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Abstract

Instructional shifts required by equitable, reform-based
science instruction are challenging, especially in the
elementary context. Such shifts require professional devel-
opment (PD) that supports teacher internalization of new
pedagogical strategies as well as changes in beliefs about
how students learn. Because of this complexity, many PD
programs struggle to foster lasting pedagogical shifts,
necessitating further investigation into why some teachers
successfully embrace reform practices while others do not.
This qualitative study uses a nonlinear, iterative model of
teacher learning (Interconnected Model of Professional
Growth; Clarke & Hollingsworth, 2002) alongside profes-
sional noticing to help understand why elementary teachers
in science PD differentially make sense of and internalize
new pedagogies. Findings indicate that teachers most likely
to adopt reform-based instructional practices from the PD
were those who clearly connected student learning to their
instructional moves. In addition, teachers who more
actively attended to student sensemaking and productive
struggle took up pedagogies from the PD more substan-
tively than did colleagues who attended solely to student
engagement and affect. Finally, teachers who attended to
and valued novel ideas from students’ lived experiences
were more likely to change their beliefs about students’

capacity to learn science, and thus more likely to see the
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value of instructional practices from the PD. In sum,
structuring PD to build on these specific teacher noticing
skills can encourage more teachers to move away from
traditional, teacher-directed instructional practice, and

more fully support reform-based instructional practices.
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1 | INTRODUCTION

The implementation of three-dimensional science instruction envisioned in the Next Generation Science Standards
(NGSS Lead States, 2013) poses unique instructional challenges (Furtak, 2017; Heredia, 2020; National Research
Council, 2012). It demands that core disciplinary concepts be taught alongside science practices and the
crosscutting concepts that frame all science disciplines (Davis & Smithey, 2009; Luna & Sherin, 2017; Windschitl
et al,, 2012). In addition, supporting students’ epistemic agency in an equitable manner requires that teachers draw
on students’ lived experience and build on their science ideas to drive curriculum, rather than center textbook
canon and vocabulary (Furtak, 2017; Sandholtz & Ringstaff, 2014; Stroupe, 2014). We refer to this complex set of
pedagogical approaches as reform-based instructional practices, hereinafter described as “reform practices,” for
brevity and clarity. The instructional challenges associated with reform practices are especially pronounced in
elementary environments where teachers often feel unprepared, and where science instruction is underdeveloped,
de-emphasized, and in many cases, not taught (Banilower et al., 2018; Davis & Palincsar, 2023; Dorph et al., 2011,
Roth, et al., 2011; Sandholtz & Ringstaff, 2014; van Zee et al., 2005; Windschitl & Stroupe, 2017).

Over the last decade researchers have struggled with how best to support teachers’ learning about the shifts
required to address reformed standards. Because such instruction is so complicated, there is a need for teacher
learning opportunities that address shifts at multiple levels, including not only teachers personal beliefs and
knowledge, but also the unique contexts and needs of students they are serving (Furtak, 2017; Korthagen, 2016;
Manz & Suarez, 2018; van Driel et al., 2012). Perhaps unsurprisingly, many professional development efforts fail to
support intended changes in teachers’ instruction, that is, that reform practices become internalized in the teacher's
belief system (Dolfing et al., 2021; Evans, 2014; Guskey, 2002; Sandholtz et al., 2019). Even for PD that
demonstrates positive instructional outcomes, there is a need for more research on why and how some teachers
take up reform practices while others seem unable to align practice and beliefs with the demands of instructional
reforms (Molle, 2021; Stolk et al., 2010).

In this study we address the need to understand why teachers in science education PD differentially internalize
and implement new practices following participation in PD (Arievitch & Haenen, 2005; Justi & van Driel, 2006;
Robertson et al., 2016; Roth et al., 2011; Tekkumru-Kisa et al., 2017; Wilson, 2013). We present a qualitative study
that explores why some teachers take up and implement reform practices more than others. Part of a larger,
multiyear, NSF-funded project, this study examines the process of instructional change for 21 elementary teachers
after approximately 1 year of comprehensive PD. Using an iterative model of professional growth (Clarke &
Hollingsworth, 2002; Hayes et al., 2019; Justi & van Driel, 2006), we first explore what features of the professional
learning process figure prominently in teachers’ descriptions of their instructional change, then focus on one salient

feature of instructional change - how teachers notice, attend to, and respond to student learning.



PREMINGER ET AL. ’ . 3
S Wi ey
2 | TEACHER LEARNING IN PD STUDIES - RELEVANT LITERATURE

2.1 | Moving from linear to iterative in explaining variance in teacher learning

An extensive body of professional development literature has provided insight about the characteristics of high-
quality PD. Early work by Desimone, Garet, and others demonstrated that effective PD is content focused; requires
participants to engage in the activities experienced by students; is coherent with school contexts; is of sustained
duration; and includes collective participation (Desimone, 2009; Garet et al., 2001; Wei et al., 2009). Effective PD
also provides teachers opportunities to collaborate with content experts (Darling-Hammond & Richardson, 2009;
Loucks-Horsley et al., 2010); and it treats content and pedagogy as intertwined, and organized around a theory of
teacher learning (Kennedy, 2016; Roth et al, 2011). Research from the late 1990s and early 2000s usually
conceptualized teacher learning as a linear process by which participation in PD leads to changes in teacher
knowledge and beliefs, which then leads to changes in practice, resulting in improvements in student learning
(Desimone, 2009; Garet et al., 2001; Guskey, 2002).

A number of science education PD studies initially used linear models to frame teacher change (Dolfing
et al., 2021; Edelson et al., 2021; Finkelstein et al., 2019; Knight-Bardsley & McNeill, 2016; Maeng et al., 2020). Yet,
many of the same studies found that when teachers engage in the active learning practices within PD, they
experience multi-, rather than uni-directional interactions between PD, teacher knowledge and beliefs, practice,
student outcomes, and organizational contexts (Wayne et al., 2008). In other words, even when PD leaders envision
a linear PD design, the learning that results is often iterative and recursive, rather than linear. For example, Knight-
Bardsley and McNeill (2016) designed their PD for argumentation on a unidirectional model, but found that
teachers consistently reflected on their classroom experiences with facilitators in subsequent PD sessions, and
reported the most learning from iterative cycles of implementation, reflection, and discussion. In addition,
adherence to a linear pathway in PD design hasn't guaranteed successful uptake of expected reforms (Penuel
et al.,, 2009). Even though they incorporated Desimone's (2009) core features of effective PD into their project,
Dolfing et al. (2021) found that science teachers had difficulty making sense of content when the PD was delivered
through a linear pathway. That is, when teachers had few opportunities to reflect on their learning and modify the
PD design to align with their classroom contexts, teachers distanced themselves from, rather than embraced, the
new practices. Opfer and Pedder (2011) and Evans (2014) were emphatic in their assessment of linear models: no
matter the order (or duration), teacher learning is a complex system, not a rigid sequence of events.

To understand why teachers vary in their uptake and implementation of instructional reform during PD, we
thus frame this study using a nonlinear model of teacher change that allows for iterative interactions between
domains of teacher learning. We draw from the Interconnected Model of Professional Growth (Clarke &
Hollingsworth, 2002). Justi and van Driel (2006) renamed it the Interconnected Model of Teacher Professional
Growth. Hereinafter, for ease, we use Enderle et al.'s (2022) acronym “IMTPG.”

This model comprises four domains (p. 951): (1) the personal domain, consisting of teacher knowledge, including
content (CK) and pedagogical content knowledge (PCK; Gess-Newsome, 2015; Shulman, 1986), teacher beliefs,
affect, and personal characteristics; (2) the practice domain, comprised of the teacher's enactments and reflections
during planning and teaching; (3) the domain of consequence, representing teacher observation of students,
including their engagement, affect, and learning; and (4) the external domain, which combines influences outside the
teacher's personal world, such as standards, policy, organizational conditions, and the PD itself. Because our study is
concerned primarily with influences of, and instructional shifts following the PD, we refer to this particular aspect of
the external domain as the activity domain to delineate professional learning activities from other aspects of
organizational influence. Interactions can move iteratively among the quadrangle of domains. For example: (a)
teachers are exposed to new ideas in PD or other sources (activity domain); (b) they then try out those strategies in
their classrooms (practice domain); (c) they observe how students respond to the new approaches (domain of

consequence); (d) as teachers notice improvements in students' sensemaking and learning, they internalize new
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PCK, and, ultimately change their beliefs about teaching and learning (personal domain) (Schipper et al., 2017)
(Figure 1). Changes in one domain lead to changes in others (Clarke & Hollingsworth, 2002, p. 958; Enderle et al.,
2022, p. 2022), through an iterative process of enactment and reflection (Schipper et al., 2017).

Research using such comple, iterative models across subject areas has variously demonstrated the importance
of PD (activity domain in the adapted model) in teacher change, and the role of teacher personal traits (personal
domain) in attending to and interpreting what they learn in PD (Goldsmith et al., 2014; Widjaja et al., 2017,
Witterholt et al., 2012). Research also showcases how trying out new pedagogical strategies (practice domain) and
observing student response (domain of consequence) can drive teacher adoption of, or resistance to, reform
practices (Wilson, 2013; Wongsopawiro et al., 2017).

A few studies of science PD have also attended to these domains, although not always together (Enderle et al.,
2022; Fernandez et al., 2023; Justi & van Driel, 2006; Southerland et al., 2023; Zwart et al., 2007). These studies
provide insight into how and why some teachers in science PD internalize reform practices, while others have a
more difficult time doing so. For example, Enderle et al., (2022) found that teacher beliefs (personal domain) could
limit what teachers were able to take up from the PD (categorized within the external domain in their study).
However, as teachers engaged in revisions of curriculum (activity domain), tried out the curriculum (practice
domain), and observed student discourse (domain of consequence), they were able to shift their instructional
practices. Similarly, Schipper et al. (2017) determined that teachers changed to a greater degree when they had time
and freedom to experiment with new instructional practices (practice domain, activity domain) because they saw
immediate results with their own students (domain of consequence).

These studies begin to explicate the complex process of teacher learning in science PD. However, most studies
using complex frameworks such as the IMTPG focus on one to three case study teachers. To extend this literature,
we focus on a sample of 21 teachers after the first academic year of a multiyear PD project. To understand how

these teachers varied in their learning, our first research question (RQ1) attends to differentiation in teacher change

Activity Domain

Teacher learning
exposure to new
ractices in PD

Personal Domain

Attending/Interpreting/Responding

Teacher personal
beliefs, values,
cnowledge

Classroom
enactment
(practice)

Domain of Practice

Observation of
student learning/

Arrows represent teachers’ engagement

iterative and recursive
sensemaking, reflection, and
enactment

Domain of Consequence

FIGURE 1 Interconnected model of professional growth, centering interactions among PD, personal beliefs,
classroom practice, and student learning (Clarke & Hollingsworth, 2002), and aspects of professional noticing
(Franke et al., 2001; Sherin, 2002).
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FIGURE 2 Number of interview excerpts for domain of consequence subcodes by teacher change category.

(Grossman et al., 1999). Then, to document the centrality of interactions among domains, our second research
question (RQ2) uses mixed data analysis to understand the role played by each domain on teachers’ instructional
change.

2.2 | The role of noticing student learning in teacher change

Across many studies using the IMTPG to explain the mechanisms of professional learning, teacher attention to
student learning and engagement (domain of consequence) (Clarke & Hollingsworth, 2002) has garnered particular
attention (Hayes et al., 2019; Heller et al., 2012; Justi & van Driel, 2006; Lomas, 2018; Nielsen, 2012; Voogt
et al., 2011). For example, both Widjaja et al. (2017) and Witterholt et al. (2012) show that, in response to trying out
new strategies (practice domain, activity domain), teachers internalized such practices (personal domain) when they
observed improvements in students' problem-solving (domain of consequence). In turn, acknowledgment of
students' learning resulted in changes in the teacher's knowledge, beliefs, and attitudes (personal domain).

When we, too, found the domain of consequence to be central to teacher change in RQ2, we turned to the
literature on professional noticing (Erickson, 2011; Jacobs et al., 2010; Sherin et al., 2011) to unpack the quadrangle
of interactions (see Figure 1) between domains (Clarke & Hollingsworth, 2002; Hayes et al, 2019), and to
understand how differential perceptions of student learning influence variations in the uptake of reform practices.
Professional noticing consists of teachers attending to student ideas, interpreting what students are saying, making
connections with content, pedagogy, and learning (van Es & Sherin, 2021); and responding with pedagogical actions
(Jacobs et al., 2010).

Several studies note how degrees of sophistication in the use of noticing skills contribute to differential uptake

of reform practices, and suggest that noticing skills may play an important role in teacher change (Barnhart & van
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Es, 2015; Jacobs et al., 2010; Luna & Selmer, 2021; Sherin, 2002). For example, Franke et al.'s (2001) study of
differential uptake of reform practices among 22 teachers in one school district found that teachers who engaged in
their own sensemaking around students' learning processes-characteristics they described as “generative change
(p. 653)"-were more likely to integrate students' learning strategies into instructional practice than teachers not
attending as closely to student learning.

Yet, teaching practices are not always generalizable across subject areas (Alonzo & Elby, 2014; Chen
et al., 2019; Kang & Anderson, 2015; Schipper et al., 2017), or even across all science topics. The complexities of
reform practices require teachers to notice children's thinking in both discipline-specific (Suarez, 2020) and topic-
specific ways (Gess-Newsome, 2015). When teachers attend to, interpret, and respond to students' contributions
that represent substantive, emergent ideas in a fundamental science concept, they understand better how students
are learning, and they are building their PCK, that is, “...the ways of representing and formulating the subject that
make it comprehensible to others (Shulman, 1986).” Noticing helps shift practice away from a traditional view of the
teacher as the “sole instructional, knowledge, and practice authority” (Stroupe, 2014, p. 488), and toward more
student-centered inquiry, where the science ideas students bring to the classroom are built upon through
exploration, critical thinking (Manz, 2012), and discourse (Bae et al., 2021; Davis & Smithey, 2009; NGSS Lead
States, 2013; Sandholtz & Ringstaff, 2014; Windschitl et al., 2012).

Moreover, the noticing and positioning of emergent student ideas, speech, and language repertoires as assets
for classroom learning further enhance teachers' ability to see the results of trying out new strategies from PD,
integrate them with what students are thinking and saying, and ultimately internalize new pedagogies as part of
their regular teaching knowledge and practice (Colley & Windschitl, 2016; Lee et al., 2019). Conversely, when
teachers focus on science facts, or harbor beliefs of students as vessels to be filled, they have difficulty drawing
students into a sensemaking process, and thus difficulty seeing student learning (Eastwell, 2002; Yager, 2000).
Colley and Windschitl (2016) remind us that, “students’ science ideas are leverageable intellectual resources that
can be used by educators to support reasoning and, in turn, learning (p. 1012).” In their study, rather than teachers
evaluating and amplifying only canonically correct answers, teachers engaged in responsive practice, attending to
the broad spectrum of students' ideas and lived experiences, and making them public for the benefit of all learners.
Consequently, when teachers tentatively tried out reform practices, classroom experimentation was reinforced by
perceptions of student learning, and teachers took up these changes into their practice. Ultimately teachers in these
and other studies of asset-based approach to students changed their beliefs, realizing students were capable of
more sophisticated and nuanced ideas than many teachers anticipated (Chen et al., 2019; Davis & Palincsar, 2023;
Hanley et al, 2020; Lehrer & Schauble, 2012; Lewis et al., 2015; NRC, 2012; Sandholtz & Ringstaff, 2014;
Suarez, 2020). Yet, most of this literature does not dive deeply into how and why teachers’ observations of student
assets differentially drive teacher change.

Our analysis is thus predicated on the idea that teacher learning in PD occurs in iterative interactions between
exposure to new ideas in PD (activity domain); teacher knowledge and beliefs about pedagogy and students
(personal domain); and enactments in classroom instructional practice (practice domain) (see Figure 1). We will
systematically examine how these interactions relate to variations in instructional change, with a particular focus on
how teachers attend to student ideas and sensemaking related to science phenomena in response to reform
practices (domain of consequence). The following research questions guided our study:

1) How do teachers vary in their understanding and implementation of reform-based science pedagogies, and
overall instructional change after the first academic year of long-term science PD (establishing a continuum of
change)?

2) What interactions among the domains of professional learning (IMTPG model) contribute to these variations?

a) In teachers' perception, what domains play a central role in supporting or stymieing their professional learning

and instructional change during PD?
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b) Given the centrality of the domain of consequence (teacher noticing of student ideas), how does this domain function
to support teacher learning? That is, how does teacher noticing within the domain of consequence shape their
learning in other domains, and how do these interactions together contribute to variation in teacher change?

3 | METHODS AND DATA SOURCES
3.1 | Research design
3.1.1 | Professional development (PD) context

The PD that formed the foundation for this study, the Science Learning Partnership (SLP), a pseudonym, worked with
third through fifth grade teachers across eight partner districts in a large, West Coast metropolitan area from 2019
through 2022. Districts were recruited through existing relationships and other forms of outreach. Within partner
districts, teachers were recruited through their principals. The approach of the SLP was built on years of research-practice
partnership, which established the importance of multileveled communities of practice for effective and sustainable
reform (Bae et al., 2016; Hayes et al., 2020; Roth et al., 2011), in addition to adult-level science content and pedagogical
instruction. The overarching goal of SLP was to build both instructional and organizational capacity for three-dimensional,
NGSS-based science education with a focus on equitable sensemaking discourse. Sensemaking is a dynamic process in
which students draw on their own lived experience (Eastwell, 2002; Upadhyay, 2006; Yager, 2000), that is, the broad
diversity of knowledge gleaned from everyday activities with immediate and extended family, peers, and community,
along with classroom inquiry, as they develop, revise, or critique an explanation or model to understand the mechanisms
underlying a phenomenon (Lemke, 2001; NRC, 2012; Odden & Russ, 2019). In sensemaking discourse, academic and
everyday languages are used by students to build on one another's ideas (Miller et al., 2018; Suarez, 2020). In equitable
sensemaking discourse, students and teachers elevate and value the ideas of diverse and historically marginalized
students (Bae et al., 2021) through their implementation of reform practices.

Teachers were invited to participate in SLP for 3 years, each year comprising a weeklong summer institute and
three Saturday workshops (Roth et al., 2011; Zwart et al., 2007). Teachers engaged in activities and learning similar
to the target instructional practices (Loucks-Horsley et al., 2010), with adult-level content taught using reform
practices by a team of university science faculty, instructional coaches, and teacher leaders, and additional
pedagogical instruction and reflection facilitated by county science instructional coaches. Pedagogical protocols to
support multilingual learners included Summary Tables (Windschitl et al., 2018), KLEWS charts (Know, Learn,
Evidence, Wonderings, Science Concepts) (Hershberger & Zembal-Saul, 2015), Say Something and other protocols
from Doing and Talking Science (MacDonald, et al., 2016), and practices from Talk Moves for Productive Discourse
(Michaels & O'Connor, 2012). Most of the teachers also participated in lesson study (Lewis et al., 2006), a
community of practice in which small groups of grade level teachers planned a lesson, observed one another
teaching the lesson, and analyzed student work to make revisions for the next round with the support of a PD
facilitator. Teachers joined the project in two cohorts, 63 starting in year one, and 26 starting in year two.

3.2 | Instruments and data collection procedures

As part of the project, teachers were asked each year to select a science lesson for researchers to observe and
video-record, in which they sought to implement aspects of equitable sensemaking discourse and the science
practices of modeling and explanation (NGSS Lead States, 2013). Following the lesson, teachers were interviewed
(40-60 min) using a semi-structured protocol that allowed the researcher to follow teacher thinking and probe

where necessary. The interviews were audio-recorded and transcribed.
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This study primarily draws on the interview data, selected as the main data source for this study because
interviews directly focused on teachers’ understanding of reform practices and their attempts to enact them. The
first set of questions focused on the observed lesson. Teachers were asked to reflect on successes and challenges
within the lesson. They were asked to describe how the lesson fit into a unit or sequence, to generate a record of
how the teacher planned to weave the lesson into a longer storyline (Roth et al., 2011), and their plans to include
reform practices over the course of the lesson or unit. The second part of the interview focused on teacher
understanding of the instructional outcomes of the PD project. For example, in terms of the outcome of discourse,
teachers were asked to describe how sensemaking discourse manifested in the lesson, the pedagogies by which
they supported student sensemaking, and how they were building a culture for discourse in their classrooms. Then
they were asked to describe, as if speaking to another teacher, an ideal moment of science discourse. These
questions elicited teachers’ understanding of each main pedagogical outcome, and their perceptions of how they
implemented each outcome in practice. The interviewer continued to probe until adequate information was
obtained to categorize teacher change (Enderle et al., 2022; Justi & van Driel, 2006; Schipper et al., 2017).

Finally, teachers were asked how they changed their practice for each outcome over the course of participation
in SLP, and which aspects of SLP, if any, influenced their change. Subsequent questions addressed the barriers and
supports for teaching science in the ways they described, to document how contextual factors shaped such change.
The interview was thus attributional in nature. We asked teachers to attribute their pedagogical decisions and
instructional change to particular sources or processes, including, but not solely, SLP PD (Huberman & Miles, 2002).

Researcher memos from the observed lesson were treated as a secondary data source. Within 24 h of each
observation, researchers completed a structured memo with their reflections on the lesson. The researcher
described the nature and extent to which they observed the target instructional practices, noting differences

between their own perceptions and those gathered during the interview.

3.21 | Sample

Each year of the project we collected data from all teachers who were willing to be observed teaching a lesson, a
total of 43 interviews over the first 2 years. For this paper, we selected teachers who had participated in SLP for at
least 9 months (N = 21) to obtain a detailed view of how teachers were progressing after the first academic year of
PD. These teachers all had engaged in at least 50 h of SLP professional development (M =95 h). Due to the COVID-
19 shutdown during the second year, Spring 2020, we did not have an accompanying instructional video for four of
the sampled teachers. These teachers were interviewed shortly after schools moved to remote instruction, and
were asked to think of their last in-person science lesson. School demographics are displayed in Table 1. Teacher
demographics displayed in Table 2 illustrate the degree to which the sample is representative regionally. Our sample

includes slightly more females than regionally representative of the teacher population, and ethnic diversity skews

TABLE 1 School district demographics.

District name Enrollment % English learners Largest ethnic group % FRL
Helmwood 21,900 35 Hispanic 73
Mt. Danworth 32,000 25 Hispanic 55
San Loredo 8700 34 Hispanic 65
San Isabela 12,300 28 Hispanic 69
Natchez 12,600 24 Hispanic 50

Jersey 6300 25 Hispanic 54
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TABLE 2 Sample teacher demographics.

Ethnicity of Ethnicity of students in the
Gender Ethnicity teachers in county* county (for comparison)* Grade Level
Female 19 (90.5%) White 10 (47.6%) 61.1% 17.4% Grade 3 8
Male 2 (9.5%) Afr-Amer 2 (9.5%) 8.5% 9.9% Grade 4 6
LatinX 5 (23.8%) 11.3% 34.0% Grade 57
Asian 3 (14.3%) 10.8% 26.0%
Other 1 (4.8%) 8.3% 12.6%

*Education Data Partnership (2019).

more toward the ethnic representation of the student population than to the teaching population in the county.

School district and teacher names are pseudonyms.

3.3 | Analysis

3.3.1 | RQ1: Categorizing teacher change

To document the degree to which teachers changed their understanding and implementation of pedagogical

principles and specific strategies for equitable sensemaking, we analyzed teacher interviews and post-lesson

memos for: (1) understanding of PD practices and principles; (2) implementation level; and (3) degree of perceived
change (Franke et al., 2001; Grossman et al., 1999; Justi & van Driel, 2006; Longhurst et al., 2017; Schipper
et al., 2017). The analysis was both a priori and inductive (described below), and resulted in four categories of

teacher change: Static, Initiating, Advancing and Nuanced (Table 3). To triangulate the placement of teachers for

RQ1, every interview and related researcher memo were coded by two of the authors. The placement of each

teacher along the continuum was discussed to resolve discrepancies and refine the coding process.

1)

2)

Understanding of PD practices and principles (Grossman et al., 1999). We coded interview segments where
teachers described their understanding of each outcome. This coding resulted in analytical documentation of the
ways each teacher described overall PD-aligned pedagogical principles (e.g., sensemaking), as well as specific
strategies, such as students doing gallery walks (small group review of others' work), or using a KLEWS chart
(Hershberger & Zembal-Saul, 2015). For example, Initiating teachers used the words associated with particular
instructional strategies (e.g., ‘I used KLEWS"), but still needed to develop a thorough understanding of the
pedagogical principles that underlay such strategies. Among Advancing and Nuanced teachers, descriptions
demonstrated alignment with social constructivist and culturally-relevant pedagogical principles that were
explored in the PD (Moje et al., 2004; Morales-Doyle, 2019; Windschitl & Stroupe, 2017). Such alignment better
allowed teachers to adapt tools and strategies to meet the needs of classroom and organizational contexts
(Grossman et al., 1999; Longhurst et al., 2017).

Implementation Level. We gauged teachers' implementation level from their interview and post-lesson
researcher memo. The memo provided a starting point for identifying the teacher's implementation level
according to the boundaries described in Table 3. The interview provided important additional data regarding
how the teacher situated the lesson in a unit, so that the observed lesson was not treated in isolation (Roth
et al.,, 2011). To identify levels, we adapted the implementation levels described by Grossman et al. (1999) as

“levels of appropriation” modified by our emergent findings (see Table 3 for descriptions of the levels).



10 o 2 PREMINGER ET AL.
Science A
© L wiLey- -

TABLE 3 Ordinal change categories and descriptions.

Change Category

Static change

Initiating change

Advancing change

Nuanced change

Description

Understanding/beliefs -- PD practices and principles. Teachers in this category:
e Misunderstand pedagogical principles and practices.

e Describe teacher-centered, transmission approach to teaching.
e Perceive science as imparting knowledge, supported by hands-on activities.

Implementation level (Appropriating a label; Grossman, 1999). Teachers in this category:
e Discuss trying to implement student-centered practices, but when challenged, default to a teacher-

centered approach.

Degree of perceived change. Teachers in this category:
e Discuss struggling to change even surface-level instructional practices, or do not understand them

enough to reflect on their degree of change.

Understanding/beliefs--PD practices and principles. Teachers in this category:
e Understand only surface-level features of pedagogical practices and strategies.

e Express misgivings and anxiety about skill level with new practices.
o Exhibit uneven alignment with pedagogical principles.

Implementation level (Appropriating surface features; Grossman, 1999). Teachers in this category:
e Experiment with tools, strategies, and formats mechanistically or superficially.

o Exhibit surface level implementation of strategies while moving toward alignment with pedagogical
principles.

e May embrace a pedagogical concept, but are stymied when students become stuck.

e Implement SLP strategies on top of existing, non-aligned curricula.

Degree of perceived change. Teachers in this category:
e Described tentative use of new student-centered discourse strategies or science-specific

pedagogies, such as modeling.

Understanding/beliefs--PD practices and principles. Teachers in this category:
e Discuss how PD principles and strategies resonate with their existing instructional beliefs and some

existing routines.
e Generally describe a student-centered approach to teaching.
Implementation level (Appropriating surface features; appropriating conceptual underpinnings; Grossman,

1999). Teachers in this category:
e Actively apply pedagogical strategies from PD

o Willingly experiment with conceptual underpinnings and adapt them to current context, although
they occasionally veer towards using tools without underlying pedagogies (Longhurst
et al,, 2017, p. 6)

e Actively support student sensemaking and discourse.

Degree of perceived change. Teachers in this category:
e Describe making purposeful instructional shifts, sometimes managerial or structural in nature, but,

nonetheless, student-centered.

e Discuss how they transitioned away from directing student conversations, and toward facilitating a
freer flow of ideas.

e Talk about beginning to recognize that a socially- negotiated space (Chen, 2019) for peer-to-peer
discourse is critical to the development of student-directed investigation.

Understanding/beliefs--PD practices and principles. Teachers in this category:
e Show deep understanding of pedagogical principles

e See students as co-constructors of scientific knowledge.

e Discuss how tools and strategies introduced in PD resonate with their existing beliefs.

e Quickly develop understanding of new strategies.

Implement level (Appropriating conceptual underpinnings; achieving mastery; Grossman, 1999). Teachers in

this category:
o Adapt pedagogical principles from PD to their classroom context.

o Adjust existing routines to better facilitate student equitable sensemaking discourse.
e Base lessons on SLP content and strategies as the backbone of the curriculum.
e Express confidence with integrating existing resources occasionally as needed.

Degree of perceived change. Teachers in this category:
e Talk about changing their approach to classroom culture, integrating students' productive struggle

to make meaning of scientific phenomena.

o Describe implementing SLP pedagogical strategies pervasively, and with thoughtful, pedagogically-
aligned adaptation in their classrooms.

e Are sometimes explicit about strategies they have not yet implemented; perceive their shifts as
works in progress.
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TABLE 4 Ordinal change categories and teacher data.

Number of Average Hrs in Average Hrs in other Average years
Change category teachers SLP PD science PD experience
Static teachers 4 89.5 9.3 15.0
Initiating teachers 7 120.6 6.9 18.9
Advancing teachers 5 91.5 8.4 12.4
Nuanced teachers 5 119.9 284 18.4

3) Degree of perceived change. We analyzed aspects of the interviews where teachers were asked to describe their
degree of change in understanding and implementation since the beginning of the PD (Justi & van Driel, 2006;
Schipper et al., 2017). These descriptions include both accounts of prior teaching practice in contrast to current
teacher practice (e.g., “lI used to think students' heads needed to be filled...") and accounts of new
implementation (e.g., ‘I tried the KLEWS chart for the first time..."). Table 3 summarizes the salient features of

change categories, and Table 4 lists their distribution among the sample.

3.3.2 | RQ2: Coding for the role of professional learning domains in teacher change

Interview transcriptions were coded by two authors on the project, using the a priori domains of teacher learning (Clarke
& Hollingsworth, 2002) (Figure 1): the personal domain, practice domain, activity domain, and domain of consequence.
Emergent codes were added within domains to understand how each functioned in the local contexts of the teachers'
professional practice. Excerpts started at the beginning of a discussion of any given domain, and ended when the topic
changed. To ensure reliability, two authors engaged in a co-coding process wherein each coded a particular interview,
discussed the discrepancies, finalized the coding of the interview based on consensus, and refined the codebook. This
process was repeated across four interviews. Code matching between two raters was initially 70%, rising to 95% over the
four interviews. Following this level of agreement, one author coded 10 interviews, while the second author double-
coded to review the coding, including noting additional discrepancies. These, too, were discussed to establish full
agreement. Finally, the first author coded the remaining seven interviews.

To answer RQ2a, we first used Dedoose software to document the number of times each learning domain was
mentioned in the data set in relation to pedagogical decisions or instructional change. We used this as a rough
indication of centrality because of the semi-structured, qualitative nature of the interviews. To further document
the centrality of the domains, we examined code co-occurrence (i.e., the number of times codes in each domain
were applied simultaneously with other domains, indicating an intersection between one domain and another). For
example, one teacher described an activity about size and distance in the solar system. She stated, “I thought that
by giving them different sized papers [it] would kind of get them into that thinking...but they couldn't figure out
what size they needed and why.” This excerpt was coded with both a subcode of domain of consequence (student
characteristics) and a subcode of the practice domain (reflections on implementation).

3.3.3 | RQ2b: Coding within observations of student learning

Because of the salience of teacher observations of students (domain of consequence) in RQ2a, we conducted a
follow-up analysis on all segments of text specific to teacher observations of students, with the goal of
understanding how this domain functioned as a driver of teacher learning. We used the constant comparative

method (Huberman & Miles, 2002), to generate themes in this area, in which segments representing unique or
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similar patterns were aggregated. We examined how noticing played a role in each theme across change categories.
We distilled the data to three predominant themes that showcased how and why teachers varied in their uptake
and implementation of PD: (1) relating pedagogy to student learning; (2) student engagement and productive
struggle; and (3) student assets. We compared final themes to the transcripts over a third reading by each
researcher, and wrote short narratives of the theme characteristics for each change category (see Table 3). During
this process, we noted relationships between domains that were integral to each theme. For example, in Theme 1,
Static teachers had difficulty connecting student learning to their instructional practice, while teachers in the
Nuanced category more often made changes in practice based on what they perceived students doing, and
persisted until students developed mastery with reform-based approaches to science teaching and learning from
SLP. For both sets, interactions emerged between teachers' understanding of and ability to implement strategies
from the PD (activity domain), teachers' connection of student learning to such strategies (domain of consequence),

and how they changed their knowledge and beliefs about possible student learning (personal domain).

3.4 | Limitations

There are several limitations of this study worth noting. First, we did not observe lessons or interview teachers before their
participation in the PD. Therefore, the descriptions of teacher change are based largely on teachers' own first-hand
accounts of changes in their practice and beliefs (Erickson, 2011), corroborated through researcher memos following the
observation. Second, although all observed lessons were video-recorded, the onset of the pandemic and subsequent move
to remote instruction for all participants in the middle of the second year prevented observations of four of the sampled
teachers. These teachers were asked to think of their last in-person science lesson when responding to interview
questions. Subsequent studies would benefit from robustly accounting for teacher change through pre- and post-interview
and classroom observations. Third, owing both to the goals of the grant, and to the ethnic diversity of students and
teachers in the region where the study took place, our findings may not be entirely generalizable to teachers and
classrooms across all geographic areas of the country. Although our findings were resonant with many other studies, the
unique features of this study (combining noticing with domains of teacher change) would benefit from replication
elsewhere.

4 | FINDINGS
41 | RQ1 - Categorizing teacher change

To understand how and why teachers differentially change in PD, we first needed to determine variation in their
change. After analyzing the data as specified above, sampled teachers were placed into change categories. We
anticipated that differences in years of experience might have a relationship with change categories. Also, because
hours spent in PD are linked to changes in instructional practice (Darling-Hammond & Richardson, 2009; Yoon,
et al., 2007), it follows that differences in PD hours might also relate to degrees of teacher change. Yet, as
demonstrated in Table 4, there appeared to be little relationship between change category and years of teaching
experience or SLP PD hours. Teachers in all categories had an average of more than twelve years teaching
experience (ranging between 5 and 29 years). By the 9-month mark, teachers in all categories had participated in an
average of over 89 PD hours, exceeding the 30-h threshold linked to the most significant improvements in student
learning (Yoon et al., 2007). This indicated there might be other influences on teacher change (the focus of inquiry
of RQ2a and 2b). The only clear pattern was between change category and hours of external PD (before the start of
SLP). This data is from a survey, and is defined as PD provided by sources other than SLP and its affiliate university.

While it may have supported teacher noticing, the nature of the external PD is not the focus of this paper.
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4.2 | RQ2a - Central domains of teacher change

We analyzed the corpus of data using the four domains from the IMTPG model to understand how each domain
functioned to support or stymie instructional change for SLP teachers within this particular context. Salient
emergent characteristics of the personal domain consisted of the teacher's knowledge and beliefs, and their
alignment (or not) with the PD, teachers' pedagogical principles, teacher experience, teacher affect, and
dispositional characteristics. Emergent characteristics of the activity domain included the importance of pedagogy,
content, and resources learned or obtained in the PD, the role of lesson study (Lewis et al., 2006), and the
professionalism accorded teachers by PD facilitators. The practice domain encompassed teacher descriptions of
teaching in their classrooms, including experimentation with strategies learned in PD, reflections on implementa-
tion, and integration of other content standards with science. Emergent aspects of the domain of consequence
consisted of teacher perceptions of student abilities and characteristics, teachers' remarks on student affect and
excitement, and their noticing of student learning. These are explicated more thoroughly in other papers (e.g.,
Hayes et al., 2023).

To understand the centrality of the learning domains in teachers' perceptions, we first examine the number of
times each domain was coded as present in the sampled data in relation to descriptions of implementing strategies
from the PD or instructional change (Table 5). The domain of consequence was most present in the data (774
excerpts), followed by the personal domain (674 excerpts). Second, we documented instances of code co-
occurrence (Table 6). Both the domain of consequence and the personal domain intersected highly with other
domains of learning (1085 and 1088 co-occurrences respectively, 596 of co-occurrences being between these two
domains; Table 6). The greatest areas of co-occurrence between the domain of consequence and subcodes of each
domain were teacher beliefs (personal domain; 366 co-occurrences), uptake of strategies from the PD (activity
domain; 151 co-occurrences), and reflection on instructional practice (practice domain; 160 co-occurrences). The
qualitative analysis of evidence in RQ2b documents how interactions between domains played out within these co-
occurrences.

Overall, analysis of our data showed that the domain of consequence was central to teachers' description of
their changes in instructional practice and interacted heavily with other domains. Therefore, in the following section
on RQ2b, we qualitatively examine what is happening in the domain of consequence, including the ways teachers
notice student learning, and we document the relationship between noticing and other domains of teacher learning
(Figure 2).

4.3 | RQ2b - How the domain of consequence functions as a driver of teacher learning

431 | Theme 1: How teachers relate student learning to pedagogy

Moving from disconnection between students and pedagogy (Static) to reflective shaping of instruction based on
student response (Nuanced)

43.1.0.1 | Static. Two of the Static teachers were long-term science specialists, and, hence, started the PD

program with high content knowledge. Yet, when teachers in the Static category were asked about instruction,

TABLE 5 Excerpt occurrences by domain of professional growth.
Personal Domain Activity Domain Domain of Practice Domain of Consequence

# excerpts coded 674 422 274 774
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TABLE 6 Code co-occurrences between each of the four domains of professional growth.

Domain of
Personal domain Activity domain practice Domain of consequence Totals
Personal domain 328 164 596 1088
Activity domain 104 239 671
Domain of practice 250 518
Domain of consequence 1085

none of the four described attending to student sensemaking in relation to their instructional practice. Common
across the category was a tendency to describe their own actions along with a simplistic narrative of student
activity (Barnhart & van Es, 2015). In a typical example, Margaret described an activity from SLP (watching bread
mold) and her interpretation of what the students did (“we made a grid"), but stopped short of any reference to
discourse or descriptions of what students were learning.

...they did things to bread and stuck them in plastic bags, numbered them. What do you think is going
to happen? Make your best guess... What did you notice? Then we made ... a grid and we could graph

how many percent of it was yucky. ... the one that the kid licked on... It was the absolute worst...

Margaret also conducted assessments without noting what students understood.

They were supposed to write day 10 of observations, which one is the worst, which one's the least,
which one made the biggest change... Well, it turns out the one who noticed [the most bacteria
growth] was correct... That's the way | got my assessments. | quietly threw away all those little pieces
of paper.

Privileging the canonical “right answer” (Barnhart & van Es, 2015; Colley & Windschitl, 2016) Margaret
discarded all other student ideas posted on the classroom KLEWS chart, shutting down discussion and effectively
denying other students’ participation in knowledge building. As a result, she also deprived herself of an opportunity
to learn by leveraging their thinking (Colley & Windschitl, 2016; Luna & Selmer, 2021).

In addition, although Static teachers attempted to implement some strategies they learned in PD, all spoke of
fact accumulation as the primary evidence of students learning science. For example, in the following quote, Ann
spoke about students’ use of science vocabulary (Lee et al., 2019) as evidence they understood the role of clouds as
weather phenomena: “We used clouds. We talked about clouds going to and from recess for weeks on end...we

learned all the names of the clouds like cumulonimbus and, and stratus clouds...”

4.3.1.0.2 | Initiating. Initiators were more likely than Static teachers to connect student learning with their
instruction. However, they vacillated between teacher-controlled and student-centered learning (Stroupe, 2014),
and were at times unable to notice how teacher moves and teacher-initiated structures inhibited their ability to
perceive student thinking. For example, Maxine described her regrets about not providing sentence frames to
support cause and effect reasoning, especially for language learners: “I know one thing | could have done...is give
them more sentence frames...'When | did this, then that happened.' That...[cause and effect] statement is very
difficult for them to understand...” However, Maxine went on to describe that when students engaged in dialog
regarding their jumping frog models, “[They] did talk to each other about the fact that, ‘| had a small rubber band,
and it jumped higher..."” The student she was quoting was engaging in cause-and-effect reasoning, yet, Maxine was

disappointed, saying, “So if | had given them that type of sentence frame, maybe they would have been able to put...
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[the] pieces in.” Even though Maxine described students’ cause and effect reasoning, her perception that she
needed to shoehorn their explanations into a prescribed structure precluded attending to the substance of ideas
and how their relevance might have been amplified (Stroupe, 2014; Windschitl et al., 2012). In effect, over-thinking
a protocol, instead of adjusting it to meet her students’ needs, undermined her noticing of students’ engagement
with meaningful content and substantive understandings.

In the Initiating category, teachers often mechanistically applied SLP strategies and tools, which neither
capitalized on students’ curiosity, nor resulted in an organic teacher response to what students understood about
the science. Lucy was excited to have new strategies to take away from the PD, but in a lesson on relative size and
distance in the solar system, she tried applying a SLP math integration without a deep understanding of the process

or a clear connection to the students' prior understandings. She said:

So they were having a hard time making that connection...l thought that by giving them different
sized papers [it] would kind of get them into that thinking...but they couldn't figure out what size
they needed and why... They could easily label it, but they didn't get the scaling...

Lucy was uncertain over how to scaffold the three-dimensionality of a math integration (Luna & Sherin, 2017
Windschitl et al., 2012). When students became frustrated by the complex task, Lucy led them toward correct
answers, a retrenchment into her prior teacher-centered practice. She noticed that students were not
understanding the task, but was unable to adjust in real-time to keep the lesson optimally structured for student

engagement in three-dimensional science learning.

4.3.1.0.3 | Advancing. All five Advancing teachers were more likely than Static or Initiating teachers to attend
to student sensemaking and interpret the impact of the SLP strategies they incorporated into their instructional

practice. Farah described her students using models for sensemaking:

My students were able to... show what they know. They got to describe it. They got to draw their
thinking, to label, to work it out with their partner... have a discussion...put their ideas together, and
come to a consensus model. And it's like, “Here's my evidence of everything that I've learned. It's all

right here..."

As teachers in the advancing category discussed interpretations of student understanding, they simultaneously
made purposeful shifts in their instruction. For some Advancing teachers, such shifts were managerial or structural
in nature (Russ & Luna, 2013), but were nonetheless centered on students, rather than the teacher. Erin's lesson
provided an excellent example of a structural change as students continued working on their bridge models instead
of engaging in the discourse she had planned. In-the-moment, Erin made a structural change by inviting students to
sit down at the rug, away from the hands-on activity, so they could listen to one another talk about how models

changed their thinking.

43.1.04 | Nuanced. All five Nuanced teachers described in detail how they attended to and interpreted
students' sensemaking of relevant science ideas in relation to their instructional moves. Emily recalled a student
“cementing” conceptual connections around cloud formation as the class engaged in SLP activities, including a

cloud-in-a-bottle activity:

[The student said,] “Low pressure and high pressure.” | thought, that's amazing. | didn't get that when
we [teachers at the PD] did it. [The student said,] “Well, you need low pressure, because when we let
go, that's when the cloud formed.”
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Emily interpreted this as a breakthrough in the child's sensemaking, and made her thinking public, a response
critical to student learning (Luna & Selmer, 2021; Roth et al., 2011). During her interview, Emily relived the moment,
“That was super awesome! Her group was like, ‘Whoa. What? Pressure?”” Emily's in-the moment classroom
response (Jacobs et al., 2010), elicited by her noticing that students had arrived at a new conceptual understanding,
legitimized the student's idea, and was further reinforced by her peers’ excited reaction.

Unlike teachers in other categories, Nuanced teachers' interpretations (Jacobs et al., 2010) of the diversity of
students' academic understanding led them to adjust PD pedagogies continually and align them with student
discourse, rather than simply to remove structural impediments, as did Erin in the Advancing category. Lydia, e.g.,
recalled how during one lesson, ideas about camouflage came up in student conversation, and she wanted to ensure
they understood the meaning. However, Lydia's concern went beyond vocabulary assessment. She perceived
students were dancing around the edge of a novel idea. She said, “I would have stopped it very easily a couple of
years ago, ‘Oh, it was camouflaged. Okay, good. We got it." And now it's like, ‘No, that's not exactly what I'm going
for...” She continued to draw out students' thinking to elicit understandings of reproduction as an aspect of
inheritance. Nuanced teachers' noticing of student learning needs and sensemaking was more sophisticated than
that of teachers in other change categories, and resulted in complex and subtle changes in instructional routines, as

well as adaptations of SLP strategies. Lydia said:

Explaining their thinking is the hardest thing for them to do... But again, the sentence frames can't be
so narrow that they're just filling in, because...when | make it so narrow...I take away...their
independent thinking... then they're trying to conform their thinking to the frame.

4.3.2 | RQ2b theme 2: Teacher view of student engagement and productive struggle
Moving from focus on student dffect (Static) to students' productive struggle (Nuanced)

43.20.5 | Static. When students wrestle with puzzling phenomena, they often come away with both novel
understandings of science concepts (Lehrer & Schauble, 2012) and uncertainty about how their observations fit
with what they already believe about science (Chen et al., 2019). In this study, we use the term “productive
struggle,” to describe how students experience dissonance between new phenomena and prior knowledge, grapple
with scientific uncertainty (Manz & Suarez, 2018), and negotiate the social space where they can engage in
argument to arrive at consensus among peers (Chen et al., 2019; Manz & Suarez, 2018).

None of our four Static teachers described student engagement in productive struggle or attended to how
students grappled with science uncertainties. Instead, as teachers learned both the content and pedagogy taught in
PD, they verbalized their own sensemaking. Ann, for example, focused on her own connections between ideas: “We
were talking about hurricanes in the news... why they occur near the equator, and we were talking about the water
cycle before that, so it all just kind of went together.” When asked about student sensemaking in the lesson, Sharon
shrouded hazy perceptions of science learning in pedagogical jargon.

...I have seven different languages spoken in here... tak[ing] all of those things under consideration,
the teams really looked good...being able to scaffold each other, the zone of proximal development
was...in there. | think that all of that facilitated them being able to have some real discourse about

what was going on.

Sharon was excited for students to engage with the lesson, but she was ambiguous about the science concepts

she thought they were learning.
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When Static teachers did describe their students' response, all four discussed affect, that is, enjoyment of
activities, rather than how students made sense of phenomena (Jacobs et al., 2010; Luna & Sherin, 2017). Ann
described, “[the students] had...to tell me whether they thought it [the cloud] was real or fake...they got a kick out of
that activity...it's like magic tricks work better for them.” Like all Static teachers, Ann promoted enthusiasm for the

lesson, but did not reflect on how the children connected cloud formations with weather features.

43.2.0.6 | Initiating. Initiating teachers' perceptions of student engagement and productive struggle reflected a
range of noticing skills. Like Static teachers, some Initiating teachers attended primarily to student affect. As an
example, Lucy described her students’ enthusiasm: “I'm dealing with a group of kids that didn't have...good hands-
on science for an entire year and so almost any little thing blew their mind.” Maureen similarly said, “Once you put
up that question... like, all of a sudden, they're very curious.”

Others began to attend to student content ideas as their classrooms became less teacher-directed and more
student-focused (Stroupe, 2014). This set of teachers described trying to support meaningful connections across
content areas, but often felt students were not engaging productively to integrate new information. The teachers
themselves were uncertain in how to scaffold complex discourse (McNeill & Knight, 2013; Windschitl et al., 2012),
and did not persevere. Maxine described the proportional reasoning she wanted students to consider, but they
were engaged in a lively building activity, and ignored Maxine's call to connect the science with their recent math

lesson:

| was trying to get them to understand that maybe the proportions needed to be [changed]...so | go,
“Okay, you guys are wanting to make it bigger... so what's going to happen if you change the

measurements?” And | don't think they got to that piece.

Unsure how to build on the class's knowledge about proportions (Kang & Anderson, 2015; Windschitl
et al., 2012), Maxine allowed the learning opportunity to pass, thus, interaction between the domains of
consequence and practice did not occur, and her opportunity to be informed by the interaction was also lost.

A third set of Initiators attended to how students used new strategies to resolve uncertainties, and perceived a
more direct path from productive struggle to conceptual learning. Katarin explained how students’ use of models,
for example, elicited their deeper thinking. “The curiosity was there more, and looking at their own models made
them able to ask more questions about moving it forward.” Without giving away answers, she “primed” the

conversation (Windschitl et al., 2012) to encourage whole-class discussion:

Getting them to figure out that Earth and the inner planets are so much closer together, then looking
at the size, the difference between space...we're like, “Well, is there any correlation between the
sizes of them...? And is there any relationship between why they're so big and the distance?” And
[then] they were able to ask questions about that. “Is that why? They're farther apart because they're

bigger...?"

Instead of delivering an explanation, Katarin began to “shape” (van Es & Sherin, 2021, p. 24) the conversation,

scaffolding access to the crosscutting concept of cause and effect.

43.20.7 | Advancing. As in previous categories, Advancing teachers still described student affect, but, like Erin,
recognized that a socially-negotiated space (Chen et al., 2019) for peer-to-peer discourse was critical to a classroom

culture where students could wrestle with new ideas and take ownership of their explanations:

...the kids have a model and then they kind of get stuck, and the other kids will say, “Well, did you
mean...?” to kind of fill in what they think they're seeing... And they're like, “Yeah, yeah!” So, | think
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the advantage is...kids take ownership, and | think they have a deeper understanding of whatever
topic it is we're talking about...then they start applying it to different areas as well.

In this example, Erin's interpretation was substantive, rather than structural (as in the example described in
Theme 1; Russ & Luna, 2013), especially as she noticed that her students' sense of ownership began to emerge in
other content areas.

Advancing teachers were able to integrate SLP pedagogical strategies more seamlessly than their Static and
Initiating peers, and when students were free to exercise agency in expressing their ideas, they noticed students
became better science thinkers. Tess said,

One of the [SLP] strategies that | really feel is successful is when we're all in productive struggle,
when we see a group that is getting a hook in something, that we fishbowl! or do a gallery walk to
really see, well, “Who else is latching onto this?” ... And it's really effective at keeping the teacher out
of it.

Like Erin (and unlike Static and Initiating teachers), Tess perceived her students were learning more by talking
with one another than with the teacher. This reinforced her growing pedagogical beliefs about student centered
instruction (personal domain).

4.3.20.8 | Nuanced. All five teachers in the Nuanced category shared complex noticing of students' productive
struggle. Unlike teachers in other categories, they rarely described general affect, but rather, interpreted specific

examples of children making sense of how and why phenomena occurred. Emily recalled:

It's so fun when they're disagreeing with each other and it's because they're talking about two
different aspects of the same thing. Like the pressure versus evaporation. One was like, “No, it has to
come from the water,” and “No, you need low pressure.” It's like, “Well, you need both. You're both
right.” ...Nothing's one-dimensional.

Nuanced teachers noticed that the more students persisted through their cognitive dissonance to understand
science phenomena, the more they had to talk about, sometimes with unanticipated manifestations, as Emily
reflected:

When kids are thinking, they physically squirm. To me that's that aspect of really good discourse, is
when they're looking at each other just after someone has said something, and they're like, “| don't

know if that fits yet and | need to talk to you more about it.” ...I'm just in love with that concept...
Lydia, too, reflected on supporting productive struggle:

| want the kids to get as much out of their experiences as they can, and if it means leaving them in
dissonance on an idea, | am all for it. The “I don't know” idea is very powerful in getting the kids to be

curious and search for meaning.

Nuanced teachers provided precise descriptions of how students’ use of science practices, like constructing a
model (learned in SLP), produced authentic discourse. Gil provided evidence that he knew his students were
learning from this process, as well as from one another:
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...one “ah-ha” moment for me was when...| saw students arrange the sort, and it had nothing to do
with [what] | was thinking...it's coming from them... So, they do the struggling...they try to figure out
what's going on, and, at the end, we'll pull it together.

Universally, Nuanced teachers came to believe that discourse routines themselves are not the discourse. As a
result of attending to and interpreting students’ productive struggle, they realized students talk when they have

important things to say.

4.3.3 | RQ2b theme 3: Student assets
Moving from deficit views (static) to leveraging students' lived experience (nuanced).

4.3.3.0.9 | Static. Static teachers were split on their beliefs as to how students' ways of understanding the
world inside and outside the classroom were salient to science learning, especially among children from
“backgrounds and experiences different from those of...their teachers (Moje et al., 2004, p. 41).” Three of the four
static teachers appeared bound by the personal belief that children's lived experience was not a valuable source of
knowledge to the classroom (Lemke, 2001; Suarez, 2020); the other wasn't sure how to build on such experience to
support student reasoning (Windschitl et al., 2012). Sharon, the exception, perceived young learners’ knowledge
and ideas as valuable to the classroom. She connected with an English learner over his rock collection, providing him
a pathway to practice early language skills. She said,

...even my kid who came in not speaking...late last month was the first time he actually...spoke out
loud... He...brought a geode that he got from Great America... he was so excited that we're getting

into rocks. I'm really happy that he's feeling empowered to use his physical voice now.

Sharon interpreted student curiosity as a valuable asset that could support science learning. She continued, “I
have seven different languages spoken in here...They're all on the same level playing field when it comes to the
language of science...seeing the language develop, | think that they're all feeling, ‘I'm not an outlier...”” Sharon
supported discourse using a variety of language acquisition strategies (Lee et al., 2019), but it was not yet clear how
she planned to leverage their full communication repertoires (Suarez, 2020) to ensure all students expressed their
science ideas and prior knowledge in ways that could “serve as building blocks for productive theorizing” (Colley &
Windschitl, 2016, p. 1012).

Margaret and Ann, with high content knowledge, but low belief alignment, perceived students as receptors of
teacher knowledge: to them, children's lived experience contributed little value to the science conversation (King
et al., 2021). Ann championed the single science-oriented student whose “correct” knowledge added value to the
classroom, and thought it acceptable that others “just kind of listened.” The cultures of Static teachers’ classrooms
advantaged teacher-directed lessons over student curiosity and questions. Reflecting on her practice, Margaret
said, “Most of the time I'm old-fashioned. ‘You're an empty slate! Let me fill it up for you!" Pretty tight labs... pretty
structured.” The perception of youngsters as empty vessels, unable to exert agency on the world around them, left
teachers to do the meaning-making, the explaining, and the telling, thus depriving children of the opportunity to

engage with science ideas on their own terms.

4.3.3.0.10 | Initiating. Initiating teachers demonstrated mixed perceptions of students' lived experience. Four
of the seven Initiators believed that student prior knowledge and lived experience contributed to their science

lessons (Lemke, 2001). Maxine, for example, remembered:
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And so, being able to speak in your native language...to bring that knowledge that you have in your
own tongue, is what | like... teachers used to tell me what they [students] don't know... No, it's not
that they don't know anything...They have it [experience worthy of sharing].

Both Katarin and Carissa observed how learning improved when student experience was treated as
worthwhile. Katarin described the importance of a student-directed classroom culture, and the challenge she faced
establishing it. She said, “They do a lot of the heavy lifting. It's not so much us giving to them now... You want them
talking about it and doing it. Being excited about it and wanting to be involved.” These Initiators believed students
needed to do science to learn, demonstrating a growing intersection between the personal domain and the domain
of consequence. Yet even these four teachers expressed lingering doubts that students had the skill to do the real
work of science. Maxine perceived that students did not engage one another in meaningful dialog because their
language acquisition skills were in development (Lee & Luykx, 2005). The remaining three Initiators persisted in
deficit views of students’ prior knowledge and skills. Maureen said, “There's not a whole lot they've been through... |
think they're doing as much as they can, but they're so little.” Her statement encapsulated a general belief among
Initiators that the collective contributions of 8-to-10-year-olds were insufficient to be of pedagogical value.

43.3.0.11 | Advancing. All five Advancing teachers' interpretations of students' lived experience generated
positive feedback: the more that students' lived experience was incorporated into the practice domain as a valuable
resource for classroom instruction, the more valuable the teacher perceived student views to be (personal domain).
Tess, for example, counted on students’ agency, that is “the power to shape the knowledge production and

practices of a community (Miller et al., 2018, p. 1)” to support the direction and flow of their classroom's discourse:

Well, | think...it's a vital role because they're showing each other that their voice matters. And they
get to build a community of taking ownership of your learning. That it's not just...swallowing
whatever is happening in the room, that “I'm an active [learner], that I'm shaping the lesson...” Every
time they explain their thinking to someone else, they're...synthesizing and crystallizing what it is

they actually know.

David, too, spoke of how the contributions from diverse cultures made lesson content interesting for everyone
in the classroom. “...I have kids here from quite a few different countries and from different households and...they
did bring in their ideas from home. ...their parents were asking me questions on ClassDojo...They love it, and |
enjoyed it.” Incorporating students’ ways of knowing into the classroom culture provided David a sense of personal
and professional satisfaction, linking teacher perceptions in the domain of consequence with beliefs in the personal
domain. In another example, shared humor over changing a baby's diaper helped David connect with his students’
family lives. When they discussed common curiosities, like why it was important to use soap when washing their
hands, he was able to link his perceptions of student-constructed learning to changes in his practice.

Yet, four of the five Advancers still expressed uncertainty that students had the skill to conduct their own
investigations. Tess was unsure how to respond to student thinking about scientific models:

| feel like we're still developing...having a model helps them refer to something. Sometimes...I'm
looking at their model, and I'm thinking, “Say this. Why didn't you put that in your model?” So, | think

I'm still...puzzling with how to get more.

Tess saw that not all students were using models to support their sensemaking adequately. She wanted model
revision to elicit deeper thinking, but puzzled over how to improve her pedagogy (Windschitl et al., 2012).
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43.3.0.12 | Nuanced. Nuanced teachers attended to students' innate curiosity and provided vivid accounts of
the assets children brought to the classroom. Emily reflected:

...a lot of my ELs are Central American... So many of their grandparents own farms. They go down in
the summer and help out... some of my ELs that have the most difficulty sharing, were the few that
actually knew a pea came from a pod... So then when people were walking around and looking at
other ideas, they were like, “How did they know that?” It was just like, yay! Someone new gets to

shine.

During students’ gallery walk Emily interpreted that, across content areas and units of study, students’ lived
experience afforded them specialized funds of knowledge (Barton & Tan, 2009; Moje et al., 2004) that reflected

their cultural and home experiences. She said:

..there's a lot more storytelling and verbal passing on of information. | think that's a really great
strength...one of my kids did a narrative on birthing a cow...but the few that read it were just like,
“He birthed a cow? How do you birth a cow?” ...We're not reading it from a book. That's just the way

of experiencing the world.

As Kayumova and Dou (2022) point out, “...the notion of equity cannot be reduced to mere knowledge and
skills (p. 4).” Rather, it must include “representation, identification, and belonging (p. 4).” Lesley, for example, noticed
that students from the dominant culture with traditional science knowledge were more likely to speak up (King
et al., 2021). But, instead of championing a typical “star” student's response (as Static Ann did), Lesley publicly
legitimized ideas from students who struggled with English fluency and provided space for them to participate in
science and exercise their repertoire of communication skills (Suarez, 2020). She recalled an in-the-moment

individual response that she then leveraged for the benefit of the whole class (Luna & Selmer, 2021):

So then | challenged him to go out and help other groups solve it [an engineering challenge]. And not
all those groups spoke Spanish, but he was [there] with hands and thumbs up and getting other
groups [involved]... he didn't really have math skills... And didn't have the language skills and he
couldn't write... And all of a sudden, he became this bueno engineer, and his status did rise because

the kids now realized he could accomplish a lot.

Nuanced teachers also noticed that, presented with novel problem-solving challenges, students who activated
prior knowledge were more likely to figure things out on their own, eclipsing the need for teacher intervention.
These noticings precipitated a learning feedback loop between the domain of consequence, the personal domain
(new understanding of students), and the practice domain (providing additional opportunities for student agency

and activation of prior knowledge). For example, Emily said,

| really wanted to give them opportunities to kind of change how an experiment was set up, play
with it, and allow them to answer their own questions... | feel like that's the groundwork for any
scientific thought...using whatever words they're throwing out there. So, if they're throwing out fog,

then take fog, take ownership of it. If they're talking about evaporated water, fine!

Overall, Nuanced teachers were less likely to perceive that students needed controls when they headed down
an unexpected path. Lydia observed her students were better off when she got out of their way, and they could

better exercise their constructivist nature:
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| get more information...when they go off track than if they're staying right on the path that | chose
for them. And kids naturally do things that | don't expect them to do, and that doesn't necessarily
mean it's a wrong result, it's just a different result. I've been teaching for thirty years, so | have a
certain kind of idea of what's going to happen, but | don't have a planned end point for most things.

It's going to go where it goes, | just want them to understand it when they get there.

In creating a more deliberate environment for students to exercise their agency, Lydia acknowledged she was
learning from her students' ideas. She recognized that student learning was not entirely within their control even
when student agency had precedence, yet she embraced the pedagogical ambiguity and allowed for shifts in

classroom norms towards reform practices from SLP.

4.3.4 | Summary - intersection of teacher noticing and domains of professional learning

In this study, we examined what interactions among the domains of professional learning contribute to variations in
teacher change (RQ2a), and particularly how teacher noticing within the domain of consequence shapes their
learning in other domains (RQ2b). Our study showcases the presence of a series of feedback loops across teacher
professional learning domains, in which the domain of consequence acted as a touchstone throughout the
iterations. In cases of teachers at the higher end of the change continuum, the iterative process followed a

sequence like this example (Figure 3):

a) Teachers try out a strategy from the PD in their classroom practice.

Activity Domain

Teacher learning/
exposure to new
ractices in PD

: lr a
Personal Domain P g
eacher persona Classroom
beliefs, values, > enactment
knowledge &ge (practice)
i d e
b . .
Observation of c Domain of Practice
student learning/
engagement

——— = positive interaction
» = negative, or no, interaction
Domain of Consequence

FIGURE 3 Operationalization of the interconnected model of professional (Clarke & Hollingsworth, 2002;
Hayes et al., 2019), among advancing and nuanced teachers in PD.
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Activity Domain

Teacher learning/
exposure to new
ractices in PD,

Personal Domain

Teacher persona
beliefs, values,
knowledge

Classroom
enactment
(practice)

Domain of Practice

Observation of
student learning/

_ b B
——» = positive mteraction engagement

.................. » = negative, or no, interaction

Domain of Consequence

FIGURE 4 Operationalization of the interconnected model of professional growth among static and Initiating
teachers in PD.

b)

c)
d)

e)

m)

n)

Teachers preliminarily trust that students are capable of three-dimensional science learning, and begin to
monitor students’ initial response.
Teachers notice students' sensemaking/productive struggle in relationship with new instructional practices.
Teachers leverage student assets and lived experiences in their practice.
Teachers connect students' sensemaking, productive struggle, and lived experiences to their instructional
practices and beliefs.
Teachers use this evidence of student learning to reflect on, increase, and adapt SLP instructional practices
skillfully.
Teachers’ beliefs of student agentive learning, as well as their CK and PCK, are reinforced and deepened,
solidifying changes to instructional practice.

For teachers at the lower end of the change continuum, an example sequence looked as follows (Figure 4):
Teachers try out a PD strategy in their practice, although this is often mechanistic.
They believe in knowledge transmission, that students need to learn facts, and/or that only traditional,
canonical scientific ideas are valuable for science learning.
Teachers primarily notice student excitement rather than student sensemaking.
Teachers struggle to connect students’ classroom learning to instructional practice.
If/when teachers do notice student learning, they often do not know how to build this learning into practice to
engage students in further productive struggle.
They do not deepen or expand implementation of SLP pedagogies into beliefs.
Because they generally do not connect student learning to instructional practice, teacher beliefs about science
teaching and learning and reform practices remain static.
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Educators take up and incorporate new ideas and knowledge differently in PD, resulting in variation in teacher
learning and implementation that has been documented both quantitatively (Banilower et al., 2018; Fischer
et al.,, 2018; Granger et al., 2019) and qualitatively (Franke et al., 2001; Longhurst et al., 2017; Molle, 2021). Studies
using iterative models such as the IMTPG have shown that some of the variation in teacher learning is due to
recursive reflections and enactments as teachers encounter new ideas, try them out in their classrooms, interpret
student responses, and slowly shift their beliefs and understandings (Clarke & Hollingsworth, 2002; Jacobs
et al., 2010; Sherin, 2002). Yet, most previous studies of this nature rely on small samples of one to three teachers,
and few study the specific context of science education. The question of how teachers internalize reform-based
science instructional practices is of particular importance in urban elementary science education, where teachers
need strong support to resist disincentives toward reform practices (Hayes & Trexler, 2016; Hayes et al., 2023; Lee
& Luykx, 2005; NASEM, 2021).

In the present study, we first determined how teachers varied in their understanding of reform practices from
SLP (the PD), implementation of reform practices, and degree of perceived change (RQ1) (Grossman et al., 1999;
Longhurst et al., 2017), resulting in a continuum of teacher learning. We then applied Clarke and Hollingsworth's
(2002) Interconnected Model of Teacher Professional Growth (IMTPG) model to understand the role of interactions
between domains in shaping teachers’ instructional change (RQ2; 2a) (Franke et al., 2001; Widjaja et al., 2017).
Finally, we unpacked a central domain, the domain of consequence, (i.e., where teachers notice student ideas,
engagement, affect, and learning), and how noticing within the domain of consequence drives learning in other
domains (RQ2b) (Jacobs et al., 2010; Sherin, 2002). Our results are discussed below in relation to theory and the
literature.

First, we found that after similar levels of participation in SLP PD, teachers nonetheless differed in their
instructional change (RQ1). This further supports existing findings in PD studies (Knight-Bardsley & McNeill, 2016;
Longhurst et al., 2017; Molle, 2021), although the current study takes a unique approach of delineating groups of
teachers at different levels on a continuum of change. While some teachers remained committed to teacher-
centered instruction (Static), or tried out SLP strategies mechanistically (Initiating), others actively experimented
with strategies from the PD (Advancing) or skillfully adapted SLP pedagogical principles to their students’ needs
(Nuanced). Of note, our placement of teachers into change categories describes change along a continuum of
teacher learning. They are not summative assessments of teaching skill, experience, or competence, but rather
reflect the diversity and complexity of viewpoints provided by their richly varied responses that illustrate expected
variations in teacher change after 9 months of participation in SLP.

We then analyzed interview data to understand teachers’ perspectives on the processes and interactions
between domains of teacher professional learning that could explain this variation (RQ2). We found the domain of
consequence (e.g., teachers’ perception of students’ learning behaviors in the classroom), in interaction with other
domains, to be central to the teacher change process. This study thus provides additional evidence in support of the
pivotal role of observing student learning for teacher learning and instructional change (Hayes et al., 2019; Heller
et al., 2012; Justi & van Driel, 2006; Lomas, 2018; Nielsen, 2012; Voogt et al., 2011; Widjaja et al., 2017; Witterholt
et al,, 2012).

We then engaged in an inductive coding process to understand how the domain of consequence functioned to
support teacher learning from the PD, in interaction with other domains (RQ2b). This resulted in three themes,
which form the bulk of our findings. Our findings for theme one, relating student learning to pedagogy, indicate that
the teachers most likely to realize this connection were those who noticed, then interpreted student thinking and
discourse, and responded with actions in-the-moment. In the noticing literature, teachers are said to have learned
the practice of professional noticing when they no longer observe themselves, and shift their focus to students
(Sherin & Han, 2004; Sherin, 2002). Static teachers who had difficulty changing their practice struggled to notice

because they were focused on their own pedagogical habits of delivery, and discrete content delivery such as
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teaching vocabulary. They attended minimally to students’ emergent ideas during science activities (domain of
consequence), and they did not connect those ideas with reform PD strategies (activity domain). The disconnect
made it difficult for them to interpret and respond to students, the more challenging of the noticing skills (Jacobs
et al., 2010). And so, in turn, they did not internalize change in their beliefs and pedagogical content knowledge
(personal domain).

Initiating teachers were overly reliant on the mechanics of reform practices, and had difficulty allowing student
ideas to inform their practice, perhaps resulting from lack of confidence with both content and pedagogy (personal
domain) (Kang & Anderson, 2015). As a result, their change was slow. In contrast, Advancing and Nuanced teachers
demonstrated the ability to adjust lessons to support students’ discourse around emergent ideas (Chen et al., 2019).
Advancing teachers recalled purposeful shifts in their practice, as they attended to and responded to student ideas.
Their noticing skills (practice domain) began to evolve alongside use of reform practices (activity domain), and the
teachers’ in-the-moment responses helped shape classroom adaptation (practice domain) of strategies learned in
the PD (activity domain) (van Es & Sherin, 2021).

Nuanced teachers attended to novel student ideas (domain of consequence) with complex, precise, and nimble
responses, spotlighting in-the-moment connections between their instructional moves and students' sensemaking
(practice domain). As they became more attentive to how students were reasoning about science phenomena, and
carefully interpreted students' models and explanations, they generated more substantive, and topic-specific (Gess-
Newsome, 2015) meaning-making with their lessons (e.g., Emily's use of the cloud-in-a-bottle activity). They also
noticed when important sensemaking was missing in student models and discourse, and adjusted lesson content
accordingly to improve pace and coherence, and enhance classroom focus on substantive science ideas (Luna &
Sherin, 2017). Thus, teachers’ ability to connect student learning (domain of consequence) to their more confident
experimentation (practice domain) with new pedagogies learned in the PD (activity domain), ranged from unyielding
at the Static level, to intentional, in-the-moment implementation at the Nuanced reach of the change spectrum.
Noticing the students’ response (domain of consequence), in turn, was accompanied by a shift in knowledge and
beliefs (personal domain) toward more student-centered instruction.

In theme two, students' engagement and productive struggle, we found that teachers who attended more
closely to struggle and sensemaking, rather than simply noticing students' affect were more likely to implement SLP
pedagogies in skillful ways, such as asking students to rephrase an idea, asking probing questions, or revisiting a
prior lesson. Static and Initiating teachers who struggled with change did not talk as much about students' ideas.
They noticed and remarked primarily on students' expressions of enthusiasm, rather than on their struggles to
figure out phenomena. While engagement is key to youngsters embracing science (Jacobs et al., 2010), affect alone
is not evidence of learning. But Static teachers didn't attend to science sensemaking (domain of consequence), and,
thus, were unlikely to adjust strategies or insert responsive scaffolds (practice domain) to support productive
struggle.

Initiators began to notice student learning in addition to affect, but they, too, often lacked strategies to scaffold
student sensemaking, perhaps owing to lack of confidence (Sandholtz & Ringstaff, 2014; Windschitl et al., 2012), or
insufficient discipline-specific PCK (Suarez, 2020). For example, Initiating teachers could often launch students’
conversation with a question or phenomenon, but may not have known how to facilitate discourse that was
productive in developing their science ideas or that equitably included all students (Windschitl et al., 2012, 2018).
Initiators also stopped short of describing overall classroom cultures that could support productive struggle. They
were challenged by student uncertainty (Chen et al., 2019), and sometimes responded to instances of cognitive
dissonance by simply providing correct answers. Thus, stuttering interactions between domains produced only
nascent professional growth in the personal domain.

Advancing teachers talked about how learning emerged when their classrooms were places with a culture for
discourse, allowing them to move toward better fluency incorporating SLP strategies that encouraged students to

make sense of phenomena. Because Advancers started to notice how particular pedagogies (practice domain)
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resulted in productive struggle on the part of students (domain of consequence), they were more likely to integrate
equitable sensemaking discourse and three-dimensional practices into their science instruction skillfully.

In contrast, Nuanced teachers viewed productive struggle as a resource (Lee et al., 2019) that enhanced
classroom learning. They shifted their instructional moves (practice domain) depending on the need, at times
removing scaffolds to amplify productive struggle, while at other times, probing students' surface-level discourse
and vocabulary to push them toward deeper understanding of disciplinary ideas. Their full attention to the
conditions for student sensemaking allowed them to move from implementing routines (e.g. sentence stems), to
constructing a culture for authentic, engaged, peer-to-peer discourse. Such adaptation occurred through iterative
interactions among strategies from the PD (activity domain), classroom experimentation with those strategies
(practice domain), and observation of productive struggle (domain of consequence), leading to further changes in
beliefs about children's capacity to learn science (personal domain).

Finally, in theme three, student assets, Static teachers whose beliefs tended to position students as vessels to
be filled (Eastwell, 2002; Yager, 2000), and learning as the accumulation of facts (NRC, 2012; National Academies of
Sciences, Engineering, and Medicine, 2021), had difficulty noticing students’ assets in the learning process, and thus
had difficulty letting go of teacher-centered instruction. In attending to student ideas in the everyday language of
elementary age children, it is often difficult to interpret in-the-moment what is and is not critical to the science
phenomenon at-hand, thus reflection in the domain of consequence becomes important to moving student ideas
forward (Patterson Williams et al., 2020; van Zee et al., 2005). But Static teachers rarely engaged students' lived
experiences in their teaching (practice domain), essentially depriving themselves of opportunities to reflect on how
students’ varied ways of knowing could influence classroom learning (domain of consequence) (King et al., 2021).
Such hesitancy also stifled use of student discourse strategies from the PD (activity domain), so that students had
few chances to learn from one another's different stories or prior knowledge. This, in turn, precluded Static teachers
from being able to internalize SLP instructional practices (e.g. Summary Tables; Windschitl et al., 2018).

Initiators sometimes tried to incorporate students' lived experience. However, even when they perceived
nascent ideas as valid and relevant (domain of consequence), they had trouble building student thinking into their
instructional practice (Russo-Tait, 2023). This lack of connection made it difficult for Initiating teachers' own beliefs
to shift (personal domain). Thus, at the lower end of the change continuum, absence of noticing in the domain of
consequence resulted in minimal impact on practice, and minimal change in teacher pedagogical knowledge
(personal domain).

Teachers at the higher reach of the change continuum (Advancing and Nuanced) attended to students' lived
experiences, and made in-the-moment decisions to elevate nascent ideas they perceived as noteworthy (i.e., what
counted as science in the classroom; Alonzo & Elby et al., 2014; Miller et al., 2018). Russ and Luna (2013) remind us
that connections between current learning, prior lessons, and the knowledge students bring to the classroom can
support more substantive sensemaking. Advancing teachers' beliefs that student contributions were valuable
(personal domain) motivated them to incorporate student ideas that shaped and influenced the course of lessons
(practice domain). Nuanced teachers not only believed students had the ability to solve problems with their own
strategies, but those strategies became the basis for instruction. The changes they described in student learning
aligned with their perceptions of students' abilities, creating a positive feedback loop: the more agency accorded
students assets, the more precisely teachers' in-the-moment responses came to depend on the prior knowledge
students brought to school. This, in concert with enhanced uptake of content and pedagogical knowledge from the
PD changed personal beliefs about the value of student-centered science instruction (personal domain).

This study contributes to a small but growing body of literature that attempts to explain why teachers vary in
their response to professional learning (Evans, 2014; Longhurst et al., 2017; Molle, 2021), demonstrating the value
of noticing in concert with domains of teacher learning. Several studies that apply professional noticing practice to
professional development lend insight into changes that occur dynamically among classroom practice, student
learning and personal beliefs (Franke et al., 2001; Sherin, 2002; Witterholt et al.,, 2012), and describe student

learning as a mediator of interactions between the teachers' beliefs and classroom practice. Franke et al. (2001)
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described teachers who engaged in generative change as those who made student thinking central to their practice,
had deep knowledge of student thinking, and saw themselves as continually building on this knowledge. Franke and
colleagues found that these characteristics, acting together, resulted in differentiation among teacher categories of
implementation. Similarly, our results demonstrate that part of teacher learning in PD is dependent on the
complexity and nuance of teachers' application of noticing skills. Attending, interpreting, and responding in-the-
moment allowed teachers to connect their instructional practice to student learning, notice and facilitate student
productive struggle, and elevate students’ lived experience as an asset for science learning. This suggests that the
practice of professional noticing-attending to the domain of consequence-provides a vehicle to more deeply
engage with student sensemaking. Specifically, the findings presented here showcase how the skills associated with
noticing result in teachers more skillfully and deeply adapting new instructional practices from PD to the classroom
context, and, to the extent this is so, help teachers shift their knowledge and beliefs about students’ science
learning capacity.

In addition, the focus on noticing, when applied together with domains of teacher change, allows for
understanding the iterative feedback loops that occur in professional learning. In the present study, all teachers
tried out SLP strategies. Differentiation occurred as experimentation with PD strategies interacted with existing
pedagogical knowledge, beliefs and routines. Implementation and understanding were further shaped by the ways
teachers interpreted and responded to student learning and lived experience, and how teachers connected these
with instructional moves derived from the PD. Noticing how students responded, in turn, influenced teacher beliefs
about students' capacity to learn science. Even among teachers who more highly valued student assets and learning
before the PD, practice and beliefs shifted iteratively the more they implemented what they learned in PD and

skillfully attended to how new practices affected student learning.

5.1 | Practical implications

Professional noticing, when embedded within PD that considers teachers' own classroom contexts can be the
catalyst that helps teachers internalize insights gained from deeply attending to and learning from their students
(Sherin & Han, 2004). This study indicates a potential to focus on noticing in PD as one way to support increased
teacher learning and uptake of new pedagogies. For example, noticing can be used to support a shift in beliefs from
seeing science as a body of external knowledge to seeing science education as a space to cultivate student
epistemic agency as they make sense of phenomena, engaging their prior knowledge and experiences (Barton &
Tan, 2009; Russ & Luna, 2013; Stroupe, 2014). Professional development that is grounded in noticing theory and
techniques (such as teacher-initiated videorecording) (Luna & Sherin, 2017) can assist science teachers to more
rapidly shift away from attending to student behavior and affect and towards attending, interpreting, and
responding to students’ ways of learning (Luna & Sherin, 2017). Structuring PD to embrace the voices and agency of
teachers as they build on their noticing skills (Knight-Bardsley & McNeill, 2016) can encourage more teachers to
move away from traditional, teacher-directed instructional practice, and more fully support reform practices such as
modeling and equitable sensemaking discourse (McNeill & Krajcik, 2012; Varelas et al., 2008).

This study supports long-standing evidence that PD needs to be of long enough duration to allow for learning
new strategies, trying them out in practice, and reflecting on student learning in community with other teachers
(Desimone, 2009; Furman Shaharabani & Tal, 2017; Garet et al., 2001; Roth et al., 2011). It also indicates the need
for differentiation in PD. For example, classroom observations facilitated over time by peer coaches could support
Static and Initiating teachers to anticipate student responses and identify instructional shifts that adapt to the
diverse ways in which students understand science phenomena. These teachers would also benefit from mapping
pedagogical strategies to students’ responses. Finally, Static and Initiating teachers could use support in
understanding how to leverage student lived experience. This likely requires reflective unpacking of beliefs about

student capabilities simultaneously to observing the student learning and engagement made possible through
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elevating the language and discourse of historically marginalized students (Kayumova & Dou, 2022). Advancing and
Nuanced teachers would benefit from an ongoing science community of practice where the focus is building
existing noticing skills to better support questioning strategies or students’ productive struggle. PD providers can
structure the professional development around analyzing student artifacts, teacher goal setting, and classroom
observations (e.g., lesson study, classroom video, and self-reflection). Although classroom video recordings were
not part of our PD design, video analysis affords the opportunity for teachers to observe and reflect on their in-the-
moment interpretations and responses (Jacobs et al., 2010; Sherin et al., 2011). All of these opportunities can
further assist teachers to attend to more of the quality instructional events and reform pedagogical practices that
support equitable sensemaking and discourse.
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