of NOS, decision making on science—

based dilemmas, and achievement of genetics understanding
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The strength of the integrated nature of science curriculum that was developed is
that it took the same amount of time as the school’s conventional curriculum and
instructional plans. Therefore, the integrated curriculum was more effective in terms of its
ability to address and enhance multiple types of learning, namely, understanding of TNOS,
decision making and better understanding of science content. The effectiveness of the
integrated nature of science curriculum was also reported by Khishfe and Lederman (2007)
who found that although both integrated and non—integrated nature of science instruction
resulted in the same benefits in terms of enhancing students’ understanding of the nature of
science, the integrated nature of science instruction took less time than did non-integrated
instruction. Therefore, integrated instruction might have achieved (at least) the same results
with greater economy and efficiency.

The limitation of the integrated nature of science curriculum was also
acknowledged, namely, that extra time was needed during the development of curriculum
and instructional plans. In particular, the developed curriculum and instructional plans that
use a historical approach require extra time to search for and review the history of science

resources.

Section 2: What changes occur in students’ understanding of TNOS after curriculum
implementation?

After the implementation of the integrated nature of science curriculum, students’
improved their understanding of all six aspects of TNOS: general views of science,
tentativeness of scientific knowledge, the process of science, subjectivity in scientific
conclusions, the role of scientists’ opinions and imagination in science, and the relationship
between science and society. The enhancement of their understanding was evident in the
increase of students at the higher levels of understanding as determined by their ability to
explain and give examples to illustrate each TNOS aspect. Also, their improvement in
TNOS understanding was reflected in the content of their responses on the open—ended
questionnaire, which indicated more of them had adopted a contemporary view of the
nature of science. More of them came to acknowledge that scientific knowledge is subject

to change and that such changes can refute previous scientific understanding, that the
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process of science is flexible, that conclusions can be subjective and may be influenced by
characteristics of individual scientists, that opinion and imagination play a role in many
steps of scientific investigations including data interpretation, and that science and society
impact each other. Two kinds misconception were still held by small numbers of students
after the curriculum implementation, namely, that the process of science is a universal
step—by—step method and that opinion and imagination play no part in science.

The enhancement of students’ understanding of TNOS was a result of the
integrated nature of science curriculum and its pedagogy, which was designed by
combining integrative, explicit-reflective, and historical-based approaches. Past research
shows evidence that favorable results in understanding the nature of science cannot be
guaranteed by relying upon only one approach. For example, a historical-based approach
may be recommended by science educators not only for its effectiveness in teaching NOS
but also as a to be necessary tool for understanding NOS (Matthews. 1994). However, a
single approach is not always successful in enhancing students’ understanding.

A study by Abd-El-Khalick and Lederman (2000) that examined the influence of
three history of science courses on students’ views of NOS revealed that history of science
courses brought about very few and limited changes in participants’ views. In addition, they
assumed that explicitly addressing specific NOS aspects might enhance the effectiveness of
the history of science courses. Their assumption was confirmed by several other studies, for
example, a study by Lonsbury and Ellis (2002) that explicitly integrated a historical
foundation into a 9th grade genetics unit and compared the results in students’ learning
between students in the history integration group and the “normal” instruction group. The
result revealed that the history integration group significantly outperformed the “normal’
instruction group on the NOS understanding scores. Likewise, a study by Veal (2004)
combined an explicit-reflective approach, integration, and a historical-based approach by
using the history of paleoanthropology as the contextual setting to show changes in the
nature of science over time in a distinct science discipline. Results indicated that the use of
a historical case combined with the explicit integration of NOS tenets was successful in

facilitating a shift in students’ views of NOS.
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Section 3: What changes occur in students’ decision making after the curriculum
implementation?

After curriculum implementation, students’ decision making on science—based
dilemmas improved, as evidenced by more students making their decisions at level 3 and
higher, compared making such decisions at level 3 and lower before the curriculum was
introduced. Also, the enhancement of their decision making was reflected in the content of
their responses, showing that more of them taking into account information related to TNOS
when confronting science—based dilemmas. For the most part, students indicated concerns
regarding the trustworthiness of the researcher and the need for more research, both of
which relate to the epistemological dimension of TNOS. Also, some students took into
account information about third—party verification, trustworthiness of the researcher, and
experts’ confirmation, which related to the ‘“individual scientist” dimension of TNOS.
However, fewer students indicated concerns about sociocultural context and laws and
regulations.

It can be seen from the result that before the curriculum was implemented, the
connection between TNOS understanding and decision making was not clear. However, the
connection was easier to see after implementation, especially with regard to students’ views
concerning the tentativeness of scientific knowledge and the subjectivity of scientific
conclusions. This was seen in their decision making after curriculum implementation, which
showed more students indicating their concerns related to the unknown results of scientific
knowledge. This result is related to their increased understanding of the tentativeness of
scientific knowledge. Similarly, more students indicated their concerns related to
trustworthiness of the researcher and third—party verification when making decisions
regarding science—based dilemmas. This result is related to the increase of students who
reported that scientific conclusions are influenced by scientists’ personal knowledge and
skill.

The connection of NOS understanding and decision making was also found in the
research of Sadler and others (2004). From their findings, it seems probable that only

students making up the higher levels of NOS understanding posses enough requisite
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understanding to comprehend the conceptual aspects related to the NOS. They also found
that students’ interpretation and evaluation of conflicting information regarding socio—
scientific issues are influenced by a variety of factors related to NOS such as data
interpretation and social interactions, including individuals’ own articulation of personal
beliefs. For example, students who accept unfounded opinion and predictions as variable
forms of data did not possess a well developed notion of the empirical basis of science.
Similarly, students who viewed science as tentative reported their concerns about the data,
either about the data itself or the data analysis as well as the influence from scientists’
opinions and personal beliefs when evaluating divergent scientific conclusions.

Similarly, Zeidler and others (2002) claimed that fostering understanding of the
nature of science would result in better decision making. From their findings, when students
are confronted with socio—scientific dilemmas or information that challenges their initial
beliefs, common responses were to ignore or reject anomalous data or to hold in abeyance
the data that was previously believed. They also claimed that emphasizing NOS in the
classroom would help balance students’ decisions, especially with regard to selecting

evidence in making scientific judgments and forming personal opinions.

Section 4: Do students who learn in the integrated nature of science curriculum differ
in their understanding of genetics from students who learn under the conventional
curriculum?

The mean scores in genetics understanding of the integrated nature of science
curriculum class and the conventional curriculum class were 24.06 and 14.20, respectively.
The ANCOVA results of students’ understanding of genetics indicated that the mean scores
were significantly different at the 0.01 level. Therefore, students’ understanding in the
integrated nature of science curriculum class was significantly higher.

This result supports many claims made by different science educators. For
example, Matthews (1994) points out that the history of science promotes better
understanding of scientific concepts and methods as well as an understanding of the nature
of science with cultural-intellectual validity. This claim was supported by the research of

Abd-El-Khalick (2000), which examined the results of embedding the history of science into
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preservice teachers’ science courses. He asserted that “the context and content in which
preservice teachers learned about NOS influenced their ability to apply their understanding
to novel contexts of contents.” Also, Lonsbury and Ellis (2002) found that two groups of
students, the history integration group and the “normal” instruction group, showed no
statistically significant difference in their performance in the genetics unit of their post—test.
This result confirms the idea that the integration of the nature of science curriculum and

instructions will not cause negative results on students’ understanding of science content.

Section 5: Examples of students’ cases

In three student cases there was a similar pattern, namely, that after curriculum
implementation, all students increased their levels of understanding of TNOS, decision
making on science—based dilemmas, and achievement in genetics understanding.
Connections between their understanding of TNOS and their decision making were also
found.

However, there is still no evidence that understanding of the nature of science
directly improves students’ decision—making ability. On the contrary, teaching the nature of
science alone may not result in students automatically connecting their understanding of the
nature of science to decision making. As seen by the results of students’ understanding of
TNOS, even though students may greatly improve their understanding of the relationship
between science and society, this does not mean that they necessarily take into account
the socio-cultural contexts of science in their decision making. Additionally, students
indicated in the interviews that when making decisions what first comes to mind are
classroom activities that focused on controversies and dilemmas in science rather that the
historical accounts of how science changes. Therefore, teaching NOS should be
incorporated as a collaborative activity that can provide students with the opportunity to

connect NOS ideas with controversies and dilemmas in science.
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Recommendations

1. Recommendations for policy making

It has been suggested by international science education bodies that
understanding of the nature of science should be promoted in science education both at the
school level and in terms of teachers’ professional development. However, teaching the
nature of science alone may not produce the desired results, namely, that learners
accommodate their understanding of the nature of science with their decision making. The
present study reveals that when making decisions students tend to think of classroom
activities that directly focus on controversies and dilemmas rather than narratives related to
the nature of science. Therefore, in promoting better understanding of the nature of science
the focus should be on how students can be helped to apply this understanding to their
lives and how they can bring a concern with the nature of science to situations in which
they face controversies and dilemmas.

Science education policy makers should keep clearly in mind the ultimate purpose
for promoting better understanding of the nature of science so as to focus on those aspects
of the nature of science a student should know and in which situations they should be able
to apply their understanding of each aspect of the nature of science.

Universities and institutes involved in the professional development of science
teachers should strengthen learning resources on history as well as contemporary science
issues as well as encouraging teachers to apply them in their classes to help students
understand the nature of science and to connect their understanding to dilemmas that relate

to their lives.

2. Recommendations for application of this study

This study was effective in terms of promoting students’ understanding of the
tentative nature of science and in raising their awarenss of the nature and limitations of
science when making decisions on science—-based dilemmas. Therefore, the development of

integrated nature of science curricula as well as instructional materials should be promoted.
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To start developing an integrated nature of science curriculum by using the history
of science as content, curriculum developers might start from existing curricula or science
courses. Curriculum developers should examine the connection between science content
and concepts in science courses and, if possible, bringing all concepts together under a
historical theme. In many school science courses, scientific concepts presented in a course
may seem distinct from each other. Instead, concepts related to genetics and concepts
related to physics could be combined into one science course. In case the curriculum
developer finds it difficult to connect all the concepts into one science course, the use of
multiple historical short stories, in other words, historical vignettes for each science concept
might be more suitable to use.

Teachers as well may apply the findings of this study by developing or adjusting
their instructional plans to include a history of science. Teachers may start by adjusting
some parts of their instructional plans. They can look for content relating to historical
background that they already have and feel comfortable to teach and then link to particular

aspects of the nature of science.

3. Recommendations for further studies
Future studies related to promoting the understanding of the nature of science and
relating it to decision making can be conducted in the following ways:
3.1.Research on NOS curriculum development
The type of research carried out on the integrated nature of science curriculum
development could be carried out in other areas of science content to further examine the
effectiveness of the curriculum and instructional approaches. In addition, other instructional
strategies, for example, the use of historical vignettes and controversial issues could be
explored.
3.2.Research on teachers’ professional development
Researchers may expand the fruitfulness of this research by studying training
strategies to help science teachers in using curriculum and particular instructional

approaches in this research to help them in promoting effective science lessons.
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List of Evaluation I0C Meaning

Appropriateness of curriculum rationale

1. The curriculum rationale emphasize on solving problems of the 0.8 Appropriate
nature of science understanding

2. The curriculum rationale are appropriate for the context of Thai 1 Appropriate
science education.

Curriculum goal

1. The curriculum goal is explicit on enhancing student 1 Appropriate
understanding of the nature of science

2. The curriculum goal is explicit on enhancing student ability to 1 Appropriate
make decisions on science based dilemmas by concerning the
nature of science

3. The curriculum goal is appropriate for science education in 1 Appropriate
Thailand

Content : Genetics

1. The content is correct and clearly stated 0.8 Appropriate

Content : The nature of science

1. The content is correct and unambiguous 1 Appropriate

2. The content support students to make decisions on science
based dilemmas by concerning the nature of science 1 Appropriate

Integrated Content

1. The integrated content is appropriately integrate genetics and the 0.8 Appropriate
nature of science content

2. The integrated content promotes students to meaningfully 1 Appropriate
understand the development of scientific knowledge

Standards and learning indicators

Strand 1 : Living things and living process

1. The standards and learning indicators are unambiguous 1 Appropriate

2. The standards and learning indicators cover the curriculum goals 1 Appropriate

Strand 2 : The nature of science

1. The standards and learning indicators are unambiguous 1 Appropriate
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List of Evaluation 10C Meaning
2. The standards and learning indicators cover the curriculum goals 1 Appropriate
Additional nature of science learning indicators
1. The additional nature of science learning indicators are 1 Appropriate
unambiguous
2. The additional nature of science learning indicators cover the 1 Appropriate
curriculum goals
Instructional units
1. Time allocation and contents are appropriate 1 Appropriate
2. The instructional units cover intended learning outcomes and 1 Appropriate
curriculum goals
Evaluation and assessment
1. The evaluation and assessment are suitable for instructions 1 Appropriate
2. The evaluation and assessment reflect intended learning 0.8 Appropriate
outcomes
3. The evaluation and assessment are practicable 1 Appropriate
Overall curriculum
1. The curriculum is up to date 0.8 Appropriate
2. The curriculum is suitable for Thai context 1 Appropriate
3. The curriculum is effective for teaching the nature of science 0.6 Appropriate
without creating additional alternative science courses
4. The curriculum document is comprehensible 1 Appropriate
5. The curriculum is possible to apply in practice 1 Appropriate
6. The curriculum design accommodate the integration of science 1 Appropriate

content and the nature of science
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CONGRUENCE OF THE DRAFT CURRICULUM

List of Evaluation 10C Meaning

The Curriculum congruence

1. The curriculum rationale is congruence with the curriculum goal
Congruence

2. The curriculum rationale is congruence with the content
1 Congruence

3. The curriculum rationale is congruence with the learning
standards
4. The curriculum goal is congruence with the content

1 Congruence

1 Congruence

5. The curriculum goal is congruence with the learning standards
Congruence

6. The curriculum goal is congruence with the intended learning
outcomes
7. The curriculum goal is congruence with learning units

1 Congruence

1 Congruence

8. The curriculum goalis congruence of the evaluation and
assessment process

9. The learning standards are congruence with the intended
learning outcomes

10. The learning units are consistent with the intended learning
outcomes

11. The learning units are congruence with instructional activities

1 Congruence
1 Congruence
1 Congruence

1 Congruence

12. The instructional activities are congruence with the evaluation

and assessment 1 Congruence

13. The evaluation and assessments are congruence with the 0.8 Congruence

intended learning outcomes
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