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ABSTRACT

While understanding the nature of science (NOS) is recognized as a key component of science education because of its potential
benefits in nurturing scientific literacy, there is currently limited knowledge on how NOS learning can be supported by teach-
ers' ongoing, in-the-moment assessment in the classroom. This study explores the value of formative assessment as a vehicle to
facilitate reflective instruction of the NOS, through building connections between NOS and other related components of science
learning. We closely examined one experienced science teacher's lessons on the development of scientific knowledge in a 10th
grade science classroom, along with the teacher's post-lesson reflections and classroom artifacts, with a focus on how the teacher
planned and orchestrated whole-class discussions following student group presentations. We identify four distinct strategies for
formative assessment the teacher enacted in an effort to create “teachable moments” for NOS learning: multicontextualizing
NOS, mapping examples to NOS, focusing discussion on NOS, and exploring different aspects of NOS. Across the lessons, while
some teacher moves prompted discursive exchanges, others revealed significant challenges and were often met with student si-
lence. Our work uses formative assessment as a lens to reveal the complexities and in-the-moment challenges of NOS instruction,
illustrating how even an experienced teacher can struggle to facilitate these conversations. We argue that NOS research should
pay more attention to the potential of formative assessment and the need for professional development to support teachers with
empirically grounded assessment tasks for use in NOS instruction.

1 | Introduction

The nature of science (NOS) has been advocated as a core compo-
nent of the science curriculum to accomplish scientific literacy.
Accordingly, there has been a great deal of interest among sci-
ence educators in assessing learners’ understanding of the NOS.
It has been argued that for effective NOS teaching, it should
be “intentionally planned for, taught and assessed” (Lederman
et al. 2001, 137, italics added), suggesting that high-quality as-
sessments should be considered an essential condition for the
success of NOS instruction (Allchin 2011; Hanuscin et al. 2011).

The NOS refers to “the epistemology of science, science as a
way of knowing, and the values and beliefs inherent to scien-
tific knowledge and its development” (Lederman 2007, 833).
Recent studies that analyzed standards, curricula and curric-
ulum guidelines suggest that NOS is recognized as a valuable
component of science curriculum and standards documents in
many jurisdictions (Erduran and Dagher 2014; Ferreira and
Morais 2013; Olson 2018; Park, Wu, and Erduran 2020; Park,
Yang, and Song 2020; Reinisch and Fricke 2022). Despite the
widespread curricular inclusion of the NOS as a goal of sci-
ence education, reviews of NOS literature across decades have
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identified that many students do not possess adequate knowl-
edge of the NOS (Abd-El-Khalick and Lederman 2023; Deng
et al. 2011; Lederman 2007). In addition, research has found
that teachers' knowledge of the NOS is not automatically trans-
lated into classroom practice, and that teachers do not consider
NOS to be an instructional outcome of equal status with that of
“traditional” subject matter outcomes (Lederman 2007).

Empirical research on NOS instruction has generated a strong
evidence base that NOS learning requires “explicit-reflective”
instruction, as confirmed by a recent meta-analysis (Deng
et al. 2025). Making a distinction between the “explicit” and “re-
flective” labels, Abd-El-Khalick (2013) argued that the former
has curricular implications where NOS should be targeted as an
explicit learning goal of the lesson (as opposed to a side effect of
learning other things), while the latter is concerned with spe-
cific instructional approaches where the provision of structured
learning opportunities are ensured. Importantly, reflective
NOS teaching includes “providing students with opportunities
to analyze their activities from within a NOS framework, map
connections between these activities and those of scientists,
and make conclusions about scientific epistemology” (Abd-El-
Khalick and Akerson 2004, 792, italics added). Given the close
relationships between NOS learning and the learning of scien-
tific concepts, scientific practices, the history and philosophy of
science (Khishfe 2023; McDonald 2010; Ryder and Leach 2008),
teachers' capacity to facilitate connections between various lev-
els and categories of knowledge would be essential to facilitate
NOS learning. Similarly, an emerging body of research using
epistemic network analysis methods have stressed the connec-
tions between NOS ideas as a core learning outcome (Mulvey
et al. 2021; Peters-Burton et al. 2019).

Presently, the most often used instrument for assessing NOS is
Views of Nature of Science (VNOS) and its variants (Lederman
et al. 2002), which consist of open-ended questions about several
key NOS aspects. Although such researcher-developed instru-
ments have the potential to inform classroom instruction and
assessment of the NOS, it should be noted that classroom assess-
ment has aims that are distinct from those of standardized mea-
surement for research purposes. As Allchin et al. (2014) pointed
out, teachers often have other considerations for classroom as-
sessment such as time constraints and the institutional context
of accountability (Bell 2007; Sadler 2014). With the use of NOS
assessment instruments, researchers are typically interested in
collecting data to investigate patterns and trends, such as under-
standing the distribution of students' informed, mixed, and naive
NOS views, comparing these results across different groups, or
tracing changes between pre- and post-interventions in diverse
instructional settings (Abd-El-Khalick 2014). More recently,
Abd-El-Khalick et al. (2024) developed a rubric to analyze and
score responses to the VNOS, providing systematic guidance
for qualitative interpretation and categorization, and explicitly
scaffolding qualitative inferencing to standardize scoring and
reduce both the burden and variability of VNOS analysis.

A further development in recent literature is the incorporation
of multimodality in assessing NOS. For example, Cheung and
Erduran (2025) developed an analytical framework that char-
acterizes students' multimodal representations of the nature
of scientific practices and methods which extend the previous

emphasis in the literature on textual representations of NOS.
These researchers applied the instrument to the analysis of
40 7th-grade students and examined their responses before
and after engaging in explicit-reflective instruction focusing
on NOS. Students' ideas changed after students engaged in
NOS instruction that involved iterative compositions of multi-
modal representations of NOS. The investigation of multimodal
meaning-making about NOS (Cheung et al. 2025) presents a new
avenue for formative assessment of NOS not only in students’ but
also in teachers' learning of NOS (Barak et al. 2023; Erduran and
Kaya 2018) in future studies.

While NOS researchers’ aims may overlap with the aims of
classroom assessment, it is unlikely that research instruments
are sufficient to fulfill teachers' and learners’ needs in the class-
room. In the classroom setting, teachers are interested in facili-
tating learning by providing feedback to student responses and
improving instruction (the formative use of assessment) and pro-
ducing evidence of students' development at a particular time
to make judgments about individual learners or the effective-
ness of education (the summative use of assessment) (Black and
Wiliam 2009). NOS research instruments have typically been
employed in ways that align with summative rather than for-
mative purposes, as they are often used to document patterns
or shifts in students’ NOS views across cohorts or interventions.
Meanwhile, teachers can embed assessment in different forms
of learning activities such as teacher-student interactions, peer
interactions, group activities and portfolios, besides paper-and-
pencil tests, to gauge students’ NOS learning minute by minute,
and day by day. Such differences necessitate considering the
classroom assessment of the NOS as an activity that has dis-
tinct aims, methods and criteria for quality from the assessment
through research instruments such as VNOS. This study aims to
investigate one teacher's enactment of formative assessment in a
10th-grade lesson focused on the NOS, to explore how formative
assessment can support NOS learning. Two research questions
guided the study: (1) How did the teacher's formative assessment
strategies create opportunities for NOS learning? (2) What chal-
lenges did the teacher encounter in using formative assessment
to support NOS learning?

2 | Review of Literature

2.1 | Teachers' Use of Formative Assessment in
Science Classroom

Teachers' interactions with students are instrumental in cre-
ating learning opportunities and engaging students in making
sense of their science learning (Deverel-Rico and Furtak 2025;
Mercer et al. 2009). One useful lens to analyze teacher-student
interactions is formative assessment. The focus of formative
assessment, or assessment for learning (as opposed to assess-
ment of learning), is to support learning rather than report the
achievements or satisfy accountability demands (Black 1998).
Research and policy in science education have recognized the
value of formative assessment and the important role of teachers'
formative assessment skills in supporting science learning (Bell
and Cowie 2001; Furtak 2023; Ruiz-Primo and Furtak 2007;
National Research Council 2001). On what counts as formative
assessment, Black and Wiliam (2009) argued that:
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Practice in a classroom is formative to the extent
that evidence about student achievement is elicited,
interpreted, and used by teachers, learners, or their
peers, to make decisions about the next steps in
instruction that are likely to be better, or better
founded, than the decisions they would have taken in

the absence of the evidence that was elicited. (p. 9)

From this definition, it can be inferred that formative assessment
aims for (a) the improvement of teaching as well as learning,
through a cyclical and collaborative process, and (b) the inclusion
of teachers, learners and peers as sources of learning. The improve-
ment of teaching through formative assessment can occur over
different time scales (Wiliam 2009): it can occur in seconds and
minutes as the teacher responds to evidence; in days and weeks as
the teacher designs and refines subsequent lessons; and in months
and years as she prepares the same unit for the next year's cohort.
Black and Wiliam also suggested that formative assessment is con-
cerned with “the creation of, and capitalization upon, ‘moments
of contingency’ in instruction for the purpose of the regulation of
learning processes” (2009, 6). Furthermore, sociocultural perspec-
tives on formative assessment highlight how knowledge is socially
constructed through “assessment conversations” in which ideas
are shared, negotiated, and articulated by teachers and students
(Duschl and Gitomer 1997; Ruiz-Primo 2011). Such a discursive
and sociocultural nature of formative assessment makes it a col-
laborative endeavor between teachers and students with the goal
of improving learning, often involving issues of power (Cizek
et al. 2019).

Several models have been proposed to capture the dynamic
and situated nature of informal formative assessment (Bell and
Cowie 2001). One influential framework is the ESRU (eliciting,
student response, recognizing, and using information) model de-
veloped by Ruiz-Primo and Furtak (2007), which provides a sys-
tematic way to describe how teachers and students co-construct
formative assessment moments in science classrooms. They ap-
plied the ESRU model to video analyses of science classrooms,
demonstrating that productive formative assessment sequences
are those in which teachers not only recognize the substance of
students’ ideas but also use them to guide subsequent instruc-
tion rather than simply evaluate correctness. Models such as
the ESRU underscore that informal formative assessment is
both epistemic and pedagogical: it requires teachers to discern
the scientific meaning in students’ utterances and to respond in
ways that advance understanding.

Formative assessment ranges from spontaneous, in-the-moment
interactions between students and teachers (i.e., informal forma-
tive assessment) to structured, pre-planned tasks and activities
that help assess the current state of learning (i.e., formal formative
assessment) (Shavelson et al. 2008). This study considers both for-
mal and informal formative assessment by the teacher. Formal for-
mative assessment takes place when a teacher plans for a specific
set of tasks and/or questions that are targeted at the learning goal of
the lesson in order to check for student understanding (Shavelson
et al. 2008), and students produce outputs that can be used for
assessing and possibly grading (Bell 2008). On the contrary, in-
formal formative assessment is not wholly planned ahead of time
but occurs spontaneously when the teacher notices a teachable

moment during classroom conversation and seizes the opportu-
nity to learn (Nieminen et al. 2016). These different types of for-
mative assessments can be used to make science teaching more
responsive to students’ prior knowledge and experience (Empson
and Jacobs 2008; Furtak, Thompson, et al. 2016; Furtak, Kiemer,
et al. 2016) and close the achievement gap between high- and low-
performing students (Yeh 2010). Given the importance of teachers'
formative assessment in noticing and responding to individuals'
learning needs and thereby providing equitable science learning
for all learners (Furtak and Lee 2023; Kang and Furtak 2021), it
is crucial to understand how teachers can create opportunities for
learning through the use of various types of formative assessment
and, subsequently, how to support teachers' abilities to do so. This
way, both formal and informal formative assessment are insepara-
ble from the process of teaching and learning.

2.2 | NOS Formative Assessment: An
Underexplored Research Area

Research on NOS instruction has suggested that teaching
the NOS requires knowledge in diverse domains through-
out scientific content, history and philosophy of science, in-
structional strategies (Abd-El-Khalick 2013; Wahbeh and
Abd-El-Khalick 2014); teachers’ understandings of the NOS are
necessary for teaching the NOS in classrooms but are not suffi-
cient (Abd-El-khalick and Lederman 2000). There are reported
constraints that teachers experience, arising from the complex-
ity of students’ cognitive and affective abilities (Abd-El-Khalick
et al. 1998), lack of teachers' NOS-specific skills (Schwartz and
Lederman 2002), insufficient educational resources (Wong
et al. 2009), and teachers' attitudes and beliefs about the impor-
tance of NOS (Lederman 1999).

When it comes specifically to assessment, a few authors have
suggested that teachers' knowledge of how to use classroom
assessment to create NOS learning opportunities comprises a
core part of pedagogical content knowledge for teaching the
NOS (Hanuscin et al. 2020; Mesci et al. 2020; Schwartz and
Lederman 2002). Yet, despite the significance of assessment in
NOS learning and the need for understanding teachers’' NOS
instructional practices, there is currently limited knowledge
about how formative assessment can help teachers to foster
students’ NOS learning in their classrooms (Allchin 2013;
Hanuscin et al. 2011, 2020). Studies have found that teach-
ers tend not to assess students’ NOS understanding in their
classrooms, formatively or summatively. In a study with ele-
mentary teachers on a 3-year professional development pro-
gram, Hanuscin et al. (2011) reported that teachers mostly
relied on using the instruments provided by researchers, but
no attempts were made to use their own formative or summa-
tive assessment strategies to determine students' learning of
the NOS. In secondary science, Abd-El-Khalick et al. (1998)
reported that none of the 14 preservice secondary science
teachers who participated in their study made any attempt to
assess NOS learning, although most of them believed in the
importance of teaching the NOS in schools. Such discrepancy
between the perceived importance and assessment practice
related to the NOS has been confirmed in another recent
study of secondary science teachers in England (Brock and
Taber 2019). Similarly, Ryder and Leach's (2008) analysis of
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teacher talk in high school classrooms suggested that while
teachers were often able to elicit students’ NOS understand-
ings during whole-class discussions, they tended to end the
discussions with non-evaluative comments (“fine, fine”) with-
out assessing students’ understandings against the NOS learn-
ing goal or using it to create further learning opportunities.

In the present study, we focus on how NOS formative assess-
ment can manifest in the specific context of high school science
instruction. While there are some generic features of formative
assessment that are common to many disciplines, assessment
researchers have acknowledged the importance of “discipline-
specific elements that comprise the formal and informal ma-
terials, collaborative processes, ways of knowing, and habits
of mind particular to a content domain” (Cizek et al. 2019, 14).
Given that NOS learning goals can vary from forming certain
beliefs about the epistemic features of science to applying NOS
ideas to specific historical and contemporary examples (Brock
and Park 2024), and correspondingly require new pedagogical
knowledge and skills for the teachers (Hanuscin et al. 2011;
Mesci et al. 2020), formative assessment of NOS learning de-
serves separate attention from the general discussion of forma-
tive assessment in science education.

3 | Formative Assessment in Support of
Explicit-Reflective NOS Instruction

We posit that formative assessment is central to facilitating NOS
learning because it shares key features with explicit-reflective
instruction. First, formative assessment creates a safe space for
students to articulate and reflect on NOS ideas (McMillan 2010).
Second, it is iterative, allowing students to revisit and refine
their NOS understanding through ongoing feedback (Black and
Wiliam 2009). Third, teachers can adapt instruction by using as-
sessment data to clarify misconceptions and reinforce accurate
understanding (Furtak, Thompson, et al. 2016; Furtak, Kiemer,
et al. 2016). Fourth, it provides a lens for understanding socio-
cultural exchange through “assessment conversations” (Duschl
and Gitomer 1997).

This section draws on Leahy et al.'s (2005) conceptualization
of formative assessment that consists of five key instructional
strategies. Table 1 is an adapted version of their framework to
explicit-reflective NOS instruction, highlighting the convergen-
ces. The listed strategies result from crossing three processes
(where the learner is going, where the learner is right now, and
how to get there) (National Research Council 2001) with three
groups of agents in the classroom (teacher, peer, learner). In the
following, we discuss how each of these strategies can relate to
NOS teaching based on the literature on explicit-reflective NOS
instruction. In the study, we used this framework to interpret
teachers' actions and conversations in a NOS classroom through
the lens of formative assessment.

3.1 | Clarifying, Sharing, and Understanding
Learning Intentions

Effective learning requires aligning assessment and instruc-
tion (American Educational Research Association et al. 2014;

Martone and Sireci 2009). For formative assessment to work,
teachers must share clear, transparent learning objectives and
success criteria, often by making standards student-friendly
(Leahy et al. 2005). This aligns with explicit NOS instruc-
tion, which directly targets a cognitive understanding of NOS
(Khishfe and Abd-El-Khalick 2002). Importantly, teachers
should also share a justification of NOS learning goals (Roberts
et al. 1992), that is, tell students why they should learn about the
NOS. Since students are often “unclear about the intended learn-
ing outcomes” for epistemic topics compared to content knowl-
edge (Ryder and Leach 2008, 293), sharing the NOS objective at
the outset and consistently reinforcing it is critical to guide the
teaching and learning process.

3.2 | Eliciting Evidence of Learning

Formative assessment can provide a way to elicit and gauge
information about students’ current levels of achievement
throughout the course of instruction. This function of formative
assessment is particularly relevant to NOS learning, where stu-
dents' understanding may be implicit or difficult to distinguish
from their understanding of content knowledge or inquiry skills.
In the context of reflective NOS instruction, elicitation includes
bringing students’ “tacit, fragmented and inarticulate” NOS un-
derstandings to the forefront and examining and revising them
(Abd-El-Khalick 2012, 1055) and using prompts to get students
to reflect on different issues related to the NOS (Akerson et al.
2000). Teachers can encourage students to discuss and exhibit
their NOS understandings by planning for it, or through inter-
actions during instruction such as questioning and conversa-
tions (Duschl and Gitomer 1997; Ruiz-Primo 2011; Shavelson
et al. 2008).

3.3 | Providing Feedback That Moves Learners
Forward

The effectiveness of formative assessment depends not only
on the quality of elicited and gathered information about stu-
dents’ NOS learning but also on the teacher's subsequent ac-
tions (Bell and Cowie 2001; Black and Wiliam 2009; National
Research Council 2001). Considering that a core component of
NOS learning is to develop connections between different NOS
ideas (Peters-Burton et al. 2019) and between NOS ideas and
the context from which they are drawn (e.g., historical exam-
ples, socioscientific issues, and hands-on inquiry tasks) (Allchin
et al. 2014; Khishfe and Abd-El-Khalick 2002), it is reasonable to
assume that appropriate feedback and instructional correctives
can play an important role in facilitating students’ reflective
learning of the NOS.

3.4 | Activating Students as Learning Resources
for One Another

Formative assessment is a collaborative enterprise between
teachers and students (Heritage 2013; National Research
Council 2001). Although peer learning has received limited
attention in the NOS literature, it can be an effective source
of NOS learning through formative assessment. While peer
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assessment is often discussed in the context of summative
assessment, it can be facilitated in a more formative man-
ner. Like the teacher, once the learning goal has been clearly
shared, students can ask questions to each other (eliciting evi-
dence of learning), evaluate and use the evidence to check for
their peers’ understanding as well as their own (see Section 5.3
for an example). Such student-student conversations, seen
as informal formative assessment, can provide useful infor-
mation about learning to the teacher. Research suggests that
when learners engage in evaluating the work of their peers,
they not only gain insights into alternative perspectives and
approaches but also critically analyze their own work in
comparison to that of their peers (Panadero 2016; Tseng and
Tsai 2007). This reflective aspect of peer assessment can pro-
vide a powerful tool to encourage students to articulate and
internalize their NOS learning experiences. In addition, as
students actively participate in assessing and being assessed
by their peers, they can develop a capacity for constructive
feedback and refine their ability to identify gaps in their NOS
understanding.

3.5 | Activating Students as Owners of Their Own
Learning

Another important source of evidence is the learner's own as-
sessment of their NOS learning, which can be supported by
teachers providing “structured opportunities designed to en-
courage learners to examine their science learning experi-
ences from within a NOS framework” (Abd-El-Khalick 2012,
1057). Given the centrality of reflection and self-regulation in
NOS learning (Peters-Burton and Burton 2020), the use of for-
mative assessment for NOS learning can have the potential to
support learners in exerting personal agency and control over
the learning goals. Importantly, Sadler (1989) argued that self-
assessment is not something that happens naturally but is a skill
to be learned. Teachers can support students’ self-assessment by
providing a protocol or log to record their performance, ques-
tionnaires, rubrics or checklists (Panadero et al. 2017), or more
informally through interactions during the instruction. It is also
important to note that self-assessment can be prompted by peer
assessment and feedback (Heritage 2013). For example, if a stu-
dent can share his or her idea about a certain aspect of NOS, a
peer can elaborate or challenge it, and through discussion both
can arrive at more sophisticated and justified ideas about the
NOS. In this sense, the teacher can facilitate these peer and self-
assessments as a form of reflective approach to NOS instruction.

3.6 | Summary

Although classroom assessment is an intrinsic element of
explicit-reflective NOS teaching, how science teachers can col-
lect and use evidence of students’ NOS understanding during
instruction to enhance learning has received limited attention.
Drawing on the literature on formative assessment and NOS in-
struction, this section has articulated how formative assessment
can support explicit-reflexive NOS teaching by focusing on how
teachers elicit, interpret, and act on evidence of students' think-
ing in the flow of instruction. These activities can create oppor-
tunities for students’ NOS views that are often fluid, tacit and

fragmented (Leach et al. 2000) to be “brought to the forefront,
examined and even revised through structured reflection,”
through discursive practices (Abd-El-Khalick 2012, 1055).

4 | Methods
4.1 | Curriculum Context

In the 2015 National Curriculum of Korea, a new subject
‘Scientific Inquiry and Experimentation’ was introduced as
a stand-alone compulsory subject in 10th grade, to be taught
alongside General Science. Its introduction was to help stu-
dents “recognize the value of science as well as its impact on
scientific inquiry and social, technological development” by
learning about the NOS and scientific inquiry (Ministry of
Education 2015, 25). This curriculum context provided a useful
context to examine how teachers plan and deliver NOS lessons.

We focused on one school located in an urban and high-SES re-
gion in a metropolitan area in South Korea. The broader proj-
ect focused on science teachers’ NOS classroom assessment
(including summative assessment) practices in this school in a
time of curriculum reform. Among the data collected across two
academic years from three teachers in the school, this paper fo-
cuses on Dr. Kim's (pseudonym) NOS lessons. The first author
had known Dr. Kim for 3years before the study, and from an
informal conversation about how she was planning to teach and
assess the new subject (described below), it was clear that her
lessons would be a suitable site for a case study to investigate for-
mative assessment that occurs in a NOS classroom. Unlike the
other two teachers who described themselves as inexperienced
with the NOS or its teaching, Dr. Kim had previous exposure
to and a strong interest in NOS as a curricular construct. Given
that NOS formative assessment is an underexplored and com-
plex phenomenon, we decided to focus on Dr. Kim to provide
illustrative and focused insights rather than generalizations,
consistent with the purpose of case study research (Yin 2017).

Dr. Kim was an experienced earth science teacher with over
15years of secondary science teaching experience and a PhD
in science education, and had a long-term interest in the use
of history and philosophy of science in her science instruc-
tion. This was in part because she found it difficult to do
experiments in earth science which, by nature, deals with ei-
ther historical or large-scale objects and phenomena, most of
which cannot be brought to or replicated in classrooms. For
her, using the history and epistemology of science was her
personal strategy to incorporate scientific methods, inquiry
and student-oriented learning. With such a background, she
had knowledge of the NOS instruction such as the key aspects
of the NOS, instruments, and the explicit-reflective approach.
This is why we considered her an experienced teacher in the
context of this study. In her assessments, she preferred using
open-ended, free-response assessment items to multiple-
choice items, because “kids who don't understand rarely write
anything” (Interview 1). She found it problematic that the tra-
ditional image of science as being special and absolute had
influenced the education of scientists as well as science teach-
ers for a long time. However, in her view, having such a view
of science is not helpful in today's world where “information
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TABLE 2 | Summary of observed lessons.

Lesson

Outline

Lesson 1 (50min) « The teacher introduced the concepts of paradigm and theory change in science, using historical

examples to illustrate these ideas.

« The transition from Aristotelian to Galilean theories of motion was presented as a case study of

paradigm shifts in science.

Students engaged in inquiry activities to explore how Galileo identified a paradox in Aristotle's

theory of motion through a thought experiment on falling objects.
« The teacher introduced key aspects of the Nature of Science (NOS), particularly how scientific

knowledge evolves over time.

 The group assignment was explained.

Between the lessons « Students worked asynchronously for 2weeks to prepare their group presentations before the next

lesson.

Lesson 2 (50 min) + Students were divided into groups of four and tasked with identifying an example of a paradigm

Lesson 3 (50min)

shift in history. Each group prepared a 10-min PowerPoint presentation. All group members were

asked to contribute to the presentation.

classmates.

Following each presentation, the presenters answered questions from both the teacher and their

« These two sessions were the analytical focus of this study.

is everywhere” and “proper decision-making requires the
capacity to assess a given piece of information from various
angles and with critical mind” (Interview 3). She said that
such an ability is difficult to cultivate while teaching the con-
tent knowledge-focused curriculum, so it should be fostered
through teaching the NOS.

Among the six NOS-related lessons that Dr. Kim taught
throughout the semester, we selected three sessions focused on
the development of science for a close examination. These les-
sons involved whole-class conversations about the NOS, includ-
ing teacher-student and student-student interactions, which
provided an ideal context for examining informal formative
assessment of the NOS and how the teacher facilitates it. The
other three NOS lessons either included an online component
(due to the partial transition to online instruction) or were not
designed to facilitate much interaction (also due to the COVID
guidelines), making them less suitable for conversation analysis.
Table 2 summarizes the three lessons that were observed.

At the beginning of the semester, Dr. Kim taught three 50-min
lessons on the development of scientific knowledge. This was
stated in the national curriculum as an explicit learning goal
(“Understand scientific discoveries that motivated paradigm
shifts in the history of science and explain how science devel-
ops”), although it did not provide specific pedagogical guide-
lines. In the first session, she started by explaining that the term,
paradigm, refers to a system of thinking that defines people's
opinions and thoughts in a certain era. Then she highlighted
that while science sometimes develops incrementally and con-
tinuously, at other times the development occurs drastically, ac-
companied by a shift of paradigm. She elaborated this key NOS
aspect by referring to Galileo's thought experiment on motion
that triggered the shift from the old Aristotelian paradigm to
the new era of classical mechanics. After this introductory ses-
sion were two sessions devoted to a project-based assessment
task, which were the analytical focus of this study. Students
were divided into groups of four to find a historical example of a

paradigm shift and prepare a 10-min PowerPoint presentation,
and worked in groups asynchronously for 2weeks. After each
group's presentation, Dr. Kim initiated a whole-class discussion
on the presentation, and facilitated and orchestrated the infor-
mal assessment conversation. More details about her pedagogi-
cal reasoning involved in the lesson and assessment design will
be explained in Section 5.1.

Furtak et al. (2019) conceptualize formative assessment as “a
network of participants engaging in practices organized and
coordinated by a set of tools within a specific context” (p. 99).
In light of this conceptualization, this study's context includes
the tools for formative assessment (i.e., the task of preparing
and delivering a presentation in groups), the practices for it (e.g.,
teacher's and students’ uses of talk moves to probe each other's
thinking, provide feedback, and press for reasoning), and the
participants (i.e., the teacher and students as sources of NOS
learning). We viewed Dr. Kim's project-based NOS task as a
form of formal formative assessment. During class discussions,
however, she also responded spontaneously to students’ ideas
and questions, using them to check understanding and create
learning opportunities—an example of informal formative as-
sessment (Duschl and Gitomer 1997). Her lesson thus incorpo-
rated both forms, each supporting NOS learning by eliciting,
interpreting, and acting on evidence of student understanding
(Ruiz-Primo and Furtak 2007).

4.2 | Study Design and Data Collection

This study utilized a naturalistic qualitative case study approach,
with the aim of closely examining the complexities arising from
one experienced teacher's classroom practice. We see this study
as a revelatory case study given that teacher practices in NOS
formative assessment are a largely underexplored phenomenon
(Yin 2017). Our larger project aimed to investigate science teach-
ers' practices of classroom assessment in the wake of the na-
tional curriculum reform in South Korea that highlighted NOS
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as an explicit learning goal. Ethics approval for the study was
granted by the Research Ethics Committee at the Department of
Education, University of Oxford.

Data sources included observations of Dr. Kim's three lessons
(50min each, video recordings and field notes), related artifacts
(e.g., textbook, Dr. Kim's lecture slides, and students’ presenta-
tion slides), and interviews with Dr. Kim. For the lesson obser-
vation, while a standardized observation rubric was not used,
the observation focus was informed and guided by the five strat-
egies of formative assessment described in the literature review.
Observational attention was given to how learning goals were
communicated, how evidence of NOS learning was elicited,
the types of feedback provided, and moments of peer and self-
assessment (Leahy et al. 2005). The observation notes guided
follow-up interviews with her, as well as generated initial an-
alytical ideas that were revisited later during the analysis. The
national curriculum and the school’s instruction and assess-
ment plans for the subject were also collected as documentary
sources.

The first author conducted three semi-structured interviews
with Dr. Kim after each of the three lessons. The first interview
focused on her general views about science teaching and assess-
ment as well as her knowledge and experience related to the
NOS specifically (e.g., How would you describe your approach to
science assessment? How would you define NOS? Do you teach
NOS in your science class?). In the second and third interviews,
Dr. Kim was asked to provide her own reflection about the les-
son (e.g., How did you feel about the lesson?) and was also asked
about specific elements of her pedagogical actions, intentions,
and reasoning that the first author noticed (e.g., You mentioned
that “This class is not about the scientific knowledge’. Can you
explain what you mean by that?). Each interview lasted between
60 and 90min. Throughout the research, there were a number
of other informal communications with Dr. Kim in the form
of casual conversation over coffee (recorded in the field notes)
and extended text messages, some of which were included in the
analysis with her consent. Interviews were used to triangulate
and contextualize the classroom observations. While the les-
son recordings captured in-the-moment formative assessment
interactions, the interviews allowed us to explore Dr. Kim's in-
structional intentions, pedagogical reasoning, and reflections
on the effectiveness of her strategies, and her interpretation of
specific classroom events. This triangulation helped to ensure
that observed practices were not interpreted in isolation, but
situated within the teacher's broader epistemic and pedagogical
approach.

4.3 | Data Analysis

Lesson recordings (Lessons 2 and 3), interviews, and related ar-
tifacts and documents were transcribed verbatim and imported
into MAXQDA (VERBI Software 2019) for qualitative analysis
conducted over three rounds. Although we broadly followed
three coding cycles, the analysis process was more iterative than
linear. Initial interviews and informal conversations held prior
to lesson observations were analyzed first, in order to under-
stand the teacher's background and the curricular and instruc-
tional context outlined in Section 4.1.

Given that all observed lessons followed a single pedagogical
structure (student group presentations followed by whole-class
discussion), this study is best understood as a case of an experi-
enced teacher's formative assessment practices within a specific,
project-based instructional design. This narrow focus allows for
a deep analysis of the in-the-moment moves, opportunities, and
challenges associated with this particular approach to teaching
the NOS.

4.3.1 | Round 1: Deductive Coding

For the first cycle of coding, we used Ruiz-Primo and
Furtak's (2007) ESRU model to identify the structure of the in-
formal formative assessment occurring in the teacher—student,
student-student interactions during the whole-class discussions.
The ESRU model was proposed as a way to capture differences
in teachers' informal formative assessment practices (Ruiz-
Primo and Furtak 2007). It has been suggested that the tradi-
tional models such as the IRF model (initiation, response, and
follow-up; Sinclair and Coulthard 1975) and the IRE model (ini-
tiation, response and evaluation; Mehan 1982) are more suitable
for lessons where teacher talk is predominant and the “correct
response” is pursued (Ruiz-Primo 2011) than for lessons with
frequent participation of students and open-ended lesson topics
such as NOS. These characteristics of the ESRU model made it a
suitable framework to analyze Dr. Kim's lessons, which involved
as much student talk as teacher talk, and where the lesson goal
was to understand the NOS.

Table 3 shows a short example of ESRU coding. This excerpt
followed Group 1's presentation on the discovery of the dou-
ble helix structure of DNA as an example of a paradigm shift.
She starts by asking a question to elicit the presenters’ ideas
about why their example (i.e., the double helix example) was
paradigm-shifting (Line 2). A 10-s silence followed, which was
coded as a student response (Line 3). Coding silence as a form of
response was considered reasonable given that it still provides
the teacher with some information about what students know
or do not know. Hyun then gives another response to Dr. Kim's
question based on the utility of the discovery (Line 4). Dr. Kim
then briefly recognizes his response with “Yes” (Line 5), and uses
the group's insufficient response to reiterate what a paradigm is
and provide a better answer to her own question (Line 6). When
the group agreed to her interpretation, she recognizes their selec-
tion of the example and moves on to initiate another elicitation.

This first cycle coding enabled preliminary sorting of assess-
ment conversations, and importantly, the identification of “ep-
isodes.” Since the assessment conversations occurred after each
group's presentation, an episode usually started when a peer or
the teacher asked the presenters to clarify, explain or elaborate
on what they said, and ended with the teacher using the infor-
mation to take actions. A total of eight formative assessment
episodes were identified in the transcripts, each consisting of
complete or incomplete cycles. This deductive coding served as
a preliminary step to discovering discursive meanings, rather
than quantifying the cycles or their patterns as was the case
in several other studies (Nieminen et al. 2016; Rached and
Grangeat 2021; Ruiz-Primo and Furtak 2007). For example, we
noticed that a certain category of teacher questions repeatedly
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TABLE 3 | Round 1 and Round 2 coding example.

Speaker Utterance

Round 1 coding

(deductive) Round 2 coding (inductive)

1 Dr. Kim ... So today's presentation was meant to be
about finding and introducing a historical

inquiry that led to a paradigm shift.

2 So I'll ask a question first. It applies to
all groups. Why do you think this is a

historical case that shows paradigm shift?

I'd like anyone from the group to answer.

3 (Silence, 105)

When we know the helical structure of
DNA, it makes opportunities for human
cloning, and tomato bearing potatoes, and
the like, so we can say it's a paradigm.

4 Hyun

5 Dr. Kim Yes.

States learning goal

Eliciting Helps to relate the example with NOS

Student response

Student response

Recognizing

failed to prompt students' reactions or initiate an assessment
conversation cycle (see Section 5.4), which signaled the need
for further investigation. This allowed us to examine not only
how often formative assessment occurred, but also what kinds
of discursive contingencies made certain episodes pedagogically
productive or unproductive for NOS learning.

4.3.2 | Round 2: Inductive Coding

Although the ESRU cycle is useful in characterizing the dis-
cursive structure of whole-class conversations and the role of
each statement within that structure, it can provide limited in-
formation as to how the statement relates to the teacher's NOS
instructional intentions and strategies. In the second-cycle
coding, conversations in each episode were coded inductively,
with a focus on how the actions of the teacher and the students
help or hinder explicit and reflective instruction of the NOS
(Table 1). For each utterance, analytic questions such as “Who
is saying what and how?” (Tang 2021), “What is the intention
of this talk?”, “How does it connect to what comes before and
after?”, and “What purpose does this talk serve in terms of NOS
teaching and learning?” were asked. When the context and in-
tention of the talks were not evident from the text, we returned
to the recording and watched it again to gain a more nuanced
understanding. Analytic memos and the logbook function in
MAXQDA assisted with keeping track of how the analysis
evolved and how each coding and categorization decision was
justified (Birks et al. 2008).

An illustrative example of inductive coding is provided in the
rightmost column of Table 2. As compared to deductive coding,
the codes here are more representative of the purposes of the
talk made by the teacher, informed by the five formative as-
sessment strategies discussed in Section 3 (Leahy et al. 2005).
Since the lesson started directly from the presentation without
introductory remarks by the teacher, she starts by clarifying the
learning goal, which was to learn about the historical examples
that show a paradigm shift. Her next talk included explaining
the NOS concept of interest (i.e., what a paradigm is) and helping

students connect their example to the target NOS aspect. Then
she made a compliment about their choice of the example. As
such, the second cycle allowed contextualizing each utterance
within NOS learning and characterizing its purpose and func-
tions, adding nuances to the ESRU analysis. Note that the stu-
dents' (both presenters and the audience) role was not limited to
merely responding to the teacher's questions; they asked ques-
tions, recognized others’ work, and helped each other during
the whole-class discussions, which contributed to communal
learning. In this way, the inductive analysis was used to qualify,
extend, or in some cases challenge the implications of the ESRU
cycles. For example, a cycle might be structurally “complete” in
ESRU terms, but still fail to advance NOS learning if the teach-
er's feedback lacked reflective focus—something only visible
through the inductive lens.

4.3.3 | Round 3: Developing Themes

Once all episodes were coded in two rounds, we looked for pat-
terns across episodes using the constant comparison method
(Glaser and Strauss 2017). In this round, we examined inter-
views and other data sources alongside the Round 1 and Round
2 coding results to develop an aggregated interpretation across
the dataset. In doing so, the ESRU structure provided a scaf-
folding to track the interactional dynamics of formative assess-
ment, while the inductive coding revealed how particular moves
enabled or constrained NOS learning. The interview data was
read through and coded in parallel with the lesson transcripts,
with the aim of understanding Dr. Kim's views, reasoning, and
intentions.

The initial inductive codes from Round 2 were adjusted, rela-
beled, and assembled into four categories that characterized
Dr. Kim's instructional strategies. These strategies were not
imposed a priori but emerged from repeated attention to what
pedagogical functions the teacher's and students' moves served
within NOS instruction. The deductive coding from Round 1
served two purposes in this process: (a) it allowed the instruc-
tional strategies to be interpreted as formative assessment
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strategies by paying attention to how evidence of learning is elic-
ited and acted upon in assessment conversations (Duschl and
Gitomer 1997); (b) with the cyclical focus of the ESRU method,
we were able to identify the discursive patterns (e.g., whether
an elicitation was followed by subsequent phases, who initiated
and who terminated a cycle, in what order evidence was elicited
and acted upon). For example, in the assessment conversation
presented in Table 9, the deductive coding indicated that the
cycles were largely incomplete, suggesting challenges with the
particular strategy used by Dr. Kim.

4.3.4 | Trustworthiness

The coding took place through a collaborative and iterative pro-
cess. The first step was to familiarize the analyst with the data
(Saldafia 2013; Silverman 2014). After importing the data into
MAXQDA, the first author undertook the initial coding of the
data as described above. The coded data and emergent themes
were subsequently reviewed by the second and third authors
in monthly meetings. Their role was to critically evaluate the
first author's coding decisions, challenge interpretations where
necessary, and provide alternative perspectives. We discussed
what each of us saw in the transcripts, what emerges from our
different perspectives and any alternative interpretations of the
data (Morse 1997), discussing any discrepancies to agreement.
Reliability was established through these iterative cycles of peer
scrutiny and collaborative sense-making, aiming for “dialog-
ical intersubjectivity,” that is, “agreement through a rational
discourse and reciprocal criticism between those interpreting
a phenomenon” (Brinkmann and Kvale 2015). Coded excerpts,
memos, and emerging themes were shared and discussed regu-
larly with the second and third authors, who challenged inter-
pretations, raised alternative readings, and helped refine the
analytical logic. Where there were uncertainties or divergent
interpretations (e.g., how a particular utterance functioned as
feedback, elicitation, or both), these were resolved through re-
examination of the raw data and collaborative discussion until
consensus was reached. We triangulated our data analyses from
different sources (interviews, informal communication, and
lesson observations) to enhance validity. A codebook with in-
ductive codes and their definitions was generated (Table 4) to
support transparency and shared understanding within the re-
search team (Oliveira 2023).

5 | Results

As a result of the three rounds of coding, we identified four dis-
tinct strategies for formative assessment that Dr. Kim enacted to
facilitate explicit and reflective NOS learning: multicontextualiz-
ing NOS, mapping examples to NOS, focusing discussion on NOS,
and exploring different aspects of NOS. These strategies were
observed in the six whole-class discussion sessions, sometimes
initiated by Dr. Kim's pedagogical moves (e.g., asking questions),
planned or spontaneous, but at other times by the questions and
comments from peers, voluntarily or after being called on by
Dr. Kim, showing the diversity of formative assessment that
happened in her classroom. In what follows, to address the two
research questions (1. How did the teacher's formative assess-
ment strategies create opportunities for NOS learning? 2. What

challenges did the teacher encounter in using formative assess-
ment to support NOS learning?), we use episodes to illustrate
how these strategies manifested in her interactions with the pre-
senting group as well as the whole class, what kind of moves
contributed to each of her strategies, and also what complexities
and challenges of the teaching and formative assessment of the
NOS emerge from the episodes.

5.1 | Multicontexualizing NOS: Examining
the Paradigm Shift in Different Contexts

Dr. Kim's first strategy was embedded in her planning of the as-
sessment task, in which she utilized multiple contexts to shed
light on a single aspect of NOS. The primary reason for using
this group task, she said, was to exemplify NOS in a range of his-
torical contexts (Interview 2). She believed that this task would
also increase student participation as they work in groups and
share the results with each other. In the post-lesson interview,
she clarified her reasoning for having multiple groups present
on different topics:

After T taught NOS explicitly with the PowerPoint
slides I had made, [I wanted to address| historical
examples that bear those NOS aspects. It'd be nice to
talk about one [example] in depth, but then it could
have been only about me [teaching it to students]. The
new subject has limitations in transmitting [scientific
content| knowledge. So when they work together, they
could encounter various topics of inquiry, various
historical examples, so I used the activity. (Interview 2;

all emphases were added by the authors)

This quote suggests that Dr. Kim used the task to make stu-
dents’ NOS understanding visible. It also points to the choice
that she had to make between breadth and depth in designing
a NOS assessment task. She acknowledged that either approach
has values, but she chose to prioritize breadth for two reasons:
to increase student participation and to allow for some student-
led learning of content knowledge of science alongside NOS. In
other words, she multicontextualized NOS by setting out to ex-
amine how a certain aspect of NOS can be observed in a range of
different contexts. After the final group's presentation, Dr. Kim
opened the discussion by reminding students of her instruc-
tional intention:

So, after all, you had an opportunity to think about the
[content] knowledge and the nature of science from at
least six examples. I hope you have learned something
from them.

Indeed, students presented a range of historical scientific discov-
eries, although not all were clearly examples of a paradigm shift.
Some groups selected cases that more closely aligned with the
concept of a paradigm shift, while others chose examples that
were less clearly connected. However, Dr. Kim did not explicitly
draw attention to these contrasts. She responded to each group's
presentation individually, offering comments or brief affirma-
tions, but did not initiate a class-wide discussion that linked the
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TABLE 4 | Listof inductive codes from Dr. Kim's paradigm shift lesson.

Dr. Kim's instructional strategies

Theme Code Description Example
Multicontextualing ~ Uses multiple historical = Teacher designs and enacts Design and use of the assessment task
NOS episodes to teach an assessment activity where students learn various examples of
paradigm shift where students present paradigm shifts from history of science.
diverse historical episodes
to illustrate paradigm shifts.

Clarifies learning goal Teacher states the Teacher: Good. Well done. ... In the end,
goal of understanding you had an opportunity for thinking about
paradigm shifts from the (content) knowledge and nature of

multiple contexts. science about at least six examples. I hope
you could learn something from them.
Mapping examples Clarifies learning goal Teacher reminds students Teacher: So today's presentation was meant to
onto NOS of the goal: understanding be about finding and introducing a historical

Focusing the
discussion on NOS

Explains a NOS
concept

Helps relate the
example to the
paradigm shift

Gives a compliment

Delivers relevant
content knowledge

Clarifies learning goal

historical cases that led
to paradigm shifts.

Teacher explains what
a paradigm is.

Teacher asks or
explains how the
example demonstrates
a paradigm shift.

Teacher asks or
explains how the
example demonstrates
a paradigm shift.

Teacher provides scientific
knowledge necessary for
understanding NOS.

Teacher articulates the
NOS focus of the lesson.

inquiry that led to a paradigm shift.

Teacher: Yes. A paradigm is, easily speaking,
a system of thinking that prevailed
people’s thoughts in a certain era.

Teacher: So I'll ask a question first. It applies
to all groups. Why do you think this is a
historical case that shows a paradigm shift?
I'd like anyone from the group to answer.

Teacher: So well done on presenting the
continental drift. Then we have Q&A. I
can't give you much time, so just 1 min, let's
get one question. You explained really well
about the paradigm shift, and connected it
with continental drift so I want to clap.

Teacher: So Einstein's strong theory declines,
and cosmology is, it is what uncovers the
origin and evolution of the universe. In so
far as the origin, and the evolution process,
people have made remarkable development
since. So we know the Big Bang theory is
reliable among cosmological theories, and
how the universe expands, with acceleration
or otherwise, people are doing research
about that. There are some conclusions
out there. In that regard, it is clearly an
example of a paradigm shift, right?

Teacher: So now, we are not focusing
on the scientific knowledge to learn
about Kepler's third law or specifics of
Newton's law, so we can move on. But
what's important is, when you present,
it's important that you summarize and
present what you can digest, right? In that
regard, although it's not a knowledge-
focused presentation, you need to be able to
introduce it [relevant scientific knowledge|
briefly. The part you are talking about.

(Continues)
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TABLE 4 | (Continued)

Dr. Kim's instructional strategies

Theme Code

Description

Example

States expectations
about content
knowledge

Shuts down detailed
content questions

Exploring diverse Explains a NOS
NOS aspects concept
Helps relating the
example to other
NOS aspects

Connects to
previous learning

Teacher indicates
expectations for how
much scientific content
should be presented.

Teacher discourages or
shuts down questions
on scientific details.

Teacher introduces
additional NOS aspects
for consideration.

Teacher scaffolds student
understanding by linking
to other NOS aspects.

Teacher references prior
learning on science content,
NOS, or historical examples.

Teacher: ... It would've been nice if you
focused on that and presented a bit easier.
All groups alike. Let me tell you. Only
the things you guys can understand. You
don't need to bring all the evidence. Only
one of the three, but it's good if you digest
it and express it in your own language.
Anyway I know that you prepared a lot ...

Student: ... Could you explain what Kepler's
planets are about?

Teacher: So now, we are not focusing on the
scientific knowledge to learn about Kepler's
third law or specifics of Newton's law, so we
can move on.

Teacher: Then in relation to tentativeness,
the nature of science is that, science
is technology-dependent. Or one
development in science and technology
can bring about another development.
You can say these things.

Teacher: Any questions related to that?
(Silence for a sec) Is it too difficult? Do
you need another summary? When we
studied with the electricity example, don't
you recall anything? Something leads to
something. The blank filling that you like.
Hint, the development of science ... (Students
silent) (Laughter). So the limitation of plate
tectonics, will be able to be overcome with
a new theory, through the development of
the exploration techniques. Right? (Yes.)

Teacher: When we studied with the
electricity example, don't you recall
anything? Something leads to something.
The blank filling that you like. Hint,
the development of science ...

six examples or guided students to make cross-case comparisons
in relation to the intended learning goal. As such, the opportu-
nity to synthesize ideas across the different contexts and rein-
force the NOS concept of paradigms remained underdeveloped.

5.2 | Mapping Historical Examples Onto NOS:
More Than “What Happened in the Past”

The explicit-reflective approach to NOS asserts that learn-
ing about stories from the history of science can be useful but
is not sufficient for students’ NOS learning (Abd-El-Khalick
et al. 1998; Akerson et al. 2000). In other words, NOS is not nat-
urally learned by simply learning about what people discovered
in the past and how. When asked about the purpose of assessing
NOS learning during the initial interview, Dr. Kim emphasized

the importance of students being able to connect abstract NOS
ideas to concrete cases, such as scientific inquiries or historical
episodes:

[The purpose of assessment is] how well one
understands the NOS. That's it ... Not just saying it
blah blah only in words, but being able to apply what
they understand when doing something like inquiry
examples or historical examples. “This [case] is indeed
about the tentative NOS, this part relates to what,” if

they can say things like these. (Interview 2)

Here, Dr. Kim was articulating her instructional goal that stu-
dents should not merely recite definitions of NOS concepts
but demonstrate their understanding by identifying how these
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ideas—such as the tentativeness of scientific knowledge—are
demonstrated by specific examples. This reflects her commit-
ment to an applied, contextualized approach to NOS teaching
and assessment.

Throughout the lessons, we identified several of Dr. Kim's peda-
gogical moves to keep the students reminded of the lesson goal,
which was to understand the historical discoveries that led to a
shift of a paradigm. The discussion that occurred immediately
after the first group's presentation on the discovery of the dou-
ble helix structure of DNA illustrates this effort. In their pre-
sentation, Group 1 used cartoon clips that featured four major
figures in the story, James Watson, Maurice Wilkins, Francis
Crick, and Rosalind Franklin, to illustrate the story of the dou-
ble helix structure. They then ended by drawing attention to the
neglected contributions of the female scientist Franklin in the
discovery process. In the following transcript, Dr. Kim opened
the whole-class discussion by asking a question to the present-
ers (Table 5).

In this initial set of interactions, Dr. Kim's intention to focus
the discussion on the “paradigm shift” and the development
of scientific knowledge (i.e., the NOS lesson objective) is made
clear. First, she tells the class what the given task was. Then she
asks a question that encapsulates such an intention: “Why do
you think this is a historical case that led to a paradigm shift?,”
which she had planned in advance to ask all groups (Line 2). It
took the group, standing in front of the class, about 10s until
one of them started answering this question. During that pause,
they turn their heads toward each other, shrug their shoulders,

TABLE 5 | Excerpt illustrating how Dr. Kim mapped historical
examples onto NOS (1).inte.

Speaker Utterance

1 Dr.Kim .. Sotoday's presentation was meant to be
about finding and introducing a historical

inquiry that led to a paradigm shift.

2 So I'll ask a question first. It applies to all
groups. Why do you think this is a historical
example that led to a paradigm shift? T'd
like anyone from the group to answer.

3 (Silence, 10s) (The presenting group
stares at each other and shrugs)

When we know the helical structure of
DNA, it makes opportunities for human
cloning, and tomato bearing potatoes, and
the like, so we can say it's a paradigm.

4 Hyun

5 Dr. Kim Yes.

6 A paradigm is, easily speaking, a
system of thinking that prevailed
people’s thoughts in a certain era.

7 Then you mean that there was a huge
change in biology before and after
discovering the double helix structure?

8 Lin Yes.

one by one, as if they are waiting until any one of them will say
anything, exchanging mixed facial expressions (Line 3).

From these 10 seconds, Dr. Kim notices that the group is not
prepared to answer her question and has not thought about it be-
fore. After an awkward pause, Hyun says that it was a paradigm
shift due to the practical benefits of the advances in genetics to
human lives (Line 4), which is not a defining characteristic of a
paradigm that Dr. Kim had taught about in the previous session.
Nevertheless, instead of criticizing or correcting their answer,
she quickly recognizes them by saying “Yes.” She then goes back
to reminding the class of what a paradigm is, which is a pre-
requisite to connecting the example to the paradigm shift. She
provides, in the form of a question, how the presented case about
DNA can be interpreted as a paradigm shift. Although this in-
teraction looks as if she is revoicing students’ reasoning, partic-
ularly with her use of “you mean ...” (Line 6), it appears that the
group had not reasoned that way until Dr. Kim did it for them
(Line 7). The group then agrees with Dr. Kim's reasoning (Line
8), and she gives a compliment by acknowledging their selection
of the example (Line 9).

Although the above episode seemed to have resolved the issue of
linking the DNA story to the paradigm shift idea, it soon turned
out that the debate was not over. This became clear when June,
from the audience, immediately after Dr. Kim's feedback, asked
a question:

June: Since it's about the paradigm shift, then what's the para-
digm that existed before the double helix?

(Class laughs)
Hyun: 1 don't get the question.

June: So, when the DNA's double helix structure was discov-
ered, your topic is that it is a paradigm shift. Then what was the
paradigm before it?

Whether the DNA example represents a paradigm shift is not
straightforward—it can be seen either as a discovery within an
existing paradigm or as marking molecular biology's emergence
as a new one. Interestingly, Dr. Kim did not address this in class,
though she allowed the discussion to continue. Later, in conversa-
tion with the first author, she acknowledged that both the textbook
and her lesson described “paradigm” too broadly and vaguely.
Following the national curriculum, she defined it as “a system of
thinking that prescribes the opinions and thoughts of people living
in a certain time” (PowerPoint slide) and treated it as a mechanism
through which science advances. Yet neither source clarified what
actually counts as a paradigm shift—a common simplification
that occurs when specialist knowledge is didactically transposed
(Kampourakis 2016).

Similarly, the whole-class discussion after Group 4's presenta-
tion of the Mpemba effect provides an example of peer forma-
tive assessment against the shared learning goal, but in a more
sophisticated form. The Mpemba effect refers to a phenome-
non that hot water takes less time to freeze than cold water
does, coined after a Tanzanian schoolboy Erasto Bartholomeo
Mpemba who discovered it while making ice cream (Mpemba
and Osborne 1969). Group 4 also spent most (8 m 33s of 11 m
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57s) of their presentation time to give a detailed scientific
account of the Mpemba effect itself. The group started by
explaining how the effect came to be known and has been ver-
ified and explained by scientists until recently. To do this, they
explained the molecular structure of water, and how water
molecules are tied together with hydrogen bonds.! They then
explained that hot water molecules can release the energy
stored in hydrogen bonds faster than cold water molecules do,
hence freezing faster, and concluded the presentation.

Dr. Kim asked the presenters to moderate the whole-class discus-
sion, and they said if there were any questions, but no question
was asked. Dr. Kim then looked at the first author sitting at the
back of the classroom observing the discussion, and asked if he
had any. He recognized the group's interesting presentation and
then asked for clarification on why the Mpemba effect example
makes a paradigm-shifting discovery. The answer they gave the
researcher then faced a series of questions from peers. This process
is illustrated in the following episode (Table 6).

Hyuk's response to the researcher's question, which would
not have been a surprise by this moment, begins by referring
to the definition of a paradigm. He then uses this criterion to
claim that an old, common idea that existed since Aristotle's
time was changed by the 2003 discovery that explained the
Mpemba effect, so it counts as a paradigm shift (Line 3). Sun
then asks a question to check if they said that correctly about
the average person's idea (Line 4), and Hyuk confirms that
it is what he had meant (Line 5). Sun then repeats the ques-
tion (Line 7), and now Hyuk tries to more precisely distin-
guish the old state and the new state in his response based
on whether the phenomenon was “proved” (Line 8). Despite
their answer, Jin is still unsure and asks if the effect was in-
deed already known from a long time ago (Line 9). Sun adds
to her comment using a conditional statement, saying that the
Mpemba effect must have been previously unknown to count
as a paradigm-shifting discovery (Line 10). Jin then uses Sun's
criterion to assess Hyun's answer—people knew the phenom-
enon was already known, so it was not a paradigm-shifting
discovery (Line 11).

As it becomes gradually clear that the Mpemba effect itself
is not a paradigm shift example, Beom picks up on the word
“prove” from Hyuk's answer and asks if it was why they se-
lected this example (Line 12). Hyuk states that the addition of
proof indeed was the paradigm-shifting part since it is what
they thought to be the most important contribution (Line
13). Although the group's intention became less confusing by
changing the focus from the phenomenon itself to the recent
scientific verification of it, Dr. Kim says that the Mpemba
effect was not a good example of a paradigm shift (Line 15).
Although she could have ended the discussion here and moved
on to the next group, she made an attempt to use the group's
presentation to support further learning, which we will return
to later in Section 5.4.

These exchanges between Hyuk and the audience illustrate
how peer assessment can facilitate students' sophisticated un-
derstanding of the NOS. Without any help from the teacher
(although initiated by the researcher's question), the stu-
dents in the audience recognized the problems of linking the

Mpemba effect to the paradigm shift and brought this issue to
the forefront, asking the presenting students to clarify their
idea and examine it. In the meantime, the condition of “being
previously unknown” emerged and was subsequently articu-
lated as the whole-class discussion moved on. These can be
seen as examples where not only the teacher but also learners
become agents of formative assessment (Wiliam 2010), and
through such engagement, reflect collaboratively on and con-
struct knowledge about the NOS.

5.3 | Focusing the Discussion on the NOS: The
Dilemma of Addressing Content Knowledge

Dr. Kim's effort to keep the lesson focused on the NOS also un-
folded in another related context, as she was trying to strike
a balance between a NOS aspect and the scientific content
knowledge from which the NOS aspect is derived. This strategy
was manifested in Dr. Kim's talk as well as how she managed
the formative assessment conversations during whole-class
discussions.

Group 3 presented on the shift of paradigm from the geocen-
tric to the heliocentric view of the universe. The group spent
about 1min and a half explaining the backgrounds and con-
tents of Ptolemy's and Copernicus’'s models. A member of the
group picked up a marker and started drawing the Sun, Venus,
and the Earth on the whiteboard to explain how the phase and
size change of Venus supports heliocentrism over geocentrism.
They then went on to briefly (less than 30s) introduce that there
were three major pieces of evidence that supported the helio-
centric model: Kepler's three laws, Galileo's observation reports
of Jupiter, and later studies by Newton and other scientists. The
presentation ended with summarizing the two systems and key
aspects of the change, and sharing the group's reflection on their
collaboration.

In the whole-class discussion that followed, Eun raised her hand
and asked what she called a “specific” question about the pre-
sentation, as shown in the following excerpt (Table 7).

In this episode, Eun became curious about a particular aspect of
the group's presentation, namely Kepler's laws, and asked if they
could elaborate on it (Line 4). Before she asked this question, she
checked if it would be okay to ask this kind of “specific” question
to the group, signaling that it might be tricky and caused class
laughter (Lines 1-2). Won, from the presenting group, takes the
challenge by saying “Well, if I can.” (Line 3). At this moment,
we can see that this whole-class discussion has turned into a
test of the presenter's ability to answer a hard question, as if
it were a kind of game show. When Won, with no hesitation,
started saying “First of all ...” (Line 5), the class got excited and
said “oooooh” (Line 6). However, to the disappointment of his
peers, the response that he made was merely a repetition of his
earlier argument that Kepler's laws were part of the evidence for
the heliocentric theory, and did not really answer what the laws
actually are. The class realizes this and reacts with laughter and
a friendly boo, showing their disapproval (Line 8). The presenter
admits that he did not answer the question and recognized the
gap in his knowledge, by saying that the content was quite a dif-
ficult one (Line 9).
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TABLE 6 | Excerpt illustrating how Dr. Kim mapped historical examples onto NOS (2).

Speaker Utterance
1 Dr. Kim ... (Asks the researcher) Do you have a question? We can have a critical question.
2 Researcher [To presenters] I liked your presentation. I just missed what you said about how
this example relates to the paradigm shift, so could you explain that again?
3 Hyuk So, this is a paradigm. A paradigm means what people think over a time period, until now, for
as long as 2000years. An average person would think so [that hot water would freeze faster].
But like in the 2003 discovery [theoretical verification of the Mpemba effect], breaking the
stereotype, so breaking it and changing people’s thinking so we thought it's a paradigm shift.
4 Sun So in the past, people took it for granted that hot water freezes faster than cold water?
5 Hyuk Yes, didn't they?
6 (Students in the audience look confused and murmur to each other)
7 Sun They knew that since long ago?
8 Hyuk Long time ago, Descartes and Aristotle mentioned such a thing. But they couldn't
prove it and just thought that it is what it is. But through the 2003 discovery ...
9 Jin Then isn't it that they already knew it? That it freezes faster?
10 Sun So if they had not known it [hot water| freezes faster, it [the discovery
of Mpemba effect] would have been a paradigm shift ...
11 Jin Well, they knew it. It's not like they came to learn about a new theory.
12 Beom You mean they hadn't proved it?
13 Hyuk Yes, because the proof was not there until .... That's right. We think so. Anyone can
make a hypothesis, and anyone can have thoughts. But we think that publishing [sic:
proving] is important, so we presented with that focus about the paradigm shift.
14 (Applause)
15 Dr. Kim I think connecting this example directly to a paradigm shift is a bit far-fetched.

Dr. Kim's comment after this “game” ended has several im-
portant implications. With her opening sentence, she is stress-
ing that the point of their discussion is not the specifics of
the evidence or any theories, thereby refocusing the lesson
on the target NOS (Line 11). Second, with “we can move on”
she intends to end the discussion on this “specific” question
about content knowledge without further elaboration. In the
rest of her turn (Line 13), she tells the class that “scientific
knowledge” still matters although it is not the focus. She then
states her expectation pertaining to the presentation of con-
tent knowledge—that students are expected to summarize
and present the relevant content knowledge that they can
“digest” and mention in the presentation. She concludes this
discussion by acknowledging the group's effort. Dr. Kim's de-
cision to redirect the conversation toward the epistemic focus
(“we are not focusing on the scientific knowledge...”) demon-
strates her responsive use of evidence gleaned from student
talk. By interpreting the peer-elicited question as an indica-
tion of where students' attention had drifted, she adjusted her
instructional strategy in real time—an example of formative
decision-making to maintain coherence with the NOS learn-
ing objective.

This episode, catalyzed by a “specific” question from a peer, shows
the difficulty of dealing with the relationship of content knowledge
and NOS in science lessons. Questions about scientific details from

peers happened again while discussing Group 5's presentation,
but Dr. Kim immediately shut the conversation down (“Don't ask
hard things like the critical value”), explaining relevant content
knowledge on her own. Later in the interview, she recalled that
she had “stopped them when they ask too difficult science-related
questions” and “explained something that students can't explain
themselves rather clearly and easily” (Interview 3).

5.4 | Exploring Diverse NOS Aspects: Thinking
Beyond the Target NOS

Throughout the paradigm shift lesson, there were three in-
stances in which Dr. Kim elicited her students to think of NOS
aspects besides paradigm shift from the examples that the
groups presented. However, none of her elicitation attempts
resulted in students' responses, so she ended up providing
the additional NOS aspects on her own. In terms of the ESRU
cycle, no cycles were observed as there was no response from
the students.

One such effort was observed after Group 4's Mpemba effect
presentation. After the peer assessment conversations where the
paradigm shift aspect of the story was debated (see Section 5.2),
Dr. Kim shut down the discussion momentarily by telling the
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TABLE 7 | Excerptillustrating how Dr. Kim kept the discussion's focus on the NOS.

Speaker Utterance
1 Eun Can I ask about a specific thing, ask specifically? I can't, right?
2 (Class laughs)
3 Won Well, if T can [answer it].
4 Eun Frankly, it's out of personal curiosity. So when I see your PPT, the evidence for heliocentric theory include
Kepler's planets, Galileo's observations and the like. Could you explain what Kepler's planets are about

(Note: The students had not learned about Kepler's laws of planetary motion in the National Curriculum.)
5 Won First of all, Kepler ...
6 Audience (With excitement) Ooooooh
7 Won ... argued for heliocentric, heliocentric theory. Then many scholars did various research to prove

the heliocentric theory, and among them, there was Kepler's third law of planetary motion ...
8 (Class laughs and boos)
9 Won The content is quite hard.
10 (Class laughs)
11 Dr. Kim So now, we are not focusing on the scientific knowledge to learn about Kepler's
third law or specifics of Newton's law, so we can move on.
12 Butwhat'’s important is, when you present, it's important that you
summarize and present what you can digest, right?

13 In that regard, although it's not a knowledge-focused presentation, you need to be able to introduce

it [relevant scientific knowledge] briefly. The part that you are talking about. So good, well done.

class that it would be “a bit far-fetched” to call it a paradigm-
shifting discovery. However, she did not end the discussion
there. Instead, she attempted to use their example to discuss
other NOS aspects than the paradigm shift:

Dr. Kim: 1 think connecting this example directly to the para-
digm shift is a bit far-fetched. But it's still a meaningful example
in terms of the nature of science. Bin, do you want to talk about
it? What aspects of the nature of science...

(Silence)
Dr. Kim: Or Jung or Young? Bin has talked a lot.
(Silence)

Dr. Kim: So first, we can see, scientific knowledge is con-
firmed by evidence, through an example. Next, they devel-
oped a system for an explanation. Inquiry techniques had
developed over time, so it [Mpemba effect] was proved, right?
As we know more, the more things we can prove, and science
develops. Science is based on, relies on existing theories. We
can say these things.

Here, she starts by recognizing the value of the example for learn-
ing NOS (“... it's still a meaningful example”). Then she calls on a
student in the audience to ask what other aspects of the NOS he
noticed, but this elicitation does not lead to an answer. She then
calls on two other students, which also met with silence. After
creating a NOS learning opportunity through asking what NOS
might be associated with the Mpemba effect example, Dr. Kim
then decides to tell the students what other NOS aspects could be

drawn from the story, such as the relationship of scientific knowl-
edge and evidence, the advancement of experimental techniques
leading to new discoveries, and the cumulative nature of scien-
tific development. In this episode, we observe Dr. Kim's deliberate
effort to use the presentation material to illuminate alternative
aspects of NOS, even though it turned out to be irrelevant to the
original learning goal (i.e., paradigm shift). From a formative as-
sessment perspective, the lack of student responses functioned
as diagnostic evidence that her initial question had not elicited
understanding or engagement with the intended NOS ideas.
Recognizing this, Dr. Kim adjusted her approach by providing
direct instruction instead, shifting from elicitation to explanation
in response to students’ demonstrated difficulties.

In another episode, after Group 2 presented on plate tectonics
and continental drift theory, Dr. Kim made another attempt to
discuss other NOS aspects that could be said about the story. They
presented what plate tectonics is, how the idea first appeared
and became a paradigm, and what the benefits and limitations of
plate tectonics are as an explanatory concept. At the end of their
presentation, they revisited the definition of a paradigm shift
from the previous lesson, and that plate tectonics meets the defi-
nition. When the presentation ended, Dr. Kim first recognized
how the group connected the example and the paradigm shift,
and then directed the class's attention toward NOS, specifically
the tentative nature of science (Table 8).

She praises Bin's group for clearly linking continental drift to the
paradigm shift and then shifts to another NOS aspect—the ten-
tative nature of science (Line 1). After 7s of silence (Line 2), she
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senses students’ difficulty and recalls the earlier “electricity” les-
son to prompt memory, reformulating her question into a fill-in-
the-blank style (“Something leads to something”) and offering a
hint about science and technology (Line 3). When this still draws
no response after another 5s (Line 4), she simplifies further, asking
whether limitations of plate tectonics can be overcome by advances
in exploration technology (Line 6). Once students agree (Line 7),
she generalizes the point: science depends on technology, and
advances in one drive progress in the other. Apologizing for ex-
plaining rather than eliciting ideas, she acknowledges the missed
opportunity for student reasoning (Line 8). From an ESRU per-
spective, this exchange shows incomplete formative cycles—her
repeated prompts failed to generate student input, unlike earlier,
more dialogic interactions that supported the NOS learning goal.

Collectively, her strategy to use the student presentations to shed
light on NOS aspects other than paradigm shift was in the form
of questioning, but none of these attempts led to her students an-
swering her question. She gave hints and changed the question
into the blank filling to make the question easier for students,
but these efforts still did not lead to dialogic cycles of conversa-
tions. She ended up providing the additional NOS aspects on her
own and touched on various epistemic and social aspects ranging
from the tentativeness of science to other epistemic and social
aspects of scientific knowledge. Again, this feedback by Dr. Kim
was mostly impromptu and on-the-fly rather than planned, as
she did not know the presentation contents in advance and had
not taught the same lesson before.

5.5 | Synthesis: Building Connections Through
Formative Assessment

Overall, Dr. Kim's enactment of the paradigm shift activity
created a space for formative assessment of students’ NOS

learning through a range of instructional moves. To synthe-
size the analysis across the six group discussions, Table 9
provides an overview of which strategies were observed in
each whole-class discussion. This summary highlights both
the range and unevenness in how different strategies were
enacted and responded to by students. As explained earlier,
moves within “mapping historical examples onto NOS” and
“focusing the discussion on NOS” often led to multi-turn
discursive exchanges, suggesting that students became in-
creasingly capable of identifying explicit connections be-
tween historical examples and NOS ideas, especially when
scaffolded by teacher prompts or peer questions. In contrast,
“exploring diverse NOS aspects” beyond the paradigm shift
proved more challenging to produce multi-step ESRU cycles,
although this was observed in five of the six whole-class dis-
cussions. Although Dr. Kim made deliberate attempts to elicit
connections to additional NOS aspects, these questions were
met with silence, and she ultimately provided the interpreta-
tions herself. This suggests that while students could engage
with a single NOS idea in context, they struggled when asked
to engage in more divergent thinking, possibly due to a lack of
preparation or high-level fluency in NOS, especially without
prior modeling or structured support.

Figure 1 is a graphical summary constructed from the analy-
sis of Dr. Kim's formative assessment strategies that allowed
for explicit-reflective NOS instruction (also see Table 4). It il-
lustrates how her orchestration of NOS formative assessment
facilitated connections between the central NOS learning goal
with four related elements in the boxes in the corners, namely
content knowledge, history of science, multiple historical
examples, and other NOS aspects. These connections mani-
fested in four themes—multicontextualizing NOS, mapping
examples to NOS, focusing discussion on NOS, and exploring
different aspects of the NOS.

TABLE 8 | Excerpt illustrating how Dr. Kim tried to relate the example to other aspects of NOS.

Speaker Utterance
1 Dr. Kim Alright, well done to Bin's group who presented on continental drift. Next, let's have Q&A
again. Seems like I can't give you much time. Just a minute. Let's have one question. You
really explained well on the paradigm shift, and connected it well with continental drift
theory, so I want to clap for that. When we say the nature of science, we tend to talk about
the tentative nature as a representative example. Anyone has a question related to that?
2 (Silence, 75s)
3 Dr. Kim Is it difficult? Do you need another summary? When we studied with electricity earlier, don't
you recall anything? Something leads to something. (Silence, 3s) The fill-in-the-blank that
you like. All blanks are for filling. Hint, the development of science and technology ...
4 (Silence, 55)
5 (Class laughs)
6 Dr. Kim So, the limitations of plate tectonics, could be replaced [sic: overcome]
through the advances in exploration techniques, right?
7 Class Yes.
8 Dr. Kim So, relating to the tentative nature of science, science relies on technology, and

one advance in science and technology can lead to another. We can say these
things. Guys, I'm really sorry for doing this summary myself. Well done.
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CMultiple historical examples]

Multicontextualizing NOS

« Use multiple historical episodes to teach a
NOS idea
« Clarify the learning goal

Divergent strategies

C Other NOS aspects ]

Exploring diverse NOS aspects

« Explain a NOS idea
« Help relate an example to other NOS aspects
« Connect to previous learning

NOS learning objective
Understanding how scientific
knowledge develops through

Provide relevant content knowledge

paradigm shifts

« Clarify the learning goal

Clarify the learning goal
Share expectations about content knowledge
Shut down detailed content questions

Focusing the discussion on NOS

C Content knowledge ]

Convergent strategies

« Explain a NOS idea
« Help relate an example to a NOS idea
« Give a compliment

Mapping historical examples onto NOS

C History of science ]

FIGURE1 | Dr. Kim's formative assessment strategies that allowed for explicit-reflective NOS instruction.

We propose a categorization of the four identified strategies into
convergent and divergent approaches to explicit-reflective NOS
instruction. Convergent strategies are the teacher's conscious
efforts to direct the focus to the target NOS idea instead of scien-
tific and historical details while making connections with these
components. Divergent strategies are efforts to promote learning
a single NOS in multiple contexts or learning multiple NOS as-
pects from a single historical case. The ways she dealt with the
background content knowledge and the historical details had a
common aim: keeping the discussion focused on the key NOS
learning goal, and preventing these contributing elements from
becoming the focus of the lesson. However, since she believed
that NOS should be understood in context rather than isolated
statements, her feedback was concentrated on keeping the con-
tent knowledge and the historical context at an appropriate
level. In this sense, these formative assessment practices repre-
sent Dr. Kim's effort to make the lesson converge on the learning
goal and not be centered around the content knowledge or the
historical details.

The other two themes, multicontextualizing and linking the
example to other NOS aspects are divergent, in the sense that
they have the potential to offer broader NOS understanding
compared to when only one NOS is delivered using a single con-
text. Considering the paradigm shift in multiple contexts and
considering other NOS aspects of the same story requires stu-
dents to not only have a NOS understanding but also creative
thinking skills that connect their content knowledge, historical
episodes and NOS aspects. This can pose challenges to both
students and the teacher, particularly when the lesson heavily
relies on student activities and participation. When the teacher
attempted a divergent discussion about the NOS, the ESRU cy-
cles were mostly incomplete (Table 9) due to the silences after
teacher questions, possibly because the students did not have
enough background knowledge that was necessary to build ex-
ternal links to NOS aspects or other historical examples other
than what had been already covered in the lesson. Therefore, it
is not surprising that despite the teacher's efforts, the students
struggled in these areas (e.g., presenting examples that were not

paradigm shifts and failing to respond to Dr. Kim's elicitation).
This may indicate the need for the teacher to focus on a nar-
rower range of content knowledge areas rather than opening up
to all possible areas, or to align NOS learning more closely with
the content knowledge curriculum.

Crucially, apart from the opportunities, her classroom episodes
also revealed the persistent challenges that arise in both conver-
gent and divergent processes, highlighting the difficulty of this
work (Figure 2). Although studies have previously suggested a
range of practical difficulties that can arise when teaching the
NOS (Bartos and Lederman 2014; Cullinane and Erduran 2023;
Hanuscin et al. 2011; Lederman 1999), the formative assess-
ment conversations in Dr. Kim's classroom illustrate how those
challenges can unfold for different instructional moves, how
they are mutually related, and how the teacher reacted to those
challenges. For example, episodes that showed the tension be-
tween “too much” and “too little” content knowledge suggest
the difficulty of dealing with the content knowledge demand for
effective learning of the NOS. All four practices Dr. Kim used to
facilitate students’ NOS learning were not without challenges,
some of which stemmed from pedagogical considerations (e.g.,
the level of content knowledge required to understand the
NOS), and some others inherent in NOS (e.g., the complexity of
matching historical examples to NOS). While these are not an
exhaustive list of challenges, they provide insights that can be
incorporated into teacher education programs and instructional
guidelines to help science teachers prepare to seize teachable
moments for NOS and respond to potential challenges through-
out the planning and delivery of instruction.

Given that the presentations and whole-class discussions
spanned 2weeks, it is worth noting that peer interactions be-
came more sophisticated in the second week. This development
appeared to stem from Dr. Kim's formative guidance: she in-
creasingly prompted students to frame their questions around
the NOS focus and modeled how to evaluate peers' reasoning
against the learning goals. In this way, what initially began as
general peer commentary evolved into more targeted formative
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Multiple historical examples

Multicontextualizing NOS

Challenge 1: It requires broad knowledge of the
history of science, NOS, and content knowledge
for both the teacher and students.

Other NOS aspects

Exploring diverse NOS aspects

Challenge 2: It can be difficult for students to
think creatively and identify additional NOS
aspects from a given historical case.

NOS learning objective
Understanding how scientific
knowledge develops through

Challenge 3: The teacher needs to provide a

paradigm shifts

Challenge 4: The complexity of historical cases

sufficient level of content knowledge for students
to understand NOS, while avoiding excessive
technical detail.

Focusing the discussion on NOS

Content knowledge

makes it difficult for the teacher to assess their
alignment with a target NOS aspect, particularly
in spontaneous settings.

Mapping historical examples onto NOS

History of science

FIGURE2 | Challenges of formative assessment of NOS observed in Dr. Kim's lesson.

assessment conversations. This shift illustrates how the teacher's
responsive orchestration of peer assessment helped to deepen
NOS-related dialogue, providing early evidence that the oppor-
tunities she created were beginning to translate into learning.

6 | Discussion

6.1 | Formative Assessment as a Lens to Analyze
NOS Instructional Practice

In this study, we investigated the instructional strategies found
in an experienced science teacher's lesson on the development
of science. Specifically, we illustrated how Dr. Kim used assess-
ment tasks, questioning, feedback, self-assessment and peer as-
sessment to elicit, collect and act on evidence of students’ NOS
learning. Some of these practices were planned, but many were
on-the-fly formative assessments. Dr. Kim contrasts with sci-
ence teachers in previous reports in the literature, whose use
of classroom assessment was limited when teaching the NOS
(Hanuscin et al. 2011; Mesci et al. 2020; Ryder and Leach 2008).
Bringing together theories of NOS instruction and those of for-
mative assessment, we showed how analyzing NOS instruction
through the lens of formative assessment can reveal the complex
interplay of opportunities and difficulties inherent in NOS in-
struction through building connections between various com-
ponents of NOS learning.

Previous research has advocated for the intentional teaching and
assessment of NOS, with some studies pointing to teachers’ lim-
ited use of classroom assessment when teaching NOS (Abd-El-
Khalick et al. 1998; Hanuscin et al. 2011). Our analysis advances
the understanding of this complex practice by using formative
assessment as a micro-analytic lens to reveal how and to what
extent an experienced teacher enacts the explicit-reflective NOS
instruction in real time. By dissecting the discursive moves,
our findings move beyond documenting the importance of FA
to empirically demonstrating the specific strategies required to
facilitate explicit and reflective NOS learning.

Overall, Dr. Kim's lessons showed how and to what extent NOS
learning can be facilitated by the teacher's design and use of in-
structional tasks (formal) as well as questioning and feedback
(informal), and how such formative assessments can be instru-
mental in “making connections” across content knowledge, the
NOS and history of science, which has been stressed as a key
element of NOS learning recently (Mulvey et al. 2021; Peters-
Burton et al. 2019). Our analysis illustrates that formal and in-
formal formative assessment can afford various opportunities
to support explicit and reflective NOS learning: We observed
positive indicators of student learning, such as an increase in
multi-turn assessment conversations and student-initiated peer
feedback becoming more frequent and critical. However, our
study demonstrates that this process is not without considerable
challenges and complexities. Formative assessment requires the
teacher to have extensive knowledge of all many domains to
enact prompt and responsive formative assessment, and build
connections, throughout the instruction. Indeed, our analysis
suggests that even for a highly experienced and knowledgeable
teacher, enacting responsive formative assessment for NOS is a
complex and challenging endeavor.

6.2 | Topic-Specificity of Formative Assessment
and the Treatment of Content Knowledge

Research on formative assessment points to the need to con-
sider the specificity of the subject and topic being taught (Black
et al. 2003). As discussed earlier, NOS has distinct features in
its curriculum content and necessitates the employment of
different teaching approaches characterized as explicit and re-
flective instruction. The epistemic and reflective nature of the
NOS makes it less amenable to standardized responses, which
can complicate teachers' efforts to elicit and respond to student
thinking (Brock and Park 2024). These considerations call for
further examination of how the conditions for formative assess-
ment to support students’ learning come into play in the context
of the NOS, which is open-ended and requires high-level think-
ing. In this study, Dr. Kim's lessons suggest that orchestrating a
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whole-class discussion on the NOS requires the teacher to have
a broad range of scientific knowledge and its historical context
(including outside their subject specialism), as well as pedagog-
ical skills to design assessment tasks and make in-the-moment
pedagogical reasoning to collect evidence of students’ NOS
learning and take appropriate action. Some of these knowledge
and skills were specific to teaching and assessing NOS (as op-
posed to teaching and assessing science), affirming the earlier
proposition that being a good NOS teacher requires more than
being a good science teacher (Mesci et al. 2020).

6.3 | The Need for Empirically Grounded NOS
Assessment Tasks and Learning Progressions

As we already pointed out earlier, despite their proven validity,
using research instruments for classroom use has limitations in
terms of meeting the needs of teachers and students. NOS re-
searchers have emphasized using interactive assessment tasks
to teach the NOS (Allchin et al. 2014; McComas 2020; Park, Wu,
and Erduran 2020), where feedback and conversation occur
more frequently than in teacher-centered direct instruction.
Developing high-quality NOS assessment tasks and making
them available to teachers will help to reduce the challenges
identified in our study, such as the amount of background
knowledge about scientific and historical details requisite for
teachers to facilitate meaningful NOS formative assessment in
the classroom. The assessment task that Dr. Kim designed and
used was able to support learning in various ways, provided that
the teacher had sufficient NOS knowledge and skills to make
connections between content knowledge, NOS ideas, and the
history of science. This can also mean that using formative as-
sessment might be challenging for teachers with less experience
with diverse content areas of science or NOS. NOS assessment
frameworks and tasks informed by research on learning pro-
gressions (Alonzo 2011; Black et al. 2011; Pellegrino 2022) and a
“developmental framework” that involves a progression of NOS
benchmarks spanning from primary schools to universities and
teacher education programs (Abd-El-Khalick 2014) might be
of help.

6.4 | Understanding and Supporting Teachers'
NOS Formative Assessment

Like other instructional practices, teachers need time to learn
to use formative assessment effectively to support learning
(Furtak 2012), and research suggests that formative assess-
ment is hard to enact for science teachers, even with support
(Furtak et al. 2008; Sezen-Barrie and Kelly 2017). Our anal-
ysis of Dr. Kim's practice and the associated challenges sug-
gests that classroom assessment of NOS learning requires a
set of skills and knowledge for teachers, some of which do not
overlap with those skills and knowledge needed for formative
assessment of science. This suggests that interventions and
professional development programs focused on the NOS can
include classroom assessment more explicitly, including task
design and use, and informal assessment conversations, based
on empirical evidence. Based on the results of this study, to
enhance teachers' capacity to orchestrate assessment con-
versations responsive to NOS learning goals, professional

development programs aimed at improving NOS assessment
expertise could integrate several key elements: (a) opportuni-
ties to co-design and trial NOS assessment tasks in specific
curricular contexts; (b) analysis of classroom videos to develop
teachers' noticing and interpretation skills for NOS-related
student thinking; and (c) structured reflection on how NOS
ideas manifest in both student talk and artifacts (e.g., posters,
reports, and presentations).

Given the limitations of single case study design, how NOS for-
mative assessment practices can be influenced by teacher char-
acteristics will need further investigation. Possible variations in
practices and challenges of NOS formative assessment can be
explored by including more teachers from different backgrounds
in terms of subject specialism, NOS knowledge and pedagogi-
cal orientations. At the same time, as our analysis focused on
whole-class interactions, how the teacher attends to students’
individual experiences, aspirations and identities (Furtak and
Lee 2023) in the planning and use of formative assessment of the
NOS was not evident in our study. Future research with a focus
on equity and justice in formative assessment will be necessary
to provide further insights.

6.5 | Limitations

As an experienced science teacher with a strong personal inter-
est in NOS and a deep understanding of its pedagogy, Dr. Kim
was uniquely positioned to implement formative assessment
strategies in NOS instruction. However, her ability to do so does
not guarantee that other teachers with less experience or famil-
iarity with the NOS would achieve similar outcomes. Similarly,
although our results illustrate “what is possible” in the inter-
play between NOS and formative assessment, they are not an
exhaustive account of how formative assessment can support
explicit-reflective NOS instruction. In addition, it is important
to recognize that this study was conducted in a naturalistic
classroom setting without external input or intervention by the
researchers. A more controlled intervention study that includes
professional development on formative assessment for NOS may
provide deeper insights into the opportunities and barriers asso-
ciated with implementing these practices.

By focusing on a single, repeated pedagogical design, we were
able to reveal a unique, fine-grained view into how a teacher and
students negotiate meaning and epistemic goals within the con-
straints and opportunities of a single, coherent pedagogical ap-
proach; however, we acknowledge that this analytical approach
does not capture the full repertoire of Dr. Kim's potential NOS
assessment strategies. Furthermore, given that the focus on tex-
tual information does not capture students’ meaning making
through different modes of representations, such as pictures and
gestures, the findings about students’ understanding of NOS are
limited. Recent research is beginning to address such aspects of
NOS learning (Cheung et al. 2025) and future studies can also
further understanding of how multimodality can be addressed
in science teachers' learning of NOS teaching (Barak et al. 2023;
Erduran and Kaya 2018). Finally, the study's context also war-
rants consideration. It was conducted under a new national cur-
riculum that explicitly emphasized NOS as both a learning goal
and an assessable component. This suggests that the effective
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enactment of NOS teaching is influenced not only by teacher ex-
pertise but also by curriculum design and policy context. Future
research should explore how curriculum frameworks and pro-
fessional development initiatives can collectively support teach-
ers in successfully integrating NOS and formative assessment in
their classrooms.

7 | Conclusion

Our analysis of Dr. Kim's NOS lessons illustrated the teacher's
attempt to use a planned formative assessment activity and
formative assessment conversations to make students’ NOS
learning visible in a whole class discussion setting. The epi-
sodes exemplified what teachers’ use of questioning, noticing,
feedback and peer assessment can look like in the context of
the NOS. They demonstrate the value of formative assessment
as a useful lens for improving research on NOS teaching and
as an important avenue for future research. While this study
did not use pre/post assessments to evaluate changes in stu-
dents’ NOS understanding, student interactions provide indi-
rect evidence of increasing epistemic fluency, suggesting the
ongoing influence of formative assessment in shaping learning
opportunities over time. Given the limited empirical attention
to formative assessment in NOS classroom practice, this study
contributes to the literature by offering a detailed illustration
of the complexities an experienced teacher faced when enact-
ing formative assessment in NOS teaching, highlighting both
the potential pedagogical moves and the inherent difficulties
of this work. Our results also highlight the inherent complexi-
ties of assessing NOS. These complexities arise from the nature
of NOS knowledge, which is intertwined with content knowl-
edge, making its assessment challenging. Addressing these
challenges requires further research into classroom practices
to identify and refine pedagogical strategies for navigating the
barriers associated with NOS formative assessment in science
classrooms.

Acknowledgments

Wonyong Park would like to thank the Ilju Academy and Culture
Foundation and the Department of Education at the University of
Oxford, for scholarships to support his doctoral studies, from which this
work was derived.

Data Availability Statement

Research data are not shared.

Endnotes

! The molecular structure of water does not appear in the national cur-
riculum until 11th-grade Chemistry (an elective subject), so most stu-
dents in the class had not learned about this in school unless they knew
about it from other sources.
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