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Abstract
As the vision in A Framework for K-12 Science Education
and the Next Generation Science Standards (NGSS) takes
hold in schools and classrooms, there is an urgent need
for teacher professional development (PD) programs that
align with NGSS-designed curriculum materials and
address the unique strengths and needs of diverse
student groups, including multilingual learners (MLs).
The purpose of this article is to propose our conceptual
framework for PD programs that aligns with current
reform efforts and is grounded in the mutually supportive
nature of contemporary science and language instruc-
tional shifts. Specifically, we examine our previous
NGSS-designed curriculum development project with
MLs and review the literature in science education and
language education with MLs. Our conceptual framework
for PD programs is grounded in the perspective of
symmetry that teacher professional learning experiences
should be symmetrical to the learning experiences we
organize for students. Grounded in this perspective, our
conceptual framework consists of three design principles
that describe how PD programs can guide teachers to
(a) develop an asset-oriented view of MLs and instruc-
tional practices for recognizing and leveraging their
assets, (b) integrate science and language in mutually
supportive ways with MLs, and (c) develop more
sophisticated instructional

practices for integrating
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science and language with MLs over time. We describe
contributions of our conceptual framework, which could
generate a new research agenda and inform PD programs
aimed at facilitating uptake of NGSS-designed curriculum

materials in linguistically diverse science classrooms.
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multilingual learners, next generation science standards, science
and language integration, teacher professional development
programs

1 | INTRODUCTION

A Framework for K-12 Science Education (National Research Council [NRC], 2012; shortened to the Framework
hereafter) and the Next Generation Science Standards (NGSS; NGSS Lead States, 2013a) were developed with the
vision of “all standards, all students” (NGSS Lead States, 2013b). Grounded in this vision, there is broad consensus
around instructional shifts in the science education community. These shifts also have the potential to create
classroom communities that promote language learning for all students, including multilingual learners (MLs), in
science education (Lee et al., 2013, 2019) and across STEM subjects (National Academies of Sciences, Engineering,
and Medicine [NASEM], 2018).

Since the publication of the Framework in 2012 and the release of the NGSS in 2013, 20 states and the District
of Columbia have adopted the NGSS, and 28 states developed their own standards based on the Framework
(https://ngss.nsta.org/About.aspx). As this vision for science education takes hold in schools and classrooms across
the nation, there is a great demand for research-based, high-quality NGSS-designed curriculum materials.
Moreover, to support large-scale implementation of emerging curriculum materials, teacher professional
development (PD) programs are needed. While there has been significant progress in the development of
curriculum materials (e.g., see the 2021 special issue on the NGSS in the Journal of Science Teacher Education),
development of PD programs is just beginning (Lowell & McNeill, 2022; Reiser et al., 2017).

The demand for full interventions consisting of curriculum materials and PD programs has become even more
urgent due to the rapidly growing diversity of the student population in the nation. Students classified as English
learners (ELs) make up the fastest-growing subset, constituting more than 10% of the public school student
population or over 5 million students (National Center for Education Statistics, 2021). ELs are a heterogeneous
group in terms of language background, English proficiency, literacy skills, and prior STEM learning experiences,
among other characteristics (NASEM, 2018). In addition to students currently classified as ELs, students who have
exited language support services, or “former ELs,” often continue to require instructional attention. In this article,
we use the term MLs to include both current and former ELs. More broadly, given the language intensive nature of
the NGSS (Lee et al., 2013, 2019; NASEM, 2018), we emphasize the need for curriculum materials and PD programs
that leverage the strengths and meet the needs of all students, including those who regularly use multiple languages
in their homes and communities but were never classified as ELs in school.

In this article, we use key constructs and terms in the following ways. Teacher professional learning occurs
through multiple avenues, including teacher participation in curriculum development and/or implementation
(especially educative curriculum materials), teacher study groups, professional learning communities,
teacher-researcher partnerships, and PD workshops. We adopt the following definition of PD programs from

the NASEM (2015) consensus report Science Teachers' Learning:
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Formal professional development programs are defined as learning experiences for teachers that (1)
are purposefully designed to support particular kinds of teacher change; (2) include a focused,
multiday session for teachers that takes place outside of the teacher's classroom or school; (3) may
include follow-up opportunities over the school year; and (4) have a finite duration (although they

can take place over a period of 2 to 3 years). (p. 115)

In the NGSS community, there is a need for PD programs aligned with NGSS-designed curriculum materials that
promote teacher professional learning for working with MLs/ELs. This need is highlighted in the NASEM (2018)
consensus report English Learners in STEM Subjects:

Teacher professional learning that is focused on supporting ELs often fails to attend to or to be
explicitly aligned with reform-based curriculum. Further, when that teacher professional learning
does align with reform-based curriculum, it may fail to extend beyond how to teach the disciplinary
concepts and [science and engineering] practices to also focus on students' language and
culture. (p. 185)

The purpose of this article is to propose a conceptual framework for PD programs integrating science and
language with MLs. We begin by describing science instructional shifts, spurred by the Framework and the NGSS,
and language instructional shifts, informed by contemporary approaches in language education (described in
Section 2 of this manuscript). Then, we describe two research activities that our research team carried out
concurrently to develop our conceptual framework. One research activity involved examining our previous NGSS
curriculum development project with MLs (Section 3). The other research activity involved reviewing the literature
in science education and language education with MLs (Section 4). Next, grounded in the instructional shifts and
drawing from the two research activities, we propose our conceptual framework for PD programs integrating
science and language with MLs (Section 5). Finally, we describe contributions of our conceptual framework, which
could generate a new research agenda and inform PD programs aimed at facilitating uptake of NGSS-designed
curriculum materials in linguistically diverse science classrooms (Section 6).

In developing our conceptual framework, we draw heavily from our previous curriculum development project.
First, the project enabled us to conceptualize instructional shifts for integrating science and language with MLs (e.g.,
Lee et al,, 2013; NASEM, 2018), which were operationalized as curriculum materials and field tested through
iterative cycles of classroom implementation and revision of the materials (Lee et al., 2019). Second, the project
enabled us to gain insights into professional learning as teachers were coparticipants in the development and
implementation of our educative curriculum materials through design-based research (Haas et al., 2021). Third, in
the emerging literature, NGSS-designed curriculum materials provide the basis for teacher professional learning and
PD programs, hence constructs such as teachers' knowledge of curriculum (Penuel et al., 2023), curriculum-based
professional learning (Short & Hirsh, 2020), and curriculum-based PD (Lowell & McNeill, 2022). Together,
instructional shifts in science and language with MLs (Section 2) and teacher professional learning through
curriculum development and implementation (Section 3), substantiated by the literature on PD (Section 4), provided
the foundations for the development of our PD program (Section 5), which is the focus of this article.

Our conceptual framework for PD programs is grounded in the perspective of symmetry that teacher
professional learning experiences should be symmetrical to the learning experiences we organize for students
(Mehta & Fine, 2019). Grounded in this perspective, our conceptual framework consists of three design principles
that describe how PD programs can guide teachers to (a) develop an asset-oriented view of MLs and instructional
practices for recognizing and leveraging their assets, (b) integrate science and language in mutually supportive ways
with MLs, and (c) develop more sophisticated instructional practices for integrating science and language with MLs
over time. Our proposed conceptual framework is our initial model, which will be further revised and refined

through our field trial of our PD program.
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2 | INSTRUCTIONAL SHIFTS FOR INTEGRATING SCIENCE AND
LANGUAGE WITH

Recent years have witnessed parallel instructional shifts in science education and language education. In science
education, traditional approaches emphasized individual learners' mastery of discrete elements of science content,
whereas contemporary approaches emphasize that students make sense of phenomena and design solutions to
problems as scientists and engineers do in their work (NRC, 2012). Because contemporary approaches involve using
and applying knowledge for a purpose, these approaches have been described as promoting knowledge-in-use
(Harris et al., 2019). Thus, whereas traditional approaches focused on “what science is” or “a body of knowledge,”
contemporary approaches focus on “what science does” or “knowledge-in-use.”

In language education, traditional approaches emphasized discrete elements of vocabulary (lexicon) and
grammar (syntax) to be internalized by learners, whereas contemporary approaches emphasize that language is a set
of dynamic meaning-making practices learned through participation in social contexts (Larsen-Freeman, 2007;
Valdés, 2015; Zuengler & Miller, 2006). Because contemporary approaches involve using language for a purpose,
these approaches have been described as promoting language-in-use (Lee et al., 2013). Thus, whereas traditional
approaches focused on “what language is” or “a collection of words and structures,” contemporary approaches

focus on “what language does” or “language-in-use.”

2.1 | Instructional shifts in science education

Contemporary approaches in science education grounded in the Framework and the NGSS highlight three key
instructional shifts. First, all students, including MLs, explain phenomena and design solutions to problems.
Phenomena and problems should be compelling for all students to figure out through place-based learning,
especially for students who might not have had the opportunity to experience science as relevant to their daily
lives or future careers (Haas et al., 2021; Lee & Grapin, 2022). In particular, local phenomena and problems
involve everyday experience and language in home and community contexts (Lee, 2020; Lyon et al., 2018;
Tolbert & Knox, 2016).

Second, all students, including MLs, engage in three-dimensional learning by blending science and engineering
practices (SEPs), crosscutting concepts (CCCs), and disciplinary core ideas (DCls). In particular, SEPs (e.g., develop
models, argue from evidence, construct explanations) are critical for all students, especially MLs (Lee et al., 2013;
NASEM, 2018). Because SEPs are language intensive, they call for a high level of classroom discourse. MLs can
carry out sophisticated SEPs through their emerging English and rich meaning-making resources.

Finally, all students, including MLs, build science understanding over the course of instruction. Lessons in a unit
fit together coherently and build on each other in guiding students to develop their understanding of a targeted set
of NGSS performance expectations (i.e., standards; Krajcik et al., 2014; Reiser et al., 2017). Over time, students
develop a deeper and more sophisticated understanding of science as they make sense of phenomena. As MLs
deepen their science understanding, their language use becomes more precise to communicate the sophistication of
their science understanding (Haas et al., 2021).

2.2 | |Instructional shifts in language education

Students make sense of phenomena and problems in diverse ways and use language to
communicate ideas in diverse ways. In the science classroom, “children, regardless of their national

language or dialect, use their everyday language routinely and creatively to negotiate the complex
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dilemmas of their lives and the larger world” (Warren et al., 2001, p. 548). For teachers, this means

that “working to hear students in different ways in routine classroom interactions... requires a
shift in the stances and ways of noticing and interpreting students' talk and activity.” (Bang
et al.,, 2017, p. 46)

In language education, contemporary approaches highlight three key instructional shifts (adapted from
Lee et al., 2019; NASEM, 2018). As these shifts have implications for how teachers notice and interpret MLs'
participation in the science classroom, each shift is discussed in relation to the instructional shifts in science
education described above. First, MLs learn to use multiple modalities strategically. Modalities refer to the
multiple and varied channels through which communication occurs (e.g., talk, text, gestures, symbols,
equations, diagrams, computer code). In science education, both linguistic and nonlinguistic (e.g., visual)
modalities are used to engage in SEPs, and thus all students are expected to use multiple modalities in
strategic ways (Kress et al., 2014). In language education, multiple modalities support MLs to communicate
their ideas. Thus, multiple modalities are essential to engagement in SEPs and particularly beneficial to MLs
(Grapin, 2019).

Second, MLs learn to use increasingly specialized registers. Registers refer to the language used in talk
and text that is associated with particular contexts of use (Biber & Conrad, 2009). Registers can range from
every day to specialized. Everyday registers, in particular, constitute a key resource for engaging in
disciplinary practices (Bunch & Martin, 2021; Grapin et al., 2022). As MLs build science understanding over
the course of instruction, their language use becomes increasingly specialized. Such specialized registers
afford the precision to communicate disciplinary meaning as students' science ideas become more
sophisticated (Grapin, Llosa, et al., 2019).

Finally, MLs learn to use multiple modalities and registers to meet the communicative demands of different
types of interactions. Which modalities and registers are effective for communication depends, in part, on whether
interactions are one-to-one (e.g., one student communicating with a partner), one-to-small group (e.g., one student
communicating with a small group), one-to-many (e.g., one student communicating with the whole class), or small
group-to-many (e.g., small groups making class presentations). Specifically, specialized registers afford the
explicitness (e.g., fewer deictic words like “it” and “here”) to communicate disciplinary meaning across physical and

temporal contexts.

2.3 | Summary of science and language instructional shifts with MLs

Mutually supportive instructional shifts in science education and language education highlight three key
features of integrating science and language with MLs—what we call “doing science, using language.” First,
MLs make sense of phenomena using multiple meaning-making resources. MLs bring to the classroom rich
knowledge and experiences in science as well as rich meaning-making resources from their homes and
communities. This asset-oriented view of MLs in contemporary approaches is a shift from the deficit-oriented
view of MLs in terms of what they were lacking (e.g., English proficiency) in traditional approaches (Haas
et al., 2021; Lee, 2021). Second, MLs engage in rigorous science learning and rich language use in mutually
supportive ways. The emphasis on using language to learn science in contemporary approaches differs from
the emphasis on vocabulary (lexicon) and grammar (syntax) as a precursor or prerequisite to learn science in
traditional approaches (NASEM, 2018). Third, over time, as MLs develop more sophisticated understanding of
science, they use language in more specialized ways to communicate science ideas. Thus, science learning
and language learning progress in tandem. These three key features of “doing science, using language”

provide a foundation for our conceptual framework, described later.
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3 | OUR PREVIOUS CURRICULUM DEVELOPMENT PROJECT

The purpose of our previous curriculum development project was to develop a yearlong fifth-
grade NGSS-designed curriculum for all students with a focus on MLs. Our curriculum
development effort was a response to a need in the field, as highlighted in the NASEM (2018)
consensus report: “Curriculum units designed to integrate instructional strategies that support
language and content together can provide teachers with valuable tools to lead ELs to construct
more sophisticated understanding of that content while also using more language to
communicate their knowledge.” (p. 183)

Our curriculum is grounded in the mutually supportive nature of science and language instructional shifts
described above (Lee et al., 2019). The curriculum is aimed at promoting rigorous science learning and rich language
use with all students, particularly MLs. Over the course of the project, the curriculum went through iterative cycles
of development, field-testing, and refinement (for details, see Haas et al., 2021).

Although the central focus of the project was curriculum development, the project offered key insights into
teacher professional learning. First, the curriculum materials were designed to be educative, that is, “to promote
teacher learning in addition to student learning” (Davis & Krajcik, 2005, p. 3). Thus, the materials were designed to
be an important source of teacher professional learning in their own right (Ball & Cohen, 1996; Hill et al., 2020;
Short & Hirsh, 2020). Second, our efforts to iteratively develop and revise the curriculum over 3 years were guided,
in large part, by the successes and challenges that teachers experienced as they implemented the materials in their
classrooms and the feedback they provided at teacher advisory board meetings. Third, we developed draft versions
of teacher PD workshops to support classroom implementation of the curriculum. As we revised the curriculum

materials, we also revised the teacher PD workshops based on teacher feedback.

3.1 | Teachers as coparticipants

The project team included writers of the Framework and the NGSS, experts in language education, and teacher
advisory board members who were fifth-grade teachers in science classrooms with MLs. Our team began by
developing draft versions of the curriculum. Using design-based research (Barab & Squire, 2004; Sandoval, 2014),
we field-tested the curriculum in an urban school district with a large population of MLs. Over the 3-year
implementation, we worked with five teachers in Year 1, four teachers in Year 2, and eight teachers in Year 3. We
added a new cohort of teachers each year while continuing to work with teachers in previous cohorts, which
enabled us to observe how new teachers experienced the revised curriculum as well as how teacher learning
progressed over multiple years.

Our yearlong fifth-grade curriculum consists of four 9-week units that address all 16 NGSS performance
expectations in fifth grade. Before implementing the draft versions of each unit, teachers participated in teacher
advisory board meetings. Each year, we held a 2-day meeting for each of the four units for a total of 8 days of
teacher advisory board meetings. Each meeting consisted of two parts. The first part focused on eliciting teachers'
feedback on successes and challenges with the unit they had just taught and their suggested changes for revision
and refinement of the curriculum. The second part consisted of a PD workshop aimed at preparing teachers to
teach the next unit in the curriculum as well as to continue developing their understanding of both the conceptual
and practical aspects of teaching science aligned to the NGSS with MLs.

Following each meeting, teachers field-tested each of the four units in their classrooms. We collected data
about classroom implementation using multiple sources. First, we took extensive classroom observation notes and
obtained student work samples and artifacts from weekly visits of each teacher throughout the school year. Second,

teachers provided brief qualitative feedback at the end of each class period, more comprehensive online feedback
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using both ratings and written responses at the end of each lesson, and feedback about the unit they had just

implemented during the subsequent teacher advisory board meeting. Every week, members of the research team
met to review their notes, summarize successes and challenges across teachers, and keep records for the
subsequent cycle of revision and refinement. Collectively, these multiple perspectives from teachers and
researchers complemented one another. As “coparticipants in the design” (Barab & Squire, 2004, p. 3), teachers
contributed to the iterative development of the curriculum, while their coparticipation in curriculum development
contributed to their professional learning.

More systematic and comprehensive analysis of teacher professional learning in our previous project is
currently in progress. In the following subsection, we highlight key findings that informed our conceptual

framework for PD programs.

3.2 | Findings on teacher professional learning

One finding was the importance of teachers developing an asset-oriented view of all students, including MLs (Haas
et al., 2021). While teachers were generally enthusiastic about seeing MLs from an asset-oriented view, they were
less confident about where and how to recognize these assets. Thus, teachers benefited from opportunities to work
collaboratively as they examined student work related to specific tasks in the curriculum. In doing so, teachers
uncovered MLs' sophisticated science ideas and their varied ways of communicating those ideas (e.g.,
multimodality, everyday register). Supporting teachers to recognize MLs' assets began with seeing teachers
themselves from an asset-oriented view. As teachers made sense of MLs' work, they drew from their own unique
knowledge and expertise (Haas et al., 2021).

Another finding was the importance of teachers making informed in-the-moment instructional decisions that
promote both science and language learning with MLs. Contemporary approaches highlight integrating science and
language in mutually supportive ways, whereas traditional approaches viewed language as a prerequisite or
precursor to science. While a unique feature of the curriculum is that it offers built-in affordances for integrating
science and language learning (Lee et al., 2019), teachers need to make in-the-moment instructional decisions that
leverage these affordances. We found that, while teachers developed their understanding of the science and
language instructional shifts undergirding the curriculum (described earlier), they were less confident about
enacting these shifts in in-the-moment interactions with their students, for example, when facilitating a discussion
around students' models. Also, while teachers came to understand the shifts in both science and language, they
faced difficulty integrating the two sets of shifts in practice (e.g., promoting MLs' strategic use of modalities and
more specialized registers [first and second language shifts] as MLs engaged in SEPs to explain a phenomenon [first
and second science shifts]).

Still another finding was the importance of teachers going through learning progressions. As contemporary
approaches involve instructional shifts that are academically rigorous for all students, including MLs, teachers need
ample and sustained opportunities to learn how to enact these shifts. As noted earlier, we made the strategic
decision to add teachers new to the project each year over the course of 3 years. This allowed us to observe
differences across teachers with different years of experience implementing the curriculum. Returning teachers had
a better understanding of unit phenomena, how the three dimensions could be blended to explain phenomena, and
how student understanding in each of the three dimensions could be developed over time. Also, returning teachers
were more adept at scaffolding students' use of modalities and registers over the course of instruction and engaging
all students, including MLs, in different types of interactions that supported science learning and language learning.
Beyond the science and language instructional shifts, returning teachers implemented the curriculum more
independently and with less support from project personnel. Also, they used the teacher-suggested prompts
provided in the lessons to inform their instruction without strictly adhering to a “script.” Overall, as teachers

developed more sophisticated understanding of NGSS instruction with MLs, they progressed from simply
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implementing the tasks and investigations (i.e., “survival mode” as expressed by the teachers) to enacting instruction
with greater purpose and intentionality.

3.3 | Summary of our previous curriculum development project

Findings from our previous curriculum development project highlight the need for PD programs that support
teacher professional learning for NGSS-designed curriculum implementation with MLs. Specifically, findings
indicate that teacher learning experiences should be symmetrical to the learning experiences organized for
students (e.g., cultivate student assets, cultivate teacher assets). Findings also indicate that PD programs should
support teachers in adopting and enacting an asset-oriented view of MLs, making in-the-moment instructional
decisions that integrate science and language in mutually supportive ways, and refining their instructional

practices over time.

4 | LITERATURE REVIEW

While the field of science education has focused mainly on developing NGSS-designed curriculum
materials (Campbell & Lee, 2021), PD efforts to support curriculum-based teacher professional
learning are still in their infancy (Lowell & McNeill, 2022; Reiser et al., 2017). With regard to MLs, the
NASEM (2018) consensus report states, “Limited access to high-quality and research-based
professional development specifically targeted to meeting the needs and building on the strengths of

ELs in STEM remains a substantial obstacle to ELs' success in STEM classrooms”. (p. 180)

In developing our conceptual framework, we turned to relevant areas of literature. We selected key journals
that met at least one of the following two criteria: (a) journals representing the major professional associations that
influence the field and (b) journals with high impacts (for details about the broader literature review that addressed
multiple topical areas, including PD, see Buxton & Lee, 2023). When taken together, these journals provided a
robust look at how PD for teaching MLs in science has been represented in the literature. While we note as a
limitation of this approach that these journals did not fully capture the literature, they did capture the most visible
and impactful work that continues to shape the literature in each field, across fields, and education research
broadly.

We reviewed 13 journals organized into four groups. The first group of journals was specific to the field of
science education: International Journal of Science Education, Journal of Research on Science Teaching, Journal of
Science Teacher Education, and Science Education. The second group of journals was specific to the field of language
education with MLs: Bilingual Research Journal, International Journal of Bilingual Education and Bilingualism, and
TESOL Quarterly. The third group of journals was high-visibility journals in topical areas: The Journal of the Learning
Sciences, Journal of Science Education and Technology, Journal of Teacher Education, and Teaching and Teacher
Education. The final group of journals included the three major journals of the American Educational Research
Association: American Educational Research Journal, Educational Researcher, and Review of Educational Research.
These high-visibility journals address the full range of topics in education research and have an influence on all
education fields, including science and language education with MLs.

From these selected journals, we conducted a manual search of all issues from 2014 (after the release of the
Framework in 2012 and the NGSS in 2013) through 2021. To select relevant articles, we looked for key constructs
and terms related to PD (e.g., teacher PD, teacher professional learning, teacher change, educative curriculum
materials, teacher study groups, professional learning communities, teacher-researcher partnerships, PD work-

shops) across content areas, including science and language, with preservice and practicing teachers.
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In this section, we describe three bodies of literature that informed our conceptual framework for PD
programs integrating science and language with MLs: (a) core features of effective PD, (b) PD for NGSS
implementation, and (c) PD for mainstream teachers of MLs in science and other content areas. We include the
literature that addresses practicing teachers but not preservice teachers, considering that the characteristics and
contexts differ vastly between the two groups (e.g., university coursework and field experience with preservice
teachers compared with various types and durations of PD opportunities with practicing teachers). However, for
the literature on PD for mainstream teachers of MLs across content areas (the third body of literature), we
expanded our focus to preservice teachers, as there was limited literature involving PD programs for practicing
teachers. After describing each body of literature, we summarize the findings and detail how these insights

informed our conceptual framework.

41 | Core features of effective PD programs

Numerous syntheses have offered ways to conceptualize features of effective PD. The most recent literature on PD
is the work by Desimone, Garet, and colleagues (Desimone, 2009; Garet et al., 2001). Desimone (2009) nominated
five core features to guide research on PD: (a) a focus on content knowledge and how students learn that content
(content focus); (b) opportunities for teachers to engage in active learning (active learning); (c) coherence in terms of
the consistency of teacher learning with teachers' knowledge and beliefs and the consistency of what is taught in
PD with school, district, and state reforms and policies (coherence); (d) sufficient duration in terms of the number of
contact hours and the span of time over the course of PD (duration); and (e) collective participation of teachers from
the same school, department, or grade level (collective participation).

Desimone (2009) characterized the findings from this expansive literature as “an empirical consensus on a set
of core features and a conceptual framework for teacher learning” (p. 192). The NASEM (2015) consensus report,
Science Teachers' Learning, also referred to this literature as “the consensus model of effective PD” (p. 118). In
addition, this model of PD is used in the NRC (2015) consensus report, Guide to Implementing the Next Generation
Science Standards, and a meta-analysis of PD programs with STEM teachers (Hill et al., 2020). Thus, the core

features of effective PD programs continue to inform PD programs in science and across content areas.

4.2 | PD for NGSS implementation

As the vision of science teaching and learning in the Framework and the NGSS involves key instructional shifts,
curriculum materials serve as artifacts to illuminate this vision and as essential resources to guide classroom
implementation (Short & Hirsh, 2020). Though NGSS-designed curriculum materials take different conceptual
approaches, they share common features based on the science instructional shifts described earlier (i.e.,
phenomena, three-dimensional learning, coherence; see the 2021 special issue on the NGSS in the Journal of
Science Teacher Education). Curriculum as a research agenda in contemporary approaches is a shift from curriculum
as a means to do research in traditional approaches. Grounded in NGSS-designed curriculum materials, an emerging
literature on teacher professional learning broadly and PD programs specifically indicates four areas of research.
As the NGSS community is reasonably well defined with a broad consensus, findings within each area are generally
consistent. As a result, for each area, we start with an overall finding and provide an illustrative study.

The first area of research addresses teacher professional learning as teachers use educative curriculum
materials (DeBarger et al., 2017; Marco-Bujosa et al., 2016; Roblin et al., 2018). Findings indicate that teacher
supports embedded in curriculum materials promoted instructional shifts aligned with the vision of the Framework
and the NGSS, helped teachers make sense of their own growth in teaching, and improved students' understanding

of science. These studies provided the foundation for constructs currently in use to describe teacher professional
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learning, including teachers' knowledge of curriculum (Penuel et al., 2023), curriculum-based professional learning
(Short & Hirsh, 2020), and curriculum-based PD (Lowell & McNeill, 2022). For example, Marco-Bujosa et al. (2016)
examined how middle school science teachers planned for instruction utilizing the same reform-oriented science
curriculum and, specifically, how the teachers interpreted and learned about argumentation from the curriculum.

The second area of research addresses professional learning as teachers engage in professional learning
communities or teacher-researcher partnerships (Friedrichsen & Barnett, 2018; Juuti et al., 2021; Marshall
et al., 2021); Thompson et al., 2019). These studies took place in the context of codesign and implementation of
curriculum materials, with the exception of Friedrichsen and Barnett (2018), which examined a professional
learning community's first-year adoption of the NGSS without the support of curricular resources. Findings
indicate that professional learning communities or teacher-researcher partnerships enhanced professional
learning through collectively designing, enacting, and reflecting on curriculum development and classroom
implementation. For example, Thompson et al. (2019) examined how a professional learning community
comprised of middle school teachers and researchers worked on the improvement of Ambitious Science Teaching
Practices and developed instructional practices and tools supporting model-based inquiry. Through a research-
practice partnership, teachers and researchers routinely coplanned, cotaught, and codebriefed science lessons via
improvement cycles. Thompson et al. proposed three key components to a practice-based theory for how
professional learning communities negotiated tools as a part of the improvement of instructional practices:
anchoring improvement in a particular tool and practice, supporting variation in teacher learning, and making
teachers' pedagogical reasoning explicit.

The third area of research, constituting the majority of the studies in our literature review, addresses PD
programs that are intended for implementation of a specific set of NGSS-designed curriculum materials (Castronova
& Chernobilsky, 2020; Edelson et al., 2021; Hayes et al., 2019; Kang et al., 2019; Reiser et al., 2017; Schneider
et al., 2022; Sherwood, 2020). In these studies, curriculum materials had been developed, which were followed by
PD programs for curriculum implementation. The studies used the existing literature on PD programs, especially the
five core features (Desimone, 2009), as the consensus model of effective PD. However, Hayes et al. (2019) state,
“Research on how these approaches (i.e., the core features) translate into specific PD strategies, and their role in...
instructional change, is less clear” (p. 118). Findings indicate that effective PD programs provided teachers with
opportunities to analyze concrete examples of instructional shifts in action, plan changes to their own instructional
practices, and reflect on how those practices played out in their contexts. Within our literature review, Reiser et al.
(2017) was the only study that addressed an NGSS-based PD program with design principles. They implemented a
two-pronged program for scaling three-dimensional science PD across a state: (a) 24 teachers developed expertise
in three-dimensional learning and facilitating teacher study groups and (b) these peer facilitators led 22 teacher
study groups to engage in three-dimensional science activities, analyze student learning, and investigate classroom
interactions. They conducted initial summer PD but did not involve classroom implementation. They proposed
“design principles that draw on an emerging consensus about the features that best support teacher learning”
(Reiser et al., 2017, p. 282). It is noted that the first three design principles addressed teacher professional learning,
whereas the final two design principles addressed the context of teacher study groups and peer facilitators,
respectively.

Design Principle 1: Situate teacher learning in tasks requiring sense-making of classroom cases.

Design Principle 2: Focus PD on the high-leverage practices of argumentation, explanation, and modeling.

Design Principle 3: Help teachers connect what is new about the science, student thinking about the science,
and pedagogical supports for the science.

Design Principle 4: Organize teacher study groups working to apply the reforms to their own classroom
practice.

Design Principle 5: Develop peer facilitators' expertise in knowledge-building facilitation.

Findings also indicate the importance of teachers doing as students do (i.e., the notion of symmetry). For

example, Reiser et al. (2017) PD program was premised on the idea that “a necessary prerequisite in helping
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students engage in practices [SEPs] is for teachers to be able to engage in these practices themselves” (p. 288). The
notion of symmetry also undergirds the large-scale intervention by Schneider et al. (2022):

A key feature of [the program's] professional learning is for treatment teachers to experience what
their students will be doing during their science activities, including using the driving question board,
asking their own questions, building models, developing evidence-based explanations, and
conducting experiments, not as students but as adult learners. The intent here is to guide and

support the teachers in new ways of teaching often found to be challenging. (p. 113)

The fourth area of research addresses contexts for teacher learning, including organizational contexts or
resources in schools and districts (Allen & Heredia, 2021; Allen & Penuel, 2015; Anderson et al., 2018). Findings
indicate that PD, professional learning, and instructional shifts interacted with and were shaped by the
organizational and sociocultural contexts of education systems, from students and teachers to schools, school
districts, and states. For example, Anderson et al. (2018) scaled up NGSS-designed curriculum materials across
multiple states. They described, “A core goal of our PD was to engage teachers and PD leaders in productive sense
making that helped teachers make progress toward rigorous and responsive science teaching practices” (p. 1045).
The PD course of study and research-practice partnerships addressed issues of identifying organizational resources,

addressing conflicting norms and obligations, and building practical knowledge in schools and districts.

4.3 | PD for mainstream teachers of MLs

The literature on PD programs using contemporary approaches to integrating science and language with MLs is
limited for multiple reasons. First, the NGSS were released in 2013, and state adoption of standards takes time.
Second, developing and studying curriculum-based PD programs involves first developing NGSS-designed science
curriculum materials. Third, the time span between the release of the Framework (in 2012) and the NGSS (in 2013)
and the release of the NASEM consensus report (in 2018) did not provide sufficient time for research on
contemporary approaches to integrating science and language with MLs to emerge. Finally, integration of science
and language based on contemporary approaches requires mutual understanding and sustained collaboration
between science education and language education in terms of conceptualization, operationalization, and
implementation of PD. PD programs based on contemporary approaches are likely to accelerate with the recent
release of the WIDA 2020 Edition of the English language development standards (WIDA Consortium, 2020), which
are closely aligned to the NGSS (Grapin & Lee, 2022). Across the US, 36 states, DC, and four territories have
adopted the WIDA 2020 Edition, and almost all of the states have also adopted the NGSS or adapted the
Framework.

Given the limited literature, we expanded our review by including (a) preservice science teachers and (b)
teachers of MLs across content areas. These studies are grounded in a variety of frameworks for conceptualizing
the orientations, knowledge, and practices that teachers need to “think in new ways about the integration of
disciplinary language instruction with disciplinary content instruction” (NASEM, 2018, p. 173; see, e.g., Bunch, 2013
on pedagogical language knowledge for reform-oriented teaching of MLs). Among the studies included, we identified
three areas: (a) studies that address teacher preparation with preservice teachers of MLs in science education, (b)
studies that address PD with practicing teachers of MLs in science and other content areas, and (c) literature
reviews on teacher preparation and PD with MLs across content areas. As this literature review covers multiple
areas of research across preservice and practicing teachers and across science and other content areas, the topics
studied and questions addressed vary widely. As a result, for each area, we provide a brief description of each study.

It is noted that studies of science education with MLs that do not directly address teacher preparation or PD

are not included in our review, for example, Buxton and Caswell (2020) addressing science instruction. A more
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comprehensive review of the literature on a range of topics, including science teacher education to support ELs,
between 2007 and 2013 is described in Buxton and Lee (2014). An updated review of the literature on a similar
range of topics, including teacher preparation and professional learning to support MLs, between 2014 and 2021 is
described in Buxton and Lee (2023). These two literature reviews present the evolution of the field, for example,
the same research team shifting from more traditional (Lee et al., 2016; Llosa et al., 2016) to contemporary
approaches (Lee et al., 2013, 2019).

First, several studies addressed teacher preparation with preservice teachers of MLs in science education.
Three studies examined how to prepare preservice teachers with models for integrating science and language with
MLs. Valdés-Sanchez and Espinet (2020) described a model for science teacher education that highlighted the
development of teacher professional identity. The study examined how one elementary teacher's professional
identity as a teacher of science and language evolved through coteaching experiences with science teachers.
Heineke et al. (2019) provided a nuanced analysis of one preservice high school science teacher's efforts to support
MLs' language development through engagement in rigorous, authentic science experiences. Rutt and Mumba
(2020) developed a language- and literacy-integrated science instructional framework grounded in SEPs. After
participation in 2 semester-long courses, 11 secondary science preservice teachers integrated more practices in
their instructional planning (e.g., designing lessons with built-in opportunities for literacy development). One area of
difficulty was contextualizing instruction, as preservice teachers struggled to identify and integrate MLs' unique
cultural and linguistic resources into instruction (see also Lyon et al.,, 2018; Tolbert & Knox, 2016 in the next
paragraph).

Two other studies within this area focused on how preservice teachers learned to contextualize science topics
in real-world phenomena and problems. Tolbert and Knox (2016) found that preservice elementary science teachers
contextualized science instruction with MLs primarily using two categories of contexts: local ecological contexts
and multicultural contexts. In a multi-institutional project to redesign science methods courses, Lyon et al. (2018)
guided teachers to create contextualized spaces for language and literacy development that were connected to
MLs' lived experiences (e.g., local ecologies, home activities, community events, global contexts, socioscientific
issues). While preservice teachers had opportunities to experience key instructional practices (e.g., framing lessons
with a driving question), there was less opportunity for pedagogical development around these practices.

Second, three studies addressed PD with practicing teachers of MLs in science and other content areas.
Capitelli et al. (2016) examined how one elementary teacher came to integrate her PD experiences in an NGSS-
aligned teacher learning project with her classroom experience and, over time, created a hybrid model of instruction
for integrating science and language. Huerta et al. (2019) examined teachers' attitudes toward MLs in science
education, specifically their attitudes toward linguistic diversity and research-based pedagogy related to science
instruction with MLs. Molle (2021) investigated how a team of three content teachers of MLs learned to integrate
content and language during a 1-year PD program. While the program promoted the teachers' uptake of language-
focused content instruction, teachers wrestled with what they perceived to be a tension between content learning
and language development.

Finally, three studies conducted literature reviews on teacher preparation and/or PD with MLs across
content areas. Based on Feiman-Nemser's (2001) framework for teacher learning tasks, Rutt et al. (2020)
identified key tasks for preservice teachers learning to teach MLs in science classrooms specifically. They found
that developing preservice teachers' science content knowledge and supporting them in examining their initial
beliefs about teaching science in linguistically diverse classrooms were understudied topics in the literature.
Based on the linguistically responsive teaching framework proposed by Lucas and Villegas (2013), Solano-
Campos et al. (2020) reviewed the literature on preservice teacher preparation to teach MLs across content
areas and found that studies focused predominantly on shifting teachers' orientations (e.g., their beliefs about
what MLs are capable of) and less so on promoting teachers' pedagogical knowledge and skills. Viesca et al.
(2019) reviewed the literature on teacher development and teaching for MLs across content areas. Their review

painted a “complex portrait” of quality content teaching for MLs (p. 312) that involved the interplay of
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orientations (e.g., attitudes, beliefs, and perspectives), pedagogy (e.g., how to integrate content and language in
instruction), and context (e.g., education policies).

4.4 | Summary of literature review

As the three bodies of literature have developed separately and the literature on PD for NGSS implementation and
PD for mainstream teachers of MLs is in its infancy, we drew insights from each body of literature to guide our
conceptual framework. First, while the literature on core features of effective PD indicates structural features of PD
(Desimone, 2009; Garet et al., 2001), the content of PD should be contextualized within contemporary perspectives
on learning in the relevant fields, such as science education and language education with MLs.

Second, the literature on PD for NGSS implementation highlights the need to design PD that supports
implementation of NGSS-designed curriculum materials. Educative curriculum materials played a key role in helping
teachers make instructional shifts to meet the vision of the Framework and the NGSS (first area of research). Some
studies examined professional learning through professional learning communities or research-practice partnerships
(second area of research), while most studies examined professional learning through PD programs, with the notion
of symmetry emerging as a key design principle (third area of research; Reiser et al., 2017; Schneider et al., 2022).
A small number of studies examined how organizational and sociocultural contexts interacted with and were shaped
by PD, professional learning, and instructional shifts (fourth area of research).

Third, the literature on PD for mainstream teachers of MLs emphasizes the importance of developing teachers'
identities as both science and language teachers (Heineke et al., 2019; Rutt & Mumba, 2020; Valdés-Sanchez &
Espinet, 2020), guiding teachers to contextualize science as connected to MLs' lived experience in home and
community (Lyon et al., 2018; Tolbert & Knox, 2016), and providing PD that addresses teachers' attitudes (Huerta
et al.,, 2019) and instructional practices (Capitelli et al., 2016; Lyon et al., 2018; Molle, 2021). These findings are
consistent with the literature highlighting the importance of teachers developing both asset-based orientations and
instructional practices, with neither orientations nor instructional practices being sufficient on their own (Rutt
et al., 2020; Solano-Campos et al., 2020; Viesca et al., 2019).

Overall, the literature review underscores the need for curriculum-based PD that meets the vision of the
Framework and the NGSS, is symmetrical to student learning, and provides sustained opportunities for teachers to
develop the orientations and instructional practices necessary to integrate science and language with MLs in
mutually supportive ways. In turn, our conceptual framework for PD programs could contribute to these emerging
bodies of literature across science education and language education with MLs.

5 | CONCEPTUAL FRAMEWORK FOR PD PROGRAMS

Key components of PD programs emerge from the science and language instructional shifts (Section 2 of this
manuscript), findings from our previous curriculum development project (Section 3), and findings from the three
bodies of literature (Section 4). Given that the literature on PD programs that integrate science and language with
MLs is in its infancy, in proposing our conceptual framework, we draw heavily from our previous curriculum
development project and use our PD program as an example of our conceptual framework.

Our PD program meets the five core features in the consensus model of effective PD (Desimone, 2009), the
NASEM (2015) consensus report, and the NRC (2015) consensus report. First, in terms of content focus, our PD
program emphasizes science instructional shifts guided by the Framework and the NGSS and language instructional
shifts guided by contemporary approaches in science and STEM education with MLs. Second, in terms of active
learning, our PD program offers opportunities for teachers to experience science and language instructional shifts

as learners and to reflect on what these learning experiences mean for their instructional practices with students.
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Third, in terms of coherence, our PD program is consistent with the state science standards and assessment at
Grade 5 based on the Framework and the NGSS. In addition, our PD program leverages teachers' rich knowledge
and expertise. Fourth, in terms of duration, our PD program involves a sufficient number of contact hours,
specifically, four 2-day PD workshops over a 2-year period. Finally, in terms of collective participation, our PD
program involves all fifth-grade teachers from the same schools that share the common feature of having a high
percentage of MLs.

Building on these core features of effective PD, our conceptual framework highlights contemporary
approaches to integrating science and language with MLs. Our conceptual framework is grounded in our
perspective and design principles to guide teacher professional learning.

5.1 | Perspective

As instructional shifts from traditional to contemporary approaches present both opportunities and demands for
teacher professional learning, teachers need to experience learning like the students they will teach and learn to
adapt their instruction for their students. Mehta and Fine (2019) propose the notion of symmetry in teacher
professional learning, which they define as “giving adults opportunities to learn in ways that parallel how students
learn” (p. 484). If we expect teachers to meet the vision in the Framework and the NGSS, teacher professional
learning experiences should be symmetrical to the learning experiences we organize for students (Haas et al., 2021).

With our focus on science and language integration with MLs, we emphasize three aspects of symmetry, which
correspond to the three design principles described in the section below. First, teachers bring rich knowledge and
expertise from their personal and professional backgrounds (in parallel with how students bring rich knowledge
and experiences from their homes and communities). This asset orientation of teachers as collaborators and
contributors to PD programs is a shift from teachers as receivers of information from PD programs. Based on this
asset orientation, PD programs capitalize on a wide range of knowledge and expertise that teachers bring. For
example, teachers bring knowledge of science and engineering disciplines, instructional strategies, students'
languages and cultures, and students' homes and communities, among other areas of knowledge.

Second, teachers need to experience science and language instructional shifts at the same time as they learn
new ways of communicating about these shifts (in parallel with how students are “doing science, using language”).

» o«

For example, the NGSS community has developed a specialized register (e.g., “phenomenon,” “three-dimensional

» o«

learning,” “storyline”) that allows members of the community to communicate precisely about instructional shifts. In
PD, teachers begin by experiencing the shifts, for example, what each of the three dimensions (i.e., SEPs, CCCs,
DCls) looks like and how to blend the three dimensions (i.e., three-dimensional learning). As teachers experience the
shifts, they develop a more specialized register for communicating about the shifts both within the PD program and
beyond it (e.g., with other teacher colleagues, administrators, and parents).

Finally, teachers progress in learning science, learning language, and integrating science and language over time
(in parallel with how students build coherent understanding of science and use increasingly specialized language to
communicate science ideas over time). Teachers experience how their science understanding develops over the
course of the PD program. At the same time, they experience how their language becomes more specialized over
the course of the PD program. As teachers participate in PD programs over multiple years, they learn to make

adaptations to curriculum materials and instructional practices.

5.2 | Design principles

Grounded in the three aspects of symmetry described above, our conceptual framework consists of three design

principles that describe how PD programs can guide teacher professional learning to integrate science and language
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with MLs. For each design principle, we describe the orientations, knowledge, and instructional practices that we

aim for teachers to develop and then how our PD program promotes teachers to develop such orientations,
knowledge, and instructional practices.

5.2.1 | Design principle 1: Guide teachers to develop an asset-oriented view of MLs and
instructional practices for recognizing and leveraging students' assets

This design principle addresses the importance of developing teachers' orientations toward MLs (prominent in our
previous curriculum development project and the literature on learning to teach MLs in content areas) as well as
associated instructional practices for putting these orientations into action (which are further built upon in Design
Principle 2 below). To engage MLs in science, teachers need to develop both the orientation that MLs bring assets
to the science classroom (e.g., meaning-making resources, knowledge, and experiences) and the ability to leverage
those assets in instruction.

In our PD program, to develop teachers' asset-oriented view and associated instructional practices, we engage
teachers in SEPs to explain phenomena, in parallel with how teachers will engage their students. For example, the
first unit in our curriculum is anchored in the phenomenon of what happens to all the garbage in the local school
and community (see Lee, 2020, for a detailed description of this PD module). At the beginning of PD for this unit,
teachers work collaboratively to make observations (i.e., SEP planning and carrying out investigations) of a pile of
garbage materials and then sort the materials into different categories (i.e., CCC patterns). After sorting the garbage,
teachers reflect on the meaning-making resources, knowledge, and experiences that they deployed as they engaged
in the garbage sort. For example, teachers reflect on how they used multiple modalities (e.g., gesture to indicate
different materials and which categories these materials belong to), registers (e.g., everyday register, such as “put it
over here!” and “this is the same as that one”), and interactions (e.g., one-to-small-group when sorting the materials
and one-to-many when sharing observations with the PD group). Teachers also reflect on what knowledge and
experiences they brought to the garbage sorting task, such as their knowledge of the different categories used to
sort garbage in their local community's garbage system (i.e., CCC systems).

As teachers participate in the garbage sort and reflect on their participation, they come to understand the range
of resources that people bring to making sense of and making meaning about phenomena, even without using the
specialized register that has been traditionally privileged in science classrooms (e.g., “properties of materials”).
Teachers are guided to connect their reflections to the instructional shifts (e.g., gesture as an example of a
modality).

Finally, teachers consider ways that they could elicit and recognize the wealth of meaning-making resources,
knowledge, and experiences that students bring to this task. For example, teachers share and discuss instructional
practices for encouraging students to use multiple modalities and everyday registers when beginning to explain a
phenomenon, making connections between science ideas and students' knowledge and experiences, and eliciting

ideas from students who may be less eager to share.

5.2.2 | Design principle 2: Guide teachers to integrate science and language in mutually
supportive ways with MLs

Building on and extending teachers' asset orientation and associated instructional practices (Design Principle 1), this
design principle addresses the importance of integrating science and language in mutually supportive ways
(a challenge for teachers in our previous curriculum development project and in the literature broadly). Specifically,
teachers need to make in-the-moment instructional decisions that capitalize on the mutually supportive nature of

science and language learning with all students, especially MLs. This design principle lays the foundation for
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teachers to develop more sophisticated instructional practices as they enact the curriculum in their classrooms and

reflect on this enactment (see Design Principle 3).

In our PD program, teachers engage in modules in which they examine student work related to specific
curriculum tasks and develop in-the-moment interpretations of and instructional responses to that work, similar to
what they will do in their classrooms. For example, in the second unit of the curriculum, which is anchored in the
phenomenon of tiger salamanders disappearing from a local vernal pool ecosystem, teachers examine initial and
revised models developed by students to explain the tiger salamanders' disappearance (see Grapin, Haas,
et al., 2019 for a detailed description of this PD module). The student models have been strategically selected to
capture a range of student ideas as well as a range of ways of communicating those ideas (e.g., multiple modalities
and registers to represent relationships among organisms in the ecosystem). As teachers work collaboratively to
examine the models, they negotiate different interpretations of students' ideas and clarify the sense-making goals
of the task. Examining models developed by MLs specifically helps teachers recognize how MLs can communicate
sophisticated science ideas in unanticipated ways that would otherwise be overlooked if a teacher looked only for
the “right” answer or representation (Grapin & Llosa, 2022a, 2022b)—what we call seeing and hearing the science in
MLs' ideas, regardless of how those ideas are communicated (Grapin et al., 2022; Grapin, 2023). Thus, collaborative
interpretation of student work further supports teachers to develop an asset-oriented view of MLs (see Design
Principle 1).

Next, teachers work collaboratively to discuss in-the-moment instructional decisions they might make based on
their interpretations. Specifically, teachers develop probes they could use in conversations with students to build on
students' science ideas and their varied ways of communicating those ideas. For example, teachers develop probes
for revoicing students' ideas in a more specialized register. Teachers also consider scaffolds they could use to
support students' development of language for science at the word, sentence, and discourse levels (WIDA
Consortium, 2020) without short-circuiting students' sense-making (e.g., by introducing sentence frames too early
in instruction; Grapin et al., 2021). Then, teachers engage in role playing in which they participate in simulated
conversations with “students” (i.e., teacher colleagues or PD facilitators) around student work. As teachers hone
their instructional practices for integrating science and language, they bring these practices back to their classrooms

and reflect on successes and challenges, which they will share in subsequent PD workshops (see Design Principle 3).

5.2.3 | Design principle 3: Guide teachers to develop more sophisticated instructional
practices for integrating science and language with MLs over time

Building on teachers' emerging repertoire of instructional practices for integrating science and language with MLs
(Design Principle 2), this design principle addresses the importance of teachers continuing to develop their
instructional practices over time (a key finding from the literature as well as our curriculum development project
that involved both new and returning teachers). Teacher learning progressions occur over a school year as teachers
learn to implement different units of a curriculum as well as over multiple years as they teach the same curriculum
to new classes of students. Specifically, teacher learning progressions occur in two key ways. First, teachers learn
more advanced instructional practices over time that build on the foundation of instructional practices established
in earlier PD workshops. Second, teachers learn to reflect on classroom enactment and make contextual
adaptations in a supportive community of practice.

In our PD program, we address both aspects of teacher learning progressions. First, we introduce more
sophisticated instructional practices over time as teachers develop a firmer grasp of the curriculum specifically and
NGSS instruction with MLs broadly. For example, whereas three-dimensional learning is emphasized from the
outset of the PD program, CCCs tend to take a backseat to SEPs and DCls in teachers' instructional practices (Fick
& Arias, 2022). Thus, one focus of PD with returning teachers is making CCCs explicit in ways that harness the

resources that all students, and MLs in particular, bring to the classroom (Nordine & Lee, 2021). Specifically,
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teachers recognize how CCCs, such as patterns and systems, are resources students use in their everyday lives that
can be harnessed as assets for making sense of phenomena in the science classroom, thus reinforcing an asset-
oriented view of MLs (see Design Principle 1). In PD, teachers read classroom snapshots anchored in specific
lessons in the curriculum (see Goggins et al., 2019 for an example classroom snapshot anchored in the phenomenon
of falling stars). These snapshots offer vivid examples of teachers implementing instructional practices related to
CCCs, such as making visible MLs' intuitive ideas and language related to CCCs, providing opportunities for
students to apply CCCs across science disciplines, and guiding students in using CCCs intentionally over the course
of instruction. Teachers discuss the classroom snapshots, share anticipated challenges in implementing the
instructional practices, and develop their own goals for integrating a focus on CCCs as part of three-dimensional
learning in the next unit.

Second, we provide opportunities for teachers to reflect on enactment and make adaptations to the curriculum
for their classroom contexts. A key affordance of our PD program is that it involves sustained opportunities for
teachers to develop their instructional practices (related to duration in Desimone, 2009), with PD workshops
interspersed between classroom enactments of curriculum units. This interspersing enables teachers to engage in
iterative cycles of enactment in their classrooms and reflection in PD workshops, which supports teacher learning
progressions. Moreover, it allows teachers to reflect on how they adapt what they are learning in PD to their
classroom contexts.

This emphasis on contextual adaptations is particularly crucial when it comes to teaching MLs, who are a
diverse group in terms of their individual characteristics (e.g., language background, English proficiency, literacy
skills, prior STEM learning experiences) as well as the contexts in which they are learning science (e.g., English-
dominant classrooms, dual language bilingual education classrooms; NASEM, 2018). After implementing each unit,
teachers have opportunities to reflect on successes and challenges they encountered in their classrooms (e.g.,
challenge of strategically grouping “newcomer” MLs who speak different home languages). As teachers engage in
PD about the next unit, those who expressed similar successes and challenges work collaboratively to identify
possible adaptations that are responsive to their students and contexts. In the second year of PD, we partner new
and returning teachers in ways that capitalize on their unique knowledge and expertise. In this way, the PD program
creates a supportive community of practice in which each member contributes their unique knowledge and

expertise while advancing the community's collective knowledge for teaching MLs in science.

6 | DISCUSSION

As the vision of the Framework and the NGSS takes hold in schools and classrooms across the nation, the field of
science education has focused on classroom implementation (NASEM, 2015; NRC, 2015). In recent years, high-
quality NGSS-designed curriculum materials have been developed for classroom implementation (see the 2021
special issue on the NGSS in the Journal of Science Teacher Education). For NGSS-designed curriculum materials to
be implemented on a large scale, PD programs to support teacher professional learning are needed. However,
research on PD programs using NGSS-designed curriculum materials is just beginning to emerge.

The vision of the Framework and the NGSS is expected of all students, including the nation's fast-growing
population of MLs. Contemporary approaches to science learning and language learning, respectively, indicate key
instructional shifts for integration of science and language with MLs (Lee et al., 2019; NASEM, 2018). As NGSS-
designed curriculum materials with MLs are beginning to emerge (Haas et al., 2021), there is an urgent need for PD
programs that support implementation of these materials in linguistically diverse science classrooms.

Our ongoing work on science and language integration with MLs has been evolving since the release of the
Framework in 2012 and the NGSS in 2013. Our work, while grounded in the literature, is also contributing to that
body of research (NASEM, 2018). In our previous curriculum development project, we proposed our conceptual

framework for science and language integration with MLs (Lee et al., 2019) and our conceptual framework for
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NGSS-designed curriculum development with MLs (Haas et al., 2021). Building on our previous work and relevant

literature, our conceptual framework for PD programs could generate a new research agenda.

In our current work, we are developing our PD program along with our curriculum, which constitute a full
intervention to support classroom implementation. Over the course of our current work, our PD program will guide
enactment of our PD program through a field trial in a large urban school district with a high percentage of MLs.
Through our field trial, our PD program will be further revised and refined. As an extension of our previous
curriculum development work, our current work could make important contributions to the field. First, our PD
program could serve as a prototype for PD to facilitate uptake of NGSS-designed curriculum materials with MLs.
Second, the full intervention consisting of the curriculum and PD program could serve as a prototype for scale-up of
an intervention with MLs. Third, our current work involves development of a suite of instruments to measure the
impact of the full intervention on teachers and students with a focus on MLs. Finally, the PD program along with
curriculum materials, a suite of instruments, and data on the impact of the full intervention on teachers and
students with a focus on MLs from our field trial could offer directions for future research, practice, and policy for

classroom implementation of the NGSS with all students, and MLs in particular, across the nation.
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