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CHAPTER 14
Greater than the Sum of its Parts:
Centering Science within Elementary
STEM Education

Deepika Menon, Amy S. Bauer, Katie L. Johnson,
Elizabeth F. Hasseler, Amanda Thomas, Ricardo Martinez,

and Guy Trainin

INTRODUCTION: WHY STEM LEARNING?

Reform efforts in K-12 STEM (that is, Science, Technology, Engineer-
ing, and Mathematics) education have been prevalent in the past decade to
respond to the future needs related to the global STEM workforce (National
Academy of Engineering and National Research Council, 2014). Locally
and throughout the United States, science receives relatively little empha-
sis in elementary grades. A large-scale national survey found that an aver-
age of only 20 minutes per day are spent teaching science in elementary,
compared to 87 minutes for reading/language arts and 58 minutes for
mathematics (Plumley, 2019). The survey also found that elementary
teachers felt less prepared to teach science, engineering, and coding, while
findings from a different survey indicated that United States pre-service
elementary teachers agreed that STEM education was important at the el-
ementary level (Madden et al., 2016). It is prudent to re-envision teacher
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In Reforming Science Teacher Education Programs in the STEM Era

preparation programs, so the next generation of teachers is competent
and confident to teach STEM in a K-12 setting in ways that excite future
generations of students for STEM-related careers (Atkinson and Mayo,
2010; Chen et al., 2021).

Early exposure to STEM learning increases student’s foundational
knowledge in STEM (Chen, 2011), develop students’ critical thinking skills
and literacy (Paugh and Wendell, 2021), and increases students’ motivation
and interest in STEM career fields (Nesmith and Cooper, 2020; Wang,
2013). Integrating across STEM subjects has shown promise as a strategy
for improving students’ knowledge in STEM disciplines, connecting, and
transferring knowledge among STEM disciplines, developing creativity
and technological skills, and cultivating positive attitudes and interest in
STEM subjects (for example, Century et al., 2020); Martin-Paez et al., 2019;
Miller, 2019). When STEM learning experiences are incorporated into the
teacher preparation programs, pre-service teachers have a deeper under-
standing of integrated STEM instruction (Pimthong and Williams, 2021)
and are more likely to incorporate them in their future lesson plans (Ma-
iorca and Mohr-Schroeder, 2020). Reform efforts include rethinking ways
in which pre-service elementary teachers (PSTs) are currently prepared
within teacher preparation programs (Darling-Hammond and Bransford,
2007). In response to this challenge, our team engaged in the process of
conceptualizing STEM Integration and redesigning Integrated STEM cur-
riculum for our STEM Semester.

Conceptualizing STEM Integration

For our reform efforts, the fundamental question to consider was,
“What is STEM learning, or what should count as STEM learning?” The
different models and definitions for Integrated STEM education range from
STEM disciplines traditionally taught as separate and distinct content ar-
eas to integration among the four STEM disciplines (NAE and NRC, 2014;
Stohlmann et al., 2012). Teacher educators are often challenged to design
STEM learning experiences within teacher preparation courses that pre-
pare for the reality of classrooms while presenting pedagogical alternatives
(Corp et al., 2020). Many researchers, for instance, Roehrig et al. (2012)
distinguish between content and context integration of STEM. Content in-
tegration requires the blending of knowledge from different content fields
into a single curricular activity or unit to build a collective knowledge of
STEM from multiple content areas (Roehrig et al., 2012; Wang et al., 2011)
while context integration, “primarily focuses on the content of one disci-
pline and uses contexts from others” to make the content more relevant
(Roehrig et al., 2012, p. 9). Most researchers conclude that STEM integra-
tion should involve the merging of some or all the STEM disciplines to solve
real-world problems (Moore et al., 2020; Rinke et al., 2016).
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Our conceptualization of STEM integration stems from (1) Dewey’s
work (1938) that highlights learning as an active process that involves stu-
dents engaged in experiences situated in and connected to the real world
and, (2) ideas based on social constructivism developed by Vygotsky (1978)
that emphasize learning via social interactions among individuals within a
social setting. Constructionist theory (Ackermann, 2001; Harel and Papert,
1991; Papert, 1980) also framed learning experiences in the integrated
STEM semester. Teaching Integrated STEM calls for pedagogies that pro-
mote active learning that engages students in social interactions while
working collaboratively in teams (Moore et al., 2014), and knowledge that
is constructed via social discourse (Stohlmann et al., 2012). Other pedagog-
ies that are fundamental to conceptualizing STEM learning are inquiry-

//_ Integrated STEM \

Engineering

ﬂcieb

l Technology Mathematics| |

* Format and structure: Individual assignment, online submission at the
beginning of ha semester

* Allow preservice elementary teachers to analyze, reflect, and write

STEM about their identity as a learmer of science, technology, enginearing,

Iﬁ;‘:ﬁw and mathematics (STEM) and their perceptions about STEM teaching.
ers

* Format and structure: Group project, in-class time provided over 3-4

classes to create a poster presentation and a prototype.
Integrated * Preservice elementary teachers work in collaborative teams {3-4

STEM students per group) to design and lead an integrated STEM experience
Project appropriate for elementary students. y.

* Format and structure: Individual submission. Video-mediated h
presentation on online platforms enabling video-recording
+ Builds on reflective practice, presarvice teachers reflect on ways in

GSTEMH which they have grown in their thinking about integrated STEM as well
Project as draw on examples for the coursework to illustrate this growth. J

Positive ldentitios as
STEM learners and
future teachers

Figure 1. Framework and shared assignments for integrated STEM for
curriculum reform curriculum design and STEM pathways (shared assign-
ments) across multiple courses within the STEM Semester as explained in
the subsequent sections.
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based and hands-on strategies promoted in the Next Generation Science
Standards (Bybee, 2009); NGSS Lead States, 2013), problem-based learn-
ing that involves a problem to solve (Shaughnessy, 2013) and connections
to real-life experiences (Kelley and Knowles, 2016).

In leading our curriculum reform effort, we draw upon the viewpoint
that STEM curriculum must involve both content and context integration.
Figure 1 illustrates our conceptual framework for re-structuring our ele-
mentary STEM Semester. Our framework positions science at the center
placing emphasis on scientific inquiry (Kelley and Knowles, 2016). Inte-
grated STEM education has strong ties to inquiry processes allowing stu-
dents to formulate questions, participate in investigations that facilitate
engineering design, and integrate technology and mathematics to design
solutions to complex real-world problems (Kennedy and Odell, 2014; Moore
and Smith, 2014). Figure 1 depicts the interconnected relationship between
disciplines where engineering, technology, and mathematical knowledge
provide a context for meaningful science learning and vice versa. The
framework served as a guide to inform our Integrated STEM curriculum
design and STEM pathways (shared assignments) across multiple courses
within the STEM Semester as explained in the subsequent sections.

STEM Curriculum Reform: A Constant Flux

The need to emphasize STEM subjects in elementary teacher prepara-
tion prompted curriculum reform to create the STEM Semester within an
elementary education program at a large mid-western university. The pro-
gram typically admits 70-80 PSTs per semester. This effort was led by a
multi-disciplinary team of STEM educators and researchers including fac-
ulty and graduate students in science and engineering education, mathe-
matics education, and technology education. Prior to this reform effort, the
elementary teacher education program was organized in four semesters,
taken sequentially after admission to the professional phase of the pro-
gram: Math Block, Literature Block, “Methods” Block, and Student Teach-
ing. The Math Block included integrated mathematics content and mathe-
matics methods courses, a 1.5-day per week practicum in a local elementary
school, as well as an innovative learning technologies course, and a course
and associated practicum focused on English Language Learners (ELL). At
that time, the science methods course was part of the “methods block,” and
was not associated with a field experience. Math Block, initially developed
with support from National Science Foundation (NSF) (DUE #9981106),
offered a successful model of collaboration among instructors and depart-
ments. Math content and methods courses were scheduled back-to-back, in
the same classrooms, with instructors frequently sitting in on one another’s
courses, and students cohorted by sections. A unified syllabus and key as-
signments were shared between the math content, math methods, and
practicum courses (Heaton and Lewis, 2011).
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Extending the existing Math Block logic, we used a design process to
reimagine the STEM Semester to integrate across the three methods
courses: Math methods, Science methods, and Innovative Learning Tech-
nologies (ILT). The process included:

* Challenging pre-existing beliefs and status quo situated within
each discipline,

*  Reaching common ground with a shared understanding of STEM
integration as a dynamic process,

+ Strategizing the flow of STEM learning across various courses
within the program,

*  Implementing the curriculum,

+  Continuing reflection and revision.

Faculty and graduate student instructors met during the summer prior
to the first STEM Semester iteration to compare existing course content,
find areas of potential overlap among classes, and create a flexible frame-
work that would allow a mutually agreeable balance of disciplinary content
and integrated STEM content. This approach included shared assignments
focused on developing positive identities as STEM learners and future
teachers, and embedded thematic topics that would be integrated across
the three methods courses (see Figure 1 above for more details related to
structure and format of shared assignments).

The team of course instructors collaboratively designed, implemented,
and assessed three shared assignments that complemented the discipline-
based lesson plans and assignments students did within individual courses.
The shared assignments (Figure 1) included STEM identity letters, an in-
tegrated STEM project, and a STEM growth presentation. STEM identity
letters asked PSTs to present their initial definition of STEM and reflect
on their identities as learners and future teachers of STEM subjects. The
integrated STEM project was an opportunity for PSTs to work in teams,
design an integrated STEM learning experience for elementary students,
and reflect on what they learned from that experience. The culminating
semester project was a STEM growth presentation for which PSTs selected
and showcased artifacts of their work to support reflections about their de-
velopment as learners and teachers of integrated STEM and its constituent
disciplines. During the inaugural STEM semester, a coding and robotics
theme was integrated across courses and a second theme of sustainability
was added the following semester. These thematic pathways are detailed
later in this chapter.
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The design of the STEM Semester was intentionally flexible to encour-
age disciplinary autonomy within courses, anticipate changes in instruc-
tors over time, allow for research-based best practices, and amplify the as-
sets and priorities each instructor brings to their course. STEM Semester
instructors continued to meet regularly to collaborate around shared as-
signments, STEM-themed class activities, and PST needs and concerns.
While the initial structure of the STEM Semester remains, the shared as-
signments undergo revision each semester and the STEM themes are im-
plemented differently by new instructors within and across courses. The
COVID-19 pandemic tested the flexibility of the STEM Semester in a
unique way, but instructors collaboratively rose to the challenge and con-
tinued to implement the STEM Semester framework, often with alterna-
tive activities or revised assignments.

The STEM-Themed Pathways

The integrated STEM semester drew upon existing models of STEM
integration (for example, Kelley and Knowles, 2016; Moore et al., 2014) by
connecting STEM content areas within communities of practice, defining
STEM as an effort to integrate some or all STEM content areas, and mak-
ing purposeful connections to enhance learning. Playing, creating, and min-
imalist teaching approaches maximized PSTs’ opportunities to learn
through exploration, in turn, preparing them to do so with elementary stu-
dents.

Cross-Course STEM Themes

Two themes were integrated across the STEM Semester courses: ro-
botics/coding and sustainability. The robotics theme was emphasized pri-
marily in the ILT course and reinforced in mathematics and science meth-
ods courses. PSTs also reflected individually on how each tool could be
aligned with STEM standards and instruction in elementary classrooms.
The sustainability module provided a model of collaborative STEM integra-
tion within and across courses, culminating in an engineering design chal-
lenge. Unlike shared assignments which involved out-of-class work, STEM
themes occurred primarily during scheduled class time.

Robotics and Coding. The robotics theme was introduced with a
block-based coding activity in Scratch that aligned with elementary math-
ematics standards. PST's learned introductory coding principles and devel-
oped a foundation for engaging with educational robotics throughout the
semester. Rather than emphasizing one or two robots/coding tools, PSTs
explored several robots and coding tools throughout the semester. In math-
ematics methods courses, PSTs learned to use BeeBots (see Figure 2, left
side) for engaging young learners in coding and algorithmic thinking
while learning about connecting multiple mathematical representations.
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Figure 2. Using BeeBots to Connect Mathematical Representations (left
side) and Testing Flood Mitigation Designs on an Enviroscape Floodplain
Model (right side).

science methods courses, PSTs learned to program and use micro:bits as
tools for collecting moisture, temperature, and light data in an environmen-
tal science inquiry activity and designed their own NGSS-aligned science
lessons using micro:bits. During the ILT course, PSTs engaged in struc-
tured. In play with Cubelets, Ozobots, Edison bots, and Osmo and discussed
connections with mathematics and science standards.

PSTs also learned to code and use Dash bots in an integrated STEM
activity during the mathematics methods course (Figure 2). PSTs designed
a 120 cm path (Goo, 2019) within a science context of their choice (for ex-
ample, zoo, solar system, water cycle), programmed Dash to give a tour
with at least five stops (each identifying science content, distance traveled,
and fraction of the whole length), and demonstrated Dash’s tour with class-
mates. Similarly, PSTs learned to use Sphero robots during an ILT class by
designing a maze, coding Sphero to drive through the maze, and aligning
to the area and perimeter standards (Figure 2). PSTs could use any of the
educational robotics in their Integrated STEM Projects and although most
students did not elect to do so, some teams incorporated BeeBots, Ozobots,
and Dash bots.
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Sustainability. The second STEM Semester theme resulted from in-
structors’ participation in a university-wide Sustainability Curriculum in-
itiative. STEM Semester instructors used a multi-disciplinary approach,
incorporating related science content in science methods, math content
during mathematics methods, and technology and engineering during mul-
tiple ILT class sessions. The components of the project were purposefully
sequenced within and across courses and drew upon published materials
from the Interdisciplinary Teaching about Earth for a Sustainable Future
(InTeGrate) project (DeBari et al., 2020) and Water Warriors design chal-
lenges (Jason Learning, 2019).

In science methods, PSTs learned about the hydrologic cycle, aquifers,
floodplain management, and common misconceptions while drafting 5E les-
son plans (Bybee, 2009) and engaging with a university hydrologist. In a
subsequent mathematics methods class, PSTs used authentic data, inter-
preted graphs of precipitation and river discharge, calculated recurrence
intervals, used probability to define 100- and 500-year floods, and inter-
preted floodplain maps and graphs. In the ILT class, PSTs visited a maker
space to scale and 3D-print house models and designed mitigation strate-
gies to protect their houses from flooding on an Enviroscape floodplain
model (see Figure 1, right side). PSTs then placed their 3D printed houses
at assigned locations on the Enviroscape. To test and discuss the effective-
ness of PSTs’ flood mitigation design strategies, a civil engineer who spe-
cialized in surface water hydrology and watershed management joined the
ILT classes. Two types of flooding were approximated on the Enviroscape.
First, water was sprinkled over the model to mimic rain over a continuous
period. Then, water was poured rapidly, mimicking the deluge of a dam
break (a phenomenon that had recently occurred in the region). The engi-
neer helped students interpret the effectiveness of their strategies and com-
pare their designs with strategies used in the real world. Locations of
houses on the model also impacted the effectiveness of PSTs’ designs, in-
tentionally inviting discussions of resources, power, privilege, and justice
in the context of the project.

Evidence of Success with the STEM Semester

This section represents themes that resulted from preliminary quali-
tative analysis of PSTs’ (IV = 76) perceptions of STEM at the beginning and
end of the STEM Semester. We discuss: (1) initial themes from the STEM
identity letters that PSTs wrote at the beginning of the semester document-
ing their personal and professional experiences with science/STEM and
their perceptions about STEM teaching and learning and (2) final themes
from focus-group video sessions on PSTs’ experiences with the integrated
STEM project and individual video-mediated STEM growth project presen-
tations (Table 1).
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Initial Perceptions of STEM

At the beginning of the semester, we found that PSTs had naive con-
ceptions of STEM likely due to a lack of exposure to STEM learning in K-12

Table 1 Sample coding scheme for themes at the beginning and end of

the semester

Themes Code Sample Excerpts

Beginning of the

semester

Naive conceptions Intimidating; I think people can be intimated
about STEM integra- don’t know much by the acronym STEM. I know
tion about STEM STEM stands for science, technol-

Lack of confidence in
STEM content or
STEM teaching

STEM stereotypes

End of the semester

Increased value and
importance for inte-
grated STEM in K-5
classrooms

Shifting away from
biases; STEM for
ALL learners

Increased confidence
in planning and de-
signing integrated
STEM lessons

Not sure to incor-
porate different
components into
one lesson

Only for guys,
rare to see a
woman in STEM

Come together,
integrated, skills
and interest in

STEM

Encourage every
student, creative,
can do it

Confident,
integrate into one
lesson
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ogy, engineering, and mathemat-
ics; however, there is much more
than just that that I do not know

I am not so sure about how I
would incorporate so many differ-
ent components [science, technol-
ogy, engineering, and mathemat-
ics] into one lesson

When I think of STEM, I think of
a lot of stereotypes and stigmas. I
think about how STEM is “only
for guys,” or how rare it is to see a
woman in STEM

Four different pillars need to
come together and be integrated
so that students can develop
skills and an interest in STEM
that can help them understand
how our world works and how to
adapt to it

It is important for teachers to
encourage each and every one of
their students to think critically
in these subjects. I also think
STEM can be creative and there-
fore, any student can do it

I feel confident in my ability to
integrate all of these subjects into
one lesson effectively, more so
than before
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classrooms. Unsurprisingly, when responding to “what STEM means to
them,” a majority of PSTs stated that they did not know what STEM means
and indicated little or no exposure to STEM prior to college. As one PST
mentioned, “Growing up we didn’t learn much of STEM specifically, it was
mostly just math with a very few basic science lessons.” Further, negative
dispositions toward STEM disciplines resulted in low personal affinity or
interest toward creating STEM lessons and STEM teaching overall. For
instance, a PST wrote, “STEM is a hard thing to wrap our heads around. It
has to do with science, technology, engineering, and mathematics. These
are some hard subjects that do not come easy to many people.” We also
found that PSTs demonstrated assumptions about societal stigmas and
gender bias: “I think of ‘left brain’ people succeeding in STEM. More than
anything, I think teachers need to encourage girls to participate in STEM.”

Change in Perceptions

We found that the STEM Semester experiences helped PSTs recognize
the value and importance of Integrated STEM in elementary classrooms
and develop positive attitudes toward Integrated STEM instruction. As one
PST mentioned, “At the beginning of the semester I thought that Inte-
grated STEM was science and math while playing games on the computer.
Now, after going through various courses, I would say STEM is any educa-
tional tool, lesson, curriculum, or activity that has a basis in one or more of
the fields of math, science, technology, and engineering.” Furthermore, af-
ter engaging with the STEM Semester curriculum, we noted a shift in
PSTs’ perceptions. Students began to view STEM as critical for all stu-
dents, not just left-brain individuals and males. One PST noted, “[STEM
is] especially important for all young students, but especially young girls
and racially diverse students who may feel excluded.” Most PSTs explicitly
talked about the importance of real-world STEM connections, noting that
STEM lessons can provide young children “a variety of learning opportuni-
ties put together to teach new perspectives.” PSTs realized that STEM
helps student build new skill sets as STEM allows “students and educators
to get creative with their work. They get to think, build, be a leader, try
new things, and learn.” We also found that PSTs’ confidence in integrated
STEM planning and lesson design increased as hey completed the STEM
Semester. For instance, one PST acknowledged the interconnectivity be-
tween STEM disciplines to create a lesson:

Before this semester, STEM classes were individual and lived on
their own, separately. Math was math, science was science, and
they just stayed that way. This semester really taught me that these
classes can join forces to create a really successful lesson.
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Challenges Faced and Lessons Learned

No effort to renovate a teacher preparation program comes without
challenges. Unsurprisingly, PSTs reported concerns considering their first
exposure to integrated STEM instruction. We describe these challenges
and lessons learned with an aim to provide meaningful insights that max-
imize student learning in STEM methods courses.

* Increased time commitment in designing Integrated STEM lessons.
We recognize that there is an increased time commitment and ac-
countability for PSTs to brainstorm ideas, create Integrated STEM
lessons that integrate two or more disciplines, and coherently apply
knowledge learned from different STEM methods courses. Having
patience and lending seamless support to students is the key to stu-
dents’ success in achieving this challenging task. This can be well
achieved by providing time within classrooms for students to work
on projects rather than out-of-class work where immediate feed-
back is not available.

+  Collaborating with peers who have varied perceptions and affinity
toward STEM subjects. Pre-service teachers arrive in methods
courses with varied beliefs and perceptions about STEM subjects
owing to their prior experiences in science (Knaggs and Sondergeld,
2015) or other disciplines in STEM (Huziak-Clark et al., 2015).
Working on collaborative projects where STEM interest, motiva-
tion, and comfort level differs from individual to individual can be
intimidating. This is quite understandable, because we found PSTs
were concerned about their lack of STEM background knowledge.
Continuous support and mentoring are needed throughout the pro-
gram so that PST's can overcome fear as they continue to engage in
collaborative group tasks such as Integrated STEM lesson designs
(Menon and Sadler, 2016, 2018).

*  Negotiating between how STEM was taught to them (personal
prior learning experiences) while learning new pedagogies they are
expected to teach in the future. It is important to realize that most
students learned STEM disciplines in a traditional way where each
of the disciplines was taught in a discrete way. New pedagogies to
deliver integrated STEM instruction can put PSTs under pressure
while they are negotiating with their own personal teaching philos-
ophies. Creating a classroom environment and culture where their
ideas are valued, providing the time they need to process the “con-
ceptual change” encompassing STEM teaching, and offering oppor-
tunities to ask questions freely will help PSTs value STEM instruc-
tion (Delahunty and Kimbell, 2021; Ryu et al., 2019).
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Take-Aways for STEM Educators

Thomas Kuhn, in his writings about scientific revolutions (1962), pos-
ited that “paradigm shift” comes with its own challenges and the process of
change may not be straightforward but achievable. Based on the experi-
ences described throughout this chapter, we provide a set of recommenda-
tions for future teacher educators, who as a group of champions coming
together, are willing to restructure their elementary education programs
for STEM integration.

Recommendation 1. Social discourse to develop a shared understand-
ing of Integrated STEM among STEM educators. In our experience, social
discourse among the team has strengthened our collective understanding
of Integrated STEM. Although everyone has a busy schedule, meeting bi-
weekly as a STEM Semester team allowed open communication about the
steps needed to ensure seamless implementation of shared assignments,
reflect critically on our implementation of the curriculum, revise our shared
activities and assessments, and brainstorm ideas to address any concerns
students have while engaged in this experience.

Recommendation 2. Negotiating roles and responsibilities amongst
the team of STEM educators to ensure the seamless integration of STEM
disciplines. We believe that treating STEM as a culture for pre-service
teacher preparation program is one way to ensure that there is ongoing
motivation and dedication within the team of STEM educators. This re-
quires social dialogue and constant communication about roles and respon-
sibilities that each member of the team agrees to and is held accountable.
A dedicated and highly motivated team is needed despite negotiating per-
sonal teaching philosophies, discipline-specific identities and developing
personal STEM teacher educator identity.

Recommendation 3. A consistent mentoring structure for training
graduate student STEM instructors. A significant number of our instruc-
tors are graduate students pursuing PhD degrees in science, technology,
and mathematics education. Although highly motivated to teach, graduate
students often lack the time to devote to coursework and research and may
sometimes become challenged by the demands of teaching in a newer Inte-
grated STEM environment. Having a structured mentoring program in
place will help graduate students to transition into this teaching role much
more smoothly.

Recommendation 4. Departmental and administrative support in-
cluding resources and time-release to facilitate the curricular reform. Any
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effort toward STEM curricular reform is not a one-event activity (Sunal et
al., 2001) but requires a significant time investment from faculty and grad-
uate students who may already be overburdened with responsibilities. De-
partmental and administrative support that includes resources (such as
materials, technology support) and time for facilitating curricular reform is
crucial for a sustainable change.

Recommendation 5. Maintain a critical stance toward students’ po-
sitioning in STEM. 1t is essential that the emphasis on Integrated STEM
does not ignore the reality that the practice of STEM is not culturally neu-
tral. As teacher educators, we must attend carefully to the biases that may
emerge. Any team attempting STEM integration should maintain a critical
perspective that includes identifying and supporting PSTs who may not be
equitably positioned in STEM learning and celebrating PSTs’ diverse voices
and perspectives about STEM. We suggest that STEM teacher educators
employ a critical lens as they reflect on their teaching practices and tailor
to diverse student needs each semester.
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