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Abstract

The goal of all reform documents in science education is to target scientific literacy.
Toward that end, having students understand the nature of science (NOS) is a critical com-
ponent. As it turns out, the development of NOS conceptions is a cognitive learning out-
come. Therefore, an explicit approach needs to be promoted and emphasized in the class-
rooms to address students’ conceptions of NOS. At the same time, the development of
NOS conceptions among learners is context dependent. Consequently, different learning
frameworks might influence the NOS conceptions of learners in various ways. There are
several frameworks to contextualize NOS instruction in relation to three different contexts:
history of science (HOS), scientific inquiry (SI), and socioscientific issues (SSI). As such,
the aim of this study was to review studies on NOS instruction, categorize the reviewed
studies into different contexts, and investigate the effect of these different contexts on the
improvement in students’ conceptions of NOS. As a conclusion, implications for future
research and classroom practice related to the explicit teaching about NOS in these con-
texts were discussed.

1 Introduction

A major goal in science education is to help students understand nature of science (NOS)
to become scientifically literate individuals as advocated in documents and major world-
wide reform efforts (e.g., Education Commission, 2000; Ministry of National Education
[Turkey], 2000; NGSS Lead States, 2013). Towards that goal, the present study addresses
the issue of NOS instruction as it relates to the different contexts and the subsequent effect
on the change in NOS conceptions among students. Following is an introduction of NOS,
the approach to teach it, and the contexts to teach about NOS that pave the way for the pur-
pose of the present study.
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2 Nature of Science

There is no universal agreement on a definition for NOS, but it is usually defined as the
epistemology of science, science as a way of knowing, or the values and beliefs inher-
ent to scientific knowledge and its development (Lederman, 2007). Abd-El-Khalick et al.,
(1998) claim that there are some generally accepted characteristics of the scientific enter-
prise (Lederman, 2007) that are accessible and relevant to K-12 students’ everyday lives.
These NOS aspects have been emphasized either directly or indirectly in the Next Genera-
tion Science Standards (NGSS), (2013). These aspects include understanding that scientific
knowledge is tentative (subject to change); empirical (based on and/or derived from obser-
vations of the natural world); subjective (influenced by scientists’ background, experiences,
and biases); imaginative and creative (involves the inventions of explanations); and socially
and culturally embedded. Additional aspects are the distinctions between observations and
inferences, and the distinctions between scientific theories and laws.

Promoting informed conceptions of NOS establishes the basis for understanding
scientific content knowledge and preparing individuals to be critical decision makers
and consumers of science (Bell et al., 2011; Hodson & Wong, 2014; Lederman et al.,
2002). Although the benefits of having sophisticated conceptions of NOS are highlighted
in many studies, the literature concludes that most of the students and the teachers do
not show adequate conceptions of NOS (e.g., Bell et al., 2011; Eastwood et al., 2012;
Khishfe, 2020; Walker & Zeidler, 2007) if not explicitly addressed. A recent study by
Peters-Burton et al., (2022) examined the NOS perspectives of 80 students, 23 mid-
dle school teachers, and 10 scientists in the USA. There was a free-write questionnaire
handed out to the participants. The responses were classified using the Family Resem-
blance Approach (FRA) framework. Through Epistemic Network Analysis (ENA), it
was found that students and teachers have no central idea about science, but tangible
ideas about science were frequently connected. There was more connection in the scien-
tists’ network models in comparison to the students’ and teachers’ network models. This
shows more coherence and agreement among different ideas in the scientists’ responses,
unlike the students’ or the teachers’ responses.

Unfortunately, students and teachers hold naive views of NOS (Deng et al., 2011;
Khishfe, 2017; Lederman & Lederman, 2014). Students do not expect that science involves
discussion and that there is room for their own interpretations; instead, they find security
in the belief that science is a set of facts (Oberg et al., 2022). Also, studies show that pro-
spective and in-service teachers believe that science is an exhibition of truths and a body
of knowledge; therefore, teachers’ NOS misconception may eventually contribute to stu-
dents’ NOS misunderstandings (Lederman, 2007). In addition, teachers rely on textbooks
for curriculum guidance (Bergqvist & Chang Rundgren, 2017; Drechsler & Schmidt, 2005;
Peacock & Gates, 2000), which do not show science as an inquiry process but as a collec-
tion of facts (Oberg et al., 2022). This can lead to some concepts to be difficult to under-
stand due to the way the concepts are presented in textbooks (e.g., Nahum et al., 2013).
Furthermore, textbooks lack adequate representation of NOS (Abd-El-Khalick et al.,
2017; Aljaber, 2016; Kampourakis, 2017; Ramnarain & Chanetsa, 2016). Another factor
that may impede the development of NOS views is the focus of mainstream culture in the
classroom, which may result in non-mainstream students learning science differently due
to their backgrounds and cultural values (Akerson et al., 2008). At the same time, a recent
study (Akgun & Kaya, 2020) found that university students of non-science majors have a
better view of NOS than science majors. For example, the non-science majors were able to
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articulate sophisticated responses about the tentativeness of NOS and relate the social and
cultural values of science to the development of knowledge; while science majors were less
likely to be aware of such aspects of NOS. One reason may be that students majoring in
non-science subjects enroll in numerous history-, philosophy-, and research-related courses
while science students do not. According to the authors, these courses expose students to
political, economic, and social dynamics in addition to the forms of authority in different
settings and the different scientific methodologies.

3 An Explicit Approach to Teach About NOS

The research by science educators has been on-going for over 50 years about learners’ con-
ceptions of NOS and the different ways to enhance students’ conceptions about NOS. Sci-
ence instruction still relies on traditional methods that fail to develop students’ NOS con-
ceptions. Science textbooks represent scientific knowledge as absolute truth and contradict
the recently accepted conceptions of NOS (Abd-El-Khalick et al., 2017; Liu & Lederman,
2002). In order to improve NOS instruction and end up with significant gains in NOS con-
ceptions, NOS instruction need to be addressed as a cognitive outcome. Abd-El-Khalick
et al. (1998) recommend that NOS instruction ought to be considered as an essential ele-
ment of science teaching, so it needs to be planned for and employed as such. Accord-
ing to these researchers, explicit NOS instruction involves deliberately focusing on various
aspects of NOS during classroom instruction, discussions, and/or questioning (Khishfe &
Lederman, 2006; McDonald, 2010). Fouad et al. (2015) explains the meaning of “explicit”
in teaching as making learning about NOS an intentionally planned result of instruction,
without NOS aspects being implied through didactic lessons. Students should not have to
decipher the NOS learning objectives on their own, nor should the NOS objectives diverge
from the science topic as a stand-alone discussion (Rudge & Howe, 2009). Abd-El-Khal-
ick (2013) encourages pedagogy that is student-centered, cooperative, active, and inquiry-
based to learn about NOS in an explicit manner. Addressing NOS in an explicit manner has
been shown to be beneficial in many different settings. For example, Brunner and Abd-El-
Khalick (2020) led an intervention in the USA with elementary school students and teach-
ers. Eight teachers were asked to read science trade books to fourth and fifth graders. The
first level of the study included trade books that were not modified. In the second level, the
trade books were modified so they included reflective prompts and explicit references to
NOS aspects. The third level had the modified books of the second level, with an additional
teachers’ guide for NOS instruction. To collect data, the VNOS-CE questionnaire was
given to teachers before and after the intervention. Furthermore, classroom observations,
teacher and student interviews, as well as students’ thoughts and reactions were collected.
Results showed that teachers and students improved their NOS views. The teachers were
addressing NOS more frequently. The trade books with the explicit NOS were found to be
more effective than the ones with no explicit references.

4 Contexts for Teaching About NOS

The effectiveness of different contexts for the explicit teaching of NOS on the development
of students’ conceptions of NOS has not been examined. Generally, NOS instruction takes
place along a continuum of less contextualized to more contextualized contexts (Clough,
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2006). Teaching NOS within science content such as conceptions of scientific phenomena
contextualizes NOS instruction. However, NOS is less contextualized when the instruction
is mainly focused on promoting conceptions of NOS via certain activities or discussions.
There are different conceptions on the contextualization of NOS instruction. The propo-
nents of contextualization argue that addressing NOS in an authentic context is essential
for comprehensive understanding of NOS (Bell et al., 2011, Clough, 2006) and making
it more meaningful. Even decontextualized and moderately contextualized NOS instruc-
tion can be tailored to be more contextualized by embedding it into the science content
(Clough, 2006). As such, the goal becomes analyzing the “best” naturalistic context for
the teaching about NOS at different stages. Research shows that decontextualized scientific
activities may confuse students’ perception of what real science is. In a recent study, Kruse
et al. (2021) asked 137 sixth-grade students to decide which types of activities reflect the
work of scientists. The students went through three activities that had different levels of
contextualization: the first one was decontextualized, the second moderately contextual-
ized, and third was highly contextualized. The participants filled out a Likert-scale ques-
tionnaire that also included open-ended questions. The researchers expected the students
to consider the decontextualized activities to be unlike real science. However, the results
showed that students thought decontextualized activities represented real science as they
perceived themselves to be acting like scientists.

The limited success of instruction about NOS in promoting informed conceptions of
NOS has been contributed by some researchers to the less contextualized instruction about
NOS (Clough, 2006). Such instruction restricts students’ abilities to link NOS notions with
scientific content and does not allow them to perceive the importance of NOS when study-
ing science (Bell et al., 2011). Several research studies, conducted in less contextualized
contexts, have shown no gains (Liu & Lederman, 2002) or limited gains in NOS concep-
tions (Akerson et al., 2000). To show the significance of contextualized instruction about
NOS, there are several research studies that show the influence of contextualizing NOS in
history of science (HOS) (Fouad et al., 2015), scientific inquiry (SI) (Khishfe & Abd-El-
Khalick, 2002), and socioscientific issues (SSI) (Matkins & Bell, 2007) on the students
‘and teachers’ NOS conceptions. At the same time, few studies (Khishfe & Lederman,
2006; Bell et al., 2011) showed that the differences in the improvement of learners’ con-
ceptions of NOS were not major between contextualized and less contextualized contexts.
In all cases, it can be concluded that the development of NOS conceptions among learn-
ers is context dependent (Eastwood et al., 2012). Consequently, different learning contexts
might influence NOS conceptions in different ways. In a literature review, McComas et al.
(2020) highlight the four frequently utilized modes for NOS teaching as the HOS, SSI,
argumentation, and SI. The authors note the lack of instructional materials available for
teachers to aid in their own NOS instruction. The present study explores three different
frameworks of contextualizing NOS instruction: HOS, SI, and SSI.

4.1 NOS Instruction in the Context of HOS

HOS is a culmination of the progress that led to today’s achievements, which places
science in a context that aids students to understand NOS, in addition to the social and
cultural elements of scientific thinking (Fouad et al., 2015; Matthews, 1994). Several
researchers (e.g., Abd-El-Khalick & Lederman, 2000b; Allchin et al., 2014; Matthews,
1994) argue that HOS can be used to ignite a conversation about NOS in science class-
rooms, and develop students’ conceptions of NOS. Addressing domain-specific scientific
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content knowledge and allowing students to reflect and take part in discourse about NOS
in a HOS context would help in conceptualizing HOS as both an effective instructional
material and framework (Kim & Irving, 2010) for teaching about NOS. Since the typical
science instructions do not describe the scientific practices, stories from the HOS help to
address the past and recent activities of scientists (Solomon et al., 1994). According to
Matthews (1994), there are two ways HOS can be introduced to the science classroom. The
first is an add-on approach, where HOS is taught in additional to the non-historical science
content. The second approach is an integrated one, where the historical figures related to
the development of the science content are explored in the classroom. When NOS activities
and representations are coupled with their scientific content such as historical examples,
students can develop adequate NOS conceptions through effective teaching (Abd- El-Khal-
ick & Lederman, 2000a; Clough, 2003). At another level, Hottecke and Silva (2011) have
determined the major complications that hindered bringing the history and philosophy of
science into the classroom, which include the teachers’ own beliefs and attitudes, the focus
on curriculum standards, and the lack of HOS content in textbooks.

4.2 NOS Instruction in the Context of SI

The term “inquiry” had many different meanings in the science education field. In 2013,
the National Research Council published the NGSS, where inquiry was referred to as
requiring cognitive, social, and physical practices. The stress was on engaging students in
inquiry-based scientific practices to “fully appreciate the nature of scientific knowledge
itself” (NGSS Lead States, 2013, p. xv). Previous educational reforms have emphasized the
importance of SI for teaching process skills such as observation, classification, measure-
ments, inferences, experiments, and data analysis. While NGSS use the term “practices”
instead of “skills” to emphasize the notion that engaging in scientific investigation entails
knowledge that is specific to each practice and not only skill. In this review, the inquiry
activities that participants engaged in were mostly open inquiry or guided inquiry. Some
students participated in authentic science experiences which would be characterized as
open inquiry, such as modelling projects (Moss, 2001) or apprenticeship programs (Bell
et al., 2003). Other students took part in guided inquiry activities where students answer
questions related to the data they collect in their investigations. An example would be black
box activities (Liu & Lederman, 2002), graphic examples followed by guiding questions
that catalyze a class discussion led by the teacher (Khishfe & Abd-El-Khalick, 2002), or
computer-based investigation projects (Sandoval & Morrison, 2003).

Often scientific processes and NOS conceptions are considered similar concepts, but
distinguishing between them is essential for developing informed conceptions of NOS.
Scientific processes are collection of procedures that allow data collection and analysis
while NOS refers to the epistemological concepts underlying those procedures, such as
noticing the theory ladenness of observations (Abd-El-Khalick et al., 1998; Lederman,
2007). The development of the process skills has an important role in describing the
methods used by scientists for knowledge construction (Carey et al., 1989).

At the early stages of NOS instruction, “doing science” was assumed as an effective
way of understanding NOS. However, engaging in inquiry activities and “doing science”
does not provide a comprehensive conception of NOS (e.g., Alisir & Irez, 2020; Bell et al.,
2003; Moss, 2001). During inquiry activities, students may understand the steps of an
experimentation but lack the ability to comprehend the logical reasoning that drives these
experiments (Khishfe & Abd-El-Khalick, 2002). For example, in the Bell et al.’s (2003)
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study, implicit teaching through inquiry showed little change in students’ understandings
of NOS, even though the participants in the apprenticeship program were high ability stu-
dents. Furthermore, Schwartz et al. (2004) found that active reflection in the context of
inquiry was the most effective factor that affected change of NOS views. As such, students’
NOS conceptions can be enhanced when explicit and reflective NOS instruction is deliv-
ered in the context of SI (e.g., Akerson et al., 2014; Bell et al., 2003; Schwarz et al., 2004;
Tsybulsky, 2018). And in that sense, SI can serve as a framework to teach about NOS.

Another approach used to improve students’ NOS conception is by placing inquiry
activities in their appropriate historical context. Activities that combine HOS and ST have
been shown to increase the interest of students in science along with their improved NOS
understanding (Dolphin, 2009; Heering, 2000). Heering (2000) used copies of histori-
cal experimental set-ups to teach electrostatics, where the students repeated the historical
experiments in the classroom. In a similar fashion, Dolphin (2009) taught plate tectonics
by designing a curriculum based on a historically contextualized set of inquiry activities.
Some of these activities include analyzing models, storytelling, or using original historical
texts.

4.3 NOS Instruction in the Context of SSI

SSI refer to science-related social issues that are open-ended, ill-structured, and involve
multiple perspectives and interpretations (Sadler & Zeidler, 2005). Engaging students with
SSI has been identified as a successful strategy for scientific literacy, discourse develop-
ment, and an approach that nurtures social justice and environmental health awareness
(Powell, 2021).. Moreover, it has been argued that SSI can provide a natural context for
enhancing NOS conceptions (Herman et al., 2019) as it presents “science-in-the-making”
and bring students into direct contact with values and assumptions of NOS (Matkins &
Bell, 2007). Engaging in SSI-based activities demands taking on different socioscientific
perspectives (Kahn & Zeidler, 2016), reasoning, understanding the limitations of sci-
ence, and being skeptic (Kinslow et al., 2019; Sadler et al., 2007). Indeed, Ke et al. (2020)
observed students as they were learning science through an SSI activity about the regula-
tion of e-cigarettes. Following semi-structured interviews, the study found that students
had positive attitudes towards the SSI learning experience. The students found the work
relevant, interesting, beneficial, and the learning experience promoted students agency by
allowing them to express their own thoughts, opinions, and choices. Furthermore, practice-
based SSI instruction has been shown to improve students’ NOS comprehension, especially
its social aspects (Leung, 2022).

On the other hand, SSI instruction does not guarantee that students’ NOS misunder-
standings would cease to exist. Petersen et al. (2020) conducted an intervention to improve
the NOS views of 93 undergraduate students in Germany who were taking a genetics
course. The researchers used a reflective approach to concentrate on SSI. To measure the
students’ NOS views, the SUSSI questionnaire was administered in a pre-post fashion.
The results showed that there was significant improvement in the students’ views on most
items. However, prior to the intervention, it was noted that there was a misunderstanding
about the relationship between theory, environment, and law. Following the intervention,
the students’ understanding was still weak. Petersen et al. (2020) believe that some miscon-
ceptions were not as flexible to change as others. The authors believe that more research on
the learning process of NOS is needed to improve NOS instruction.
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At this point, it is necessary to take a closer look at how SSI can relate to NOS. To start
with, one factor that has been found to improve the views of NOS regardless of the context
of SSI (stand-alone or situated) was explicit and purposeful instruction about NOS that is
precisely assessed (Bell et al., 2011). One of the arguments advanced for teaching NOS
in school science curricula is democratic in nature and it identifies role of NOS in help-
ing people take part in argumentation and decision making related to SSI and technology-
based issues (Bell & Lederman, 2003; Driver et al., 1996). To address SSI, it is crucial to
engage students in argumentation (Osborne et al., 2004) and decision making (Patronis
et al., 1999). That points to a possible relationship between NOS conceptions and argu-
mentation/decision making in the context of SSI (Zeidler, 2003). Indeed, after reviewing
105 studies, Deng et al. (2011) note that the most effective interventions involved reflec-
tion, inquiry, discussion, and/or argumentation activities. However, the researchers recom-
mend a shift to argumentation for NOS instruction (Deng et al., 2011) and that would be
addressed in a SSI context. At the same time, NOS in the context of SSI illustrates an
authentic context and is termed by Allchin (2011) as a “Whole Science” approach, where
NOS understanding is considered to be functional.

The above three contexts (HOS, SI, and SSI) serve as contexts to integrate NOS instruc-
tion. As such, the aim of this study is to review studies on NOS instruction, categorize the
reviewed studies into the different contexts, and investigate the effect of these different con-
texts on the improvement in students’ conceptions of NOS.

5 Methodology

We conducted a search for studies that examined the influence of explicit NOS instruction
on students’ conceptions of NOS. The search resulted in 35 articles that fit the purpose
for this review based on the following inclusion criteria: (a) reported from January 2000
to March 2021; (b) journal articles in one of the following major international journals in
science education: Journal of Research in Science Teaching, Science Education, Science
& Education, and International Journal of Science Education; (c) empirical studies; and
(d) studies involving explicit instruction of NOS. The sections that follow are organized
according to the context of NOS instruction described earlier. It is important to note that in
case more than one of the three contexts was addressed in a certain study, the categoriza-
tion was done according to the dominant context.

5.1 Studies Addressing NOS Instruction in the Context of HOS

The studies below address NOS instruction in the context of HOS. This section can be
framed in terms of the following claims. First, HOS improves the NOS conceptions of
participants. Indeed, Irwin (2000) found that addressing HOS in science teaching affected
students’ comprehension of the creative and imaginative aspects of NOS. Also, Galili and
Hazan (2001) found that participants gained better understanding of the subjective and
cultural NOS aspects following a HOS intervention. Second, students’ NOS understand-
ing improved whether NOS is contextualized (Kim & Irving, 2010) or not contextualized
(Papadouris & Constantinou, 2014). However, including the HOS in NOS instruction
increased students’ interest in science (Fouad et al., 2015). When participants are involved
in a discussion of a scientific dispute or argumentative experiences in the context of HOS,
the learners’ motivation for science increases (Forato et al., 2012; Paraskevopoulou &
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Koliopoulos, 2011). Finally, for positive gains of NOS understanding through HOS, ample
time must be provided during an intervention. Indeed, Tao (2003) showed that his par-
ticipants switched their NOS perspectives from one set of inadequate understandings to
another because of the short time frame in his study. Similarly, Leach et al. (2003) showed
that a short intervention led to unstable epistemological ideas, with many participants
reverting back to their original naive views. A summary of these studies in chronological
order follows and is also presented in Table 1.

Irwin (2000) stressed about the importance of NOS conceptions in addition to the scien-
tific content knowledge. In his research, he showed that addressing HOS in science instruc-
tion affects students’ conceptions of NOS. The author tested the development of NOS
conceptions of two groups of 14-year-old students. The unit involved eight lessons about
the atomic theory. One of the groups studied about the atomic theory without the inclu-
sion of historical episodes while the other group studied the same topic with integration
of stories about the development of atomic theory in reference to history. To assess stu-
dents’ conceptions of NOS, a post-questionnaire with seven open-ended questions (related
to atoms, periodic table, and theories) was administered along with post-interviews with a
focus group of seven students. Both groups revealed similar results in understanding the
scientific content knowledge. As for NOS, students who were taught in historical context
showed greater improvement in the post test results, compared with the historical group
with stories. The historical group appreciated the work of the scientists in making progress
in scientific knowledge. They were also aware of the creative and imaginative features of
knowledge construction. Furthermore, the participants held a more “critical realist” posi-
tion, meaning they found a balance between being a realist and an instrumentalists. They
were aware that models measure the degree of certainty of knowledge in the process of
developing theories and that theories change several times based on their validity.

Galili and Hazan (2001) explored the influence of a 1-year intervention that addressed
elements from history and philosophy of science (HPS) on students’ views about science in
the context of optics. A total of 234 10th-grade students participated in the study. A total of
93 participants in three classes were assigned to the control group, while 141 in four classes
were assigned to the experimental group that received the HPS instruction. The HPS mate-
rial included the Pythagorean conception of vision, Euclidean visual and light rays, atom-
ists’ conception of Eidola, medieval dichotomy of light as an entity, and perception and Al-
Hazen conception of vision by means of light rays. Information about the students’ views
of science was collated from a written questionnaire consisting of 10 open-ended items and
8 MCQ. The questionnaire addressed the following six scientific topics/dimensions: rela-
tionship of science and technology, attitude to the science of the past, influence of external
factors on science and its products, conception of scientific theories, reliability of scientific
knowledge, and critical perception of science in the classroom. Quantitative and qualitative
analysis of the student’s responses reveal that unlike the control group (0%), students from
the experimental group (18% and 25%) came to acknowledge that even though scientific
knowledge and technology are interdependent, the former does not always depend on the
latter; it sometimes relies on intellectual and cultural factors. Furthermore, experimental
group students came to appreciate not only historical knowledge in contributing to the pro-
duction of current scientific knowledge but also scientists’ intellectual abilities more than
the control group students. Moreover, 82%of the experimental group students noted that
scientists may be biased and influenced by external factors, which is 39% more than the
control group (43%). This implies that the instruction was effective in developing students’
subjective and cultural NOS understandings. In addition, a higher percentage of the experi-
mental group students (56%), compared to the control group students (22%) recognized
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that scientists may have differing rival theories at the same time, but that they are valid
despite any being refuted. Intriguingly however, 30% of the experimental group viewed
science as accurate and reliable, in contrast to 67% in the control group.

Another investigation (Tao, 2003) utilized a context of HOS to teach about NOS and have
met with limited success in promoting secondary students’ conceptions of NOS. The author
investigated the influence on secondary students’ conceptions of NOS through a peer collabora-
tion instruction based on science stories specially developed to address seven NOS aspects from
the 14 consensus statements identified by McComas et al. (1998). There were four classes, but
only one class (36 students) was the focus class. The intervention involved five lessons with
40 min each and it addressed four science stories: “The Story of Penicillin,” “The Story of
Smallpox,” “Newton’s Law of Universal Gravitation,” and “The Cure of Stomach Ulcers.” For
the pre- and post-tests, four MCQ (addressing scientists, experiments, theory, and matter) were
adopted from a previous questionnaire (Solomon et al., 1996). Observations, video recording,
audio-recording, and individual interviews were conducted for the focus group only. Results
showed only some improvements in students’ conceptions of NOS, where many students ini-
tially held naive views of experimentation and scientific theories. For most students, the stories
have served only to confirm and reinforce their inadequate conceptions. Many of the students
changed from one set of inadequate conceptions of NOS to another rather than to adequate con-
ceptions. The limited success of the NOS instruction was attributed by the authors to the short
duration of the instruction and the students’ strongly held inadequate conceptions of NOS.

Leach et al. (2003) investigated the influence of small-scale teaching interventions on high
school students’ conceptions of NOS. Two teaching interventions involved single lessons
based on different activities and historical episodes that focused on Maxwell’s original model
of electromagnetism as a fluid, and the development of models of cell membrane structure.
The electromagnetism lesson was implemented with three physics classes (27 students), and
the cell membranes lesson was implemented with three Biology classes (18 students). Stu-
dents’ conceptions before and after teaching were assessed using a written diagnostic ques-
tion, referred to by the authors as the probe. The probe addressed issues about the nature and
status about scientific knowledge focusing on superconductors and how different theoretical
models can be compared and evaluated. A subsample of students was interviewed following
the probe. At the conclusion of the study, a majority of students exhibited some progress in
their epistemological ideas. However, the authors found that many of the students’ informed
epistemological conceptions were not very stable, where many students reverted back to their
initial naive conceptions when questioned during the interviews. Additionally, there were still
a number of students who did not exhibit any change in their conceptions. The authors partly
attributed the results to the short intervention being only one lesson.

In another study, Kim and Irving (2010) investigated the effects of contextualizing HOS
on student learning of NOS and genetics content knowledge using a genetics unit as con-
tent. A quasi-experimental research design was used with two high school biology classes.
For the experimental group, HOS was addressed in the unit through seven activities with
explicit questions regarding NOS aspects. For the control group, there was no reference to
the history of genetics. Pre- and post-tests of NOS Terms Definition with Concept Mapping
(NTDCM) and VNOS-C were utilized to assess the change in NOS conceptions, followed
by semi-structured interviews. For NTDCM, students were given seven NOS terms (e.g.,
science, hypothesis, observation, experiment, scientific theory, scientific law, scientists),
and asked to define and use these terms by constructing concept maps. Results indicated
that students who were taught using historical curricular lessons displayed greater under-
standing of the aspects of NOS after the intervention. The authors related the improvement
to the contextualization of NOS into content-specific situations.
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Paraskevopoulou and Koliopoulos (2011) investigated the influence of a historical epi-
sode on students’ NOS conceptions. 24 students in their second grade of high school were
presented with assigned readings/short stories of the Mllikan-Ehrenhaft dispute over the
existence of the elementary electric charge, answered questions and engaged in discussions
regarding the dispute. The intervention lasted for seven hours. Data was collected from a
questionnaire, a modified version of the instrument used by Khishfe and Lederman (2006)
in a pre-post format. Prior to the intervention, none of the participants possessed informed
views of all emphasized NOS aspects (empirical, subjective, creative, and distinction
between observation and inference). Only two participants exhibited such informed views of
all aspects after the intervention. Nonetheless, there were significant improvements in the stu-
dents’ conceptions of all four aspects based on Wilcoxon tests. The authors related the signifi-
cant results to the fact that instruction was connected to the discussion of a scientific dispute.

In another research, Forato et al. (2012) explored the effects of addressing historical events
on the interaction of the high school students and the teachers in relation to NOS aspects. The
researchers prepared eight short texts for the teachers and the students to address NOS and
implement them as well as trained the high school teacher to apply them. 38 high school stu-
dents participated in the course. The designed course involved activities that targeted NOS
aspects by three episodes of the history of optics, which were addressed in 20-h sessions for
about 2 months. The classes were video-taped, and the students’ responses were analyzed.
Data included video recording of the sessions, the students’ written responses given to open
question at the end of each text, and the researcher’s field notes. Results showed that the stu-
dents’ participation in activities, creativity in dialogues and argumentation, as well as their
questioning skills about both historical and epistemological aspects improved as they analyzed
the historical events. The students stated that their conceptions have changed, and they felt
motivated in developing “knowledge in, about and through science” (p. 678).

Papadouris and Constantinou (2014) employed different activities in an explicit reflective
instruction of NOS, called Teaching/Learning Materials (TLMs) and studied their effect on
64 grade 6 students’ appreciation of some NOS aspects. The activities lasted for 5 weeks and
included non-contextualized activities and two historical narratives about Aristotle ideas of
natural place and motion, and Lavoisier’s caloric theory. The participants received the NOS
instruction and engaged in group teacher-directed discussions where they reflected on the
epistemic ideas about NOS aspects. Data were collected from three written open-ended tasks.
The first task involved statements that aimed at investigating whether or not students are able
to differentiate between statements that describe observations and those that provide interpre-
tations. The second task focused on the role of human invention in interpretation of observa-
tions. Lastly, the third task encouraged students to judge the two different points of views
contained in a fictitious dialogue related to energy. Data were also included from follow-up
interviews with a sub-sample of 30 students. The main findings of the study note a significant
improvement in students” NOS views. Specifically, the participants were able to differentiate
between observations and interpretations and appreciate the role of invention in the produc-
tion of interpretations. The authors attributed the improvement to addressing the ideas in dif-
ferent contexts as non-contextualized and contextualized activities.

Fouad et al. (2015) studied two groups of second-, third-, and fourth-grade students
to explore the effect of HOS on NOS conceptions. The inquiry group (11 students)
received explicit reflective instruction about NOS in an inquiry setting only and the his-
tory group (9 students) received explicit reflective instruction about NOS using HOS
in an inquiry setting. NOS activities (tricky tracks, fossil fragments, cubes) and inquiry
activities were experienced for both groups. HOS was addressed for the HOS group by
integrating stories about related scientists along with historical cases as Archimedes’
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solution to the crown problem and the study of Jabir ibn Hayyan to the physical and
chemical changes in matter. The intervention lasted for 6 weeks. Their reflective dis-
cussions, responses to pre- and post-VNOS-D questionnaire and interviews revealed
that students in both groups were able to make similar gains in their conceptions of the
creative, inferential, tentative, empirical, and subjective aspects of NOS. However, the
students of HOS group showed more interest in scientists and their lives.

Brunner and Abd-El-Khalick (2020) incorporated explicit NOS content in the sci-
ence trade books and investigated its effect on teachers and students’ NOS understand-
ings. The study had eight elementary teachers read aloud three trade books pertain-
ing to the Earth and space science unit to a total of 184 students in grades 4 and 5.
One of these textbooks, I, Galileo, addressed the history behind religious powers and
their influence on what scientists could or could not claim, focusing on the sociocul-
tural aspect of NOS. The researchers divided their participants into three groups. The
first group, Level I, received unmodified trade books. The second group, Level II, was
asked to read the trade books that were modified by the researchers to include explicit
references to NOS. The third group, Level III, got the modified trade books and addi-
tional educative curriculum materials addressing NOS. Audio recordings, interviews,
and pre-post VNOS-CE questionnaires were administered to collect data on the teach-
ers and the students. Results showed that both the teachers and the students had more
informed views after the intervention. However, the teachers from the Level III group
addressed NOS more frequently than those in the two other groups.

Gandolfi (2020) described a teacher’s experience in using four teaching and learning
plans (TLPs) informed by Global HOS framework to teach NOS. The 1-year instruction
aimed at widening grade 8 students’ NOS conceptions. The four TLPs targeted the top-
ics of medicines, magnetism, Earth’s resources and evolution. NOS was addressed in
an explicit, question-based and scaffolding-based approach related to the content. Data
were collected mainly from an open-ended NOS questionnaire administered in a pre/
post format, along with the students’ diaries about NOS, group minded maps, classroom
observations, and an end-of-year exam. Questions for the open-ended questionnaire
were adapted from two instruments: Driver et al. (1996) and Lederman et al. (2002).
The questions addressed (a) students’ views about the purposes of scientific work; (b)
connections between science, scientific knowledge, and the general public; (c) a brief
account of Galileo’s works to ask about instrumentation in science, scientific claims
and evidence, controversies and certification in science, and sociocultural aspects of
scientific research. (d) creative work, use of evidence in science, scientific claims and
testimony, competitive theories/explanations, controversies, and certification and bias in
science; and (e) what scientific theories and models are, how they are usually built and
why they are important in science. Results show that students’ views of NOS improved
by the end of the study. There was an increase in the complexity of students’ NOS ideas
as well as a rise in the connections between ideas about NOS. Additionally, the students
became aware of the cultural and social influence on the scientific enterprise as well as
other factors such as ethics, politics, and financial systems, among others.

5.2 Studies Addressing NOS Instruction in the Context of SI
The studies below address NOS instruction in the context of SI. This section can be

framed in terms of the following claims. First, SI authentic experiences can only be
effective in improving the NOS conceptions of participants when combined with explicit
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discussions. Indeed, Moss (2001) and Bell et al. (2003) found that engaging students in
an authentic SI experience did not change the NOS conceptions of participants. On the
other hand, Charney et al. (2007) and Tsybulsky (2018) added explicit discussions to
their experiences, and the participants gained better NOS understanding. Even appren-
ticeship experiences were found to be unsuccessful (Bell et al., 2003) unless there are
explicit discussions included (Burgin & Sadler, 2016). Second, a short duration of
a study does not help improve NOS comprehension in participants (Liu & Lederman,
2002) while a long duration, such as a year, shows positive results (Akerson et al., 2014).
Third, multiple studies show that explicit reflective discussions are essential in SI inter-
ventions for a positive outcome (Akerson & Volrich, 2006; Akerson et al., 2014; Khishfe,
2008; Khishfe & Abd-El-Khalick, 2002; Peters, 2012; Yacoubian & BouJaoude, 2010)
while studies that are less explicit in nature lead to a negative outcome (Alisir & Irez,
2020; Sandoval & Morrison, 2003). Finally, a combination of HOS and SI in an interven-
tion has a greater positive effect on students NOS conceptions than teaching HOS or SI
separately (Lau & Chan, 2013). A summary of these studies in chronological order fol-
lows and is also presented in Table 2.

Moss (2001) examined students’ conceptions of NOS and traced their development
throughout an academic year. A model of the NOS was utilized as a criterion to interpret
conceptions and it included five and three premises that define the nature of the scientific
enterprise and the nature of scientific knowledge respectively. Over the course of the year,
students engaged in an authentic science experience in relation to four projects (i.e., river/
watershed monitoring project, salmon restoration project, population dynamic modelling
project and a forest ecosystem monitoring project) which were part of the combined 11th-
and 12th-grade Conservation Biology classroom. The author, however, did not explain the
nature and details of the authentic experience. Five out of 20 high school students were
selected to participate in this research and were interviewed six times throughout the aca-
demic year. The interview questions focused on the definition of science, the characteristics
of a scientists, ideas related to the scientific method, scientific investigations, and research.
Other questions addressed whether the results would be the same when two scientists do
the same research, whether scientists work alone, and whether scientific knowledge change.
Besides the semi-structured interviews, data was also collected from weekly participant
observation, student notes, and artifacts but mainly to confirm interview responses. In gen-
eral, it was found that the students initially held complete (i.e., views were consistent with
the premises) conception of NOS for about half of the premises of the model. Further-
more, their conceptions were more consistent with the nature of scientific knowledge (e.g.,
tentativeness and developmental nature of science) than the scientific enterprise. However,
these conceptions did not change over the course. And given the limited information on the
authentic involvement experienced by the students over the course of year, it was difficult
to evaluate the impact of the experience.

In their study, Liu and Lederman (2002) investigated the effect of a 6-day interven-
tion that involved inquiry-based activities and explicit discussions about NOS aspects on
seventh-grade students’ conceptions of NOS. To assess students pre- and post-instruc-
tion conceptions, the authors used two measures: an open-ended questionnaire (VNOS)
used as a pre-test, and a 30-min interview as a post-test with nine of the participants
who were randomly selected. Results showed that little improvement had occurred in
the conceptions of participants at the conclusion of the study. The authors attributed
that to a ceiling effect as well as the short duration of the intervention. With the use of
two measures and inconsistency in assessment, it was difficult to evaluate the impact of
the intervention.
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In another study, Khishfe and Abd-El-Khalick (2002) explored the effectiveness of
explicit inquiry-oriented instruction on sixth-grade students’ conceptions of NOS. Two
groups of sixth graders engaged for 2.5 months in the same six inquiry activities inte-
grated into several science topics that targeted the structure and properties of matter and
energy transformations. Following each inquiry activity, there were explicit discussions
about NOS aspects for only one of the two groups. The NOS aspects that were empha-
sized included the inferential, the empirical, the imaginative, and the tentative. To assess
the change in participants’ NOS conceptions, an open-ended questionnaire (based on the
VNOS) was used as a pre- and post-test followed by individual semi-structured interviews.
At the conclusion of the study, there were substantial improvements in NOS conceptions
for one or more of the emphasized NOS aspects only for participants who experienced
explicit NOS instruction. The improvement in views influenced about 50% of the NOS
group participants. This research shows that explicit reflective instruction about NOS is
necessary even in the inquiry-based instruction to ensure NOS development.

Bell et al. (2003) explored the effect of an 8-week science and engineering apprentice-
ship program on 10 high-ability high school students’ perceptions of NOS. The apprentice
involved immersing in a research project and then presenting the results at a conference
at the conclusion of the apprenticeship. During this program, students engaged in inquiry
while engaging in an authentic science research experience that involved observations, data
collection, and construction and testing of explanation, among others. The mentors pro-
vided guidance to the students throughout the duration of the apprenticeship. The research
within the apprenticeships addressed life and physical science topics. Data were collected
via a modified version of VNOS-B that was administered prior and after the program. The
modified questionnaire included six open-ended items extracted from the original VNOS-
B questionnaire and two additional items that focused on participants’ views of scientific
inquiry. Semi-structured interviews were also conducted with the students to allow them
to elaborate on their VNOS responses and reflect on their experiences in the program, as
well as with the mentors to gain additional information about the program and the degree
of explicit instruction provided. Results show that students held inadequate conceptions of
scientific inquiry and NOS aspects such as nature of theories and law, creativity, and sub-
jectivity at the outset of the study. These conceptions did not seem to significantly improve
at the conclusion of the study. Only one apprentice’s views were shown to significantly
improve. The rest of the participants experienced minor changes without development of
adequate NOS conceptions.

Sandoval and Morrison (2003) investigated the effectiveness of a 4-week technology-
supported unit on evolution and natural selection on the students’ NOS views. Participants
were eight high school students in one of four classes taught by two teachers (Honors and
Regulars), who completed the interviews before and after the intervention. The students
were selected by their teachers from a pool of volunteers from these four classes. The unit
engaged students in inquiry investigations and computer inquiry projects. Students were
first taught about Darwin’s theory then engaged in inquiry problems with labs and discus-
sions. The students engaged in computer inquiry projects. During the investigations, the
teachers and researchers stimulated students to write explanations, use data to support their
claims, and justify data in relation to the evidence. Ten students were selected and inter-
viewed before the intervention. Two students could not complete the post-interviews and
were therefore not considered in the analysis. 16 questions of the Nature of Science inter-
view (Carey et al., 1989) conducted with students were posed. These questions focused
on “the types of questions that scientists ask; the nature of experiments, hypotheses and
theories; the influence of theories and ideas on experiments; and processes of theory
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change” (p. 375). At the beginning of the intervention, students’ responses were found to
be under the epistemological level 2 as well as inconsistent across the different questions
in the interviews, which challenges the assumption that student possess coherent epistemo-
logical frameworks. Another finding is that students’ expressed ideas did not change over
the course of the intervention. When NOS aspects were not expressed explicitly, students
could not connect what they have learnt from inquiry experience to formal science.

Akerson and Volrich (2006) conducted a case study where they investigated whether a
pre-service elementary teacher was able to explicitly embed NOS concepts in her instruc-
tion and whether her first-grade students’ NOS views would change as a result of the
instruction. Explicit instruction was integrated in a unit about living and nonliving things
that emphasized inquiry and was delivered for 30 min a day, two to three times a week
for 13 weeks. The teacher used different strategies for the explicit instruction of NOS:
she used the “Tricky Tracks” activity to introduce the inferential NOS aspect then she
targeted the aspects (inferential, tentative, and creative) in the content she was teaching,
and she concluded the lessons of the unit by asking students to relate their work to what
scientists do. The authors collected data from 26 first grade participants through weekly
observation and videotapes of the teachers’ lesson plans to track her NOS instruction,
VNOS-B questionnaire followed by semi-structured interviews to confirm that the teacher
held sophisticated NOS views, and student interviews that used the VNOS-D question-
naire as a guide to assess students’ NOS views. For the sake of this review, only results
of the change in the students’ NOS views are reported. The study reported that although
the majority of the 14 students interviewed, did not fully develop informed views of the
tentative, inferential, creative aspects of NOS, their conceptions improved as a result of
the explicit reflective instruction provided. Only two students retained a naive view of
the tentative and inferential aspects at the end of the study. Furthermore, at the outset of
the study, eight students did not believe that creativity and imagination were aspects of
science, and six of those held the misconception of how these aspects can contribute to
science. After the completion of the study, the views of 11 of those students changed to
become informed.

Charney et al. (2007) investigated whether the engagement of high school students in
an authentic science inquiry experience would improve their conceptual knowledge and
beliefs about NOS. Thirty students from 15 high schools participated in the Waksman Stu-
dent Scholars Programme (WSSP), a 4-week research program in which students, men-
tored by a scientist, engage in experimental investigation in molecular genetics. Further-
more, the students learn laboratory techniques and web-based bioinformatics and engage
in scientific discourse with the expert scientist. The authors reported that the philosophi-
cal NOS was embodied in all the activities of the program by encouraging exploration,
questioning, challenging, and explaining. And there were explicit discussions of NOS as
a dynamic body of knowledge given during seminars. Data were collected regarding stu-
dents’ NOS conceptions through the administration of a modified questionnaire (VNOS)
taken from Abd-El-Khalick and Lederman (2000b) as pre- and post-test. Of the 30 stu-
dents, data were reported for 27 participants’ pre and post-test content knowledge, and
26 participants’ pre and post-test NOS conceptions. Qualitative data collection of the top
two students were collected through their journals, which included their summaries and
analysis of the questions raised during the program/investigation. Quantitative analysis of
the NOS pre- and post-tests of 26 of the participants showed a significant improvement
in NOS conceptions [#(25)=5.62, p<0.001]. The pre-test and post-test means were 1.8
and 2.09 respectively, which resulted in a large effect size (d=1.15). Similar findings were
reported by the qualitative analysis of the test questions for two students as case studies.

@ Springer



Improving Students’ Conceptions of Nature of Science: A Review... 1909

For example, the two participants improved their views of the tentative and social aspect.
Their post-tests revealed that they do not consider theories and laws as absolute truths that
are proven by evidence and experimentation anymore.

Khishfe (2008) investigated the influence of a 3-month intervention that offered an
explicit inquiry-based instruction on 18 7th-grade students. During the intervention, the
students engaged in three inquiry activities that targeted the following topics: structure and
function of living things, and population and ecosystems. Explicit reflective NOS discus-
sions followed these activities. Data was collected from the students using a modified ver-
sion of VNOS-C used in Khishfe and Abd-El-Khalick (2002) and semi-structured inter-
views (primarily for establishing validity of the questionnaire) in a pre-post format. The
modified questionnaire consisted of two generic and two content-embedded items (atom
and dinosaurs) which targeted four NOS aspects: the tentative, empirical, inferential, and
creative aspects. Findings revealed that the instruction was effective in developing the stu-
dents’ NOS views. Majority of the students held naive views prior the intervention. For
example, 72%, 55%, 50%, and 83% of the students held uninformed views of the tenta-
tive NOS, empirical NOS, creative NOS and distinction between observation and infer-
ence respectively. However, these naive views improved to more informed or intermediary
views mid-intervention, and they improved even further by the conclusion of the study.

Akerson and Donnelly (2010) studied the effect of a Saturday science program on
students’ understanding of NOS. The 6-week program offered an explicit and reflective
instruction through contextualized and decontextualized guided and authentic inquiry. The
inquiry activities were followed by discussions and assessments that addressed the follow-
ing NOS aspects: empirical, creative, tentative, subjective, and inferential. The decontextu-
alized activities were the Tricky Tracks and Cubes (Lederman & Abd-El-Khalick, 1998).
During the contextualized inquiry activities, explicit connection were made between NOS
aspects science content such as the earth and physical science content. At the beginning of
the study, the students’ NOS views were assessed by interviewing small groups of students
around the questions of VNOS-D questionnaire in the form of discussions, while at the
conclusion of the intervention, individual interviews were conducted with the participants.
Discussions revealed that students of all grade levels held naive views of NOS aspects. On
the other hand, interviews showed that the students did not develop informed NOS views,
yet their initial conceptions improved. However, the inconsistency in assessment between
the pre- (as small group discussions) and post-instruction (as individual interviews) might
cast doubt on the results of the study.

Yacoubian and BouJaoude (2010) explored the influence of reflective NOS instruc-
tion in the context of inquiry on students’ conceptions of the tentative, empirical, sub-
jective, and social aspects of NOS. Participants were 38 grade 6 students. Students were
assigned to two groups (control and experimental). The intervention included eight
inquiry-based laboratory activities, which addressed a discrepancy and a problem situa-
tion that required students to find answers. The laboratory activities were about masses,
freezing and melting points, properties of chemicals, chemical changes, characteristics
of acids and bases, burning of steel wool, and digestion of starch. For the experimen-
tal group, students were involved in explicit reflective discussions of NOS. Four NOS
aspects were emphasized in the study: tentative, empirical, subjective, and social. An
open-ended questionnaire, “Perspectives on Scientific Epistemology Questionnaire
(POSE) (Abd-El-Khalick, 2002), was used as a pre-test and post-test to collect the data.
The POSE builds on and extends the VNOS questionnaire and includes 10 open-ended
questions. Results showed that inquiry-based laboratory activities with explicit reflec-
tive discussions improved students’ conceptions of the emphasized NOS aspects.
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Peters (2012) compared the effectiveness of an explicit reflective instructional
approach to an implicit approach on 8th-grade students’ NOS conceptions and con-
tent knowledge. 246 8th-grade students participated in the study; 114 of whom were
assigned to the group that received the implicit and 132 were assigned to the explicit
group. Yet, both groups received inquiry-based instruction on electricity and magnetism
for a period of 6 weeks, and were given the same inquiry modules. The implicit group
students were allowed to change a conclusion they came up with after their investiga-
tion, discuss results with groups, explore relationship between science and technology,
design their data tables, among others, but without explicitly referring to the respec-
tive NOS aspects. On the other hand, the explicit group were also supported by the
self-regulatory science prompts. In other words, they were given checklists and ques-
tions that helped them set goals and reflect on their work. Quantitative data for NOS
were collected from the pre- and post- of VNOS-B, open-ended questionnaire of seven
items that assessed students’ views on seven aspects. The seven NOS aspects include
tentative, empirical, social, and creative aspects; distinction between laws and theo-
ries, and between science and technology; as well as accurate record keeping and rep-
lication of experiments. Qualitative data were collected from student artifacts from the
inquiry units, teacher memos, focus group interviews, and think aloud protocol. Results
showed that there was no significant difference in students’ initial NOS views between
the explicit and implicit groups prior the intervention. However, significant differences
between groups were reported after the intervention with the explicit group demonstrat-
ing greater improvements and gains in NOS. This suggests that the explicit approach
was more effective than the implicit approach. Another finding is that goal-setting and
self-monitoring allows students to reflect on NOS more effectively as well as make con-
nections between their own investigations and the standards of NOS.

Lau and Chan (2013) compared the effectiveness of three interventions on secondary
students’ views of the theory-laden NOS. The first group (control group) (= 30 students)
utilized a historical case study where students were assigned to read and discuss two histor-
ical episodes; one regarding the bacteria H. pylori as a cause for peptic ulcer and another
about Galileo’s observation of valleys and craters on the Moon. The second group (= 30
students) utilized an inquiry where student engaged in an inquiry-based laboratory activity
that investigated effect of heat on vitamin C contents of vegetables. The third group (x 30
students) used a combined approach of both historical and inquiry approaches. It is impor-
tant to note that all approaches explicitly target one NOS aspect, the theory-ladenness
NOS. And NOS instruction was addressed by reflective discussions. Data were collected
by administering a pre- and post-test that assessed students’ theory-laden views by asking
whether scientists would be biased by their beliefs in Escherichia coli context (pretest) and
acupuncture context (posttest). Results show that a higher percentage of the students in
both groups (inquiry and combined) exhibited informed theory-laden views at the end of
the intervention than at its outset, with the combined group demonstrating more improve-
ment. The percentage change in views from pretest to posttest was 0%, +28.5%, and + 88.2
for the historical, inquiry, and combined groups respectively. However, the difference in
contexts in the assessment between the pretest and posttest might cast doubt on the results.

Akerson et al. (2014) investigated the effect of 1-year long explicit-reflective instruc-
tion on grade 3 students’ understanding of NOS. A total of 24 3rd grade students of dif-
ferent ability levels were among the participants but 10 participated in the study and three
were selected as case studies, each representative of a different achieving level. Students
engaged in contextualized and decontextualized inquiry activities and explicit NOS discus-
sions in relation to the tentative, inferential, empirical, creative, and subjective aspects. To
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assess the students’ views of NOS, VNOS-D2 was administered to them pre-, mid- and
post- the intervention and small group interviews were conducted with 10 students using
Young Children’s Views of Science (YCVOS). The main finding reported is that the major-
ity of students demonstrated improvements in the NOS views by the end of the interven-
tion. A difference between the three case studies revealed that both the low-achieving and
medium-achieving students were able to discuss NOS ideas; however, the medium-achiev-
ing student was also able to write about NOS. On the other hand, the high-achieving stu-
dent was able to discuss, write and raise questions about NOS ideas.

Burgin and Sadler (2016) explored the impact of three approaches in teaching NOS
on students’ NOS conceptions. The approaches- the explicit, reflective, and implicit
approaches- were embedded in a 7-week apprenticeship program. Out of the 30 second-
ary high-achieving students who enrolled in the program, six were selected as case stud-
ies. All the students engaged in biology-related laboratory research guided by evolution-
ary perspectives. Both the explicit seminar that dealt with population genetics, and the
reflective seminar that dealt with conservation, engaged students in reflective journaling
and discussions. However, while students who received the explicit instruction engaged in
NOS activities that promoted explicit connection between the content and NOS aspects,
those who received the reflective instruction did not. On the other hand, students in the
implicit seminar that addressed animal behavior engaged neither in reflective journaling
nor in NOS activities. Data were collected from a modified version of the VNOS which
was administered to the participants at the beginning and the end of the program, as well
as semi-structured interviews. Further, the six case study students were interviewed three
times during the intervention and observed six times. Results showed that the majority
of the students held naive views of most studied aspects prior to the program. Moreover,
post-seminars responses revealed that all approaches were effective in improving students’
NOS views. However, the explicit seminar led to the most improvement as 31 instances of
improvement were reported which is almost twice as those reported in the other seminars
(i.e., 14 instances). However, there were some differences in the themes and content topics
among the three approaches so the content was another variable that might have influenced
the results.

Tsybulsky (2018) compared the effect of two science-as-inquiry approaches on students’
conceptions of NOS. These approaches are (1) authentic university laboratories (AULs)
and (2) analyzing primary literature (APL). A total of 210 11th-grade students participated
in this 6-week intervention. A total of 75 of the students were assigned to experimental
group 1 which engaged in the AUL method, and 64 students were assigned to experimental
group 2 which engaged in APL. The rest were assigned to a control group that received
that standard curriculum. AUL students conducted lab visits to two laboratories special-
izing in cell biology and ecology, prepared and asked the researchers several content and
NOS-related questions and engaged in discussions with them. Moreover, the students
engaged in reflective teacher-led comparisons related to the two labs as well as read a his-
torical narrative related to DNA model and answered explicit NOS-questions about it. On
the other hand, APL students read two historical narratives about cell biology and ecol-
ogy, individually answered questions that focused on NOS aspects and the content, and
engaged in a teacher-led discussion that focused on comparing the two articles. Data were
collected through pre- and post-questionnaire consisting of Likert and open-ended items.
The questionnaire addressed students’ understanding of five NOS aspects specified as ten-
tativeness, cooperative nature of science, methodological diversity, sociocultural embed-
dedness, and aims of science. Each of the five aspects was represented by two Likert-like
items resulting in ten Likert-like items. Then students were asked to explain their choice,
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using an open-ended format for each Likert item. The Likert-like items were statistical ana-
lyzed using Wilcoxon signed-rank and Sign statistical tests. Findings showed that AUL was
more effective in developing students’ NOS understandings. AUL participants have shown
improvement in all NOS aspects while APL participants have shown improvement in only
two NOS aspects (tentativeness and diversity) and that this improvement was only partial.
No significant changes were noted between the pre- and post-questionnaire responses for
control group.

Alisir and Irez (2020) assessed the change in students’ understanding of NOS aspects
as they engaged in replicating historical scientific apparatus such as the Watson—Crick
DNA model. 19 grade 11 students participated in the study. The intervention spanned for
8 to 9 months. Three topics proposed by the students were chosen by the researchers for
research and replication by the students: the Watson—Crick DNA model, Miller-Urey’s
theory of abiogenesis and its experimental setup, and the Voltaic Pile. Students worked
in groups on these three projects. Prior to starting their projects, students watched a docu-
mentary on the HOS to begin build awareness of foundational HOS concepts. Following
the documentary, students engaged in discussions to guide their understanding of the HOS
and the work of scientists. To assess their NOS understanding, participants were adminis-
tered the Nature of science Beliefs Scale (Ozcan & Turgut, 2014) in a pre-post format. The
Scale is a 5-point Likert-type scale of 37 items and divided into seven subsections that are
designed to assess students’ understandings of the following NOS aspects: the tentative-
ness, observation and inference, scientific method/methods, creativity and imagination in
science, limits of science, science and society, and scientific law.

The t-test results showed no significant difference in students’ understandings of the
NOS before and after the intervention. Yet, detailed analysis of the sub-sections of the
scale indicated a statistically significant difference between the pre- and posttest results in
the “creativity and imagination” sub-section, with t (18)= —2.4, p <0.05. The authors con-
cluded that the intervention failed to lead to positive changes in their conceptions of NOS
aspects except for the creativity and imagination NOS.

5.3 Studies Addressing NOS Instruction in the Context of SSI

The studies below address NOS instruction in the context of SSI. This section can be
framed in terms of the following claim: SSI-based interventions improve NOS understand-
ing of students (Eastwood et al., 2012; Herman, 2018; Khishfe, 2012; Schalk, 2012) with-
out having them revert back to their old naive views (Ibafiez-Orcajo & Martinez-Aznar,
2007), especially when taught in an explicit manner (Khishfe, 2012; Khishfe & Lederman,
2006). NOS instruction in the context of SSI expands students’ reasoning skills (Schalk,
2012) and helps them use examples to refine their sociocultural NOS conceptions (East-
wood et al., 2012). Moreover, when teaching NOS explicitly in the context of SSI and for a
long period of time, students are more likely to better grasp abstract concepts like intellec-
tual honesty and ethics (Akbayrak & Kaya, 2020). In addition, when explicit NOS instruc-
tion is combined with explicit argumentation, students use argumentative components to
explain their understanding and their decision-making process is improved (Khishfe, 2012,
2014). A summary of these studies in chronological order follows and is also presented in
Table 3.

Khishfe and Lederman (2006) compared the effectiveness of two explicit instructional
approaches, the integrated and non-integrated, on 9th-grade students. The intervention
spanned 6 weeks where 21 students received the integrated and 21 other students received
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the non-integrated treatment. Students in both treatments received the same science content
in the context of SSI (global warming) and were explicitly instructed about NOS. The dif-
ference was that the students in the integrated treatment engaged in activities and discus-
sions embedded in the content of global warming, while in the non-integrated treatment
students engaged in a set of activities that were not connected to the global warming con-
tent. Five NOS aspects were emphasized in the study: inferential, empirical, imaginative,
tentative, and subjective. Data were collected using a modified version of VNOS question-
naire as well as semi-structured interviews with 25% of each of the treatment groups. The
questionnaire consisted of five items; four of them were taken from the Nature of Science
Survey used by Khishfe and Abd-El-Khalick (2002) and one was added to address subjec-
tive NOS. Results showed that both treatments groups showed improvement in the five
NOS aspects after instruction (i.e., tentative, empirical, creative, inferential, and subjective
aspects). Comparison of differences between the two groups showed *‘slightly’’ greater
improvement in the informed views of the integrated group participants. These findings
led the researchers to conclude that both treatments may be effective in developing NOS
understanding without favoring one treatment over the other.

Walker and Zeidler (2007) investigated the effectiveness of a web-based curricular unit,
which addressed the SSI about genetically modified food, on students’ conceptions of NOS.
Two high school science classrooms participated in the study that lasted for seven con-
secutive 1.5-h sessions. NOS aspects were taught in the form of questions and discussions
within the controversy about genetically modified food. The students were not directed
in how to apply their NOS conceptions as they debated on the issue. The NOS aspects
addressed were the tentative, creative, subjective, and social. To assess NOS conceptions,
the Nature of Scientific Knowledge Scale, NSKS (Rubba, 1977) was used at the beginning
of the study. Then semi-structured interviews with student-pairs were conducted at the con-
clusion of the treatment using specific questions from the VNOS. Results showed that stu-
dents did not extrapolate NOS aspects into their debate discussions. Instead, they applied
more factual-based content of the evidence, which eventually led into many instances of
fallacious reasoning and personal attacks. However, the difference in assessment type
between the pretest (NSKS) and posttest (interviews) might cast doubt on the results.

Ibafiez-Orcajo & Martinez-Aznar (2007) investigated the change of fourth-level second-
ary education students’ views of NOS as they were taught a course on genetics based on
problem-solving methodology as an investigation. In other words, after being represented
by a problem, students had to analyze it, design a resolution strategy and apply it a concrete
case, and lastly analyze the results according to hypothesis and theoretical framework used.
A total of 30 students, who constituted the experimental group, worked with this methodol-
ogy (i.e., open real problems) in groups. For comparison purposes, 19 students, belonging
to the control group, received a traditional teacher-centered methodology. During the inter-
vention, the students discussed with each other the steps of the open problems. However, it
was not clear how the explicit instruction of NOS was carried out. The intervention lasted
for seven to 8 weeks. An initial closed test as a pretest and final tests I and II as posttests
were administered. These tests focused on four NOS themes organized by the authors: how
science is done, what a theory is, what the work of scientists is, and the STS relation-
ship. The initial pretest showed that both groups had similar initial ideas about NOS. The
final test IT was carried out 5 months after the study. It was found that the problem-solving
methodology as an investigation was effective in improving students’ NOS views as was
evident in the responses of the experimental group students. It is important to note that
students of the control did not experience such a change. Another finding revealed by Final
Test II is that the students kept the gained improved NOS conceptions without reverting
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back to the old ones. However, the difference in assessment types between the pretest and
posttest might cast doubt on the results.

Schalk (2012) explored the effect of a SSI-based curriculum on the distal and proximal
NOS. Proximal knowledge of NOS was defined as the individuals’ beliefs or personal theo-
ries about scientific epistemology. On the other hand, distal knowledge of NOS includes the
tentative and empirical aspects, distinction between observation and inference and between
a theory and a law. 26 undergraduates were selected to participate in the study. The cur-
riculum spanned for 15 weeks where the participants attended two 75-min lecture sessions
and two 60-min laboratory sessions a week, during which they participated in hands-on
activities/inquiry investigation, and lab and research projects. NOS was addressed through
explicit discussions and reflective journaling used during each lab. There were multiple
data sources that were collected during the intervention. A main data source was an arti-
cle exercise (Sadler et al., 2004) assigned at the start and end of the semester. The article
was followed by questions that address the three NOS aspects (empirical, tentative, and
social aspects). Other data sources, during the intervention, included journals, projects, lab
write-ups, and lab quiz. The latter provided additional data as it asked students to describe
their distal and proximal NOS conceptualizations. Results showed that students initially
held naive views of science. However, after the intervention, students seemed to develop
both their proximal NOS conceptualizations and their views of formal science (e.g., distal
conceptions). For the distal NOS concepts, students became more aware about the rela-
tion between science and society, that data doesn’t produce definitive conclusions and that
science is tentative in nature. A similar trend was observed for the proximal conceptual-
izations of NOS. The formal epistemological knowledge of professional science matured.
These changes accompanied improved reasoning skills. However, the multiple assessment
were conducted during the intervention while the only assessment that was given as pre-
and post-test was the article exercise.

Eastwood et al. (2012) investigated the effects of two learning contexts for explicit
reflective instruction about NOS (SSI driven and content driven), on students’ NOS
conceptions. Participants were from four 11th- and 12th-grade classes. The four
classes were divided into two groups where two classes experienced SSI, and the
other two classes had a content-based sequence. The SSI topics addressed issues as
stem cell research, euthanasia, water fluoridation, safety of marijuana use, and fast
food and health. The SSI and content groups received explicit and reflective NOS
instruction through NOS activities and integration within the SSI for the SSI groups
and the science content for the Content groups. Six NOS aspects were emphasized:
empirical, tentative, creative, social, theory and law, and scientific models. To assess
students’ conceptions of NOS, an open-ended NOS questionnaire (VNOS-C) was
administered to participants at the beginning and end of the school year. The pre-
instruction NOS conceptions were compared for the SSI and Content groups by NOS
aspects using Fisher’s exact tests. The changes for the NOS aspects from pre- to post-
instruction were computed for each group using a Wilcoxon signed rank test. Then
Pre to post changes for the SSI and Content groups were compared for each NOS
aspect using the Mann—Whitney U test. Results showed that both groups had signifi-
cant gains in most NOS aspects, but the gains between the groups were not different
in a significant manner. Nevertheless, at the end of the year, students of the SSI group
were more likely to use examples to clarify their social/cultural NOS conceptions. As
such, the authors concluded that utilizing SSI context for improving students’ NOS
conceptions is an effective approach.
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Khishfe (2012) investigated the relationship of NOS instruction and grade 9 stu-
dents’ decision making concerning SSI about genetically modified food. Four sections of
grade 9 students (N=90) were assigned into two groups: comparison and treatment. The
same science teacher taught all the students about a unit addressing genetic engineer-
ing for 4 weeks. The comparison groups engaged in instruction about genetic engineer-
ing and how to generate arguments and make decisions about this issue. The treatment
groups engaged in instruction about genetic engineering and how to apply NOS aspects
as they generate arguments and make decisions about this issue. So only participants
of the treatment groups were instructed about NOS explicitly by engaging in two NOS
activities, and then the NOS aspects were discussed in relation to several other activities
during the intervention. Five aspects of NOS (tentative, empirical, inferential, creative,
and subjective) were emphasized. NOS understandings were assessed by an open-ended
questionnaire (modified VNOS) followed by individual semi-structured interviews to a
selected sample. The pre- and post-instruction understandings of NOS aspects were com-
pared within and across the comparison and treatment groups using chi-square analy-
ses. Results indicated significant differences between the comparison and the treatment
groups in the understandings of four NOS aspects (tentative, empirical, inferential, and
subjective). The two groups showed no differences in their decisions, but there were dif-
ferences in their decision-making factors in the context of the issue about genetically
modified food. As a conclusion, the author concluded that the students’ NOS concep-
tions improve as NOS is addressed in the natural context of SSI.

Khishfe (2014) investigated the influence of an 8-week intervention that adopted an
explicit NOS and explicit argumentation instruction in the context of two socioscientific
scenarios (i.e., water fluoridation and genetically modified food) on 7th-grade students’
understanding of NOS as well as their argumentation skills. A total of 121 students
from two schools participated in the study and were distributed between two groups.
The intervention addressed a unit about the water usage and safety taught to two intact
groups (Treatments I and II). Both groups received explicit NOS instruction through
activities and as integrated within the content, but explicit argumentation instruction
was experienced by only the treatment I groups. Participants were pre- and post-tested
using an open-ended questionnaire and interviews about two socioscientific issues to
assess their learning of argumentation skills and NOS understandings. Pre-instrument
responses showed that participants held naive views of the emphasized NOS aspects
(i.e., tentative, subjective, and empirical aspects). On the other hand, post-instrument
responses revealed that students’ NOS understanding of these aspects improved in both
scenarios for both groups (treatments I and II) without significant differences between
them. The difference lies in treatment I students’ ability to make connection to the argu-
mentation components and use them to explain their understandings.

Herman (2018) explored the effectiveness of place-based SSI instruction on students’
NOS views. The instruction, which addressed the topic of reintroducing wolves to Yellow-
stone National Park, was implemented for 7 days with 62 secondary students. The partici-
pants watched documentaries, engaged in discussions with ecologists and instructors about
wolf reintroduction, and conducted field visits to the park to observe the wildlife and learn
about the ecologists’ work and the impact of the different perspectives (e.g., scientific, socio-
cultural, political and moral perspectives as well as tourism-related perceptions) on this topic.
NOS instruction was addressed through presentations and discussions integrated within the
whole experience. Data were collected using the socio-scientific and ecological engagement
dimensions survey II (SEEDSII), which was administered in a pre-post format. This instru-
ment was developed for this study. It included Likert items as well as qualitative prompts that
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addressed the following: trophic cascades, five NOS dimensions related to investigating and
resolving environmental issues, compassion toward people and nature that might be impacted
by environmental issues, pro-environmental intentions, and student demographics. To deter-
mine if the students’ responses significantly changed from before to after the SSI instruction,
statistical analysis of the Likert responses was done by ANOVA and the qualitative written
responses was done by Wilcoxon signed-rank tests. Results showed that students mainly held
naive views of the scientific enterprise prior to instruction. Then the students’ NOS views sig-
nificantly improved by the end of the intervention, especially for some NOS ideas such as the
nature of scientific theories, as well as observations and interpretations. Moreover, the students
also demonstrated significant gains in their compassion for nature impacted by contentious
environmental issues and pro-environmental intentions.

Recently, Akbayrak and Kaya (2020) conducted an intervention on fifth-grade students to
investigate the influence of teaching social-institutional aspects explicitly. The context of the
intervention was a module titled “The Earth, Sun, and Moon” and it lasted for 4 weeks. The
participating classes in the study were sampled out of convenience, as the primary author was
also the teacher of those classes. Twenty-three students, the control group, followed the tradi-
tionally designed science lessons. On the other hand, nineteen students were part of the experi-
mental group, where their lessons were enriched with activities covering the social-institutional
aspects of science. Some activities introduced the students to the history and politics of space
exploration, such as the moon landing of Apollo 11 and the space race between the USA and
the Soviet Union. Some activities were completed in groups; for example, students were asked
to pretend they were space scientists and they had to produce a report on how to survive on
the Moon. The researchers collected quantitative and qualitative data. A modified version of
the Social-Institutional Questionnaire (SIQ) (Kaya et al., 2019) was used in a pre-post format.
The modified SIQ consisted of 15 items on a 5-level Likert scale, each of which matched a
social-institutional aspect of science. In addition, students’ worksheets were collected and three
students from the experimental group were interviewed, while no students from the control
group were interviewed. Results from ANCOVA showed a significant difference between the
two groups’ post-SIQ mean scores (in favor of the experimental group) after controlling for
their pre-SIQ mean scores. The qualitative analysis, related to the experimental group’s work-
sheets and interviews, indicated that students became aware of the social-institutional dimen-
sion of science. However, Akbayrak and Kaya (2020) viewed the reliability of the SIQ results as
a limitation of their study, with a Cronbach alpha coefficient of 0.62. The authors suggest add-
ing more items on the SIQ assessment to improve the reliability. Finally, the authors noted that
explicit NOS instruction should be implemented for a longer duration to help students grasp
abstract concepts such as ethics and intellectual honesty.

6 Critiques and Conclusions Related to the Three Contexts

6.1 HOS Context

6.1.1 Critiques of the Studies

For the last two decades, ten intervention studies, one of which was a pilot study, were
conducted to implement the HOS into the classroom. The purpose of these interventions

was to improve students’ conceptions of NOS. The grade levels targeted for the interven-
tions ranged from grade 2 (Fouad et al., 2015) to grade 12 (Forato et al., 2012; Leach et al.,
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2003). The time allocated for the interventions was as little as a one session (Leach et al.,
2003) or as long as a whole year (Galili & Hazan, 2001; Gandolfi, 2020).

Most lessons that were introduced into the classroom were contextualized and inte-
grated within content knowledge that is part of the students’ curriculum (Brunner & Abd-
El-Khalick, 2020; Forato et al., 2012; Galili & Hazan, 2001; Gandolfi, 2020; Irwin, 2000;
Kim & Irving, 2010; Leach et al., 2003; Paraskevopoulou & Koliopoulos, 2011). Some
lessons were add-on (Papadouris & Constantinou, 2014; Tao, 2003) and one research
included a mixture of both add-on and contextualized lessons (Fouad et al., 2015).

In order to assess students’ NOS conceptions, a couple of studies used the original or modi-
fied versions of the VNOS-C, CE, or D questionnaire (Lederman et al., 2002) in a pre-posttest
fashion (Brunner & Abd-El-Khalick, 2020; Fouad et al., 2015; Kim & Irving, 2010). Other
studies used adopted versions of other assessments (Gandolfi, 2020; Papadouris & Constanti-
nou, 2014; Paraskevopoulou and Koliopoulos, 2011; Tao, 2003) to assess NOS conceptions.
Some studies developed their own assessments (Galili & Hazan, 2001; Irwin, 2000; Leach
et al., 2003). Galili and Hazan’s (2001) questionnaire consisted of 10 open-ended items and
eight MCQs to test six NOS dimensions. Leach et al. (2003) had developed their assessment
in previous research, where it was pilot tested and modified. In the study by Irwin (2000), NOS
was assessed only in a posttest that consisted of seven open-ended questions that related to
atom, periodic table, and theories. In addition, there was no mention of its validity. Although
Irwin (2000) conducted post-interviews with a focus group, the absence of a pretest for NOS
puts the results in question. The only study that did not use clear-cut assessments was Forato
et al.’s (2012) who relied on their video recordings, field notes, and students’ written responses
to report their results. Most studies conducted interviews following the administration of ques-
tionnaires (Brunner & Abd-El-Khalick, 2020; Fouad et al., 2015; Galili & Hazan, 2001; Irwin,
2000; Kim & Irving, 2010; Leach et al., 2003; Papadouris & Constantinou, 2014; Tao, 2003).

Overall, most studies conducted in the last 20 years show positive results in improving stu-
dent’s NOS views following an intervention (Brunner & Abd-El-Khalick, 2020; Forato et al.,
2012; Fouad et al., 2015; Galili & Hazan, 2001; Gandolfi, 2020; Irwin, 2000; Kim & Irving,
2010; Papadouris & Constantinou, 2014). However, some studies’ claims of positive results can
be questioned. First, most studies had a small sample size, ranging between 20 students (Fouad
et al., 2015) and 64 students (Papadouris & Constantinou, 2014). Second, many studies that
reported improvement in students’ NOS views (Brunner & Abd-El-Khalick, 2020; Forato et al.,
2012; Fouad et al., 2015; Gandolfi, 2020; Papadouris & Constantinou, 2014) did not have a con-
trol group to use for comparison. Third, three studies did not report the statistical significance of
the data; nor the interrater reliability of the collected data was given (Forato et al., 2012; Fouad
et al., 2015; Irwin, 2000). The only study with a positive result and an adequate sample size
was Galili and Hazan’s (2001) research, which had the most student participants, a sample of
234. Yet, Galili and Hazan’s (2001) research had an unequal distribution of students between the
experimental and control groups. Furthermore, Galili and Hazan (2001) did not interview the
control group after the intervention to compare the results to the experimental group. The studies
that reported negative results (Leach et al., 2003; Tao, 2003) had a short period of time allotted
for the research. Finally, training teachers in NOS background knowledge prior to the interven-
tion was found to be beneficial to the students’ understanding of NOS aspects.

6.1.2 Reflections

Overall, most studies conducted in the last 20 years show positive results in improving
student’s NOS views following an intervention. Along with giving “humanistic values” to
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the subject, a historical context brings to the surface in a meaningful manner the epistemo-
logical and ontological messages hidden in the stories (Tao, 2003). According to Solomon
et al. (1994), the actual stories about scientists’ practices might lead to the creation of a
‘library of epistemological ideas’ in the minds of the students (p. 372). HOS reveals the
dynamic and tentative aspects of science while pointing to the ‘local and national influ-
ences’ (Forato et al., 2012, p. 659), which facilitate students’ conceptions of how the sci-
entific knowledge developed and how it is subject to change. Irwin (2000) points out the
importance of providing students with the chance to understand the significance of creativ-
ity and support of evidence in the development of scientific knowledge.

6.2 Sl Context
6.2.1 Critiques of the Studies

For the last two decades, sixteen intervention studies were conducted to improve students’
NOS conceptions through SI. Interventions targeted a wide range of age groups, ranging
from kindergarten students (Akerson & Donnelly, 2010) until the secondary level (Alisir
& Trez, 2020; Bell et al., 2003; Burgin & Sadler, 2016; Charney et al., 2007; Moss, 2001;
Lau & Chan, 2013; Sandoval & Morrison, 2003; Tsybulsky, 2018). The methods used for
the interventions varied. A couple of interventions were project-based (Alisir & Irez, 2020;
Moss, 2001), some were inquiry-based activities (Akerson & Donnelly, 2010; Khishfe,
2008; Khishfe & Abd-El-Khalick, 2002; Lau & Chan, 2013; Liu & Lederman, 2002;
Yacoubian & BouJaoude, 2010), some were apprenticeship programs (Bell et al., 2003;
Burgin & Sadler, 2016; Charney et al., 2007) or field visits (Tsybulsky, 2018), and the rest
were classroom instructions followed by discussions (Akerson & Volrich, 2006; Akerson
et al., 2014; Peters, 2012; Sandoval & Morrison, 2003). The duration of the interventions
ranged from one session (Lau & Chan, 2013) to 1 year (Akerson et al., 2014; Moss, 2001).

To assess students’ NOS conceptions, a large number of studies used the original or
modified versions of the VNOS questionnaire in a pre-posttest format (Akerson & Vol-
rich, 2006; Akerson et al., 2014; Bell et al., 2003; Burgin & Sadler, 2016; Charney et al.
(2007); Khishfe, 2008; Liu & Lederman, 2002; Peters, 2012; Yacoubian & BouJaoude,
2010) or other assessments such as Khishfe and Abd-El-Khalick’s research (2002), which
adopted Abd-El-Khalick’s questionnaire from 1998. One study by Lau and Chan (2013)
used a pretest that address E. coli and a posttest that address acupuncture. In comparison to
other studies that used the valid and reliable VNOS questionnaire or a modified version of
it, Lau and Chan’s (2013) results may cast doubts as the pretest had a different context in
the assessment than the posttests. On the other hand, Tsybulsky (2018) used a Likert-like
questionnaire, where each question was followed by an open-ended explanation. Moreover,
the validity and the reliability of Tsybulsky (2018) assessment was established prior to the
intervention study. The study by Alisir and Irez (2020) administered the Nature of Science
Beliefs Scale by Ozcan and Turgut (2014) in a pre-post format.

Moreover, some studies used semi-structured interviews as the only source of data (Moss,
2001; Sandoval & Morrison, 2003) or in addition to questionnaires to provide further evidence for
the results of the questionnaires (Akerson & Donnelly, 2010; Akerson & Volrich, 2006; Akerson
et al., 2014; Bell et al., 2003; Burgin & Sadler, 2016; Khishfe, 2008; Liu & Lederman, 2002;
Yacoubian & BouJaoude, 2010). For further triangulation, some studies included observations in
their collected data (Burgin & Sadler, 2016; Moss, 2001; Yacoubian & BouJaoude, 2010).
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Amongst all mentioned studies, one common element that improved the results of
the interventions, regardless of their type, was the coupling of inquiry activities with a
combination of explicit and reflective discussions, which yielded more positive outcomes
(Akerson et al., 2014; Akerson & Donnelly, 2010; Akerson & Volrich, 2006; Burgin &
Sadler, 2016; Charney et al., 2007; Khishfe, 2008; Khishfe & Abd-El-Khalick, 2002; Liu
& Lederman, 2002; Peters, 2012; Tsybulsky, 2018; Yacoubian & BouJaoude, 2010) than
studies that were somewhat implicit and did not make enough room for intensive explicit
nor reflective discussions (Alisir & Irez, 2020; Moss, 2001; Sandoval & Morrison, 2003).
In addition, engagement in laboratory activities was shown to be more effective in develop-
ing all NOS aspects in comparison to analyzing literature, which can improve conceptions
of certain NOS aspects (Tsybulsky, 2018).

6.2.2 Reflections

According to Liu and Lederman (2002), inquiry activities related to the content of the
instruction provide an effective context for addressing NOS and make NOS aspects more
meaningful to the students. Authentic inquiry activities provide a foundation for initiat-
ing discussions about NOS, where students actively engage in student-centered activities
and actively develop meaningful ideas about the complexity of scientific practices. In that
sense, inquiry activities trigger students to think critically about the development of scien-
tific knowledge and recognize the construction of scientific knowledge as a human activity.
In a context of SI, studies showed that participants can develop more informed conceptions
about the process of scientific knowledge construction as well as the scientific culture and
practices (Richmond & Kurth, 1999).

6.3 SSI Context
6.3.1 Critiques of the Studies

In the last 15 years, nine intervention studies were conducted to improve students’
NOS conceptions by introducing SSI to the classroom. All studies were based in the
USA except for Ibafiez-Orcajo and Martinez-Aznar (2007) and Akbayrak and Kaya
(2020) who conducted their research in Spain and Turkey, respectively. The interven-
tions started as early as the grade 5 level (Akbayrak & Kaya, 2020) and resumed at
the undergraduate college level (Schalk, 2012). Multiple studies relied on genetics and
genetic engineering to address certain NOS concepts (Ibafiez-Orcajo and Martinez-
Aznar, 2007; Khishfe, 2012; Walker & Zeidler, 2007). Other topics used in the inter-
ventions included global warming (Khishfe & Lederman, 2006), stem cell research
(Eastwood et al., 2012), microbiology (Schalk, 2012), water usage and safety (Khishfe,
2014), place-based instruction (Herman, 2018), and moon investigation (Akbayrak &
Kaya, 2020). The duration of the interventions ranged from seven consecutive sessions
(Walker & Zeidler, 2007) to 1 year (Eastwood et al., 2012).

To assess students’ NOS conceptions, researchers either used the original or modi-
fied versions of the VNOS questionnaire in a pre-posttest fashion (Eastwood et al., 2012;
Khishfe, 2012; Khishfe & Lederman, 2006; Walker & Zeidler, 2007) or other question-
naires that were previously developed and pilot tested (Akbayrak & Kaya, 2020; Herman,
2018; Ibafiez-Orcajo and Martinez-Aznar, 2007; Khishfe, 2014). Two studies used two or
more data sources such as an article exercise at the beginning and end of the semester,
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journals, projects, lab write-ups, lab quizzes (Schalk, 2012), and students’ worksheets
(Akbayrak & Kaya, 2020). In an effort to collect further data, many studies used semi-
structured interviews in addition to questionnaires (Akbayrak & Kaya, 2020; Khishfe,
2012, 2014; Khishfe & Lederman, 2006; Walker & Zeidler, 2007).

In comparison to other studies that used valid and reliable questionnaires like the
VNOS, or assessments that were pilot-tested, Schalk’s (2012) results may cast doubts as
there were multiple assessments conducted, with no control group to compare the results of
those assessments to. Herman (2018) also did not have a control group in his study, which
raises questions over the results. In addition, Herman’s (2018) sample was spread across
five grade levels (grades 7, 8, 9, 10 and 11), which may not be a fair comparison assuming
students’ different developmental levels. Although Akbayrak and Kaya’s (2020) study did
have a control group, there were no participants from the control group who were inter-
viewed. This may challenge the qualitative data results reported.

Two other studies have results that may also be doubted as the researchers used different
assessment types for their pretest and posttest (Ibafiez-Orcajo and Martinez-Aznar, 2007,
Walker & Zeidler, 2007). In Walker and Zeidler’s (2007) research, the pretest given was
the NSKS developed by Rubba (1977) then semi-structured interviews with student-pairs
were conducted at the conclusion of the treatment using specific questions from the VNOS.
In the study by Ibafiez-Orcajo and Martinez-Aznar (2007), a closed questionnaire was used
as a pretest while two open-ended questionnaires were used as posttests. The difference in
assessment types between pretest and posttest might raise doubts in the results of both stud-
ies. On the other hand, Akbayrak and Kaya (2020) used the same assessment for their pretest
and posttest, which was a modified version of the social-institutional questionnaire (SIQ).
However, the researchers reduced the number of items used in the original questionnaire
(SIQ) from 20 to 15 items, which have led to a decrease in the reliability of the assessment.

Putting the type of intervention aside, one common positive element used in all interven-
tions was the integration of explicit and/or reflective discussions and questions related to the
NOS aspects (Akbayrak & Kaya, 2020; Eastwood et al., 2012; Herman, 2018; Ibafiez-Orcajo
and Martinez-Aznar, 2007; Khishfe, 2012; Khishfe, 2014; Khishfe & Lederman, 2006; Schalk,
2012; Walker & Zeidler, 2007). The results of all studies, except Walker and Zeildler’s (2007),
show that the introduction of SSI, coupled with explicit and/or reflective discussions, were suc-
cessful in improving students’ NOS conceptions (Akbayrak & Kaya, 2020; Eastwood et al.,
2012; Herman, 2018; Ibafiez-Orcajo and Martinez-Aznar, 2007; Khishfe, 2012; Khishfe, 2014;
Khishfe & Lederman, 2006; Schalk, 2012). In addition, argumentation coupled with NOS
instruction improved students’ understandings of the targeted NOS aspects (Khishfe, 2014).

6.3.2 Reflections

Instruction of NOS in the context of SSI can lead to significant gains in developing
informed conceptions of social and cultural NOS (Eastwood et al., 2012); it is the interac-
tion of science and society that allows individuals to reflect on the mutual influences on
each other. Discussions about SSI connects students’ values and norms to issues related
to science and technology, thus creating a very effective context for improving students’
scientific epistemological conceptions (Walker & Zeidler, 2007). Along these lines, the
SSI context helps students to activate their critical thinking, search for evidences, consider
different conceptions about a certain issue, take a position, engage in dialogic reason-
ing, and develop arguments to support their perspectives (Zeidler et al., 2002). Thus, SSI
can transform classrooms into communities of practice where the students participate in
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discourses that allow them to discuss about the social aspects of science related problems
(Eastwood et al., 2012).

7 Reflective Remarks: Moving Forward

Individuals’ NOS conceptions pass through several stages and develop in terms of maturity
(Carey et al., 1989). The initial developmental model of NOS conceptions is developed by
Perry (1970) who has divided the progressive stages of epistemological conceptions from
absolutistic ‘‘dualistic’” to more ‘‘relativistic.” Individuals at the early stages of the devel-
opmental model believe that there is an absolute truth which is known and received from
the authorities. Those at the higher stages of the model recognize that different people may
view the same phenomenon in different ways according to their perspectives. Individuals
at the intermediary level recognize that there can be multiple perspectives of the same phe-
nomenon; however, they lack the ability to judge between the right and the wrong. The
intermediary stages show the gradual shifts in epistemological conceptions from dualism
to relativism and explain the logic through which epistemological conceptions change.
According to Khishfe (2008), changes in the students’ conceptions of NOS may be ‘evo-
lutionary,” where students develop their NOS conceptions gradually and pass through one
or several “intermediary” stages. The intermediary conceptions of NOS provide a great
insight of the developmental path of students’ NOS conceptions and contribute to building
an effective developmental model for NOS conceptions.

Considering the progressive nature of the epistemological conceptions’ development,
Carey et al. (1989) emphasize the importance of engaging students in epistemological rea-
soning and reflection along the grade levels as they study about different scientific theories
and phenomena. Constructivist approaches need to be used to construct students’ episte-
mological conceptions (Khishfe & Abd-El-Khalick, 2002). Several models on epistemo-
logical development (e.g., King & Kitchener, 1994) explain how the conceptions of knowl-
edge progress through developmental stages. Similar models provide an image about the
intermediary stages and allow to track the transitions that occur in between those stages.
However, limited number of studies have examined the procedures through which students
progress their NOS conceptions during the instruction. The developmental nature of the
NOS conceptions draws the attention of curriculum designers and educators to prioritize
NOS objectives in the curriculum considering the developmental models of epistemologi-
cal conceptions. Therefore, we suggest in this study that the contexts for NOS instruction
can be best conceptualized across an increasing level of difficulty for NOS instruction as a
progression of contexts from HOS, SI, and then to SSL.

HOS can play an effective role in introducing NOS in the early stages of the educational
system. It would be beneficial to start paying attention to NOS in relation to the work of
scientists, where student reflection will be on scientists’ data and the development of scien-
tific knowledge. Thus, the discussions and reflections would be related to existing scientific
knowledge (i.e., the work of scientists), which would be highly contextualized within the sci-
ence content (Clough, 2006). According to Pekdag and Azizoglu (2020), HOS additionally
serves as a factor of boosting students’ motivation and interest in science through describing
the early work of scientists in developing new scientific knowledge (Yip, 2006). Thus, they
can introduce the students to the philosophical conceptions of science and promote better
understanding of scientific content knowledge (Kim & Irving, 2010). Furthermore, Matthews
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(1994) claims that history humanizes science, engaging students and making the subject of
science less abstract. For example, historical episodes presented in the early stages of devel-
opment of NOS conceptions can provide the opportunity of understanding the tentative
aspect of NOS through the reflection on the change and development of scientific knowledge
across time. Some teachers may resist implementing HOS into their classroom as they con-
sider NOS activities time consuming (Clough, 2006). Clough (2006) proposed a framework
of implicit/explicit and decontextualized/contextualized NOS instruction continua. He advo-
cated attention to both ends of the spectrum to promote consistent and effective NOS instruc-
tion. Given the multiple challenges in implementing the history and philosophy of science in
education, Hottecke and Silva (2011) brought forward many recommendations for improve-
ment such as including more resources and professional development for teachers, and sup-
port structures such as school administrations and policy makers.

The second suggested sequence would be the integration of NOS in the context of SIL
According to Carey et al. (1989), such knowledge about the nature of scientific knowl-
edge can be gained only by actively constructing such knowledge and reflecting on this
process. In that case, the reflection would be experienced in relation to students’ own data
and the development of their own scientific knowledge. Rather than presenting theories
and concepts as static objects, the curriculum should impart an understanding of their
development: the questions that provoke them, the data that support them, and the alterna-
tives that challenge them. Thus, students can see that for themselves by active engagement
and reflection on the process of SI. In addition to reflections, explicit teaching, and epis-
temic demand on the part of the students were found to be vital factors for understanding
NOS and inquiry (Bell et al., 2003). As students engage in SI and consider themselves
as scientists, they develop more informed conceptions about how and through what kind
of practices scientists construct knowledge. That would be considered highly contextual-
ized (Clough, 2006) as it involves thinking back, building upon, and reflecting on HOS
episodes, which they would have experienced earlier when they first learned about NOS.
At this point, it would be feasible to integrate inquiry activities within a historical context
(Dolphin, 2009; Heering, 2000). In that sense, students’ conceptions move forward across
higher developmental levels in the model of understanding of NOS.

Then the following suggested sequence would be to integrate NOS in the context of SSI,
where there will be reflection on both students’ own scientific processes as well as those
of scientists. According to Clough (2006), that would be considered highly contextualized.
When NOS is contextualized and connected to SSI activities, participants experience long-
term retention of their improved understandings (Bell et al., 2011). To address NOS in the
context of SSI is best described as a “personal experience of the history of science” (Wong
et al., 2008, p. 1432), and that is why NOS needs to be addressed in HOS and SI (i.e.,
personal experience) first. At the higher levels of developmental model where students
have already developed certain critical thinking skills, the complexity of argumentation
and decision making may be addressed when integrating NOS in the context of SSI. SSI
can be thought of as a “higher order” context that brings together all the scientific literacy
themes: science content, SI, NOS, argumentation and decision making. This notion can be
best described as a commitment to connections among the science literacy themes. In that
sense, the use of SSI as a context for NOS can also advance the use of SI, as well as argu-
mentation and decision making. Moreover, the context of SSI addresses real-life situations,
which students encounter in their everyday lives and that helps them to ‘‘envision the con-
nection that exists between more global issues and themselves’” (Sadler, 2004, p. 531). The
context of SSI can also motivate students about issues from their everyday lives as well as
issues related to the development of scientific knowledge. In that sense, SSI might have

@ Springer



1926 R. Khishfe

an advantage as context for NOS at a later stage because it would involve issues related
to scientists’ work as well as issues related to students’ life through their argumentation
and decision making. Due to this overload in using SSI as a context for teaching NOS, SSI
would be best implemented at a later stage after using the HOS as a context for teaching
NOS that allows the reflection on the work of scientists and then the use of SI as a context
for teaching NOS that allows the reflection on students’ own work.

As a result, the aim of addressing NOS in the abovementioned contexts is to help stu-
dents reach informed conceptions, which may be related to ideas in other contexts (Leach
et al., 2003). In conclusion, the use of HOS, SI, and SSI as contexts to explicitly teach
about NOS is suggested and recommended in that order. Future research needs to explore
the proposed sequence of contexts for NOS instruction, which proceeds through a natural
progression along with the development of students’ conceptions.

The importance of this aim of studying and advancing contexts for NOS instruction
feeds into the objective of helping students understand NOS, which is central to advancing
scientific literacy. This aim is important in relation to research and practice. For research,
this conceptualizes and moves forward research venues for integrating NOS in the different
contexts of HOS, SI, and SSI along different sequences. As follows, more research can be
done to explore the long-term retention of NOS views of students (Yacoubian, 2021) across
these different contexts. As for practice, it materializes the effectiveness of NOS instruc-
tion along the three different contexts and suggests sequences by which to integrate NOS in
order to achieve the optimal objective of having students understand NOS.
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