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Current Practices in K-12 Integrated STEM Education: A Comparison
Across Science Content Areas and Grade-Levels (Fundamental)

Abstract

Despite the popularization of integrated approaches to teaching science, technology, engineering,
and mathematics (STEM) in policy documents, standards, and classrooms over the past several
years, research related to the teaching of K-12 integrated STEM education continues to be impeded
by the lack of observational tools available to education researchers. The work presented here uses
a new observation protocol — the STEM Observation Protocol (STEM-OP) — designed for
measuring the degree of integrated STEM teaching in K-12 science and engineering classrooms.
The STEM-OP includes 10 items with four descriptive levels for each item (scored 0-3): 1)
Relating content to students’ lives, 2) Contextualizing student learning, 3) Developing multiple
solutions, 3) Cognitive engagement in STEM, 5) Integrating STEM content, 6) Student agency, 7)
Student collaboration, 8) Evidence-based reasoning, 9) Technology practices in STEM, and 10)
STEM career awareness. In this study, we used the STEM-OP to explore current practices in
integrated STEM education, including comparisons across science content areas (Physical, Earth,
and Life Science) and grade levels (elementary, middle, and high school). Our data set included a
total of 2,030 video-recorded classroom observations from K-12 science classrooms where
integrated STEM teaching was enacted through the use of an engineering design challenge to learn
and apply science and mathematics content. Our results suggest that current K-12 science teachers
miss opportunities in their lessons to relate content to students’ lives, develop multiple solutions,
use evidence-based reasoning, engage students in technology practices, and promote STEM career
awareness. However, results from crosstab and non-parametric analyses reveal that various
components of integrated STEM education occur more frequently and at higher levels in Physical
Science and elementary classrooms compared to Life/Earth Science and middle/high school
classrooms, respectively. Our work illustrates various places where integrated STEM education
could be focused, including a better representation of engineering through developing multiple
solutions and using evidence-based reasoning. Our work also highlights the importance of
providing K-12 teachers with more opportunities to engage in professional development related to
integrated STEM education. Implications for this work include those for K-12 teachers, teacher
educators, classroom coaches, and administrators.

Introduction
Current policy documents have called for changes in K-12 science classrooms to employ integrated
STEM strategies to provide a more authentic learning environment for a diverse population of
students (National Academy of Engineering [NAE] and National Research Council [NRC], 2014).
Integrated approaches to teaching science, technology, engineering, and mathematics (commonly
referred to as STEM education) have been theorized to improve student learning (Jong et al., 2020)
and better prepare students to address 21° century problems that are by nature interdisciplinary
(e.g., Moore et al., 2020; NAE and NRC, 2014). As a result, a growing number of K-12 teachers
have begun to incorporate engineering in their science classrooms. Such changes are the result of
shifts in science standards to include engineering as evidenced by 4 Framework for K-12 Science
Education (NRC, 2012) and the Next Generation Science Standards (NGSS Lead States, 2013).
Although national policy documents strongly support integrated approaches, which include
mathematical and computational thinking in science education (NRC, 2012), there remains
disagreement on models and effective approaches for its implementation. A recent review by



Moore et al. (2020) notes inconsistencies surrounding which and how many of the STEM
disciplines should be integrated and puts into question the nature of the integration among
disciplines; currently, there is no “correct” answer to this and some argue that a prescribed
definition could be problematic (e.g., Bybee, 2010). However, it is clear that integrated STEM
education is a multidimensional construct (e.g., Kelley & Knowles, 2016; Moore et al., 2020;
Roehrig et al., 2021a), requiring considerations for both content and pedagogy; these complexities
have made it challenging to define for practice.

Beyond the lack of an agreed-upon definition of integrated STEM for practice, an additional
challenge lies in the dearth of observation protocols sensitive to measuring integrated STEM
teaching and learning. Previously established protocols, such as the Reformed Teaching
Observation Protocol (RTOP) (Sawada et al., 2002), the Classroom Observation Protocol for
Undergraduate STEM (COPUS) (Smith et al., 2013), the Science and Engineering Learning
Observation Protocol (Dringenberg et al., 2012) and the Classroom Observation Protocol for
Engineering Design (COPED) (Wheeler et al., 2019), were not designed to measure integrated
STEM teaching and focus on other elements, like teacher quality in a single discipline or
engineering design. Although these instruments each excel in their intended areas, they were not
designed with an integrated STEM education framework in mind, thus missing key characteristics
of integrated STEM. This lack of an integrated STEM observation protocol for K-12 education
has delayed progress with respect to enacting integrated STEM in K-12 classrooms, which
inherently impedes our ability to measure related student outcomes as a result of integrated STEM
teaching. This has also been problematic for educational research that seeks to understand and
improve integrated STEM education. However, our team recently created the STEM Observation
Protocol (STEM-OP) intentionally designed to measure the extent to which integrated STEM is
practiced in K-12 science and engineering classrooms (Dare et al., 2021b); this has allowed us and
other educational researchers to begin to ask and answer important questions about the
implementation of integrated STEM education.

Because of the delay in establishing an observation protocol suitable for integrated STEM
education, combined with the abundance of definitions that exist, little is currently known about
how integrated STEM is currently implemented in classrooms. For instance, how do
considerations such as different science content areas and grade-levels compare with one another?
Although Roehrig et al. (2021b) examined K-12 integrated STEM curriculum units and found
Physical Science curriculum units tended to be more integrated and conceptually coherent
compared to Life and Earth Science units, that research did not focus on the enactment or
implementation of the written curriculum. Guzey et al. (2016) similarly concluded that K-12
Physical Science curriculum units were better contextualized and more engaging for students than
Life and Earth Science units. To contrast this, Pleasants et al. (2021) analyzed elementary
curriculum units that followed an Engineering Design-based Science Teaching (EDST) model,
reporting no differences across Physical, Earth/Space, or Life Science units with respect to
conceptual connections. Research that has focused on implementation of integrated STEM in
science classrooms has not included comparisons of different science content, focusing solely on
one science content area (e.g., Dare et al., 2018, Guzey et al., 2017). Although several researchers
have postulated that Physical Science content is better positioned for STEM integration due to the
abundance of mathematical concepts and close relationship to mechanical engineering in particular



(e.g., Dare et al., 2014; Guzey et al., 2016), this has not been confirmed through direct comparisons
with other science disciplines.

The work of Roehrig et al. (2021b), Guzey et al. (2016), and Pleasants et al. (2021) illuminate
another question with respect to integrated STEM education surrounding differences in grade-
levels. While Pleasants et al. (2021) exclusively examined elementary units, both Roehrig et al.
(2021b) and Guzey et al. (2016) did not report differences across grade levels. This highlights the
fact that little is known about how integrated STEM unfolds in elementary versus middle versus
high school teaching and learning contexts. These types of comparisons would allow educators
and researchers to better understand how to support pre-service and in-service teachers across these
various contexts, especially since teaching at the middle and high school levels has traditionally
focused on siloed disciplines. To our knowledge, no published work has intentionally compared
implementation of integrated STEM education across science content areas and grade-levels using
a reliable observation protocol designed for integrated STEM education.

In response to this gap in the knowledge base, the work presented here shares how we used the
STEM-OP (Dare et al., 2021) to measure the degree of integrated STEM within K-12 teaching,
drawing upon a large dataset of video-recorded classroom observations, collected from a previous
project in which teachers co-created integrated STEM curriculum units for use in a science
classroom. This work attempts to address questions that educators have about integrated STEM in
science classrooms concerning science content areas and grade-levels. With this in mind, we
sought to answer the following research questions: 1) 7o what extent is integrated STEM education
being implemented in K-12 science classrooms as evidenced by our integrated STEM protocol?;
2) What differences in practice as measured by protocol scores, if any, exist across different
science content?; and 3) What differences in practices as measured by protocol scores, if any, exist
between protocol scores across grade levels?

Theoretical Framework

The work presented here utilizes a framework comprised of seven central characteristics of
integrated STEM education (Roehrig et al., 2021a): 1) a focus on real-world problems, 2) the
centrality of engineering, 3) context integration, 4) content integration, 5) engagement in STEM
practices, 6) 21% century skills, and 7) informing students about STEM careers. The framework
arose out of the extant literature, drawing primarily from Kelley and Knowles’ (2016) definition
that broadly defines STEM education as “the approach to teaching the STEM content of two or
more STEM domains, bound by STEM practices within an authentic context for the purpose of
connecting these subjects to enhance student learning” (p. 3). To expand upon and provide more
specifics to that definition, our framework centralizes engineering design in which students are
presented with an authentic problem to solve. While a full description of our framework can be
found in Roehrig et al. (2021a), the following section summarizes the central characteristics.

To begin, we situate our framework by discussing engineering as a discipline within K-12 settings,
most notably in conjunction with science as denoted by current K-12 science standards (e.g., NGSS
Lead States, 2013; NRC, 2012). The literature has noted that within integrated STEM curriculum,
real-world problems are often presented in the context of engineering design challenges that ask
students to design solutions to a real-world problem (Berland & Steingut, 2016; Moore,
Stohlmann, et al., 2014). Here, engineering also acts as a specific form of a real-world problem as



a context for learning. These problems, however, should relate to or be aligned with students’
interest and experiences to provide motivation for student learning (Djonko-Moore et al., 2018;
Kelley & Knowles, 2016).

Students are expected to develop solutions to these real-world engineering problems by engaging
in practices and 21 century skills used by STEM professionals. The development of design
solutions relies on students using and developing an understanding of content from multiple
disciplines (e.g., Thibaut et al., 2018). Further, students must engage in engineering practices
(Berland & Steingut, 2016; NAE and NRC, 2014). Throughout the iterative design process,
students are expected to assess and reflect upon how well their design addresses and responds to
the problem at hand. This includes reflecting on meeting criteria and constraints, but it also requires
that students use their knowledge of STEM content and data from iterative testing to refine their
solutions (Siverling et al., 2019). It is critical that K-12 students have opportunities to fully engage
in the iterative engineering design process, completing at least one cycle of redesign (Wendell et
al., 2017), so that they can meaningfully participate in this reflective process.

Beyond placing real-world problems and engineering as central features (Roehrig et al., 2021a),
the framework highlights two forms of integration: context and content. Context integration refers
to explicit connections between STEM concepts and practices to those real-world problems
(Berland & Steingut, 2016) such that there is clear alignment between the problem, the design
challenge, and the STEM content. This contrasts with confent integration, wherein integration
across STEM content areas is included in the integrated STEM lessons, deviating from the siloed
approach that has traditionally been used in K-12; it should be noted that in our framework we
consider interdisciplinary science to be one content area (science). The intention of this is to help
students “build knowledge and skill both within the disciplines and across disciplines” (NAE and
NRC, 2014, p. 5). However, to make the most impact, teachers should make these connections
clear and explicit to students (English, 2016; Kelley & Knowles, 2016), as students often do not
spontaneously recognize these connections on their own (Tran & Nathan, 2010).

Our framework also addresses the need for students to engage in STEM practices and develop 21
century skills within integrated STEM learning. Broadly speaking, their inclusion is meant to
present a more accurate depiction of the work of STEM professionals (Reyante et al., 2020), which
relies on engaging in scientific and engineering practices (NRC, 2012), evidence-based reasoning
(Siverling et al., 2019), and the creation, collection, manipulation, analysis, and visualization of
data (Weintrop et al., 2016). This enables students to learn how to “do STEM” in a realistic context
that shifts the pedagogy towards a more student-centered exploration in which they exercise
agency (Berland & Steingut, 2016; Miller et al., 2018). Engaging in these STEM practices
reinforces the development of 21 century skills, which are critical for students “to adapt and thrive
in an ever-changing world” (Stehle & Peters-Burton, 2019, p. 2). With a focus on engineering,
lessons that engage students in developing solutions to real-world problems and engineering
design challenges inherently incorporate creativity and critical thinking, as there is no single
correct solution to these complex problems (Simpson et al., 2018; Stretch & Roehrig, 2021).
Iterative testing and learning from failure lead to stronger designs and innovation through the
application of creativity and critical thinking (Simpson et al., 2018). Within K-12 settings, students
are expected to work collaboratively within small groups to co-construct knowledge of STEM
content and design solutions to real-world problems (e.g., Moore, Glancy, et al., 2014).



The last characteristic of our framework attends to the promotion of STEM career awareness
within integrated STEM education. While engaging in STEM practices and developing 21°%
century skills help to promote positive identities towards STEM (Kitchen et al., 2018), students
should also be exposed to details about STEM careers (Jahn & Myers, 2014; Luo et al., 2021).
This reflects the current goals of promoting future participation in STEM careers to encourage a
diverse population of future STEM professionals, as found in policy documents (NRC, 2012).

Methods

Context

Our project team had access to over 2000 video-recorded classroom observations of integrated
STEM teaching in K-12 science classrooms that were collected as part of a prior, federally funded
S-year project. This prior project included professional development for the observed teachers that
used a design-based framework for integrated STEM education drawing from Moore, Glancy et
al. (2014) and Moore, Stohlmann et al. (2014) to develop and implement integrated STEM
curriculum. These two frameworks centralize the role of engineering design in integrated STEM
education by using an engineering design challenge as a context to teach STEM content while
solving a real-world problem; these design challenges, which required students to learn and/or
apply science content and practices as well as mathematics (primarily through data analysis), were
often shared with students through fictitious client letters that asked the students to help them with
their problem. These frameworks additionally guided the development of teacher team-created
integrated STEM curriculum units. Participating teachers individually implemented their co-
created curriculum unit in their classrooms during which the observations were video-recorded
each day of implementation. These observations (typically ~50 minutes of instruction) represent a
variety of classroom settings, including different grade levels, teachers, student demographics,
science content, and engineering design challenges. Specifically, the data set includes observations
from 106 unique teachers’ classrooms from five school districts that include urban, inner-ring
suburban, and outer-ring suburban K-12 settings in the Midwestern United States. Most of the
observations focus on grades 4-8, although early elementary (K-3) and high school (grade 9 in
particular) are represented to a lesser extent. The science content covered in these units spans
several topics in Physical Science (e.g., force and motion), Life Science (e.g., ecosystems), and
Earth Science (e.g., plate tectonics). A total of 48 unique curriculum units ranging in length from
several days to several weeks were designed as part of this prior project. Table 1 provides a
breakdown of the curriculum units by science content area, disciplinary topics, and grade band.

Table 1. Summary table of observed curriculum units available.
Disciplinary Topics
Heat Transfer and States of Matter

Force and Motion
Waves and Electromagnetism

Curricula by Grade Band*

3 Elem, 3 MS
4 Elem, 1 MS, 1 HS
5 Elem, 4 MS, 1 HS

Physical Science

Rocks and Soil & Renewable Energy

Ecosystems 4 Elem, 3 MS

Life Science Natural Selection and Evolution 2 Elem, 1 Elem/MS, 3 MS
Genetics 1 Elem, 1 Elem/MS, 1 MS
Plate Tectonics and Landforms 4 Elem, 3 MS

Earth Science Weather and Water Cycle 2 Elem, 2 MS

4 Elem (1 pre-K), 1 MS

* Elem = grades K-5, MS = grades 6-8, HS = grades 9-12




Data Collection

To answer our research questions, we used a new observation protocol for K-12 integrated STEM
education (Dare et al., 2021) that we developed based on the Roehrig et al. (2021) framework
(Table 2); a full description of the instrument development process can be found in Dare et al.
(2021). The STEM-OP includes 10 items with four descriptive levels for each item (scored 0-3):
1) Relating content to students’ lives, 2) Contextualizing student learning, 3) Developing multiple
solutions, 4) Cognitive engagement in STEM, 5) Integrating STEM content, 6) Student agency, 7)
Student collaboration, 8) Evidence-based reasoning, 9) Technology practices in STEM, and 10)
STEM career awareness. All items on the instruction met our selected acceptability threshold for
inter-rater reliability of Krippendorff’s a > 0.6 with the exception of Item 5 (Integrating STEM
content) that achieved a > 0.58 (Krippendorff, 2004; 2011). In addition to the four descriptive
levels, each item includes a brief description of the item and a set of user guidelines that provide
more details about the item and how to score it, including non-exhaustive examples.

Table 2. Alignment of Protocol Items with Integrated STEM Framework (Roehrig et al., 2021a).

ltem Item Name Item Description Alignment to Framework
1 Relating Content to Students’ everyday and personal experiences Context Integration
Students’ Lives from outside the classroom should be activated,
meaningfully incorporated into the lesson.
2 Contextualizing Learning should be contextualized within an A Focus on Real-World
Students Learning appropriate real-world problem or design Problems
challenge that connects to the content of the Centrality of Engineering
lesson.
3 Developing Multiple | Students should be encouraged to develop STEM Practices
Solutions multiple solutions and evaluate them, Centrality of Engineering
identifying the relative advantages and
disadvantages of each possible solution.
4 Cognitive Students engage in learning within a STEM 21% Century Skills
Engagement in lesson at different cognitive levels. Including
STEM applying concepts in new situations and
evaluating and analyzing concepts.
5 Integrating STEM Within the lesson, multiple content areas are Content Integration
Content represented that cut across two or more STEM
disciplines.
6 Student Agency Epistemic agency refers to students’ ability to STEM Practices
shape and evaluate knowledge and knowledge-
building practices in the classroom.
7 Student Students should be encouraged to consider ideas | STEM Practices
Collaboration from multiple individuals, critiquing these ideas
and integrating new ideas into their existing
understanding to co-construct a deeper
understanding of STEM content.
8 Evidence-Based Students should use and evaluate evidence to 21° Century Skills
Reasoning support their claims about phenomena and/or
justify design decisions.
9 Technology Practices | Students should engage in technology practices STEM Practices
in STEM that are analogous to those used by practitioners | 21% Century Skills
of science, mathematics, and engineering.
10 | STEM Career Students should be made aware of STEM Informing Students about
Awareness careers at age-appropriate levels. These careers STEM Careers
should directly relate to the lesson and expose
students to future STEM career options.




After establishing inter-rater reliability, the remaining video observations were scored using the
STEM-OP. Throughout this process, some video observations were removed for various logistical
reasons, including video and/or audio issues or incomplete observations that were significantly
shorter than a class period; this accounted for a small percentage of total video observations
available (<10%). Each video recorded observation served as our unit of analysis, representing one
class period of instruction (~ 50 minutes). At the end of this process, we were left with a total of
2,030 scored video observations. These included 999 Physical Science, 434 Earth Science, and
597 Life Science observations. These videos also represented 885 elementary (K-5), 1071 middle
school (6-8), and 74 high school (9-12) classrooms.

Data Analysis

To determine the extent to which integrated STEM education occurred in our observed K-12
classrooms, we first examined the mean, median, and overall distribution of item scores across the
entire data set. We then used two complementary methods to determine the extent to which
integrated STEM instruction varied across grade level and science content type. In our initial
method, we used crosstab analysis (Field, 2009) to compare the absence or presence of each item
in a binary fashion; this allowed us to first understand in what contexts items were statistically
more present, disregarding the extent or rigor to which it was included (i.e., the level scored on
each item). In preparation for this, item scores for all observations were transformed into one of
two categories: “absent” if an observation score was 0 for that item (item code remained 0) or
“present” if the item score was non-zero (item was then re-coded to 1). This allowed us to see
variation in how often items were observed (“present”) versus not observed (“absent”). A chi-
squared test was then used to determine if any differences in the observed presence of our items
were statistically significant across content area and grade-level, respectively. In other words, we
wanted to know if certain items occurred more or less frequently in any capacity in some types of
classrooms compared to others. Due to the non-normal distribution of most of our item scores, we
then used a Kruskal-Wallis test (Siegel & Castellan, 1988) to analyze the means of our original
item scores (scaled 0-3) across science content area and grade-level to determine the extent to
which these different classroom types differed in terms of the degree (or level of rigor) to which a
given item was implemented. This second analysis allowed us to expand our understanding from
the crosstab analysis to consider the degree to which each item was present in a given context. We
also conducted post-hoc Dunn tests (Siegel & Castellan, 1988) when item mean differences were
found to be statistically significant to identify the item level(s) in which these differences occurred.

Findings and Discussion
Due to the exploratory nature of our work, the following sections combine findings from our
analysis alongside a discussion related to each of our three research questions: 1) To what extent
is integrated STEM education being implemented in K-12 science classrooms as evidenced by our
integrated STEM protocol?; 2) What differences in practice as measured by protocol scores, if
any, exist across different science content?; and 3) What differences in practices as measured by
protocol scores, if any, exist between protocol scores across grade levels?

Overall

The means and medians of our item scores were relatively low across all ten items observed in our
2,030 classroom videos (Table 3). This suggests that current classroom practices related to
integrated STEM education are not necessarily aligned with the aspirations of the instrument and



the theory supporting it. This is most notable for Items 1, 3, 8, 9, and 10. The frequency
distributions for each item further demonstrate not only low scores in general, but a non-normal
distribution of scores for most items (Table 4), typically skewed towards lower values. While some
items, such as Item 2, are rather normally distributed, several items stand out as skewed towards
scores of 0 (Items 1, 9, and 10), indicating a complete absence of those features of integrated
STEM instruction in many of our observed classroom videos.

Table 3. Table of Item Protocol Means, Scored 0-3.

Item1 | Item2 | Item3 | Itemd4 | Item5 | Item 6 | Item 7 | Item 8 | Item 9 | Item 10
Mean 0.55 1.88 0.83 1.95 0.98 1.16 1.70 0.86 0.24 0.50

Median 0 2 0 2 1 1 1 0 0 0

Table 4. Frequency Distributions of Protocol Items (percentage).
Score | Item1 | Item2 | Item3 | Item4 | ItemS5 | Item6 | Item7 | Item8 | Item 9 | Item 10
0 63.17 25.02 41.53 7.88 33.05 18.76 20.99 56.45 80.54 75.12
1 16.01 17.04 27.29 36.45 39.85 45.47 34.09 21.23 13.55 2.96
2 8.42 18.23 16.21 26.35 19.01 29.06 13.05 8.13 4.33 18.37
3 12.41 39.70 14.98 29.31 8.08 6.70 31.87 14.19 1.58 3.55

Discussion: Overall Extent of Integration

The low means and medians of most of our protocol item scores (Table 3) reveals that, overall, the
practices observed in our data set do not yet reflect the ambitious goals of integrated STEM
education as outlined in our theoretical framework and instrument; for one, we would have
expected more normal distributions. Interestingly, the item with the highest mean score was Item
4 (Mitem 4 = 1.95, Mdniem 4 = 2 ), which relates to student cognitive engagement. This is perhaps
not entirely surprising, as inquiry-based and student-centered learning that allows students to
engage in higher cognitive levels has been a focus of science teaching for several decades (NRC,
2000). The second highest scoring item was Item 2 (Miem 2 = 1.88, Mdniem 2 = 2), which relates to
the context of the lesson as framed by an overarching real-world problem. Much like the literature
reports (e.g., Berland & Steingut; Moore, Stohlmana, 2014), these curricula were framed by a
central engineering design challenge. The third highest scoring item, Item 7 (Mitem7 = 1.70, Mdnitem
7= 1), relates to student collaboration, another feature of integrated STEM education that has been
a dominant component of science teaching practice for several years (Baines et al., 2003). These
three features of integrated STEM education were attended to at the highest levels by teachers
within our data set.

Our item mean scores (Table 3) and frequency distributions (Table 4) also indicate that there are
several items that — while they align to theory related to integrated STEM education — are not
currently routinely enacted in the classrooms that comprise our data set. In particular, Items 1
(Relating content to students’ lives), 9 (Technology practices in STEM), and 10 (STEM career
awareness) were frequently absent (i.e., received scores of 0) in our observations. Although we
have identified these as key to integrated STEM education (NAE & NRC, 2014; Roehrig et al.,
2021a) they are clearly areas in need of attention when it comes to teacher learning of integrated
STEM. For example, knowing where technology fits into integrated STEM education has been
challenging (e.g. Cullen & Gou, 2020; Ellis et al., 2020). Further, some visions of integrated STEM
education do not attend to lived experiences (e.g., Kelley & Knowles, 2016), which has been
pointed out by critics of integrated STEM education (e.g., Gunkel & Tolbert, 2018). The lack of



attention to STEM careers may reflect that some teachers have little knowledge of STEM careers
and thus do not intentionally include it in their teaching (Cohen et al., 2013). It should also be
noted that in the prior project from which these videos were obtained, these particular components
were not emphasized in the associated professional development, although they were included to
some extent.

Concerning the inclusion of engineering within integrated STEM education, we also observed low
average scores related to engineering design and decision making as evidenced by Items 3 (Miem
3 = 0.83, Mdniem 3= 0) and 8 (Myem 8 = 0.86, Mdnyem s= 0), respectively. These two items
collectively address the need for divergent thinking through the development of multiple solutions
(Item 3) and evidence-based reasoning (Item 8). Without these two components, engineering
design looks more like tinkering through trial and error rather than critically thinking about design
solutions (e.g., Crismond & Adams, 2012; Siverling et al., 2019). What is surprising with this
finding is that the contextualizing professional development heavily focused on these two
components, so the low item scores could reflect how the curriculum units were designed and
implemented. This is to say that within a two-week long curriculum unit, there may have been
fewer days dedicated to the engineering design process and decision making compared to days
dedicated to learning the science content needed to address the engineering design challenge; an
examination of how these items were scored (including presence and rigor) throughout a given
curriculum unit may help to elucidate this to a greater extent. In other words, examining a day-by-
day implementation could shed light on how each of these components were addressed throughout
the entire curriculum unit implementation. Although Item 2, which serves to measure the extent to
which student learning is contextualized, was found to be one of our highest scoring items across
the data set (Table 3), we can conclude that actual engagement in engineering design and
engineering thinking may not account for much of the observed lessons.

Comparing Science Content

Our crosstab results (Table 5) show that the percentage of classrooms in which Items 7 (Student
collaboration) and 10 (STEM career awareness) were observed to be present (i.e., non-zero scores)
was essentially the same across classrooms regardless of science content. On the other hand, there
were statistically significant observed differences in the percentage of observations in which Items
1,2,3,4,5, 6, 8, and 9 were observed to be present (non-zero scores) depending on the science
content focus. In all these instances, the items in question were more frequently present in Physical
Science classrooms than in Earth Science classrooms. Additionally, these items were also observed
more frequently in Earth Science than in Life Science classrooms. We should note that, although
these results were statistically significant, substantively speaking, the observed difference in the
presence of Items 2 (Contextualizing student learning) and 4 (Cognitive engagement in STEM)
between Physical Science and Earth Science was less than 2%. This was also the case for Items 4
(Cognitive engagement in STEM) and 8 (Evidence-based reasoning) between Earth Science and
Life Science. With these caveats in mind, our results indicate that Physical Science seems to do
the best in terms of including the practices present in our protocol items relative to Earth Science
and Life Science, particularly for Items 1, 3, 5, 6, 8, and 9. Finally, we should note that the greatest
room for improvement seems to be with Items 1, 9, and 10, considering how few classrooms of
any science content type implemented these aspects of integrated STEM instruction, ranging from
10.2% to 34.8%.



Table 5. Presence (Non-Zero Score) of Items (percentage) Broken Down by Science Content Area.

Item Physical Science Earth Science Life Science X p

1 34.8% 31.1% 26.5% 12.171 0.002™
2 82.8% 81.8% 73.47% 20.424 <0.001"""
3 51.9% 49.3% 41.7% 15.610 <0.001"""
4 99.7% 98.4% 97.8% 12.891 0.002™
5 69.1% 62.4% 56.3% 26.990 <0.001"""
6 85.1% 78.6% 72.0% 40.169 <0.001"""
7 86.9% 87.8% 85.6% 1.108 0.575

8 50.3% 42.4% 42.2% 12.941 0.002™
9 27.2% 16.1% 10.2% 72.759 <0.001"""
10 23.7% 27.9% 24.6% 2.826 0.243

~p <.1, *p<.05, "p<.01, *p<.001

In comparing the item scores across the science content areas (Physical Science, Earth Science,
and Life Science) using the Kruskal-Wallis test, several items (Items 1, 2, 3, 5, 6, 8, and 9)
exhibited mean scores that were significantly different across these science content areas at the a
= .95 level (Table 6); comparatively, Items 4 (Cognitive engagement in STEM), 7 (Student
collaboration), and 10 (STEM career awareness) did not show significant differences. Post-hoc
analyses via the Dunn method revealed statistically significant differences between Physical
Science and Life Science mean scores for Items 1, 2, 3, 5, 6, and 9, with statistically significant
differences also occurring between Physical Science and Earth Science scores for Items 5, 6, and
9; these results reflect the results from crosstab analysis, but also suggest that the rigor of
implementation was also higher in Physical Science. For all items with statistically significant
differences in mean scores, we observed that Physical Science observations scored higher on these
items than both Earth Science and Life Science. Additionally, for Items 2 and 6, post-hoc analysis
revealed statistically significant differences between Earth Science and Life Science mean scores,
with Earth Science outperforming Life Science.

Table 6. Results of Kruskal-Wallis Test Comparing Physical, Earth, and Life Science.

Item Mps (SD) MEgs (SD) Mis (SD) ){2 p
1 0.63 (0.99) 0.50 (0.86) 0.46 (0.88) 13.06 0.002"
2 1.95 (1.14) 1.95 (1.17) 1.72 (1.24) 14.50 <0.001"
3 0.86 (1.01) 0.85 (1.03) 0.77 (1.06) 7352 0.025"
4 1.97 (0.83) 1.96 (0.89) 1.91 (0.88) 1553 0.460
5 1.14 (1.00) 0.82 (0.78) 0.83 (0.91) 48.60 <0.001"
6 124 (0.72) 1.15 (0.79) 1.03 (0.79) 2622 <0.001"
7 1.70 (1.08) 1.76 (1.08) 1.68 (1.09) 1518 0.469
8 0.90 (1.09) 0.83 (1.15) 0.82 (1.13) 6.721 0.035"
9 033 (0.61) 0.20 (0.51) 0.13 (0.41) 71.62 <0.001"
10 0.46 (0.85) 0.59 (0.99) 0.51(0.94) 4250 0.119

~p <.1, "p<.05, “p<.01, "p<.001

Discussion: How do Science Content Areas Compare?

When comparing science content areas, we learn slightly different information from our two
analyses concerning both the presence of items and the rigor in which they were implemented in
the observed classrooms. Both sets of analyses indicate no substantive variation of Items 7 (Student
collaboration) and 10 (STEM career awareness) across Physical Science, Life Science, and Earth
Science with respect to presence or rigor. Although the crosstab analysis found that the presence
of Item 4 (Cognitive engagement in STEM) varied, this was not substantial; considering the



Kruskal-Wallis test also did not show differences in rigor (i.e., mean item scores), we can conclude
that Item 4 also does not substantively vary by science content area. The lack of variation in Items
4 and 7 is interesting to note as these two items were among the top-scoring items in general
(Tables 2 and 3). This further suggests that science teachers, regardless of what content they are
teaching, are equally likely to cognitively engage students in their learning (Item 4) and to include
student collaboration (Item 7), likely because these two pedagogical ideas have been staples in
science teaching for several decades (Baines et al., 2003; NRC, 2000). The lack of variation in
Item 10 across content areas may be due to its generally low presence in our data set at large.

In comparing the two types of analysis, we found that Items 1, 2, 3, 5, 6, and 9 were not only
significantly more frequently observed in Physical Science, but were also implemented more
rigorously compared to Earth Science and Life Science. Although Item 8 (Evidence-based
reasoning) was present more frequently in Physical Science classrooms, the comparison of the
mean scores, while statistically significant, were not substantively so as the post-hoc test did not
reveal significance. In general, Physical Science observations appear to be better connected to
students’ lives (Item 1), include more context through real-world problems or engineering design
challenges (Item 2), require the development of multiple solutions (Item 3), better integrate STEM
content (Item 5), provide increased student agency (Item 6), and incorporate more technology
practices (Item 9) than Life Science observations. Further, Physical Science observations showed
stronger content integration (Item 5) and used more technology practices (Item 9) than Earth
Science observations.

Our findings suggest that Life Science in particular may be disadvantaged when it comes to
integrated STEM education as measured by the STEM-OP, which reflects other research noting
the complexity and challenges of integrating Life Science with engineering (Guzey et al., 2017)
and how Physical Science may be better positioned for the integration of engineering in particular
(Dare et al., 2018; Guzey et al., 2016). This finding elucidates the idea that Physical Science
curriculum units may be integrated and more conceptually coherent as indicated by Items 2 and 5
in particular. We also found that Earth Science lessons were more frequently and better connected
to real-world problems or design challenges (Item 2) and provided increased student agency (Item
6) compared to Life Science lessons. In particular, the finding related to Item 2 reflects the work
of Roehrig et al. (2021b), who found that more Earth Science curriculum units were integrated and
coherent compared to Life Science units, of which none fell into this category. Unlike Pleasants et
al. (2020), our results show clear differences in integrated STEM education among science content
areas. However, these analyses above were conducted across all grade levels. Broadly speaking,
then, it appears that across K-12 the science content area has some effect on the degree to which
integrated STEM education occurs in practice.

Comparing Grade-Level

In reviewing the results of the crosstab analysis with respect to grade-level (Table 7), we found
that the presence of Items 1 (Relating content to student lives), 4 (Cognitive engagement in
STEM), 5 (Integrating STEM content), and 9 (Technology practices in STEM) were essentially
the same regardless of grade-level. Across the remaining items, elementary classrooms tended to
outperform both middle and high school classrooms in terms of the percentage of observations in
which these items were present. The exception here was with Item 6 (Student agency) in which
the item was observed more frequently in high school observations compared to both elementary



and middle school. Two other patterns emerged from these findings. The first was the decrease in
present (non-zero) scores on Items 2 (Contextualizing student learning), 7 (Student collaboration),
and 10 (STEM career awareness) as grade-level increased. The second pattern revealed that Items
3 (Developing multiple solutions), 6 (Student agency), and 8 (Evidence-based reasoning) tended
to be less present in middle school compared to either elementary or high school.

Table 7. Presence of Items (percentage) Broken Down by Grade-Level.

Item Elementary (K-5) Middle (6-8) High (9-12) X p

1 31.6% 31.2% 36.5% 0.903 0.637

2 83.4% 78.8% 54.1% 38.294 <0.001"""
3 52.8% 44.4% 51.4% 13.727 0.001™
4 99.3% 98.5% 98.6% 2913 0.233

5 65.6% 62.9% 56.8% 3.246 0.197

6 83.7% 76.3% 85.1% 18.027 <0.001"""
7 88.9% 85.3% 79.7% 8.638 0.013"
8 49.4% 43.5% 47.3% 6.749 0.034"
9 19.9% 19.2% 28.41% 3.639 0.162
10 28.7% 22.6% 12.2% 16.307 <0.001""

~p<.1, p<.05, "p<.01, ""p<.001

The Kruskal-Wallis comparison helped to provide further insight about the level to which these
practices were incorporated into instruction (Table 8). Comparisons across grade levels
(elementary, middle, and high) revealed differences in mean scores for Items 2, 3, 4, 6, 7, 8, and
10 with mean elementary scores higher than both middle and high school scores. In all cases, post-
hoc Dunn tests revealed statistically significant differences between elementary and middle school
mean scores. Additionally, we observed statistically significant differences in the mean scores for
Items 2 (Contextualizing student learning) and 10 (STEM career awareness) between elementary
and high school observations. For Item 2, we also observed a statistically significant difference in
mean scores between middle and high school observations.

Table 8. Results of Kruskal-Wallis Test Comparing Elementary, Middle, and High School.

Item MEiem (SD) Mysiaare (SD) Muign (SD) ){ p

1 0.53 (0.90) 0.56 (0.96) 0.59 (0.94) 0.575 0.750

2 2.00 (1.14) 1.84 (1.19) 1.11 (1.21) 37.51 <0.001*"
3 0.90 (1.03) 0.78 (1.03) 0.77 (0.94) 9.993 0.007"
4 2.03 (0.85) 1.88 (0.87) 1.93 (0.73) 14.21 <0.001*"*
5 0.97 (0.89) 0.99 (0.97) 0.93 (1.04) 0.803 0.669

6 1.23 (0.75) 1.09 (0.77) 1.31 (0.74) 19.16 <0.001*"*
7 1.78 (1.07) 1.64 (1.09) 1.69 (0.19) 7.787 0.020"
8 0.94 (1.13) 0.81 (1.10) 0.77 (1.00) 7.528 0.023"
9 0.24 (0.53) 0.23 (0.52) 0.47 (0.88) 4.996 0.082~
10 0.59 (0.97) 0.45 (0.87) 0.26 (0.70) 17.18 <0.001*"

~p<.1, "p<.05, "p<.01, "p<.001

Discussion: How do Grade-Levels Compare?

The results above show that three items (1, 5, and 9) demonstrated no difference by grade-level in
presence or mean score (Tables 7 and 8). The lack of variation across Items 1 (Relating content to
students’ lives) and 9 (Technology practices in STEM) may be due to their overall lack of presence
in all observed lessons (Tables 3 and 4), likely an effect of the contextualizing professional
development having not specifically focused on these elements. However, importantly, the lack of



statistical difference in the presence of and mean scores for Item 5 (Integrating STEM content)
suggests that there are equal opportunities to integrate content from multiple STEM disciplines
across elementary, middle, and high school observations.

Several items did demonstrate significant differences with respect to presence and rigor (Items 2,
3,6,7, 8, and 10), with elementary classrooms outperforming both middle school and high school.
While Item 4 (Cognitive engagement in STEM) did not vary in terms of presence in lessons at
different grade levels (Table 7), the mean item score was statistically higher in elementary
observations compared to middle and high school (Table 8). This suggests that although teachers
at all grade levels appear to incorporate Item 4 at any level equally in their classrooms, elementary
classrooms are reaching higher levels of cognitive engagement for students compared to the other
grade levels. Further, our crosstab analysis showed that the presence of Items 2, 7, and 10
decreased as grade-level increased. This may suggest that elementary teachers are more
intentional and explicit in their guidance of student learning related to integrated STEM compared
to middle and high school teachers, especially with respect to contextualizing student learning
(Item 2), engaging students in collaboration (Item 7), and promoting STEM career awareness (Item
10). This may contribute to why Pleasants et al. (2020) saw no differences across elementary
teacher’s curriculum units across science disciplines; it is possible that elementary curricula are
equally attentive to particular aspects of integrated STEM regardless of science discipline.

Our comparison of grade-levels with respect to the presence of Items 3, 6, and 8 “dip” in middle
school, although the difference in mean item scores was only between elementary and middle
school observations. This suggests that something odd may be going on in these middle school
observations, although we cannot ignore the lower number of observations in high school
potentially being a factor. We also cannot ignore the fact that all of the high school observations
were in Physical Science classrooms (Table 2); knowing that Physical Science observations tended
to outperform the other disciplines could be a factor here. Since Items 3 and 8 are more
engineering-forward, this raises questions about how middle school students are presented with
opportunities to engage in engineering design (Item 3) and evidence-based reasoning (Item 8). The
dip for Item 6 is also noteworthy as it relates to student agency, and this seems at odds with how
we traditionally think about student agency within science; we might expect that middle and high
school students would be given less direction (and thus provided with more agency) from a teacher
compared to elementary students. It is possible that, within the scope of this project, middle school
teachers faced additional barriers from their students who had not yet been exposed to engineering
previously. This could have made the learning curve more intense for these students who came
from having a more traditional and teacher-directed science education compared to elementary
students who had fewer years of experience with teacher-directed science instruction (i.e., a fresh
start to addressing open-ended problems rather than trying to change students’ perceptions of
science class). It is not only the teacher who is responsible for updating their pedagogy when it
comes to integrated STEM, but students must adapt to these changes in ways of learning as well.

Item 2 also offers interesting insight when comparing across grade-levels. For this item, we see
the decrease in presence and mean item scores as grade-level increases. This is the only item in
which for each grade-level increase, the means scores significantly decrease. Given the fact that
the high school observations were all Physical Science, this is noteworthy as Tables 5 and 6
indicate Item 2 as more present and rigorous than in Life Science classroom; this strongly suggests



that high school integrated STEM may not be as contextualized as elementary and middle school.
As noted above, this may be related to elementary teachers being more direct and explicit about
contextualizing student learning, recognizing the importance of getting students to “buy into” an
engineering design challenge to situate their learning of science content.

Limitations

This work is primarily limited by the data set that we had access to, which limits our ability to
make claims about all K-12 integrated STEM instruction. The data set reflects the work of teachers
who participated in the same professional development that utilized a design-based framework
(Moore, Glancy et al., 2014; Moore, Stohlmann, et al., 2014) for integrated STEM education. The
frameworks used in that professional development are similar to our own theoretical framework
(Roehrig et al., 2021a), which guided the design of the STEM-OP (Dare et al., 2021). However,
the STEM-OP expands on those in a few notable ways that reflect the underrepresentation of Items
1, 9, and 10; none of the concepts evidenced by these items were explicitly addressed or
emphasized in the professional development that contextualized the development of curricula that
were video-recorded (and thus used in this study).

The video-recorded observations, although large in number, are also limited. First, lower
elementary (i.e., K-2) and high school (i.e., grade 9-12) classrooms are underrepresented compared
to other grade bands; therefore, our ability to make broad claims about these grade levels is limited.
Second, the video-recorded observations are limited to the camera’s position within the classroom;
this restricts our analysis of classroom events to only what the camera can capture. This limits our
ability to use additional classroom artifacts (e.g., student work) to better understand the full lesson.
In future work with this instrument, this may be overcome with conducting live observations
and/or collecting other pieces of evidence of integrated STEM teaching and learning.

Implications and Conclusions

The overall low mean item scores suggest that the STEM-OP may be ahead of current teaching
practice, but that it can be used as a new target for where K-12 integrated STEM education practice
should be heading. Of note, it appears that teachers may benefit from targeted support in relating
content to students’ lives (Item 1), technology practices in STEM (Item 9), and STEM career
awareness (Item 10). Further, the low presence and lower mean item scores of Items 3 (Developing
multiple solutions) and 8 (Evidence-based reasoning) suggest that science teachers may benefit
from learning more about engineering and engineering education. Teacher educators should
rethink teacher professional learning, especially around engineering; the inclusion of this within
pre-service spaces is also necessary.

Because the science and STEM education communities’ understanding of integrated STEM
education has not yet been well-defined when it comes to implementation and practice, this work
helps us and others in the field better understand the current landscape of integrated STEM
education in practice. Our work suggests that Physical Science may be more conducive for not
only including these elements of integrated STEM, but also achieving higher scores on the
protocol, possibly due to the naturally strong connections between science and engineering and
science and mathematics. Additionally, this work suggests that elementary teachers may be more
adept at enacting integrated STEM in their classrooms as measured by our protocol. Further
examination of elementary classrooms may help to identify specific practices used, which could



then be implemented in middle and high school classrooms; middle school teachers in particular
may need to overcome additional barriers when considering the inclusion of engineering into their
science classrooms. A deeper, qualitative analysis is warranted in order to better understand these
overall patterns, and other measures may be necessary to address these concerns.
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