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ABSTRACT: Formative assessment is an important component of teaching as it enables
teachers to foster student learning by uncovering, interpreting, and advancing student thinking.
In this work, we sought to characterize how experienced chemistry teachers notice and interpret
student thinking shown in written work, and how they respond to what they learn about it.
Drawing on qualitative methods from different educational fields, we analyzed data collected
during focus groups of middle and high school teachers. Using a “chemical thinking” lens,
teachers’ formative assessment practices were characterized as descriptive vs inferential in
noticing, evaluative vs sense-making in interpreting, and directive vs responsive in acting. Four
major patterns emerged in teachers’ interpreting of student thinking and proposed acting. These
patterns affected the diversity of ideas that teachers noticed in student work. Ways of using the
findings are offered for chemistry teachers wishing to examine and diversify their own noticing
practices, and for professional development efforts in this area.

KEYWORDS: Elementary/Middle School Science, High School/Introductory Chemistry, Chemical Education Research,
Testing/Assessment
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■ INTRODUCTION
Teaching involves continuous decision making about what to do
next based on observations the teacher makes about whether
and how students are learning. Formative assessment (FA) can
be defined as the “process used by teachers and students to
recognize and respond to student learning in order to enhance
that learning during the learning” (ref 1, p 536). FA is
particularly important when the teacher seeks to support
students’ development of chemical thinking, which involves
the application of chemical knowledge, practices, and ways of
reasoning with the intent of analyzing, synthesizing, and
transforming matter for practical purposes.2 The chemical
thinking framework approaches this by organizing the learning
of chemistry in terms of crosscutting practices of chemistry
rather than fragmented topics to be learned. In this study, we
explored how experienced chemistry teachers engaged in FA
during a chemical thinking task seeking to characterize how
they:

• Attended to students’ ideas (noticing),
• Inferred what their observations implied about student

thinking (interpreting), and
• Decided what to do next based on their observations and

inferences (acting).

These three teaching moves constitute the core of the
mechanism of how teachers enact FA.3 We were particularly
interested in characterizing how chemistry teachers noticed,

interpreted, and acted on student thinking as revealed through
students’ written responses to a high-level task4 to gain insights
into how to better foster chemical thinking through effective FA.
There are domain-general and chemistry-specific aspects to

teachers’ FA enactment. Since the chemistry-specific nature of
these is situated within teaching moves that all teachers make, in
this work we first characterize the domain-general aspects. We
then take a chemistry-specific lens to examine teachers’ noticing
in the context of the specific assessment probe used in our study.
While a wide literature exists on domain-general FA enactment,
relatively little has been examined about the domain-specific
nature of this central aspect in teaching chemistry. Our findings
have implications for the practice of teaching chemistry as well as
for professional development that supports continuous growth
in teachers’ ability to achieve the ambitious goals of the
framework for the Next Generation Science Standards5 in
chemistry classrooms.
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■ NOTICING, INTERPRETING, AND ACTING

Teachers’ Professional Noticing

The construct of teachers’ professional noticing encapsulates what
we separately call teachers’ noticing, interpreting, and acting.
Professional noticing is a variant of everyday noticing that refers
to how practitioners of a profession develop specialized ways of
seeing complex situations.6 Researchers have proposed various
definitions of professional noticing that incorporate different
teaching moves. van Es and Sherin (ref 7, p 573) describe these
moves as

...(a) identifying what is important or noteworthy about a
classroom situation; (b) making connections between the
specifics of classroom interactions and the broader principles
of teaching and learning they represent; and (c) using what
one knows about the context to reason about classroom
interactions.
This definition focuses primarily on what teachers notice and

how they interpret what they see in their classrooms, but
researchers who study teachers’ professional noticing tend to
consider that noticing and making sense of student thinking are
inseparable from the teaching responses that follow. Given the
different meanings associated with the term “noticing” in the
literature,7−20 in this article we use “professional noticing” to
refer to the larger construct while “noticing” refers to one of its
components.
Much of the early work in the area of teachers’ professional

noticing focused on characterizing the extent to which teachers
build inferences from what they notice. Expert teachers have
been found to consider students’ ideas more interpretively than
novice teachers, and tracking the development of their
interpretive work over time has been used to characterize
progression in teaching expertise.7 For example, Talanquer and
co-workers identified a series of domain-neutral and domain-
specific dimensions of preservice science teacher noticing and
interpreting that exist on a scale from novice to advanced.8

Jacobs and co-workers have expanded teachers’ Professional
Noticing to include what teachers notice, how they interpret
student responses, and how they decide to respond to students.9

A primary purpose of noticing and interpreting student
thinking is to guide teachers’ actions in the classroom. Research
on teacher acting has taken many forms, including studies on
how teachers explain science,10 the communicative approaches
they follow,11 the questions they ask and the feedback they
provide,12 and the extent to which they engage in responsive
teaching.13 Ogborn et al. characterized explaining in the
classroom by identifying critical components of teachers’
explanations.10 Mortimer and Scott developed an approach to
describe the interactions of the teacher with students in terms of
whose ideas are in play: Dialogic discourse is multivocal and
includes students’ perspectives, while authoritative discourse is
univocal in the scientific view.11 Under the umbrella of
responsive teaching, researchers have explored how teachers
incorporate student ideas into actions they take in the
classroom.13 For example, Coffey et al. examined the lack of
disciplinary substance in teacher questioning,14 while Lineback
characterized different degrees in teachers’ responsiveness to
students’ ideas.15 Our paper seeks to unify several of these
frames for examining teachers’ professional noticing in the
context of FA.

Teachers’Professional Noticing in the Context of Formative
Assessment

Cowie and Bell pointed out that FA can include the spontaneous
focus by a teacher on an ephemeral idea that has significance for
learning, or it can be more deliberately planned.16 When
planned ahead of time, FA tends to include a task that is selected
or designed by the teacher, and to occur in cycles of the teacher
eliciting, attending to, interpreting, and acting on information.16

Researchers in mathematics17,18 and science19−22 education
have extensively studied both spontaneous classroom-based FA
and how teachers plan for FA. Various models describing and
providing teachers resources for both have been developed. The
Ambitious Science Teaching movement emphasizes FA
practices in professional noticing that include eliciting students’
ideas, supporting changes in student thinking, and pressing for
evidence-based explanations.19,20 Ruiz-Primo and Furtak21 have
described a four-part cycle of eliciting students’ ideas, hearing a
student response, recognizing the scientific value in the idea, and
then using it in the lesson. In our own research work, Dini and
co-workers22 developed a model of how science teachers enact
FA in teaching moves that is discussed in more detail below.
The design of a task has a large role in teachers’ professional

noticing as well as other aspects of FA. The Ambitious Science
Teaching project19,20 has characterized rich tasks as being
accessible, in that they have multiple entry points and are
capable of revealing student thinking. FA tasks also set the stage
for the level of intellectual demand that subsequently ensues in
the classroom.4 While an FA activity may be planned with cycles
or phases, it can also have spontaneous moments, but both
modes depend on the nature of the task.
In this contribution, we are interested in relationships among

teachers’ noticing, interpreting, and acting in the assessment of
students’ written work on a rich FA task designed to elicit
students’ chemical thinking. Our analysis is guided by the model
of FA enactment of Dini and co-workers summarized in Figure
122 because this model describes the nature of teachers’ actions
rather than their sequence. In analyzing teachers’ dynamic
classroom FA, the model allows for the connected nature of
noticing, interpreting, eliciting, and advancing. In addition, this
model emphasizes the centrality of noticing and interpreting,
rather than locating this in between eliciting and acting as other
models do. Use of this model has a further benefit: It was
developed within a teacher−researcher collaboration3 and
designed to generate principled practical knowledge,23 which
Bereiter describes as “know-how combined with know-why”.
In the FA enactment model that guides our analysis (Figure

1), a teacher’s FA moves begin with the teacher noticing student
thinking and making an interpretation of what is noticed.
Noticing and interpreting may result in two types of acting: (a)
eliciting, in which the teacher decides to further explore student
thinking, or (b) advancing, in which the teacher advances
student thinking toward the scientific story. Any of the teaching
moves in this model (shown in purple in Figure 1) can be
approached in either a dialogic (blue) or authoritative (red)
approach.11 Each move is driven by the teacher’s in-the-moment
purposes22,24 and is influenced by what the teacher knows how
to do. Following each teaching act (eliciting or advancing), the
teacher then returns to noticing and interpreting. The dialogic or
authoritative approach of each teaching move is independent of
that of the preceding or subsequent move. The model places
value on both dialogic and authoritative approaches, because
both are used intentionally by effective teachers to achieve their
learning goals.
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■ METHODS

Research Questions

In this study, we aimed to answer two research questions about
experienced chemistry teachers’ FA practices during the analysis
of written work from an FA task:

• What are the major approaches that experienced
chemistry teachers take to noticing, interpreting, and
acting in response to students’ ideas about chemical
processes?

• What do experienced chemistry teachers notice when
they evaluate students’ written answers to a probe of how
to control a chemical process?

Professional noticing has both domain-general and domain-
specific aspects. How teachers notice, interpret, and act on
student thinking can be characterized in domain-general ways,
but these are influenced by what teachers notice, which is
domain-specific. The response to our research questions was
approached at these two levels of analysis.
Researchers, Setting, and Participants

This research was conducted by a collaborative team of
chemistry education researchers, middle school science
teachers, and high school chemistry teachers.3 The participants
in the study were experienced (>3 years) middle school science
and high school chemistry teachers from across New England.
Some participants were enrolled in a yearlong professional
development program for chemistry teachers focused on
chemical thinking, and their participation in this study occurred
as the first activity at the first workshop of the year. Other
teachers participated after a one-day workshop at a local
museum, and after class time during a weeklong integrated
science content course. The study was approved in advance by
the research ethics committees at each of the sites from which
participants were recruited, and all participants provided written
informed consent.
The sample included 11 focus groups, each with three to five

teachers, comprising 43 teachers in total. Teachers who
participated in the focus groups had a range of 3−30 years’
experience teaching science (mean experience = 10.4 years,

median experience = 8 years). They taught in urban (N = 29),
suburban (N = 10), and rural (N = 4) schools, and they taught
chemistry in middle (N = 10) and high (N = 33) schools. Focus
groups of 60 min duration were facilitated by a teacher on the
author team and were audio-recorded. Observer notes
describing speaker turns and gestures were also written by
another coauthor during the focus groups. The focus group
audio recordings were transcribed with the aid of the observer
notes. Teachers were deidentified and labeled by focus group
and assigned a teacher number within that group (e.g., G3-T4
for teacher 4 in group 3).

Formative Assessment Task Designed in the Chemical
Thinking Framework

This study examines the nature of teachers’ noticing through the
lens of chemical thinking.2 Open-ended tasks in which students
are challenged to apply their knowledge to address a problem of
practical concern make it possible to notice how students
employ their chemical thinking. Such tasks can reveal chemistry-
specific assumptions that shape not only answers to specific
questions but also concepts that transcend all of chemistry.
Paying attention to what a task reveals about student thinking
depends, however, on what the teacher looks for. In this study,
we used an FA task centered on controlling a chemical process
and considering the causes and mechanisms for how changes
occur. Chemical control is one of the six questions of chemistry
within the chemical thinking framework.2

The focus group discussions in this investigation were based
on student work produced using the Volcano Probe FA available
on the ACS’s ChemEd Xchange website: https://www.
chemedx.org/article/volcano-probe. Administration of this
probe with students involves first showing a silent 3 min video
of a student making a citric acid and baking soda volcano
demonstration for a second-grade class (see Figure 2). Next,
students receive a two-page handout that provides the lists of
chemicals and equipment seen in the video and a sketch of the
setup. The first page of the handout asks students to identify
three different things that the person in the video could do to
make a bigger eruption and to justify these suggestions. On the
second page, the balanced chemical equation for the observed

Figure 1. Formative assessment enactment model.

Journal of Chemical Education pubs.acs.org/jchemeduc Article

https://dx.doi.org/10.1021/acs.jchemed.9b01198
J. Chem. Educ. 2020, 97, 3478−3489

3480

https://www.chemedx.org/article/volcano-probe
https://www.chemedx.org/article/volcano-probe
https://pubs.acs.org/doi/10.1021/acs.jchemed.9b01198?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.9b01198?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.9b01198?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.9b01198?fig=fig1&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://dx.doi.org/10.1021/acs.jchemed.9b01198?ref=pdf


reaction is provided, and students are asked if they have any
further ideas on what could be done to make a bigger eruption
and to again justify their choices.
This FA task was completed by about 100 middle and high

school students, and six representative student responses were
chosen for analysis during the focus groups (see ChemEd
Xchange website). Research in chemistry education has shown
that learners tend to consider external parameters, such as
temperature, as relevant for chemical control, but not internal
parameters, such as chemical structure.25,26 They also often
assume that changes must be initiated by active agents27,28 and
struggle to differentiate factors relevant for kinetic versus
thermodynamic control.29 Thus, selected student work included
discussion about external and internal conditions for controlling
chemical reactions, reasoning at both macroscopic and
submicroscopic levels, ideas referring to both kinetic and
thermodynamic models, and qualitative and quantitative
responses to the questions.

Data Collection

Focus groups were chosen as the primary method of data
collection because they foster an environment where partic-
ipants with similar experiences feel comfortable sharing their
beliefs.30 The shared experiences, vocabulary, and priorities of
the group help shape a group dynamic that is primed to uncover
why the participants notice, interpret, and act in the ways they
do. Focus groups also allowed us to tailor the questions and
guide the discussion as needed to uncover evidence of what and
how teachers notice, interpret, and propose to act after reading
student responses to the FA task.
Prior to starting the focus group discussion, participants were

shown the Volcano Probe video and given the student handout.
They then worked on the task as if they were students to become
familiar with it. After this work, each teacher received copies of
the six selected samples of student work (see ChemEd Xchange
website) and was given time to review them. Facilitators of each
focus group then scaffolded the discussion using a well-defined
protocol (see Supporting Information).

Data Analysis

Using the focus group transcripts and teachers’ feedback
artifacts, analysis proceeded in four phases. The first phase was
designed to inductively uncover common themes using Rabiee’s
“Framework Analysis” method.30 All but two of the authors
participated in this analysis phase. Trustworthiness in analysis
was addressed by splitting into two subgroups which analyzed
the same data (focus group transcripts and teachers’ written
feedback on the student work) and then discussing among co-
researchers until consensus was reached. This first phase
revealed common stances in FA taken by participating teachers,
including prioritization of some types of student reasoning over

others (quantitative over qualitative), tendency to look for
certain structures in student arguments (claim−evidence−
reasoning) or particular vocabulary in students’ explanations,
and proclivity to find something to value in each student’s
response or to consider some responses as valid and others as
invalid (recognized misconceptions).
The second phase of analysis began by imposing, and later

refining, a coding scheme derived from prior work on what
preservice chemistry teachers notice and interpret about
students’ thinking in their written work.7 During this process,
two participants were removed from the sample (reducing it to
41) because their participation in the focus group was not
substantial enough to allow for characterization (each of these
teachers accounted for <5% of spoken words during their focus
group). During this phase, we built from the framework
developed by Talanquer et al.8 to characterize noticing and
interpreting on a scale of sophistication from novice to
advanced. Individual teacher’s phrases were analyzed, looking
for instances of noticing (what teachers highlighted in students’
answers) and interpreting (what teachers inferred based on what
the student is saying). Nevertheless, rather than applying
Talanquer’s categories as indicative of levels of sophistication,
we used them to characterize different approaches to noticing
and interpreting that may be productive in different situations.
In this second phase, we built a new category of analysis called

acting (what teachers proposed might be done to address an
issue). We identified twomain approaches to acting, one of them
focused on proposing specific ways to direct students to the
normative answers (directive) and the other focused on
supporting students in articulating, evaluating, and advancing
their own thinking (responsive). Figure 3 summarizes the final
coding scheme for the three actions that resulted from this
process.
The authors employed multiple ways of ensuring depend-

ability of the data analysis. To aim for consistent operationaliza-
tion of the constructs, we employed peer examination.31 Our
analysis was carried out in several meetings that included
between four and eight other chemistry education researchers
not directly involved in the project. The coding scheme evolved
during the first three meetings, and the coding scheme did not
change in the last two. At this point, the coding scheme was
shared in a practitioner journal.32 Following the last of these
meetings, the first author (S.A.M.) recoded the data from all 41
teachers using the finalized coding scheme (Figure 3). To
further address trustworthiness of the analysis, we employed
independent coding−recoding among three of the authors
(S.A.M., R.H., and H.S.). One author (S.A.M.) coded all the
data, and two authors coded 7 participants each, with 3 cases in
common (11 cases in total, or 27% of the data). Krippendorff’s α
was used to judge agreement because of its ability to account for

Figure 2. Still images from Volcano Probe silent video.
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multiple raters,33 and an α value of 0.739 was obtained. Dialogue
among co-researchers was employed to resolve differences until
consensus was reached. The first author then reviewed the codes
for the remaining participants to ensure that the coding was
aligned with the nuances that were surfaced through the
coding−recoding process.
We next sought to characterize different approaches that

participating teachers took toward FA. During this third phase,
we grouped teachers into clusters based on similarities in their
approaches to noticing, interpreting, and acting. Eight
combinations of instantiations of noticing, interpreting, and
acting are possible based on the coding scheme (e.g., inferential
noticing, evaluative interpreting, and directive acting). However,
only six of the combinations were observed. Noticing was coded
in a different manner than interpreting and acting; how teachers
described what they noticed either occurred by directly quoting
or paraphrasing what a student wrote (descriptive) or
attempting to infer what a student meant (inferential). These
are neither authoritative nor dialogic.
In the final phase of analysis, we returned to the primary data

to examine the ideas teachers paid attention to. For example,
some teachers focused on students’ manipulation of external
parameters (e.g., temperature) to control the reaction, while
others focused on students’ selection of reactants, which
indicated they were paying attention to internal control
parameters (e.g., chemical composition). We built a coding
scheme to characterize teachers’ noticing more specifically. We
again employed peer examination, coding−recoding, and
dialogue among researchers to ensure trustworthiness of the
analysis. A random sample of 4 teachers (10% of the data) was
coded by two authors (H.S. and S.A.M.) after 17 code categories
were established across general, topic-focused, and chemical
thinking noticing. Initial agreement was 85%. All but one
disagreement were determined to result from one researcher
overlooking a few words spoken by a teacher. Following this
process, all instances of these two codes were recoded, resulting
in minimal changes. The final “noticing” codebook is presented
in the Supporting Information, as this may have utility for
teachers.

■ MAJOR FINDINGS
How experienced chemistry teachers notice student thinking in
written work is largely domain-general, but it both is influenced
by and influenceswhat teachers notice, which is domain-specific.
Since noticing students’ thinking occurs in the context of
evaluating student work, to the extent possible, we arrange the
findings to first inform the “how” question about the process and
then to inform the “what” question about noticing.
How Teachers Notice, Interpret, and Act: Formative
Assessment Personalities

Our analysis allowed us to identify contrasting ways in which
participating teachers engaged in noticing (descriptive, infer-
ential), interpreting (evaluative, sense-making), and acting
(directive, responsive) while assessing students’ knowledge and
ideas about chemical control expressed in written work.
Although a single teacher’s approaches to noticing, interpreting,
or acting could vary during the assessment process, our data
indicated that each participant followed a major approach
(either dialogic or authoritative) in two of the dimensions:
interpreting and acting.
Figure 4 distinguishes four main quadrants, each of them

highlighting a different “formative assessment personality” that
participating teachers adopted on the basis of their dialogic or
authoritative approaches to interpreting and acting. Two of the
eight possible combinations of noticing, interpreting, and acting
(5 and 7 in Figure 4) were not observed in the data. This is likely
because sense-making interpreting is not possible unless a
teacher makes inferences about what is noticed. In the following
paragraphs, we provide a more detailed analysis of the different
FA personalities that were observed and characteristic ways in
which they were enacted.
FA Personality A: Authoritative Interpreting (Evaluative)
and Authoritative Acting (Directive)

Quadrant A includes two combinations of noticing, interpreting,
and acting. Both are evaluative in interpreting and directive in
acting, but either descriptive or inferential in noticing students’
ideas. Characteristic behaviors of teachers that fell into these
clusters are described in Boxes 1 and 2. FA personality A was
expressed by 14 out of 41 teachers in our sample.

Figure 3. Noticing, interpreting, and acting coding scheme.
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Teachers in combination 1 (Box 1) were mostly descriptive in
their noticing, highlighting what students said or did (or did not
say or do) without building inferences about student under-
standing. Consider this example:

Also speaking of that same student, Notnhat, their first
response was to heat up the test tube, and they talked about
the correlation between the temperature increase and an
increase in the pressure, but they didn’t talk about closing
the test tube. So I felt like they had some knowledge there,
and that they were thinking creatively, because I think that
the only other student who mentioned pressure was
AyyVolcano. But they were missing the, if they were talking
about the pressure, would be closing the tube. (G9-T2)
This teacher paraphrased but did not infer any meaning in

what Notnhat said and then provided an evaluative
interpretation of it (having some knowledge, thinking
creatively) without offering any thoughts on what Notnhat
may have been thinking. The teacher continued to provide a
similar evaluation of AyyVolcano’s response, noting what this
student did not do. In contrast, teachers in combination 2 (Box
2) tended to build inferences about student knowledge or
thinking based on what was noticed, as illustrated by the
following excerpt:

I didn’t see any student pick up on the 1 to 3 ratio of
reactants that was in the formula. Nobody called that out
specifically. The one student who tried said it backwards, so
I don’t know if she misinterpreted the numbers and just
reversed it. I think she looked at it and noticed there was a
difference, cause she says, she only talked about changing
one reactant, but she went the wrong way with it. (G6-T3)
In this example, the teacher inferred what the student meant,

saying that the student just “said it backwards” perhaps due to
reversing the numbers. The teacher then provided an evaluative
interpretation of this as going “the wrong way with it”.
Teachers who adopted FA personality A primarily proposed

actions focused on advancing (see Figure 1) to move students

Box 1. Descriptive Noticing, Evaluative Interpreting, and
Directive Acting (Combination 1)

Teachers adopting this combination tended to focus on and
highlight when students used or did not use specific chemistry
theories, principles, and vocabulary in their responses. These
teachers used student work from the FA task to determine
whether or not students were able to provide and support
answers aligned with accepted scientific models and principles.
Teachers used their evaluations of student understanding to
propose strategies to direct students toward the proper use of
scientificmodels and principles to clearly and accurately express
scientific understanding.

Box 2. Inferential Noticing, Evaluative Interpreting, and
Directive Acting (Combination 2)

Teachers in this group often built inferences that were
evaluative in nature, describing student thinking as accurate
or based on misconceptions that they anticipated and
recognized. Their proposed actions focused on providing
stepwise guidance for students to reach a desired learning goal.
For example, many proposed actions took the form of
recommending more scaffolding in the prompt, using guiding
questions during a specific experiment chosen by the teacher, or
helping students sequentially narrow their thinking in the
correct direction.

Figure 4. Combinations of teachers’ noticing, interpreting, and acting observed in our study, organized around two axes characterizing the extent to
which interpreting and acting align with authoritative or dialogic communicative approaches in interpreting and acting, and grouped as four “formative
assessment personalities” (A through D) according to quadrant. Note that noticing is neither authoritative nor dialogic, authoritative interpreting is
evaluative while dialogic interpreting focuses on sense-making, and authoritative acting is directive while dialogic acting is responsive.
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toward the teachers’ expected correct answer. The following
excerpt illustrates this approach to acting:

So since we had made our own answers first before looking
at the student answers, I tried to use sort of my own answers,
so the quote−unquote correct answers as that sort of guiding
rubric. And so if, the more things they got off of that internal
rubric, then that sort of guided how much I guided them
versus that I didn’t need to guide them, I guess. (G6-T2)
This teacher relied on her own constructed rubric of “correct

answers” to evaluate students’ responses and proposed the use of
guiding questions to align student thinking with the teacher’s
own thinking.
FA Personality B: Authoritative Interpreting (Evaluative)
and Dialogic Acting (Responsive)

This quadrant includes combinations that are evaluative in
interpreting and responsive in acting, while either descriptive or
inferential in noticing. Characteristic behaviors in each of these
clusters are summarized in Boxes 3 and 4. The major feature

differentiating FA personality B from A is that teachers who
adopted FA personality B (10 out of 41) primarily proposed
laboratory activities, either to enhance student interest
(combination 3) or to elicit more about students’ ideas
(combination 4), in contrast with teachers who adopted FA
personality A, who mainly suggested reteaching or directly
coaxing students toward specific content.
Teachers who adopted FA personality B tended to be

authoritative in their interpretation of student work, focusing on
the extent to which answers were correct or not, but were
dialogic in their proposed actions, using students’ ideas to make
suggestions on how to move students forward. Within this FA
personality, teachers in combination 3 often proposed actions
directed at increasing students’ engagement and interest in the
task rather than further eliciting or advancing their thinking. The
following excerpt illustrates this approach:

This would be so fun. Besides letting them debate, for
starters. I think that the things that they said should be
tried. Except for if they’re dangerous. And that part, I don’t
know the chemistry, but, you know, exactly what they
described. Add more, leave it open, close it up, heat it, and
then explain if any of the solutions worked, and why. (G5-
T5)
In this example, the teacher would encourage students to try

their ideas, focusing more on exploration aspects than on
chemical ideas. None of the combination 3 teachers discussed
the chemical ideas that students expressed about controlling
chemical reactions. Some participants in this category asked for
assistance from other teachers in understanding the underlying
chemistry in the selected FA task.
Teachers in combination 4 often proposed actions that

created opportunities for students to express, explore, and
evaluate their own ideas. Nevertheless, when these teachers
proposed advancingmoves (see Figure 1), they expressed a need
for actions that carefully guided students in the right direction.
Consider, for example, this suggestion:

Or you could have them analyze that reaction a little bit,
like explain what this shows about why there’s an explosion,
or just describe in words what’s happening in this reaction,
or something like that, so that yeah, like they have to do
something. And that could give you more information about
how they’re thinking about it. (G8-T2)
In this case, the teacher sought to narrow what students could

do by asking them to analyze the chemical reaction given and to
explain how it related to the chemical eruption. The proposed
acting was responsive in that the teacher wanted students to
think more deeply about the chemical process to both advance
and gain further insight into student thinking.

FA Personality C: Dialogic Interpreting (Sense-Making) and
Authoritative Acting (Directive)

This quadrant includes teachers (8 out of 41) who were mostly
inferential in their noticing, sense-making in their interpreting,
and directive in their acting (no teachers were descriptive in
noticing while sense-making in interpreting). The characteristics
of this FA personality are summarized in Box 5.

Teachers who assumed FA personality C took a dialogic
approach in interpreting student work, seeking to make sense of
students’ ideas. The following excerpt illustrates this interpretive
approach:

I was thinking about what they probably have done in their
own, with their own experience. Like the one student who
talked about how vinegar is a known reactant with baking
soda. And thinking about when the students were talking
about having a smaller hole, like what maybe they had done
before that led them to think that that would increase how
the products came out. And then I also looked a lot at how
viewing the reaction changed or didn’t change their thinking
about how to increase the reaction. (G8-T3)

Box 3. Descriptive Noticing, Evaluative Interpreting, and
Responsive Acting (Combination 3)

Teachers with this combination tended to focus on the level of
specificity, the structure, or the style of students’ responses,
highlighting strengths or deficiencies. These teachers’ actions
were focused on increasing student engagement. For example,
they proposed doing the volcano experiment with the students,
as they might find it interesting and it could help students figure
out how to make a bigger eruption. Their goal was often to
develop general science skills such as experimentation and
scientific writing.

Box 4. Inferential Noticing, Evaluative Interpreting, and
Responsive Acting (Combination 4)

Teachers in this group often built inferences that then
supported evaluations of the correctness of students’ responses.
However, they suggested actions focused on providing students
with opportunities to express, explore, and evaluate their own
ideas through methods such as experimentation, drawing, or
peer review. Box 5. Inferential Noticing, Sense-Making Interpreting, and

Directive Acting (Combination 6)

Teachers adopting this combination shared the goal of
unpacking student thinking to figure out what the student
does or does not understand about particular chemistry topics.
These teachers then used this information to develop next steps
that focused on moving students forward toward a targeted
scientific understanding.
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In this example, the teacher was concerned with under-
standing the variety of different ways that students were thinking
about the gas-producing reaction. She explored different
interpretations of student actions and looked for trends across
multiple students. This emphasis on diversity of voices and ideas
illustrates a dialogic communicative approach in this teacher’s
interpretations.
Teachers with FA personality C proposed actions that

directed students toward normative scientific understanding.
These proposals often co-occurred with the expression of a
desire to know the place of the FA task in the curriculum.
Teachers stated that knowing what ideas they should be
targeting with the activity was critical to proposing teaching
actions. In the absence of this information, some participants
assumed a particular content goal and then proposed how to act
in response to students’ ideas, as occurred in the following case:

They really need to be working on... on this. On the mole...
the mole ratios and using that to figure out ‘hey, what do I
need to add to get nothing excess. To get everything used up.
Maximize the reaction without basically wasting... wasting
money, wasting chemicals. (G1-T4)
This teacher described a directive advancingmove (see Figure

1) that would provide students with carefully specific ways to
move toward a particular scientific understanding. Teachers in
this category often situated student thinking in the context of a
specific topic in the chemistry curriculum rather than
considering connections of ideas across different areas.

FA Personality D: Dialogic Interpreting (Sense-Making) and
Dialogic Acting (Responsive)

The fourth quadrant included teachers (9 out of 41) whose
practices were mainly a combination of inferential noticing,
sense-making interpreting, and responsive acting. Major
characteristics of this FA personality are summarized in Box 6.

Teachers in this quadrant sought to make sense of students’
ideas and proposed to allow students to use their ideas to
complete the FA task. Consider the following excerpt:

Something I want to point out with Red4h’s response, at
first, I immediately, when I very first saw the prompt, I
immediately was like, oh yeah, just replace it with sodium
hydroxide. And then after like 30 seconds of thinking, I
went, actually no, you need carbon dioxide. Like I know
strong acid, strong base, they’re going to react vigorously.
But when you actually think, okay, what causes eruption,
what you really want is bubbles. And they’re, yeah, they’ll
bubble a little bit, but nowhere near like bicarbonate would.
So I think that was interesting, that me and this student had
like almost the same gut reaction, and then they clearly
modified after seeing the reaction, whereas I kind of caught
myself before seeing the reaction. (G10-T1)
In this case, the teacher sought to make sense of how Red4h

was trying to control the eruption by creating a different gas and
did so by first recalling how he figured out himself that the

eruption appearance is generated by a vigorous gas-forming
reaction.
The acting suggestions that teachers in this category made

were usually directed at either providing opportunities for
students to build a stronger understanding of chemical ideas
through experimentation and discussion (advancing student
thinking in a dialogic manner), or opening ways to further
uncover how the students thought about the problem (eliciting
student thinking in a dialogic manner). Consider this example:

Looking at the thoughts and the idea about the hydrogen,
maybe having them test the gases produced to see what
happens with the flame, or allowing them to have certain
tests to kind of have this sort of conceptual conflict. Like
okay, you thought maybe that the hydrogen gas was
produced, but when you put a flame there, it was
extinguished. So they’re up against this kind of conflict
and friction between what they believe in their prior
knowledge and what is actually happening in front of them
in terms of the phenomena. (G11-T1)
Here, the teacher proposed an advancing action (see Figure 1)

based on the idea he saw in a student’s response about hydrogen
possibly being formed as a gas in the reaction. The action would
give the student an opportunity to test out this idea in the lab but
would also push the student to reconcile contradictions between
what actually happened and what the student thought would
occur. Teachers who employed FA personality D were the only
ones who referred to opportunities for students to do their own
sense-making. In addition, while middle school teachers were
equally distributed among FA personalities A, B, and C, we
found that FA personality D included only high school teachers.
This may be an indication that the combination of dialogic
interpreting and dialogic acting has a relationship with the
educational level taught by the teacher or their chemistry
content knowledge.

What Teachers Noticed

Our analysis of what teachers paid attention to in students’
written work resulted in 17 codes organized into three
categories: general noticing, topic-focused noticing, and
noticing of chemical thinking (see Supporting Information).
These three categories are described, followed by findings on
what teachers who took different approaches (A, B, C, D in
Figure 4) noticed.

General Noticing

All (N = 41) teachers engaged in general noticing that focused
on figuring out how students operate when approaching a
problem. For most teachers (N = 40), this involved a
comparison. This included comparing students’ answers (e.g.,
one student’s answer is more specific than another’s), noting
whether a student’s answer was the same or different from the
teacher’s own, matching answers to known misconceptions, or
looking for self-consistency in a single student’s answers.
Teachers also looked for clues to ascertain how students may
know something or what a student’s educational situation was
(N = 34). Most commonly, they expressed that it was important
to know where students were in the chemistry curriculum, so
they looked for signals of whether a student had previous
exposure to gas laws or stoichiometry, for example, or clues
about category assignments, e.g., a student who is “AP material”
or an English language learner. Many teachers (N = 31) paid
attention to more science-related indicators, such as the
structure of students’ arguments (e.g., whether they followed a
claim−evidence−reasoning or a cause−effect pattern); the

Box 6. Inferential Noticing, Sense-Making Interpreting, and
Responsive Acting (Combination 8)

Teachers with this combination used the FA to better
understand how students were reasoning through problems
in chemistry. They used what was uncovered about student
reasoning to propose actions that pushed students to engage in
deeper chemical thinking guided by their own ideas.
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specificity, sophistication, or quantity of chemistry vocabulary
used; or whether or not a student showed calculations, used
quantitative vs conceptual reasoning, or provided a procedure
for how to carry out a proposed experiment. Some teachers (N =
8) focused on understanding how students would plan to use
specific equipment, and whether it was appropriate, acceptable,
or safe to use the equipment in these ways. About half (N = 20)
of the teachers paid attention to features of the task and how
those appeared to influence students to respond. For example,
about one-third of teachers (N = 13) looked for evidence of
whether students used ideas from the second page to revise
answers on the first page.

Topic-Focused Noticing

Most (N = 39) teachers engaged in topic-focused noticing that
centered on looking for evidence that students knew and could
apply specific chemistry topics. The primary targeted topics of
teachers’ topic-focused noticing were gas behavior (N = 27),
how particles behave (N = 26), amounts of reactants (N = 25),
and stoichiometry (N = 25). The most common aspect of
student responses noticed by teachers was that adding more
reactants would generate a bigger “eruption”. Many teachers also
noticed when students recognized that increasing the gas
pressure would increase the eruption and, primarily, looked for
whether students applied a gas law argument to explain this.
Teachers also focused on ratios of moles of reactants, limiting
reagents, proportional yield, and stoichiometric calculations.
Referring to particles was important to many teachers, who
looked for evidence of reasoning based on kinetic molecular
theory or collision theory and valued students mentioning
arrangements of particles or how particles move. Many teachers
(N = 14) also paid attention to whether students had
misconceptions related to particles, as noted earlier.

Chemical Thinking Noticing

Most teachers (N = 37) also engaged in some noticing related to
chemical thinking, but unlike topic-focused noticing where
teachers paid attention to multiple topics, teachers primarily
focused on chemical control thinking (N = 28), noticing how
students proposed either: (a) changing the chemicals (N = 20),
(b) changing the apparatus (N = 12), or (c) controlling the
process (N = 11) in fundamentally different ways. Teachers’
noticing of chemical control differed from the topic-focused
noticing that was most often noted by teachers (“all the students
got ‘just add more’”) in that teachers paid attention to whether a
student’s reasoning behind this was about controlling the
reaction outcomes. When teachers focused on chemical control,
they often also looked for multiple variables. For example:

Like it seemed like there were like four common, or like three
to four like common themes. And if like we were talking
about it in a whole class discussion, you got ideas, and then
you hear like pressure, heat, amount of like products and
reactants. (G7-T2)
Some teachers (N = 20) noticed chemical causality thinking.

These teachers mainly looked for whether students talked about
the eruption being caused by a pressure build-up, and some
teachers also looked for whether students reasoned about how a
temperature increase causes the reaction to proceed faster. A few
teachers also paid attention to which effects students considered
important, e.g., faster reaction, more gas, or which gas. These are
exemplified in the following teacher’s chemical causality
noticing:

What’s causing the bubbles? And... realize that the CO2 was
what’s going to cause that sodium citrate water solution to
come out through the top. Or... Like those that switched the
reactions, like the Red4H. And someone else, that
SummerFanatic, mentioned adding acetic acid and more
baking soda, they know that that’s going to react. (G5-T4)
Chemical mechanism thinking was also present in some

teachers’ noticing (N = 18). Half of these teachers paid attention
to “the chemistry going on”, which they clarified as meaning the
class of reaction, e.g., gas-producing, acid−base, combustion.
Some teachers focused on whether students differentiated CO2-
producing vs H2-producing reactions. Others were interested in
how students considered the role of water in the reaction.
Chemical causality (what causes the change in outcome) and
chemical mechanism (how does the change come about)
noticing were sometimes difficult to discern because teachers
often used the word “why” in ambiguous ways when discussing
students. For example, G11-T4 discussed a student’s ideas about
“why [heat] might change things”. It was not until several turns
later that the teacher further explained that she noticed the
student “making the connection with heat and the way that changes
the particle”. This clarified that the teacher was considering the
student’s thinking about the mechanism, i.e., how the outcome
arises.
A little over one-third of teachers (N = 16) noticed chemical

identity thinking. Most of these teachers focused on whether or
how students identified or predicted the gaseous product of the
reaction. Half of these teachers paid attention to compositional
aspects, such as how students considered that elements in the
reactants related to properties that products may have. The
other half focused on the nature of different substances, such as
strengths of different acids, and whether students considered
aluminum as a reactant or as part of the equipment/materials.

What Teachers Who Assumed Different Personalities
Noticed

Patterns emerged in a teacher’s noticing according to which FA
personality they assumed. All teachers engaged in general
noticing, and only two differences stood out: all personality B
and D teachers looked for whether consistency occurred across
all students, and all personality B teachers additionally focused
on whether students’ answers were self-consistent. Figure 5
summarizes the other two categories of noticing demonstrated
by 40% or more of teachers in each FA personality.
Teachers in FA personalities B and C exhibited the narrowest

focuses in what they noticed. FA personality A teachers tended
to focus more on whether an aspect was present in students’
responses while personality D teachers noticed how students
reasoned and talked about their ideas. Personality A teachers
tended to look for students’ use of stoichiometry or
manipulation of external variables, such as pressure and
temperature, and the relationships among variables. This
noticing approach may have channeled teachers to propose
more remediative actions, such as reteaching material that
students had not sufficiently mastered. Teachers who assumed
FA personality B had the narrowest focuses of the four groups,
and their noticing centered on problems that often are practiced
to a considerable extent in chemistry courses, e.g., predicting
products, determining what gas would be produced in a given
reaction, and recognizing that rate is proportional to temper-
ature. The greater focus by personality B teachers on changes
that students could make to reaction conditions, combined with
whether students demonstrated similar responses, may have
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supported the teachers’ responsive tendencies to propose trying
out options in the lab. FA personality C teachers were less
concerned with identifying mastery of specific chemistry topics
and focused more on what students’ ideas were. Nevertheless,
their acting intended to carefully guide students to correct
answers. The greater diversity of what teachers with FA
personality D noticed, combined with their attention to whether
students had similar or different ways of thinking, may help
explain why they were more responsive in their acting.

Ambiguities and Other Limitations

The four FA personalities described in the previous sections can
be seen as “hats” that teachers wear in their dynamic
orchestration of FA activity, in this case when considering
students’written work. In related research,23 we have shown that
experienced science teachers demonstrate versatility in moving
back and forth between authoritative and dialogic teaching acts
in response to in-the-moment purposes that guide their FA
enactment (see Figure 1). It may be that our participants also
were guided by in-the-moment purposes that they generated in
relation to particular student responses, the context of the focus
group discussion at that moment, and their own experiences.
This could explain why a few teachers’ FA personalities appeared
to oscillate and therefore were not easy to categorize.
Besides some ambiguity, the methodology also imparted

some limitations. The participants had a range of experiences
and positions; however, a sample of 41 teachers is not necessarily
representative of all chemistry teachers. In some cases, we had
more demographic data than in other cases, which also limited
our ability to draw findings across the entire sample. For
example, we noticed a relationship between FA personality B

approaches and formal preparation in chemistry or experience
with content-focused professional development; however, we
did not collect this information from all participants. Some
participants brought this up during focus group discussions, but
it also could have been relevant for others who did not bring it
up. Furthermore, while the focus group methodology was
selected because it conferred specific benefits, there are also
known limitations to this method.34 Sometimes a few individuals
can dominate group talk while others feel sidelined; this may
have happened with the two teachers who were removed from
the sample due to their minimal talk. There also can be
tendencies toward normative talk which can have an effect of
discouraging diverse ideas to be raised and debated. We were
aware of these limitations. We structured the protocol to reduce
impacts, and the focus group facilitators in our team prepared
strategies to minimize effects, but these may have been
insufficient in some cases.

■ CONCLUSIONS AND IMPLICATIONS
On a domain-general level, our study allowed us to identify four
main FA personalities that teachers adopted when noticing,
interpreting, and acting in response to written student work
generated by the probe used in our study. These FA personalities
can be independently authoritative or dialogic in interpreting
and acting. Teachers can focus on canonical correctness
(evaluative) or can take a sense-making approach to
interpreting. Proposed actions to address interpretations of
students’ thinking can narrow toward normative ideas or include
students’ ways of thinking in proposed follow-up. Each of the
four FA personalities has utility and power. Our findings indicate
that teachers who notice inferentially can do so in addition to

Figure 5. Topic-focused and chemical thinking (CT) focused noticing of teachers who assumed different FA personalities.
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evaluating on the basis of canonical correctness, and teachers
who propose more responsive acting can do so in addition to
considering whether students need support in understanding
difficult material. Nevertheless, interpreting more inferentially
and proposing more responsive acting was not the norm and
likely requires more targeted professional development.
As teachers build recognition of when they adopt a particular

personality, they may find that some personalities are more or
less productive depending on various conceptual, pedagogical,
and contextual factors. For example, taking a more authoritative
interpreting (evaluative) and acting (directive) stance may be
the most productive when helping students develop specific
practical skills in the laboratory, where evaluating students’
abilities to manipulate equipment and directing their actions
may be critical for safely completing a task. Adopting a more
dialogic interpreting (sense-making) and acting (responsive)
stance is likely to be beneficial when we want students to reflect
on their intuitive ideas and meaningfully construct new
understandings.
At the domain-specific level, most participants in our study

engaged in both topic-focused and chemical thinking focused
noticing, but they differed in the extent to which they attended
to the presence or absence of specific ideas in student thinking
versus recognizing and wondering about the different ideas
students considered and the different ways they talked about
them. Interestingly, whether teachers adopted an evaluative or a
sense-making stance in the interpretation of student work, or a
directive or responsive stance in the proposed acting, did not
necessarily determine the diversity of students’ expressed
chemical ideas they paid attention to. Participants also
demonstrated the ability to identify and assess relevant chemical
thinking in students’ answers to the assessment probe. This
suggests that teachers can notice a variety of ideas in student
thinking but need support in strengthening their capacity for
dialogic manners of professional noticing, i.e., sense-making
interpreting and responsive acting.
The findings from this study can be useful to teachers in

gauging whether their own noticing tends to focus primarily on
what students know and can do, or whether they also focus on
the diverse manners in which students think. The coding
categories and examples (see Supporting Information) can be
used by teachers to compare against how they evaluate their own
student work in the Volcano Probe or similarly rich FA tasks.
Our results suggest that more diverse noticing may increase
when teachers pay attention to whether answers are consistent
across all students, and when they analyze the different variables
students focus on in their analyses. Practicing these forms of
noticing might lead to strengthened teaching practices.
The findings also have implications for professional develop-

ment to support experienced chemistry teachers in continued
diversification of their teaching practices and intentionality in
their implementation. Rich FA tasks that are open-ended can
create more opportunities to reveal student thinking when
implemented in ways that maintain intellectual rigor.4 These
types of tasks open room for students to make different
interpretations and to foreground different ways of thinking.
These goals can be advanced through professional development
that supports teachers in developing or adapting tasks to be
richer in these ways, and also provides opportunities for teachers
to examine which personalities they assume as they evaluate
their students’ written responses to these tasks. Given increased
demands to develop students’ content understanding while
engaging in scientific practices and focusing on crosscutting

concepts,5 the versatility of chemistry teachers in attending and
responding to students’ chemical thinking is critical to support.
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