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examining science practice-based instruction. We present a
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undergraduate students in a model-based inquiry labora-
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application of the CRM Framework, we revealed ways
teachers can have instructional goals that align with those
of a research mentor. For example, our teachers had the
goals of “creating an inclusive environment open to student

ideas,” “acknowledging students as scientists,” and
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“focusing students on skills and ideas needed to solve
biological problems.” We suggest three functions of
research mentoring that translate across the classroom
and research laboratory settings: (1) build a shared under-
standing of epistemic aims, (2) support learners in the
productive use of science practices, and (3) motivate

learner engagement in science practices.
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1 | INTRODUCTION

Science practice-based instruction envisions students as participants within a community focused on developing
knowledge of the natural world. Learners are situated in a context that moves away from direct teaching of content
and instead focuses on teaching ways of knowing (Ford, 2008; Manz et al., 2020; Schwarz et al., 2017; Windschitl
et al., 2008). The movement to bring authentic science practices into the classroom has pushed for a transformation
of classroom teaching (Guy-Gaytan et al., 2019; Schwarz et al., 2022). Yet, determining how to guide students in
conducting their own inquiries using science practices has created tensions in teacher implementation
(Crawford, 2007; Manz & Suarez, 2018; Varelas et al., 2005; Watkins & Manz, 2022). In this study, we developed
a novel framework for thinking about science practice-based instruction. Through our previous work investigating
teacher reasoning in the context of a model-based inquiry classroom (Cooper et al., 2022), we hypothesized that
teachers may approach science-practice-based instruction in ways that are analogous to research mentoring. Thus,
we turned to the literature on research mentoring to identify salient aspects of supporting students both cognitively
and socially, while engaged in the practices of science. We suggest that there are some similar features for guiding a
science newcomer in science practices across research and classroom contexts.

The decision to promote practice-based instruction is grounded in the idea that students' science learning
activities should mirror those of scientists conducting inquiries in a research setting (Ford, 2008; Lehrer &
Schauble, 2006a; NGSS Lead States, 2013; Wong & Hodson, 2009). Studies of scientists provide a deep
background for understanding the ways of knowing, interacting, and experimenting that are common in research
contexts (Ford, 2008; Klahr et al., 1993; Wong & Hodson, 2009). This literature has proven to be a productive
resource for conceptualizing practice-based curricula (Berland et al., 2016; Ford, 2008; Justi & Van Driel, 2005;
Lehrer & Schauble, 2013; Passmore & Svoboda, 2012). However, understanding the practices of science does not
directly translate to how students may learn to participate in these practices (Ford, 2005). In addition, the
implementation of practice-based curricula has presented significant challenges, especially with regard to how a
teacher may provide instruction in these contexts (Crawford, 2007; Guy-Gaytan et al., 2019; Varelas et al., 2005).

A “science-as-practice” focus in a classroom setting requires rethinking assumptions about the learning process
and how it may be situated in a community of legitimate participation (Lave & Wenger, 1991; Lehrer &
Schauble, 2006a). The inherent social changes required to foster participation in science practices introduce
questions about the role of the teacher in the classroom that are not easily resolved. While there is significant
literature on how scientists guide learners in authentic research settings (i.e., research mentoring), this literature has

not been widely used to consider the teacher's role in science practice-based instruction.
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Through a comparison of research mentoring and teaching in a practice-based classroom, we hope to inspire
new ideas about the possibilities for engaging students in scientific inquiries. We begin by identifying three
functions of mentoring that we suggest are applicable in both the classroom and laboratory setting:

(1) Building shared understanding of epistemic aims (i.e., framing and goal-setting of the shared purpose to build
evidenced-based explanations), (2) Supporting learners in the productive use of science practices (i.e., guidance that
supports carrying out the shared purpose), and (3) Motivating learner engagement in science practices (e.g., create a
learner setting that invites and supports students' participation in science).

While we do not suggest that these are the only three functions of a research mentor, we do propose these as
salient functions for understanding elements of research mentoring that may emerge in a science practice-focused
classroom. This assumption is based on our reflections about our own experiences as research mentors and science
practice-based teachers. These reflections took place in the context of our previous research on teacher reasoning
in science practice-based classrooms (Cooper et al., 2022). Our reflections were enhanced by our review of the
literature on research mentoring.

In what follows, we first unpack each of our proposed functions of mentoring as they relate to science as a practice.
Second, we review the literature on teaching in science practice-based classrooms. Third, we describe the Classroom-
Research-Mentoring (CRM) Framework, which we derive from the literature on research mentoring. Finally, we present

two case studies of teachers in a model-based inquiry classroom, examining their teaching using our framework.

1.1 | Supporting science practices
1.1.1 | A mentor builds a shared understanding of epistemic aims

A defining feature of practice is that it is carried out in service of an agreed-upon purpose (Ford, 2015; Gouvea &
Passmore, 2017; Stroupe, 2014). Often that purpose, or “shared enterprise,” is negotiated within a community that sets out
to accomplish a particular goal (Lave & Wenger, 1991; Wenger, 1998). In the case of science, the agreed-upon purpose is
to explain some aspect of nature (Ford, 2015). While the purpose of “explaining nature” sounds self-evident as a
description of the scientific endeavor, the nuance of what that means and the ways in which this purpose frames actual
activity are less obvious. The complexity of the overarching aim of science, as it relates to science practices, is underscored
by the amount that has been written about how scientists gain knowledge, that is, the epistemology of science
(Ford, 2008; Nersessian, 2010; Wong & Hodson, 2009). Thus, a necessary role of a mentor is to bring a newcomer into the
scientific community by building an understanding of the purpose of their shared work. This mentoring function is
particularly essential in a science practice-based classroom setting where framing the purpose of the activity is often in
conflict with traditional classroom norms and expectations (Crawford, 2007; Ford & Wargo, 2007; Rudolph, 2008;
Windschitl & Thompson, 2006; Windschitl et al., 2008; Wong & Hodson, 2009). Because classrooms traditionally provide
few opportunities for epistemic agency, students often approach new research experiences without sufficient
understanding of their own role in generating scientific explanations. Thus, mentors and teachers have a responsibility
to not only provide opportunities for student epistemic agency but also to help them frame their activities as connected to
scientific purposes (Miller et al., 2018; Stroupe et al., 2018). We expand upon this challenge in the next section.

1.1.2 | A mentor supports learners in the productive use of science practices

Another defining feature of science practice is that it is composed of a set of interacting activities (Ford, 2015). Practices
are defined by the ways that these activities interact, rather than by specific rules or patterns. This can make science
practices difficult to learn through didactic teaching because it cannot be reduced to a specific, tangible skill (Ford, 2015).

Furthermore, introducing a learner to science by teaching isolated skills that are not situated in an authentic context may
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contribute to an inaccurate view of the nature of science (NOS; Wong & Hodson, 2009). In theory, science practice-based
instruction avoids this problem. However, supporting a learner in the complex cognitive and social work of science
practice is not trivial. Each of the interacting activities that compose a practice may be performed with greater or lesser
levels of expertise (Berland et al., 2016; Ford, 2008). The success of the science enterprise depends upon how well these
activities are executed. Success and failure through participation in practices are central to the learning process of science
as a practice, a process in which the mentor plays a key guiding role. In addition, participation in science practice entails
taking on the dual roles of an idea generator and one who critiques ideas (Ford, 2008; Henderson et al., 2015). The nature
of a newcomer's science learning experiences can determine the extent to which they generate productive experimental
ideas (Ford, 2005). A mentor plays a role in judging when a newcomer's ideas and forms of engagement are productive
(Engle & Conant, 2002). In general, this productivity is marked by an individual's intellectual progress, but the specifics of
productivity are often determined by the discipline (Engle & Conant, 2002; Ford, 2005). Thus, a mentor or teacher needs
to provide significant encouragement and feedback as a learner moves from an observation of science to participation in

science practices.

1.1.3 | A mentor motivates the engagement of a learner

The participation of a learner in the process of science depends upon their sustained engagement and interest, that
is, their motivation (Linnenbrink-Garcia et al., 2016). A mentor plays a key role in facilitating a science newcomer's
motivation by promoting intellectual interest, providing intellectual autonomy and authority to address problems,
building self-efficacy, and normalizing the process of science to minimize potential performance anxiety
(Burden, 2000; Engle & Conant, 2002; Linnenbrink-Garcia et al., 2016; Pfund et al., 2016). Part of motivating
newcomers in a research setting includes positioning them as epistemic agents, which provides them with
opportunities for productive disciplinary engagement (Engle & Conant, 2002; Miller et al., 2018).

Additionally, a mentor is tasked with inviting the newcomer into the scientific community and facilitating their
legitimate engagement with the activities of that community, ideally in ways that promote their sense of belonging.
Research on why newcomers choose to persist in a science field underscores the connection between science motivation
and one's relationships within a science community (Estrada et al., 2011; Graham et al., 2013). Recognition from others
and a sense of belonging within a scientific community are crucial aspects of how one develops a scientific identity
(Carlone & Johnson, 2007; Starr et al., 2020; Wenger, 1998). While the literature on science practices does not
emphasize these aspects, there are key intersections with what is known about communities of practice in general. More
experienced members of a community of practice play a role in providing legitimate ways for newcomers to participate.
These forms of engagement are essential for the situated learning of the newcomer (Lave & Wenger, 1991). Over time,
the social interactions that take place within a community of practice can have a strong influence on how newcomers see
themselves and the development of aspects of their identity (Lave & Wenger, 1991).

Also, relevant to promoting newcomer engagement is coping with the experiences of failure and frustration
that are inherent to authentic inquiry (Corwin et al., 2022; Goodwin et al., 2021). The way a mentor supports a
learner through the emotional aspects of scientific inquiry may influence a learner's motivation to persist through
these challenges (Pfund et al., 2016). Related work on students' feelings and emotions in a classroom setting brings
attention to the role of the teacher in supporting students' epistemic affect during practice-based instruction
(Gellert, 2000; Jaber & Hammer, 2016; Jaber et al., 2022).

1.2 | Documented challenges of teaching science practices

In K-12 education there is a move to take a “practice turn” to address the disconnect between school science and

authentic science practices (Forman, 2018; National Research Council, 2012). Specifically, this reform seeks to
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engage students in science practices, such as modeling, carrying out empirical investigations, using evidence-based
arguments, and drawing conclusions from evidence (Ford & Forman, 2006; Forman, 2018; National Research
Council, 2012; Passmore et al., 2014). Educators at the undergraduate level are also considering how to incorporate
core competencies of science in the classroom, including the ability to apply the processes of science (American
Association for the Advancement of Science, 2011). While these types of activities are not commonly referred to as
“science practices” within undergraduate education, the reform documents describe engaging students in “skills”
like designing experiments and interpreting and evaluating data (American Association for the Advancement of
Science, 2011). Course-based undergraduate research experiences (CUREs) are one mechanism that the
undergraduate community has used to bring the process of science into the classroom (Auchincloss et al., 2014;
Buchanan & Fisher, 2022). Additionally, science practice-based curricula have begun to emerge in undergraduate
chemistry, physics, and biology (Brewe, 2008; Gouvea et al., 2022; Hester et al., 2018; Tien et al., 2007; Walker
et al., 2016; Zagallo et al., 2016). We will next review implementation challenges in both K-12 and undergraduate
settings, with an emphasis on K-12 education, where more is known about how teachers navigate science practice-
based instruction.

Engaging students in the practices of science requires them to, in part, take up the epistemic aims and values of
science (Chinn et al., 2011; Ford, 2015; Gouvea & Passmore, 2017; Jaber & Hammer, 2016; Miller et al., 2018). The
success of teaching science practices relies upon the creation of instruction that makes these epistemological
aspects of science apparent and positions students as epistemic agents (Radoff et al., 2019; Stroupe et al., 2018). A
teacher's own lack of experience with authentic inquiries may interfere with this goal (Bismack et al., 2022;
Crawford, 2007). To address this challenge, there have been significant efforts to develop K-12 teachers'
understanding of the NOS through professional development (PD) opportunities, including participation in short-
term research experiences. Outcomes include varied levels of NOS learning among teachers (Davidson &
Hughes, 2018; Schwartz et al., 2004; Varelas et al., 2005). Interestingly, even when preservice teachers can provide
relatively sophisticated descriptions of the NOS, their level of understanding does not necessarily translate into
pedagogical performance (Bismack et al., 2022; Varelas et al., 2005). There is often a disconnect between a
teacher's views about science as a practice and teaching science practices (Varelas et al., 2005). This disconnection
is not limited to K-12 teachers. Practicing scientists may also experience tension between their ways of thinking
within their research communities and their thoughts about teaching in an undergraduate science classroom
(Brew, 2010; Malachowski et al., 2020). This type of disconnection can be a barrier to the implementation of
science practice-based instruction at all levels of education.

The norms of traditional teaching conflict with setting up a science practice-based community. Creating
opportunities for student uncertainty and sense-making requires teachers to be comfortable with being
uncomfortable. It is necessary for teachers to be able to navigate their own uncertainty by releasing some of
their control over the direction of conversations and trusting students' ability to learn content goals through their
participation in practices (Manz & Sudrez, 2018). Evidence reveals that beginning K-12 teachers draw on their
experience as students to negotiate the routines, roles, and responsibilities of their classroom. However, this leads
teachers to use practices that are common in traditional classrooms, which do not align with the routines, roles, and
responsibilities of authentic science (Crawford, 2007; Ford & Wargo, 2007; Ko & Krist, 2019;
Rudolph, 2008; Windschitl & Thompson, 2006; Windschitl et al., 2008). For example, when helping students
navigate modeling as a scientific practice, K-12 teachers may find it challenging to elicit and value different student
ideas because they want students to reach a consensus on specific content knowledge objectives (Guy-Gaytan
et al., 2019; Ko & Krist, 2019). In many cases, teachers may revert to implementing more teacher-centered
strategies without realizing that these traditional supports conflict with the goals of science practice-based
instruction (Biggers & Forbes, 2012). Ultimately, the teacher's role must be renegotiated, as retrofitting the goals
and supports from a traditional classroom are often ineffective in supporting students in science practices.

Undergraduate science education is encountering many of the same challenges seen with K-12 teachers.

Laboratory courses are a key place where science practices are being introduced through curricular reform. These
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courses are ones in which student instructors (teaching assistants [TAs]) often serve as the primary teachers. This
teacher population shares many similarities with K-12 teachers. First, they are still learning about science and
developing their own understanding of the epistemic aims of science (Goertzen et al., 2010; Sandi-Urena
et al., 2011). Second, they are also found to rely on their own experiences as a student or teacher in traditional
laboratory courses, which conflict with the goals of practice-based instruction (Ginath & Southerland, 2019; Sandi-
Urena et al., 2011; Wheeler et al., 2017). Uniquely, TAs are frequently learning to be teachers with limited or no
pedagogical training, creating additional challenges that K-12 teachers may not experience (Mutambuki &
Schwartz, 2018; Schussler et al., 2015). With the known challenging nature of this type of instruction in both K-12
and undergraduate settings, more work is needed for our fields to think about science practice-based instruction.

1.3 | Conceptual framework: Classroom Research Mentoring

We sought to develop a conceptual framework to explain the key factors and concepts (Miles & Huberman, 1994)
of research mentoring in the classroom. To develop this framework, we used available research about
undergraduate and graduate research mentoring in laboratory settings. In addition, work describing mentoring in
an inquiry classroom setting was included when applicable. Our goal in building this framework was to describe the
strategies and approaches used by research mentors to teach their students how to approach scientific work. With
our narrow focus in mind, we chose to only include studies that describe what a research mentor does to guide their
students when they are doing things like learning technical skills, designing experiments, building scientific ideas,
and so forth. This caused us to exclude several articles that focus on mentors' and students' perceptions of the
importance of mentoring (Aikens et al., 2016; Dolan & Johnson, 2010; Limeri et al., 2019b), as well as studies about
“negative mentoring” (Limeri et al., 2019a; Tuma et al., 2021). We also chose to only include the research mentoring
aspects that would likely be transferrable to an inquiry classroom, using our experiences in curriculum design and
teaching in this context as a guide for these choices. Therefore, we did not include research on how a mentor may
provide certain aspects of psychosocial and career support as these seemed more relevant to one-on-one
mentoring of students in long-term research experiences (e.g., Brown et al., 2009; Lunsford et al., 2017; Pfund
et al., 2016; Thiry et al., 2011). The resulting CRM Framework characterizes goals and tools used by research
mentors with their mentees that could theoretically transfer into a classroom setting (Tables 1 and 2). We have
chosen to include the goals of the mentors along with their tools of implementation due to evidence for both in the

literature.

TABLE 1 Classroom research mentoring goals for students.
Goals

Focus students on skills and ideas needed to Gafney (2005); Feldman et al. (2008); Kapon (2016); Pfund et al.

solve a problem (2016); Shanahan et al. (2015); Shore (2005)

Engage collaboratively in a joint inquiry with Brondyk and Searby (2013); Kapon (2016); Pfund et al. (2016); Shore
students (2005); Varelas et al. (2008)

Acknowledge students as scientists Pfund et al. (2016); Shore (2005)

Celebrate students' research milestones Pfund et al. (2016)

Foster collaboration between student Ayar and Yalvac (2016); Feldman et al. (2008)
researchers

Create an inclusive environment open to Pfund et al. (2016)

student ideas
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TABLE 2 Tools used in the implementation of classroom research mentoring goals.

Tools

Modeling: Mentor carries out a task so that the student can observe it and Collins (2005); Feldman et al. (2008,

build a conceptual model of the processes needed to accomplish 2013); Kapon (2016)
the task.

Scaffolding: Mentor supports the student as they carry out a task. This Collins (2005); Feldman et al.
may include actions like directing student to accessible subtasks or (2008, 2013); Kapon (2016)

giving assistance needed in the moment to complete the task.

Articulation: Mentor asks students to state their knowledge, reasoning, or Collins (2005)
problem-solving procedures coherently to refine understanding.

Reflecting: Mentor encourages the student to compare knowledge, Collins (2005); Pfund et al. (2016)
reasoning, and problem-solving procedures with those of an expert,
research literature, or an internal cognitive model of expertise.

Exploration: Mentor supports student curiosity by encouraging them to Collins (2005); Kapon (2016)
engage in problem solving, often through independent projects.

Invisible Guidance: Mentor supports a student to succeed in a task with Feldman et al. (2013)
the intention not to be overly directive or obvious to the student.

Recognition: Mentor emphasizes, articulates, or values a student's idea. Pfund et al. (2016); Shore (2005)

The CRM Framework goals, in Table 1, characterize the overall classroom research mentoring aims and
directions for supporting students in science practices in the classroom. These goals are overarching mentoring
intentions that may influence decisions teachers make when interacting with students in a science practice-based
classroom. The CRM Framework tools describe the specific classroom research mentoring approaches a teacher
might use to support students in carrying out science practices in the moment. Importantly, CRM tools are the ways
a teacher could carry out CRM goals. Of the seven tools included in Table 2, five of the tools have been previously
described in detail in Collin's work on cognitive apprenticeship (2005). These five supports have additionally been
used as an analytical lens to describe undergraduate research mentoring (Feldman et al., 2013). We chose to not
include the tool “coaching” from this work, as its definition overlaps with other tools (e.g., modeling and scaffolding)
causing potential challenges in the application of our framework. In addition to the tools from the work on cognitive
apprenticeship, we added the tools of invisible guidance and recognition, based on other work in the field. Invisible
guidance describes how a mentor may seek to provide guidance in ways that are “invisible” to the mentee. This tool
relies on the teacher's support going unnoticed by the students, allowing the students to feel they have
accomplished things by themselves (Feldman et al., 2013). When supporting the process of inquiry for a newcomer,
a research mentor often negotiates how much and what kinds of support are needed to allow productive
engagement while simultaneously supporting student agency (Kapon, 2016). Invisible guidance may play a key role
in such instances. Additionally, we added the tool recognition, where a research mentor acknowledges to the
student when they notice their success, milestone, or achievement. This can be publicly or informally and is a way
for a mentor to provide psychosocial support that may contribute to the student's development of a science
identity (Pfund et al., 2016; Shore, 2005). In the following paragraphs, we will describe six CRM goals based on the
literature. We will additionally reference any CRM tools associated with these goals as they are discussed.

One common mentoring goal is to “focus mentees on the skills and ideas needed to solve a problem” in their
discipline. A primary responsibility of a research mentor is to teach students scientific skills, practices, and
techniques (Feldman et al., 2008; Gafney, 2005; Kapon, 2016; Pfund et al., 2016; Shanahan et al., 2015;
Shore, 2005). Findings from studies characterizing research mentoring show that mentors use specific tools to

teach science practices such as scaffolding and modeling (Feldman et al., 2008, 2013; Kapon, 2016). Articles

‘0 *XLETY60T

:sdny woy pop

:sdpy) suonipuo)) pue suud [, 3y 93§ *[£207/60/LT] uo Areiquy dutuQ Ad[IA ‘SE]1T398/2001°0 1/10p/wi0d Kd1m 4.

QSULII SUOWIO)) 9ANEaI1) d[qearjdde oy Aq pauIoA0S a1e SAOILIE V() (aSN JO SO[NI 10§ AIRIQIT dUIUQ) AJJIAY UO (SUOHIPUOI-PUB-SULID}/WOY" KI[1M AIRIqI[oul]



8 g o COOPER and BOLGER
Science A
* LwiLey- -

describing research mentoring often include that a mentor should be available to guide their students in the process
of research and should be responsive to their student's needs in this process (Feldman et al., 2008; Gafney, 2005;
Kapon, 2016; Pfund et al., 2016). However, the details of how a mentor should support students in solving
problems are underspecified in the literature and it has been reported that often even research mentors have not
articulated these details for themselves (Feldman et al., 2008). Studies do suggest that mentors must adapt their
level of guidance to meet students' individual needs. The amount and structure of guidance are influenced by
different factors such as the student, the project, or the mentor's goals (Feldman et al., 2008; Gafney, 2005).

Another mentoring goal focuses on “engaging with students collaboratively, as partners in a joint inquiry”
(Brondyk & Searby, 2013; Kapon, 2016; Pfund et al., 2016; Shore, 2005; Varelas et al., 2008). Through this
collaboration, the student has the opportunity to work alongside their mentor. This provides the chance to not
only observe the mentor as they model expertise in a scientific process but also allows the student to be an
active participant in that process. Within a joint inquiry, both student and mentor share perceived ownership
of the project, both experiencing enthusiasm, engagement, and personal learning (Kapon, 2016). To support
this goal, a mentor might use invisible guidance, allowing the student to remain unaware that they are
receiving guidance because of the way the mentor subtly provides help in the context of working together
(Feldman et al., 2013).

Research mentors also have goals that focus on their students' motivation and sense of belonging. For example,
one research mentoring goal is to recognize and “acknowledge their students as scientists.” This can be done
directly by recognizing actions as scientifically meaningful or implicitly through the ways that a mentor treats the
student as a developing scientist. This could be through encouraging the students critical thinking, nurturing their
increasing scientific self-sufficiency, and treating mentees as “junior colleagues” (Pfund et al., 2016; Shore, 2005).
Another related mentoring goal is “celebrating students' research milestones.” Science is challenging and requires
mentors to build their students' confidence by celebrating their scientific achievements. This is done through the
tool of recognition, and by creating opportunities for the students to identify their own progress. Having a mentor
who encourages their students to reflect allows them to begin to notice their accomplishments and develop a
scientific identity (Pfund et al., 2016).

“Fostering collaboration among researchers” is another mentoring goal that focuses on encouraging students to
work with their colleagues and the opportunities this gives them to further develop as scientists (Ayar &
Yalvac, 2016; Feldman et al., 2008). Opportunities for reflection and collaboration can be achieved by having
mentors create an environment with opportunities for students to work with other peer researchers on their
projects or share their findings in research meetings (Feldman et al., 2008; Shore, 2005).

Finally, “creating an inclusive environment where students feel comfortable sharing their ideas” is a mentoring
goal that also focuses on the social aspect of research (Pfund et al, 2016). Mentors value students feeling
comfortable sharing their ideas during lab meetings or in one-on-one meetings. A mentor can provide a student
with agency in selecting aspects of their own inquiry, valuing the student's individual interest, and promoting their
enthusiasm (Kapon, 2016). A playful or casual atmosphere can be promoted by a mentor to allow students to be
free to express ideas (Kapon, 2016). Having students feel comfortable fosters a sense of belonging in the research
group and further increases their scientific identity (Pfund et al., 2016).

1.4 | Our investigation

The goal of this study is to bridge the disconnection that teachers may perceive between experiencing science
practices and teaching in a science practice-based classroom. Our framework identifies aspects of research
mentoring that could theoretically be translated into the classroom. We aim to understand how and why teachers

may take a research mentoring approach to science practice-based instruction. Specifically, we asked:
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1) How can research mentoring be implemented as a form of science practice-based teaching? Does the CRM
Framework help to describe this form of teaching?
2) What motivates our research subjects' approaches to science practice-based teaching?

To answer the first question, we applied our CRM Framework as a lens of analysis for teaching in an
undergraduate laboratory classroom in which groups of students were expected to conduct their own scientific
inquiries. Modeling was positioned as a central scientific practice within the curriculum that students were
experiencing (Hester et al,, 2018). We conducted a comparative case study of two scientists as they taught
undergraduate students in this setting. We selected these scientists because of their stance toward the productive
implementation of science practice-based instruction. Our overall goal was to illustrate the potential utility of the
CRM Framework for understanding practice-based classroom teaching. To address our second question, we
continued our comparative case study of the same two scientists aiming to explain the motivations behind their
approaches to instruction.

Our data set included audio recordings of each teacher as they interacted with students in the classroom and
multiple interviews with the teachers throughout the semester. We utilized the stimulated recall approach in which
we asked teachers to listen to and reflect on specific recorded classroom episodes (Calderhead, 1981; Shkedi, 2005).
This allowed us to understand the teachers' rationale for their instructional approach. This was important for
understanding how the CRM Framework could be applied to explain each teacher's enactment of practice-based

instruction.

2 | METHODS
2.1 | Study context

The two teachers in this study participated in our research as they taught a one-semester introductory biology
laboratory course called “Authentic Inquiry through Modeling in Biology” (AIM-Bio) (Hester et al., 2018). AIM-Bio is
an undergraduate model-based inquiry introductory biology laboratory course focused on molecular and cellular
biology (Hester et al., 2018). The course is a 3-h weekly laboratory section that is taught at a large, research-
intensive, Hispanic-serving institution. The laboratory course is taught in conjunction with an introductory biology
lecture course, though co-enrollment in the two courses is not required. The course has a large enrollment (about
1800 students per year), is required for a large array of life science majors across campus, and is also open to
nonscience majors.

The course was designed to bring science practices into the classroom by explicitly using design principles
drawn from the K-12 literature (Lehrer & Schauble, 2006b; Stewart et al., 2005; Wigfield & Eccles, 2000; Windschitl
et al., 2008). AIM-Bio specifically asks students to participate in “cycles of modeling” (Bolger et al., 2021; Hester
et al., 2018). In this cycle, students observe a puzzling biological phenomenon and generate a mechanistic model to
explain what they think is going on. Next, the students design experiments to test the hypotheses and ideas in their
models. Importantly, the curriculum is designed such that it is expected that a classroom of students will propose a
diversity of models, with different groups of students testing different explanations for the same biological
phenomenon. Finally, the students use evidence from their experiments and other groups' experiments to revise
their original models. Over the course of the semester, students participate in five units which center around their
participation in these cycles of modeling. Our previous work has demonstrated that legitimate scientific practices
can emerge when students engage in the AIM-Bio curriculum (Bolger et al., 2021). Our previous work has also
demonstrated ways that teachers can support students through a modeling cycle, illustrating the importance of how
a teacher can scaffold students through modeling practices rather than pushing students toward “known” scientific
ideas (Cooper et al., 2022).
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TABLE 3 Teacher background information.

Research
Subject Position Teaching experience experience Research mentoring
Dr. Bell Postdoctoral Scholar 8 years (3 years as 15 years 6 years
graduate TA)
Mason Graduate Student (year 3) 1.5 years 7 years Minimal, some technical

skills support

2.2 | Case study subjects

Our study of Dr. Bell (pseudonym) emerged through our prior work exploring how the designers of the AIM-Bio
curriculum navigated supporting students (Cooper et al., 2022). Through this analysis, we began to hypothesize that
this teacher was using a framework that stemmed from her experiences as an active learning teacher and as a
mentor in the research laboratory. To investigate this hypothesis, we chose to conduct an in-depth case study of Dr.
Bell's instruction. Dr. Bell was a postdoctoral scholar at the time of data collection. She had previous experience as
an active-learning instructor, conducting research, and mentoring others in a research setting (Table 3).

Our second teacher chosen for the study, Mason (pseudonym), was a part of our teacher population during our
transition to large-scale implementation of the AIM-Bio curriculum for all students in the course. This involved
moving to have undergraduate and graduate student TAs as the lead teachers for laboratory sections. As a part of
our TA instructor population, Mason participated in a 3-h weekly PD training during his semester of instruction. The
weekly training focused on supporting TAs in understanding the flow and content of activities, developing TAs' own
science skills with science practices, building pedagogical strategies, and providing TAs with opportunities for
metacognitive reflection. Mason was a graduate student pursuing his master's degree during the semester of data
collection. As we collected observation and interview data from multiple TAs in our research study, we noticed that
Mason seemed to be drawing from his experience in research when making instructional choices. Mason had some
previous teaching experience in other laboratory classes. He also had many years of research experience, but little
research mentoring experience in a laboratory setting. The research mentoring experience described by Mason only

included teaching others technical skills in the laboratory, like using different laboratory equipment (Table 3).

2.3 | Data collection

Collected data consisted of teacher intention interviews that were conducted in Fall 2018 for Dr. Bell and Fall 2021
for Mason. Dr. Bell was interviewed at four points in the semester after the “Bacteria Growth,” “Computational
Cancer,” “Chlamydomonas reinhardtii Phototaxis,” and “Pathway thinking in Yeast.” Mason was interviewed at two
points in the semester after the “Bacteria Growth” and “Chlamydomonas reinhardtii Phototaxis” units. Each interview
was audio-recorded and was conducted within 2 weeks of the end of each unit. We have previously described
these curricular units (Hester et al., 2018).

Teacher intention interviews were designed as stimulated recall interviews (Calderhead, 1981;
Shkedi, 2005). The aim of the interviews was to capture the intentions behind specific interactions that
occurred with their students. We first asked the teacher to reflect on their general intentions for a specific
part of the modeling cycle (i.e., model creation, experimental design, model revision) within the unit recently
completed. This was followed by the stimulated-recall portion of the interviews. Author 1 listened to the in-
class audio for each teacher while they supported students in the model creation, experimental design, and

model revision tasks (both teachers wore microphones and were audio-recorded for all days of instruction).
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She chose two audio clips, for each task, that she played for each teacher during their interview. Author 1
chose audio clips specifically to evoke reflection, primarily picking episodes that included representative
approaches and interactions (after listening to each teacher holistically). The audio clips chosen lasted
between 1 and 4 min (Supporting Information: Table 1). The teachers were then asked to reflect upon each
audio clip that was played out loud during the interview through directed questions and additional follow-up
questions by the interviewer. Mason's interviews included an additional section of two to three reflective
questions in each interview to better understand his framework for teaching (Supporting Information: Table 2).
Dr. Bell participated in a short, interview in Fall 2022 to ask reflective questions about her framework for
teaching in this context (Supporting Information: Table 3)

2.4 | Data analysis

To address our research questions, we used a case-study approach (Tellis, 1997; Yin, 2012) focusing on the
stimulated recall portions of the teacher interviews using the CRM Framework as a lens for analysis. Our analysis of
Dr. Bell's case focused on three of the first four units about which she was interviewed. The “Pathway thinking in
Yeast” was not included in the analysis as it was still being piloted during the semester of data collection. Analysis
for Mason focused on the two interviews that were collected for him.

To address Research Question 1, the authors listened to all stimulated-recall episodes for each subject (Dr.
Bell: n=17 episodes over three interviews; Mason: n=11 episodes over two interviews). This included
analysis of the audio clip classroom interactions that occurred in the stimulated recall episodes and the
teacher's reflections on each episode that occurred during the interview. We used a deductive approach with
the CRM Framework as a guide for our analysis. Each author noted how tools from the CRM Framework
aligned with the instructional choices during the in-class episodes played. With each episode as context, the
authors then listened to the teacher's rationale for their instructional choices to determine their goals and how
these aligned with goals from the CRM framework. Analytical summaries of each episode were created by
author 1, immediately after meetings to facilitate a holistic understanding of each case and to document
discussion around each episode that occurred in the research team. We found that all episodes analyzed
included at least one goal or tool from the CRM Framework. We did not exclude goals and tools from the
framework that did not appear in our analysis. Episodes chosen for inclusion in the results section were ones
that included multiple goals and tools from the CRM Framework and that would highlight different aspects of
the framework. Audio recordings included were transcribed verbatim. Additionally, episodes include the tone
of the student or teacher when it was an important aspect of the analytical summaries. Student audio in
stimulated recall episodes was only analyzed for students who consented to have their audio recorded. For
episodes where students did not consent to audio recordings, we focused analysis on the teacher's words and
paraphrased student contributions for context.

To address Research Question 2, the authors used the summaries created from analyzing the stimulated recall
episodes in the first round of analysis for Research Question 1 to holistically investigate each case. Additionally,
both researchers read and discussed verbatim transcripts of both the teachers' responses to the interview reflection
questions (Mason's questions are included in Supporting Information: Table 2, and Dr. Bell's questions are included
in Supporting Information: Table 3). Using the summaries and reflective responses of each teacher, both authors
systematically reviewed the materials to build cases for each person that would illustrate the motivations that drove
their decisions. Motivation claims were agreed upon by both authors and were chosen to describe the potential
mechanisms behind differences noticed during the analysis for Research Question 1. Specifically, the authors
worked to map between a single teacher's rationale for in-the-moment decisions and overall implementation

decisions in the AIM-Bio curriculum.
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3 | RESULTS

In the next section, we will present our findings for each of our research questions. First, we will present our
findings for our Research Question 1, illustrating how the diverse CRM goals and tools can be utilized by teachers.
Our findings are organized to compare across cases and will focus on three central claims: (1) Dr. Bell and Mason
balance promoting student agency and scaffolding students' scientific practice, (2) Dr. Bell and Mason acknowledge
students as scientists through participation in a joint inquiry, and (3) Dr. Bell prioritizes framing the epistemic aims
of science for students. Subsequently, we will present findings for Research Question 2 illustrating the motivations
of each teacher independently.

3.1 | Research Question 1. How can research mentoring be implemented as a form of
science practice-based teaching? Does the CRM Framework help to describe this form of
teaching?

3.1.1 | Dr. Bell and Mason balance promoting student agency and scaffolding students'
scientific practice

Dr. Bell and Mason worked to bring their students into the practices of science. The complexities of carrying out
these science practices were mirrored in the complexity of how we saw these two teachers mentoring their
students. Specifically, they often balanced multiple CRM goals and tools with their students in a single interaction.
In the first episode, two groups of students were asked to collaborate to develop an experiment to test their
hypothesis about bacterial growth. Specifically, they were investigating why bacterial “Species E” was only able to
grow in the presence of another bacterial “Species A” under growth conditions that included colominic acid in the
growth medium.
Classroom Episode 1- Dr. Bell in the Bacteria Growth Unit

1 Dr. Bell: Okay. So, | want to-- so kind of for me, there was kind of a jump there. So,
2 you're saying the [species] A is making something that [species] E needs to live in the
3 medium?
4 Student: Yeah. That was the previous idea we thought about, but then we had an
5 alternative hypothesis, where we wanted to say, “Hey, maybe there's actually
6 something else going on,” and how something was actually breaking down the acid so
7 that [species] E would survive and not get destroyed by it.
8 Dr. Bell....Got it. So, you're looking to see: is there something that breaks the acid?
9 I'm curious- was everyone interested in the abandoning your initial hypothesis?
10 I'm curious why that hypothesis like—
11 Student: Well, their group actually had two to start with, so... we were cool with
12 abandoning ours. [laughter]
13 Dr. Bell: To follow that one?
14 Student: Yeah.
15 Student 2: True scientists [laughter].
16 Dr. Bell: So- although, | will say that the colominic acid breaker test is really fast, so
17 you could probably test both hypotheses actually... Which would be kind of cool
18 because the more data, the merrier. So-
19 Student: Yeah. And in order to see the first one, we would actually take some
20 [species] E that survived with [species] A and then put it back in the number two
21 colominic acid [medium] and see if it actually just lives through that.

‘0 *XLETY60T

:sdny woy pop

QSULII SUOWIO)) 9ANEaI1) dqeatjdde oy Aq PouIoA0T a1e SAONLIE V() (aSN JO SO[NI 10J AIRIQIT dUI[UQ) AJ[IAY UO (SUONIPUOI-PUB-SULIA} WO KI[1M " KTeIqrjour[uo//:sd)y) SUONIpUO)) pue swd I, Y 998 *[£202/60/L7] U0 Areiqry auruQ AS[IA ‘SE]1Z'998/2001 0 1/10p/w0d Kaim’A.



COOPER and BOLGER : o - 13
Science I
1 WiLEy L2

22 Student 3: Mm-hmm.

23 Dr. Bell: Got it. So, what would you expect to happen?

24 Student: If it actually took up something from [species] A, then the bacteria would
25 still live.

26 Dr. Bell: Got it. Because it would actually have a permanent change that would let it
27 live?

28 Student: Yeah

In this episode, we saw Dr. Bell flexibly thinking about her students' ideas as she guided them through
participation in experimental design. The students were considering alternative hypotheses and Dr. Bell helped
them to think through what they could learn by carrying out specific tests. At the beginning of this clip, Dr. Bell
expressed surprise that the students picked a different direction from their original idea (lines 1-3). She then asked
them clarifying questions and repeated the students' ideas back to them to make sure she understood their new
idea (lines 8-10). Dr. Bell encouraged the students to test both of their ideas and discussed with the students what
they might see if they carried out their proposed test (lines 16-18 and 23). During an interview, Dr. Bell explained

her rationale for her actions when students changed directions from their original idea:

29 [the students] were like really excited and they had this idea of you know, a protein
30 like doing something...I wanted to make sure that, that they weren't like getting

31 beaten out of their idea, and yeah...did someone unilaterally decide that this was
32 what they were doing or was it a honest to goodness a negotiation between the

33 groups that this came up.

From Dr. Bell's reflective response, we can see that she was carrying out the goal of “creating an inclusive
environment open to student ideas.” Dr. Bell wanted all her students to have the opportunity to explore their own
ideas (lines 29-33). She used the tool recognition to carry out this goal by articulating and valuing the students' ideas
(lines 8-10). Dr. Bell emphasized the presence of multiple ideas within the group, illustrating her interest in
following their thinking and recognizing the different ideas present to support their agency as idea generators. In
this episode, Dr. Bell used the tool recognition to keep the problem space open to diverse student ideas and build an
inclusive environment.

In this episode, we can also see that Dr. Bell focused on supporting her students in the scientific practice of
experimental design. At the end of the episode, Dr. Bell asked the group of students to think about what results
they would see if they carried out the tests they were proposing (line 23). When Dr. Bell provided her rationale for

this moment, she said:

34 ..they are going to get results, so it's almost setting them up to interpret those
35 results...but | think that even that, setting them up to interpret their results in light of
36 their ideas kind of- part of like keeping the, what they are doing experimentally and
37 what they are thinking kind of in the same bucket... kind of this idea that when you
38 design an experiment you design it because you expect a certain outcome in light of

39 vyour idea.

Dr. Bell's reflection illustrated that her goal was to “focus students on skills and ideas needed to solve a
problem,” specifically, for designing a productive experiment. From her reflection, we can see that she
supported her students in the process of experimental design by reminding them that it was important for the
test they chose to provide results that would offer insight into their proposed model (lines 34-39). Dr. Bell

helped her students connect their model to their proposed experiment by using scaffolding as a tool to help
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them to reason forward to what results they would get at the end of the experiment. Holistically, this episode
illustrated Dr. Bell's coordinated use of two different CRM goals to facilitate her students' participation in
science practices.

Like Dr. Bell, Mason also worked to create an inclusive environment where students would be able to engage in
the science practice of experimental design. The next episode shows Mason working with a group of students, at
the same point in the curriculum as the previous episode, where the students are collaboratively designing a test to
explain the bacterial growth phenomena. When Mason first arrived at this group, he heard the student's proposal
for three different tests they wanted to conduct. The episode below begins as the student tells Mason about the
idea for their third test.

Classroom Episode 2- Mason in the Bacteria Growth Unit
40 Student:...And then our third idea, we weren't really sure if we could do this or not,

41 we were gonna mix the ATCC3 [medium] and the colominic acid mediums, both of
42 them together, and then inoculate with [species] E. Are we allowed to do that?

43 Mason: You can do that, and--so are getting at trying to just see if colominic acid-
44  well, so, you tell me why you want to do that. Sorry.

45 Student: So, we were trying to figure out if [species] E is just, like, it doesn't have the
46 nutrients available for [species] E, to break it down. Or if it prevents growth...

47 For our first one [test]. And | feel like, also, it has two nutrients. So if we just take it
48 [bacteria] out and it grows, then [inaudible]. But if we leave it [bacteria] in, it shows
49 that it inhibits growth. | dunno. Do you think we should take it out, or just use it on its
50 own?

51 Mason: Well, so what information do you get when you try to grow it in medium

52 2 without the colominic acid?

53 Student: We get that colominic acid is inhibiting growth of bacteria E. Right?

54 Mason: So you could find out whether colominic acid is somehow inhibiting it, but it
55 otherwise could grow in that medium?

56 Student: Yeah.

57 ..

58 Mason: And then the other idea, | think you were saying, is put ATCC3

59 with colominic acid. Put [species] E in that.

60 Student: Yeah.

61 Mason: So what information does that give you, then?

62 Student: So we know [species] E can grow in the ATTC3 [medium], we know that
63 ATCC3 [medium] has nutrients that [species] E can use. So if you were to put it in
64 with colominic acid, that would show us if colominic acid is acting like some sort of
65 toxin and killing it off, or if it just, it doesn't have the nutrients that it needs.

66 Mason: Awesome. So those are kind of like two different perspectives on the

67 same idea. Cool, yeah. | really like that.

After Mason heard all three test ideas the group had, he started to tell the students what he thought their
hypothesis might be but stopped himself partway and instead asked them to tell him what their hypothesis was
(lines 43-44). As the students talked through their idea with Mason, they moved back to their tests and asked
Mason what he thought they should do. We can see that Mason's response to this question was to ask them what
they would learn from doing each test (lines 51-52 and 61). During his interview, Mason explained his rationale for
starting to tell the students what he thought their idea was and then stopping part-way and instead asking them
what they were thinking (lines 43-44):
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68 So | might think that | know what they're saying or what they're talking about when |
69 start, and then | realize | better have them explain in detail. And | also- | don't want
70 to have, | guess, my own sort of background preconceived notions about why all these

71 (different interacting elements do color my, my questions from them. So, yeah.

From Mason's reflective response, we can see that he carried out the goal of “creating an inclusive environment
open to student ideas” by valuing his student's ideas. From his reflective response, we can see that Mason had a
sense of where he thought the students were going, in terms of the direction of their idea, but he did not want his
own ideas to influence how he guided them (lines 68-71). He wanted to support his students' epistemic agency by
not taking away their opportunities to come up with their idea. In the in-class episode, this moment illustrated
Mason's use of the tool articulation when he asked the students to state their idea (lines 43-44). Similar to Dr. Bell,
Mason also used the tool recognition to carry out this goal. He implemented this tool at the end of the interaction,
on lines 66-67, where he emphasized and encouraged his students that they had thought through their idea and
that it was productive.

In this second episode, we also can see how Mason focused on supporting his students in the scientific practice
of experimental design. At multiple points in this episode, we saw Mason ask the students to think about what
information they would know if they carried out the tests they were proposing (lines 51-52 and 61). When Mason

explained his rationale for this line of questioning, he said:

72 Yeah, | mean, so that's just like for me, that's just like a basic part of my thought
73 process in research... So, um, just to make things clear, | find it useful to like, really
74 open up, like each step of a process or each element of an idea. And so in trying to
75 help students with stuff, you know, lab is like a chaotic place. So trying to give them

76 a chance to open up each element of an idea to make sure they know what they mean.

Like Dr. Bell, Mason also had the goal to “focus students on skills and ideas needed to solve a problem” to
support them in productively designing an experiment. From Mason's reflection, we can see that this approach was
connected to his own ideas about how he conducts research (lines 72-73). Specifically, he wanted the students to
think through the different components of their idea, which is an approach he used when he is carrying out his own
inquiries in the laboratory. He used the tools of scaffolding and articulation to support his students in the practice of
experimental design. From lines 51-52 and 61 in the in-class episode, we can see that he framed his scaffold
around asking his students to articulate what information they would learn if they carried out each of these tests.
This focused his students to not just reason forward to what results they predicted they would see, but also on
what these results might mean. Similarly to Dr. Bell, Mason used these two goals as an interwoven practice to

support his students in participation in science practices.

3.1.2 | Dr. Bell and Mason acknowledge students as scientists through participation in a
joint inquiry

As we saw in the above section, these instructors balanced multiple goals and tools when interacting with their
students. In the next examples, we will illustrate that Dr. Bell and Mason had the goals “acknowledge students as
scientists” and “engage collaboratively in a joint inquiry with students.” Both teachers acknowledged their students
as scientists by participating in the science practice alongside their students in a joint inquiry. Interestingly, the tools
used to carry out these goals differed for our two teachers. In our next episode, the students were asked to design a
drug treatment for cancer using a computational model of a tumor. At the beginning of this episode, we will see that

this group was making sense of an interesting result they found from running their drug trial.
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Classroom Episode 3- Dr. Bell in the Computational Cancer Unit
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Dr. Bell: Alright, so I'm curious, have you guys figured out your weird switching
over thing?

Student 1: Um- we- [laughter] okay so like we were saying that before we reached
this mark, that the cells with mutations were the ones that were surviving and that
were competing with the ones that didn't have mutations... this is where they started
to break off and the ones with mutations were dying so quickly that they couldn't
reproduce and so the ones without mutations were actually the ones surviving and
getting more oxygen and nutrients.

Dr. Bell: Cool

Student 1: That's it- | think that's what we came up with.

Dr. Bell: That makes sense. That's cool, one thing | was just thinking about- I'm
curious. | don't want to derail your presentation- but if you finish your presentation
and have a few minutes before you present, | want to know if you always get this
happening when you run this? How consistent is this result? Cause there is
randomness, right-

Student 1: Right

Dr. Bell: -cause the mutations are actually random. | wonder if this is just a really
lucky patient where all of their tumor wound up-

Student 1: Oh yeah

Dr. Bell: Or if like every time you treat this way you are going to like get all your
cells

Student 1: So are you saying we should run it at like two--a couple of times to like
see-

Dr. Bell: Yeah, | would go ahead and run it again just to see, because | am really
curious, and you could even run it like here too to see if sometimes will you actually
get a green tumor or yeah like is it a critical point or just random different things
playing out cause-

Student 1: Right

Dr. Bell: -1 don't know.

Student 1: That's really interesting. Alright.

In this episode, Dr. Bell engaged in sense-making with her students about the interesting results they found.

After Dr. Bell heard the group's interpretation of their findings, she expressed enthusiasm about their ideas (lines 87
and 100-101). She suggested the group run additional trials to further explore their result (lines 100-103). Dr. Bell's

rationale for her goals in this episode focused on her intention of encouraging student curiosity:

107
108
109
110
111
112
113
114
115

So with this group- really is it was kind of a feeding into their enthusiasm and my
enthusiasm is that they got a cool result and just kind of- | wanted to follow up with
them and kind of reaffirm again like this is a cool result and also kind of encourage
them to go further...because they thought it was cool and to give them kind of a
couple of different things to think about that could be going on because they had
some- as you heard, some really interesting ideas for how to explain it but | was kind
of throwing them an additional question because | thought they did a really good job
of answering kind of just the basic initial question and | was like well, what about this

additional question?
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From Dr. Bell's reflective response, we can see that she had the goal of “engaging collaboratively in a joint
inquiry with students.” From her reflection, Dr. Bell admitted her own enthusiasm and interest in her students'
unexpected findings (lines 107-108). She encouraged them to further investigate this idea to possibly reveal data
that she and the students would both value (lines 108-115). She used the tool exploration to push students to
expand their investigation. Dr. Bell encouraged the group's curiosity in the findings, providing support for ways they
could further pursue their line of thinking (lines 87-103 and 100-103).

Dr. Bell's implementation of “engaging collaboratively in a joint inquiry with students” in this case worked as an
approach for another goal, “acknowledge her students as scientists.” Her reflection revealed her goal of also
pushing her students to engage fully in the science practice of explanation building. She was excited about the
interesting result her students got and wanted to encourage her students that they found something exciting (lines
107-110). Even though the students had completed the classroom task of running their experiment and
interpreting their data, Dr. Bell provided the additional challenge of a further investigation, like one may do if they
are conducting research on a novel system (lines 113-115). Through her collaboration with the students and
excitement about their results in the in-class audio (lines 87-103), she showed her students that she valued their
ideas and emphasized their scientific contribution.

Like Dr. Bell, Mason also carried out the goals “acknowledge students as scientists” and “engage collaboratively
in a joint inquiry with students” simultaneously. The next episode shows Mason helping a group of students design
their experiments during the Chlamydomonas reinhardtii Phototaxis unit. Specifically, they were investigating the
mechanism of how Chlamydomonas reinhardtii organisms swim in response to light. The episode begins with Mason
hearing the student's idea to conduct a choice test of different colored filters that Chlamydomonas reinhardtii will
swim toward. In this episode, student responses are paraphrased as the group of students did not consent to audio
recordings.

Classroom Episode 4- Mason in the Chlamydomonas reinhardtii Phototaxis Unit
116 Student: [describes unique experiment of a choice test with colored filters and
117 controls]

118 Mason: Well, how about this before we get into the mechanism- or the methods
119 rather, of how you're going to do that experiment, which is interesting. Let's

120 talk about what your hypothesis is that you'd be testing. So like, how does this

121 fit into a model of phototaxis?

122 Student: [state hypothesis about colors influencing photosynthesis]

123 Mason: OK. Oh, interesting [tone of curiosity]. So- [pause] so they prefer certain
124 wavelengths for photosynthesis. And so you expect they will go to filter colors that
125 they're better at synthesizing in?

126 Student: [agree, explaining preference for colors]

127 Mason: Yeah, that is interesting. [pause] So. [pause] So that would tell you

128 whether they have- [pause]. Ok, so your hypothesis then would actually have more
129 little sub-hypotheses, right? So not only do they photosynthesize, better or worse in
130 different light, but then can they actually sort of see color.

131 Student: [agree]

In this episode, Mason appeared to be genuinely interested in his student's scientific work as he engaged with
them to understand their idea. After Mason heard the student's idea for doing a choice test (lines 116-117), he
asked them to tell him what their hypothesis was (lines 118-121). Mason displayed curiosity when he asked to hear
more about their thinking and followed up by asking questions about their expected results (lines 123-125).
Throughout the episode, Mason processed the student's idea, evidenced by his tone of curiosity and frequent

pauses. Mason's rationale illustrated his own interest in helping the student figure out a way to pursue their idea:
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132 | really liked his idea, basically trying to set up like a choice test for

133 Chlamydomonas...so | really wanted him to be able to figure out a way to do it. But
134 | felt like no matter what, it was going to have to deviate from like the available
135 tools. And he'd be basically like designing a new tool, which | wasn't like 100

136 percent against...I don't know what it would be, but something. So | wanted them to
137 be able to do this idea because it was an interesting one and he seemed attached to
138 it... | probably should have just pushed him away from this idea earlier. But | was a
139 little attached to it too, and | was like, “Oh man. It'd be really cool if you could do
140 that.”

From Mason's reflective response, we can see that he had the goal of “engaging collaboratively in a joint inquiry
with students.” Mason's reflection revealed that he was genuinely curious about his student's ideas and that he
wanted to work with his student to think through the specifics of their idea (lines 132-133). He reflected on the
fact that he maybe should have pushed the students away from their idea but he, the teacher, was attached to the
student's ideas as well (lines 136-140). He clearly believed that his students were capable of doing the work here
and so he wanted to support them in pursuing their idea, even helping them create new tools if needed.

Like Dr. Bell, Mason used the goal of “engaging collaboratively in a joint inquiry with students” to carry out the
goal of “acknowledging students as scientists.” From his reflective response, he talked about wanting to honor the
student's ideas and help him find a way to test the idea, even though he was unsure about possible available tools
that aligned (lines 136-138). Across the episode (lines 123-125 and 127-130), we saw that Mason was curious
about the student's ideas and took the time to ask the student questions to better process their thinking. We saw
Mason used the tool recognition to carry out this goal. Through his interest and excitement for the student's idea,
Mason emphasized how he valued their thinking. Mason collaborated with his students in a joint inquiry, which in

turn, allowed him to acknowledge them as scientists.

3.1.3 | Dr. Bell prioritizes framing the epistemic aims of science for students

Dr. Bell worked to build a shared understanding of epistemic aims in her classroom. She focused on framing the goal
of the current task of building evidence-based explanations and redirecting this framing for students when needed.
The episode we present next occurred after the students had conducted their experiments in the bacterial growth
unit. The students collected and analyzed their data and shared their findings with other groups in the classroom.
The group in the following episode was working to draw a revised model that incorporated the different pieces of
data available to explain the biological phenomena.

Classroom Episode 5- Dr. Bell in the Bacteria Growth Unit

141 Student 1: | have a question. So, from what we were listening to [when talking with
142 other groups], [species] A breaks the colominic acid and allows [species] E to

143 survive. Does it need to break the colominic acid when it's on its own to survive?
144 Does that-?

145 Dr. Bell: Did anybody grow [species] A without colominic acid? I'm trying to-

146 Student 1: Yeah. We did that and it didn't survive.

147 Dr. Bell: it didn't grow.

148 Student 1: But does it need colominic acid? And does it need to break it down to
149 survive? Or does it not need to break down the colominic acid-

150 Student 2: Well, it survived right.

151 [pause]
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152 Dr. Bell: So, the answer is | don't know. [student 1 laugh with frustrated tone]. The
153 data are the data. So, what we kind of know is just what happened in these different
154 results.

155 Student 1: Okay.

156 Dr. Bell: So that seems- | guess. What do you think?

157 Student 1: | was thinking that it [species A] did break it down for itself. Just- | don't
158 even know. Like. Just cause if [species] E needed it broken down-

159 Dr. Bell: Yeah

160 Student 1: -but [species] E couldn't break it down by itself then-

161 Student 3: [species] E metabolize it somehow and uses it

162 Dr. Bell: [pause] Yeah. Cool.

Dr. Bell's mentoring approach here was to reframe the goal of this task for her students. The student group was
asking Dr. Bell questions about the “answer” to the phenomena and seeking validation from their teacher about
claims from the data (lines 141-144). Dr. Bell ultimately told the students that she did not know the answer to their
question and that the task was for them to consider the data that was available to come up with a plausible
explanation (lines 152-154). The students appeared to be unsatisfied with her response, based on their frustrated
laughter. She asked the students to tell her what they thought seemed plausible and left them to continue reasoning

about their ideas (line 156). During her interview, Dr. Bell explained her rationale for this episode:

163 Intentions with this group. So the interaction starts off with them essentially posing it
164 as “we have this thing that we think is going on, is it the right answer?” And so my
165 initial hope is to kind of flip it around and be like, that's not the point. The point here
166 is to come up with something plausible given what we know, not to come up with the
167 right answer. And so | lied a little bit [laugh] and said that | didn't know. But | think
168 it mostly did the trick. Like to just turn it back on them and say “I don't know what's
169 going on, what do you think could be going on?” so that was really my- a huge part

170 of that interaction was just trying to make that switch around.

From her reflection, Dr. Bell had the goal of “acknowledging her students as scientists” by positioning them as
epistemic agents. In her reflection, we can see she wanted to move her students away from seeking a “right answer” and
reframed the task as building explanations based on evidence (lines 164-167). She wanted to push her students to
engage in the scientific enterprise of building evidence-based explanations. Dr. Bell used the tool of invisible guidance in
this episode. She first pointed the group in the direction of data that may help them think about an answer to their
question (line 145). When the students did not take up this line of thinking, she then moved to reframe the task for the
students (lines 152-154) and then left the group to continue thinking on their own. She provided some guidance by
pointing them in a productive direction but ultimately leaves them to allow the group to do this sense-making process for
themselves. She did not stay and walk the students through data sense-making or reasoning about plausible explanations
with them. By avoiding being overly directive or doing the work for the students, Dr. Bell used guidance that may have
been less visible or obvious to her students. Ultimately, Dr. Bell was working to build a shared understanding of the
epistemic aim of science for her students in this episode. As one of the designers of this curriculum, she is aware of the
desired epistemic aims for students and worked to bring these into her teaching.

Through our investigation of Research Question 1, we uncovered that both teachers' approaches to science
practice-based teaching could be described by the CRM Framework (Table 4). We saw evidence of all the goals and
tools being used, except for the goal “foster collaboration between student researchers” and the tool reflection. We
also noticed that there were differences in the ways the two teachers approached supporting their students, which

we will describe in the next section.
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TABLE 4 Overview of CRM Framework case application.

Teacher CRM goal CRM Tool
Dr. Bell and Mason balance mentoring Dr. Bell  “Create an inclusive environment Recognition
student agency and scaffolding students' open to student ideas”

scientific practice. ; X X i
Focus students on skills and ideas  Scaffolding

needed to solve a problem”

Mason “Create an inclusive environment Recognition and
open to student ideas” articulation

“Focus students on skills and ideas  Scaffolding and

needed to solve a problem” articulation
Dr. Bell and Mason acknowledge students as Dr. Bell  “Engage collaboratively in a joint Exploration
scientists through participation in a joint inquiry with students”
inquiry.
R “Acknowledge students as
scientists”
Mason “Engage collaboratively in a joint Recognition
inquiry with students”
“Acknowledge students as
scientists”
Dr. Bell prioritizes framing the epistemic aims Dr. Bell  “Acknowledge students as Invisible guidance
of science for her students. scientists”
3.2 | Research Question 2 What motivates our research subjects' approaches to

science practice-based teaching?

Dr. Bell and Mason have similar goals, but their own unique experiences led to different motivations behind their
classroom research mentoring approaches. In the next section, we will describe the aspects that motivate each

teacher's approach to teaching in this context.

3.2.1 | Mason's previous experience in science influences the ways he approaches
teaching

Mason's motivation seemed to stem from his own experience as a student and a scientist (Figure 1). His previous
experiences provided intuition for how to support his students as scientists. Through enacting science practice-
based teaching, Mason further articulated his own ideas about what science is (Figure 1, double sided arrow). In this
section, we will provide evidence for this model.

Mason was motivated to create a classroom experience that was different from his own student experience. At
the end of Mason's first interview, he reflected on the main goals he was hoping to accomplish while teaching his

students in this context:

171 ...in my own experience, moving from undergrad into research situations, there's

172 really not a lot of like formal education on like how to do this stuff. | mean, | feel like
173 there's attempts made at it, but a lot of them are kind of crude and they're like in early
174 education. And yeah, at least in my experience, you know, coming up with and

175 carrying out inquiries. You know, [is] deficient, | guess...to me, that seems like the
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Experience as. . .

Science Research
Student Scientist

Educational Practice Science
Change Inquiry

+—3

Create opportunities for authentic engagement in science

FIGURE 1 Mason's motivations for supporting student authentic engagement in science. The diagram depicts
the major influence of Mason's experience as both a science student and research scientist on how he supports his
students' authentic engagement in science practices.

176 most important thing to do with this kind of a lab is to get people comfortable with the

177 existence of the unknown and then making attempts at chipping away at it.

Mason's own experience as a student was a strong motivator for his approach to teaching (Figure 1, top circles).
Here he reflected on the fact that his own classes, in his view, did not prepare him to be a scientist conducting
research. He deeply cares about this problem and saw this class as an opportunity to begin remedying the issue.

Below, he continued to reflect on his main goals for teaching his students:

178 So | guess part of the- the vibe that I've gotten all along is sort of a more, | guess,
179 process over content...it seems like, ideally, like a student who was like most

180 prepared by their previous education, coming into the class would benefit a lot from
181 like understanding all the background stuff and being able to progress through, like
182 doing intentional experiments and inquiry. A lot of students coming in don't really
183 seem quite prepared for that because they're struggling enough just with like kind of
184 carrying out the act of like confronting, not knowing something and trying to find out
185 about it without someone being there to tell you what's true. And so to me, that's,
186 that's the process- focusing on getting them to be able to do that process. They can fill
187 in all of the little tinkery details later about, you know, proteins and they will because
188 we're saturated in that information all the time and all the other classes that we take.

189 But this is the one place where you have a chance to practice this sort of inquiry.

Here, Mason articulated his goal of engaging students in the process of science (lines 178-179) (Figure 1,
bottom box). He contrasted this with other types of classes where the focus is on science content rather than the
processes of carrying out science practices. He understood that the process of science is hard for his students,

especially dealing with uncertainty and not having a “right” answer. He clearly valued his classroom space as “the
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one place” where his students have a chance to carry out inquiries and engage in science practices (lines 188-189)
(Figure 1, left orange box). Mason's personal experience of carrying out science practices as a researcher appeared
in some of his stimulated-recall reflections (Figure 1, top circles). The next example illustrates one moment where

he reflects on his own experience of designing controls:

190 ... I'm talking about positive and negative controls. For me, it's always been like a
191 little bit intimidating. Like, I'm like, what the heck is a positive control? And | have
192 to like, really think about it, and it kind of detracts a little bit from whatever I'm
193 trying to focus on when really, like the important thing is like, well what | said is
194 like, how do | know that I've done the experiment right?...

Mason's reflection about his own experience with controls shows how thinking about them is not very intuitive.
The words positive and negative controls are something that he reacted to specifically here, illustrating his own
evolution in understanding these aspects and how they are used (lines 193-194). Below, Mason continued to
reflect about controls:

195 ...a lot of what we learn in sort of science education, at least in my experience, is
196 very formulaic where you're like, all right, you create your hypothesis and blah blah.
197 And somewhere in there, there will be that you have controls. And | think you can-
198 you can sort of algorithmically carry out this like caricature of science without

199 actually knowing what you're doing or why. And | [have] like been in that position
200 and done that. And so to ask someone to think about like a way to ensure that what
201 they did was correct. They think about that. But if you tell someone create a control,
202 it's you know, it's, it's in a way specific because you've asked them to do a particular

203 scientific thing. And it's also vague to me.

In this next part of Mason's reflection, we gain further insight into his own experience with taking science classes. He
reflected on the systemic, linear way that science is often represented in classes and how that allows students to carry
out science without understanding science. Mason's experience carrying out science in this simplified way in his own
classes seemed to be critical in motivating his approach to move away from this in his own teaching. With this example
specifically, Mason's approach when helping his students was to not tell his students to have controls but to instead ask
them to think about the experimental conditions they could use that would help them know that something did not go
wrong in their experiment. His own knowledge and experience engaging with science through research motivated him to
find ways to bring this authenticity into his own classroom (Figure 1, right orange box).

Overall, Mason's experience in his science classes as a student and carrying out his own inquiries through research
motivated his classroom research mentoring approach (Figure 1). The above examples illustrated how Mason valued his
students' engagement with science. He was motivated by wanting to remedy this deficit from his own student experience
and wanting his students to understand science. Mason's motivations presented here provide further insight into his
teaching approach used with his students. Through our analysis of Research Question 1, we saw that Mason had goals to
support his student's agency and identity as scientists (“create an inclusive environment open to students' ideas” and
“acknowledge students as scientists”). His motivations here aligned with these goals as we can see that he cared deeply
about creating an experience for his students that was different from his own. He wanted to create opportunities for his
students to develop as scientists at early points in their academic careers and in the classroom. Additionally, Mason also
had the goal to support his students in engaging in science practices (“focus students on the skills and ideas needed to
solve a problem” and “engage collaboratively in a joint inquiry with students”). Mason clearly articulated the ways he used
his own experience as a researcher and scientist to provide him with an intuitive direction for ways to support his

students in ways that are like that of a scientist.
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3.2.2 | Dr. Bell's science epistemology motivates her goals for student learning and
student engagement

We present Figure 2 as a model to explain Dr. Bell's motivations for engaging students in science practices. We
found Dr. Bell's approach to teaching was that of a science mentor in that her primary motivations related to our
three functions of mentoring. Specifically, Dr. Bell was motivated to build a shared understanding of epistemic aims
(by supporting her students in building evidence-based explanations), to support learners in the productive use of
science practices (treating students as scientists), and to motivate learner engagement with science practices
(promoting student agency). Our findings also reveal the interconnected way that Dr. Bell navigated these three
components (arrows). In this section we will provide evidence from Dr. Bell's interviews to support this model.

Throughout the semester, Dr. Bell worked to support her students in building evidence-based explanations. In an
earlier episode (lines 141-162), we saw Dr. Bell wanted to support her students by building a shared understanding of the
enterprise of science. In this episode specifically, we saw Dr. Bell work to move her students away from seeking a “right
answer” and instead she reframed the task for her students of building evidence-based explanations (Figure 2, green box).
In Dr. Bell's exit interview, she was asked to reflect on the main goals she was hoping to accomplish:

204 So, | think a big thing that really drives the way that | interact with the students is
205 that | want us to be doing it, | want us to be building evidence-based explanations.
206 And my hope is that they will become increasingly aware that is actually what we are
207 doing...

1. Build shared
understanding of epistemic
L aims )
| Dr. Bell: Builds evidence-
&o@ based explanations
$o
(é\

f 2. Support learners in  Individualized [

productive use of sclence Instruction 3. Motivate learner

L practices ) authentic engagement )
Dr. Bell: Treat students as ' ' Dr. Bell: Promotes student
scientists agency

FIGURE 2 Dr. Bell's motivation to develop student science understanding connects to three functions of
mentoring. Dr. Bell focuses her students on building evidence-based explanations as a shared understanding of
epistemic aims, treating her students as scientists to support productive engagement in science practices, and
promoting student agency to motivate their authentic engagement. She carries out these three functions of
mentoring as an interconnected practice in order to engage her students in science practices.
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Dr. Bell was driven to create a classroom where her students were conducting science. She was strongly
motivated by the need to have her students engage in science practices, as she wanted them to be “doing it” (line
205). Along with doing science, she wanted her students to also redlize they are doing science and begin to
understand what science is (lines 206-207). The next example illustrates one moment where Dr. Bell reflected on

one of her student group's growth across the semester during one of her stimulated recall reflections:

208 This was kind of one of the first times, for that particular group, that | just saw them
209 really genuinely seem to be like interested and really want to try to explain, not
210 Dbecause it had been a task assigned to them but because they were actually curious

211 about what was going on.

Dr. Bell's reflection about this group showed her ongoing commitment to having her students build explanations. This
moment illustrated some of the tensions Dr. Bell battled as she navigated moving her students away from doing school
tasks and toward engagement with science practices (lines 210-211). Dr. Bell cared about all her students, often
referencing their individual experiences and their individual journey toward understanding the epistemic aims of science.

Below, she continued to reflect on her main goals while teaching her students in her exit interview:

212 ...l really want students to be excited about the fact that they are learning in this new
213 way where they are actually learning through investigation and inquiry...that they
214 are building the knowledge through the inquiry...And so it's really important that

215 students both- do own it and that they recognize and feel like they own it...

Dr. Bell believed that her students learn through their active engagement in carrying out an inquiry about their
own ideas. She wanted her students to have ownership over their ideas but also recognize that they do have ideas
(line 215) (Figure 2, orange box). Additionally, Dr. Bell emphasized that her students needed to have agency to
productively build their own evidence-based explanations (Figure 2, arrow between green and orange boxes). In her
next reflection, she emphasized the importance of her students' emotional investment as a critical part of authentic

engagement:

216 ..when you really start talking about authenticity, it's impossible to separate it from
217 the way the people who are doing it are feeling. And so- And so | think that is part of
218 again, why controversy and diversity of ideas and diversity of data- all of these,

219 basically, signals of agency, are important because they actually have the potential to
220 make the people doing it actually feel it. Like to be curious, to want to seek out other
221 people's ideas, have reasons to collaborate, to experience a genuine need to know but
222 then also have things they know how to do to actually satisfy that.

Dr. Bell wanted her students to have a need to engage in science practices through their emotional investment
(lines 220-222). Student agency drives an authentic need for their engagement with science practices and moves
them away from just completing “classroom tasks.” However, supporting students effectively can be challenging as
there is a balance needed between providing guidance and promoting agency. Below, she continued to reflect on

her main goals for students in her exit interview:

223 ...So something that can actually be a challenge and definitely dictates some of the
224 ways that | interact with them is that | don't want to step on [student agency]. And so
225 | think a goal is just to not over insert myself into the thinking process but to be there

226 to kind of give them the support and nudges that they need to do it productively.
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Dr. Bell was motivated to support her students with the productive engagement of science practices (Figure 2,
blue box). She viewed her role as a mentor who provides guidance but also makes sure her students are the ones
participating in the practices (lines 225-226). She was often found individualizing her instruction to meet the needs
of each group to provide helpful guidance based on their specific ideas (lines 1-28 and 77-106) (Figure 2, arrow
between orange and blue boxes). This also included consideration of how her teaching choices could affect her
students' legitimate engagement in the shared practice of building evidence-based explanations (Figure 2, arrow
between blue and green box).

Dr. Bell was motivated to have her students build evidence-based explanations, support her student's engagement in
science practices, and promote student agency. Each of these motivators are directly interwoven and connected to how
Dr. Bell thought about her approach to supporting her students (Figure 2, arrows). Like Mason, Dr. Bell's motivations align
with our findings for Research Question 1. She clearly sought to support her student's agency and ownership in the
classroom (“create an inclusive environment open to students' ideas” and “acknowledge students as scientists”). She was
greatly motivated by her understanding of what is required for their engagement and student agency, where their
investment is critical. Additionally, she sought to support her students' engagement in science practices (“focus students
on the skills and ideas needed to solve a problem” and “engage collaboratively in a joint inquiry with students”). Dr. Bell's
goal of the class working together to build an evidence-based explanation of the biological phenomena was a key

motivator to many of the decisions she made in how she approached supporting her students.

4 | DISCUSSION

This study proposes the CRM Framework as a novel lens for thinking about science practice-based instruction. Our
results highlight the utility of this framework for instructional analysis. The CRM Framework explained much of
what our subjects did in the classroom, as they both had personal conceptions of laboratory teaching that aligned
with research mentoring. Analysis revealed that both teachers sought to develop their students' understanding of
an epistemology of science. The position and experience of each teacher influenced their implementation of this
primary goal. Mason's position as a graduate TA who was a novice teacher and experienced research scientist and
Dr. Bell's position as a postdoctoral researcher with previous experience as a teacher, curriculum designer, and
scientist were important. In Mason's case, he was learning ways of implementing research mentoring from his
previous experiences as a student and ongoing experience developing as a scientist (Figure 1). Dr. Bell had a well-
developed research mentoring approach and intentional framework for carrying out her goals (Figure 2). The CRM
Framework worked to describe the approach of these very different teachers because they both shared the same
primary motivation of mentoring their students in science.

The use of both our CRM Framework and stimulated recall approach was essential for understanding the
complexity of science practice-based teaching. This method allowed us to uncover the in-the-moment rationale
behind teaching choices. The literature investigating teacher reasoning focuses primarily on dissecting individual
aspects of instruction, such as teaching beliefs (Ferrare, 2019; Harwood et al., 2006; Mannikké & Husu, 2019;
Ravitz et al., 2000; Stuart & Thurlow, 2000) or classroom actions (Chin, 2007; Ginath & Southerland, 2019; Velasco
et al., 2016). These approaches can provide essential insight, but more information is still needed to connect the
different aspects that makeup teacher reasoning. Teacher intentions or the rationale behind teaching decisions is
often overlooked through these approaches. Our previous work highlights the usefulness of investigating teacher-
in-the-moment intentions to understand teacher reasoning (Cooper et al., 2022). The current study builds upon this
approach through the use of stimulated recall, which allowed for in-depth case studies of science practice-based
instruction. Analysis of Dr. Bell and Mason's cases provided the in-the-moment rationale for how aspects of
research mentoring connect to more generalizable aspects of teaching (e.g., scaffolding or modeling). We believe
that understanding the rationale between teaching choices is a critical aspect that requires further investigation

across contexts as we continue to build pedagogical practices for science practice-based instruction.
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4.1 | Negotiating the role of the teacher in science practice-based teaching

There are many components needed for successful practice-based instruction, two important ones being the
curriculum and the teacher. The curriculum provides the needed structure through activity design and framing the
context necessary for science practices to emerge. However, a well-designed curriculum alone is unlikely to
produce desired student outcomes. Teacher implementation is key to translating the overarching goals of the
curriculum to in-the-moment framing of activities. The teacher holds an essential role in helping to build a
community that allows productive student engagement. However, teacher implementation of science practices is a
well-documented challenge (Manz & Suarez, 2018; Varelas et al., 2005; Watkins & Manz, 2022). We argue that
successful practice-based instruction requires teachers to rethink their role in the classroom. The routines, roles,
and responsibilities of a teacher in a traditional classroom conflict with those of a science practice-based community
(Crawford, 2007; Ford & Wargo, 2007; Rudolph, 2008; Windschitl & Thompson, 2006; Windschitl et al., 2008).
Specifically, a teacher's core identity is often not aligned with reform-based pedagogy (Luehmann, 2007). Changing
instructional practices requires teachers to confront their existing teaching beliefs and address internal or external
conflicts (Anderson, 1996; Johnson, 2006; Luehmann, 2007). Teacher educators play a part in supporting novice
teachers to negotiate what their role in the classroom is and to develop an inquiry-oriented teacher identity. We
propose that one productive approach could be centered on research mentoring, where our CRM Framework can
serve as a tool for thinking about this role. A key reason that teachers in our study engaged in classroom research
mentoring was their value of science. Science values encompass how one relates to the objectives of a scientific
community (Estrada et al., 2011). For example, if one has a strong value for science, they will identify as someone
who thinks it is important to conduct research to build the world's scientific knowledge, discover new things,
discuss new theories and ideas with other scientists, and solve the world's challenges through research (Estrada
et al., 2011). We propose that a value for science is beneficial in translating research mentoring into a classroom
pedagogical approach. Our two teachers both valued science and this was what allowed them to operate within the
CRM Framework. They carried out instruction differently and with different levels of expertise, but they shared this
value of science and epistemology of science. We believe a value for science is a key first step in translating views
about science to teaching practices, especially in considering how one develops a new teaching identity for this
type of instruction.

Previous efforts have shown there can be a disconnection between teacher understanding of science and how
they bring science practices into their classroom (Brew, 2010; Malachowski et al., 2020; Varelas et al., 2005). PD
strategies have centered on K-12 teachers participating in short-term research experiences to deepen their
experience with science (Bismack et al., 2022; Davidson & Hughes, 2018; Schwartz et al., 2004; Varelas
et al., 2005). These experiences can help to develop an understanding of the NOS but do not necessarily translate
into pedagogical performance (Varelas et al., 2005; Bismack et al., 2022). We hypothesize that teachers in these
situations may have not yet fully developed a value for science. Short-term research experiences are a necessary
first step to begin helping teachers understand what science is but may be insufficient to fully develop a scientific
epistemology. Additional PD resources that build on these experiences are needed. Previous work has shown that
successful PD programs specifically aim to support teachers in rethinking their teaching and learning beliefs and in
developing classroom strategies for implementing new forms of science instruction (Johnson, 2006; Reiser
et al., 2017). We suggest that a similar approach could be used to develop a teacher's value for science through
activities that support teacher beliefs around the epistemic aims of science.

Having a framework for science and a value for science is an important first step to science practice-based
instruction, but tools for implementation are also necessary. Our study demonstrates how our two teachers had a
strong science framework that drove their instructional choices, but Dr. Bell had a more diverse toolset for
implementing practice-based instruction compared with Mason. Even those with a well-developed value for
science, such as practicing scientists, can experience tension between directing students in their research laboratory

and teaching undergraduate science classes (Brew, 2010; Malachowski et al., 2020). It is evident that someone can
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have a fully developed view of what science is but not know how to teach science. Well-documented challenges in
research mentoring point to the mixed quality and effectiveness of mentoring in practice, further illustrating the
complexity of appropriately supporting science newcomers in any setting (Allen, 2003; Kram, 1983; Limeri
et al.,, 2019a; Tuma et al., 2021). However, there is also evidence of increased understanding of the epistemology of
science from individuals who are engaged in both research and teaching (Davidson & Hughes, 2018; Feldon
et al., 2011; Reid & Gardner, 2020). We believe that the CRM Framework can help teachers articulate mentoring
approaches to help with teaching both in a laboratory classroom and in the practicing research laboratory.
Beginning researchers, such as graduate TAs, could also benefit from the chance to reflect on how they are building
a framework for supporting their students and research mentees to become scientists.

4.2 | The ways Dr. Bell and Mason applied the three functions of research mentoring in
the classroom

Our results highlighted the different ways that our two teachers translated the three functions of mentoring into a
classroom setting. Both teachers worked to build a shared understanding of epistemic aims, by providing framing for
building evidence-based explanations and inviting their students to join in the shared practice. Dr. Bell and Mason both
worked to move their teaching away from traditional views of classroom science and worked to develop their students'
understanding of science through their engagement. Additionally, they both provided individualized instruction to support
learners in the productive use of science practices. Dr. Bell and Mason viewed their student engagement in scientific
practices as an iterative process, allowing flexibility and growth in how they guided and worked with their students.
Finally, both teachers focused on supporting their students through the emotional aspects of science and motivating
learner engagement with science practices. They genuinely valued their students' ideas, often getting excited along with
their students in their accomplishments. Importantly, the connections between these three functions of mentoring should
not be overlooked. Dr. Bell and Mason used these three functions of mentoring as an interwoven practice, providing
initial evidence of how these components influence each other to allow for successful mentoring.

4.3 | Application of CRM Framework

The CRM Framework has potentially useful applications for both research and teacher PD. Considering the practice
turn that is taking place in both K-12 and undergraduate education, there is a need to understand how teachers
think about science practice-based instruction. The CRM Framework provides a new analytical tool for investigating
science practice-based teaching, with a unique lens that considers the rationale behind instructional choices. To
build mechanistic explanations for teacher implementation of science practice-based instruction, we think that
more work using the CRM Framework as a lens to examine stimulated recall or other forms of teacher interviews
should be performed. Because the framework highlights teachers' rationale, it may have limited use for analysis of
classroom dialog alone, as assuming teachers' goals based on their actions alone can lead to misinterpretation.
Additionally, we see this type of work as related to instructor “intentions” and our previous investigation of
instructor intentions in science practice-based instruction (Cooper et al., 2022). In short, there are many aspects of
teacher reasoning that should be explored as we work toward understanding the different ways that diverse
populations of teachers, in both K-12 and undergraduate settings, navigate this type of pedagogy.

We believe that the CRM Framework is a tool that can be useful for developing PD for teachers. We have
productively used the CRM Framework in our own PD design to support TAs in implementing science practice-based
instruction in the AIM-Bio curriculum. One of the main ways we have used the CRM Framework is to combat the ways
that TAs attempt to apply traditional ways of teaching they experienced as students themselves, a challenge that can lead

to conflicts with the goals of practice-based instruction. This choice was motivated by previous research documenting
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similar challenges among teachers at multiple educational levels (Crawford, 2007; Ford & Wargo, 2007; Ginath &
Southerland, 2019; Rudolph, 2008; Sandi-Urena et al., 2011; Wheeler et al., 2017; Windschitl & Thompson, 2006;
Windschitl et al., 2008). We have used the CRM Framework in two ways to address this challenge. First, we frame
teaching in our context as “research mentoring.” This consistent theme is carried throughout our PD program,
contextualizing our presentation of specific CRM goals or tools. Two CRM goals are presented to TAs in each PD unit,
along with different activities and opportunities for reflection around the specific goals. For example, TAs read an excerpt
of teacher-student dialog (from the context they are preparing to teach) and identify moments in which teacher actions
support specific CRM goals. Second, CRM tools are an important resource as TAs often begin teaching with no
pedagogical training (Mutambuki & Schwartz, 2018; Schussler et al., 2015). We coach the TAs in the use of CRM tools as
specific strategies that may be useful in their own teaching.

We believe that the ways we have used the CRM Framework to support teacher PD could be adapted for use in K-12
education. It is yet unknown how the differences between these contexts might impact the features of classroom research
mentoring. Although our work demonstrates the applicability of the framework in the context of an undergraduate
laboratory course, it is important to remember that the model-based inquiry curriculum in this study was explicitly designed
drawing from the literature on K-12 science-practice-based curricula (Lehrer & Schauble, 2006b; Stewart et al., 2005;
Wigfield & Eccles, 2000; Windschitl et al., 2008). While there are certainly important distinctions between these contexts,
many of the instructional challenges are similar. Centrally, the shift from “learning about” scientific ideas to making sense of
scientific ideas to build explanations requires fundamental changes to teaching norms, in any context (Reiser et al., 2017,
Schwarz et al., 2017). To facilitate this shift, previous reports of PD for K-12 teachers recommend supporting teacher
learning through opportunities for sensemaking about classroom cases (Reiser et al., 2017). As we describe in the previous
paragraph, we have had success with a similar approach in which TAs unpack classroom cases, using goals from the CRM
framework as a way to relate teaching approaches to research mentoring.

Previous research has identified teaching identity, teacher beliefs, and teaching values as key targets of PD to
promote the implementation of reformed science curricula (Anderson, 1996; Gess-Newsome, 2015; Johnson, 2006;
Luehmann, 2007). The CRM Framework and results of our study relate to this research through our choice to pay
attention to not only to what the teacher does but also to their goals for their teaching choices and their
overarching motivation for their teaching approach. Importantly, our work provides a potential way for teachers to
reimagine their role in the classroom as encompassing aspects of research mentoring, with the associated values,
beliefs, and aspects of identity that accompany participation in science practice. Although this view of the CRM
framework suggests a radical shift, there are ways in which the framework should be accessible to practicing K-12
teachers. For example, the CRM tools are worded in ways that overlap with teacher supports that many K-12
teachers are familiar with, for example, scaffolding or articulation. PD activities for this population could focus on
building on their current knowledge about these pedagogical supports in ways that help them consider ways to

transform these strategies to support their students in science practices.

4.4 | Limitations and future directions

This study provides novel insight into translating research mentoring into the classroom, but there are limitations in
the generalizability of our results. We carried out a case study approach to facilitate a careful examination of how a
research mentoring framework could be used in the classroom. This approach has limitations as it does not allow for
generalizations to be made. Additionally, there are limitations in our choice of teachers to be included in the study.
We purposefully chose teachers who were experienced scientists, which only represented a single teaching
population. These teachers were also chosen as they had different levels of teaching expertise and could illustrate
some of the potential diversity of the CRM Framework. Though we make some suggestions for how the CRM
Framework could apply to teachers from different backgrounds, we cannot extrapolate how this would apply to

others based on this single study.
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Our study proposes a way to reframe inquiry teaching and points to a need for further investigations

connecting research mentoring and classroom teaching. Additionally, studies are needed to investigate how a CRM
Framework applies to describe different teachers, different inquiry classrooms, and different disciplines. In ongoing
work, we are investigating how diverse student TAs approach inquiry instruction, considering the CRM Framework
as an explicit framework for reframing the role of the teacher in our context. Future work could consider the CRM
as a PD tool for novice science mentors such as graduate students or new faculty as they navigate productive ways

to support science in the laboratory.
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